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Crop Coefficients and Transpiration of a Super Intensive Arbequina Olive Orchard using the
Dual Kc Approach and the Kcb Computation with the Fraction of Ground Cover and Height
Reprinted from: Water 2019, 11, 383, doi:10.3390/w11020383 . . . . . . . . . . . . . . . . . . . . . 58
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Cláudia M. d. S. Cordovil, Soraia Cruz, António G. Brito, Maria do Rosário Cameira, 
Jane R. Poulsen, Hans Thodsen and Brian Kronvang

A Simplified Nitrogen Assessment in Tagus River Basin: A Management Focused Review
Reprinted from: Water 2018, 10, 406, doi:10.3390/w10040406 . . . . . . . . . . . . . . . . . . . . . 330

vi



Elsa Moreira, Ana Russo and Ricardo M. Trigo

Monthly Prediction of Drought Classes Using Log-Linear Models under the Influence of NAO
for Early-Warning of Drought and Water Management
Reprinted from: Water 2018, 10, 65, doi:10.3390/w10010065 . . . . . . . . . . . . . . . . . . . . . . 348
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Preface to ”Innovation Issues in Water, Agriculture

and Food”

There is currently an increased interest in the water–agricultural–food nexus, since there is the

need for a close link between problems and issues relative to those three domains in terms of water

use for agriculture and food production. Those domains are essential when aiming at the welfare

of populations, food security, and environmental friendliness. Research slowly moves into that

combination of challenges: providing for the welfare of the population, namely those living in the

rural world, assuring food security and responding to the millennial compromises for future, and

caring about our common home as opportunely challenged in the encyclical letter Laudato Si. Several

researchers responded to the call and produced a good diversity of article contributions to that theme.

Many anonymous colleagues assisted in the review of the papers and, thus, contributed to the quality

of the published material. In addition, several members of editorial staff at MDPI played an essential

role in the complex process of publishing. Our sincere thanks go to all, staff, reviewers, and authors,

with special consideration of the latter: this book consists of their contributions! We hope this may be

useful to researchers, professionals, and students, thus contributing to new innovation issues.

Maria do Rosario Cameira, Luis Santos Pereira

Special Issue Editors
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Maria do Rosário Cameira * and Luís Santos Pereira *

Centro de Investigação em Agronomia, Alimentos, Ambiente e Paisagem (LEAF),
Instituto Superior de Agronomia, Universidade de Lisboa, Tapada da Ajuda, 1349-017 Lisboa, Portugal
* Correspondence: roscameira@isa.ulisboa.pt (M.d.R.C.); lspereira@isa.ulisboa.pt (L.S.P.);

Tel.: +351-2-1365-3478 (M.d.R.C.); +351-2-1365-3480 (L.S.P.)

Received: 27 May 2019; Accepted: 9 June 2019; Published: 12 June 2019

Abstract: The main challenge faced by agriculture is to produce enough food for a continued increase
in population, however in the context of ever-growing competition for water and land, climate change,
droughts and anthropic water scarcity, and less-participatory water governance. Such a context implies
innovative issues in agricultural water management and practices, at both the field and the system or
the basin scales, mainly in irrigation to cope with water scarcity, environmental friendliness, and
rural society welfare. Therefore, this special issue was set to present and discuss recent achievements
in water, agriculture, and food nexus at different scales, thus to promote sustainable development of
irrigated agriculture and to develop integrated approaches to water and food. Papers cover various
domains including: (a) evapotranspiration and crop water use; (b) improving water management
in irrigated agriculture, particularly irrigation scheduling; (c) adaptation of agricultural systems to
enhance water use and water productivity to face water scarcity and climate change; (d) improving
irrigation systems design and management adopting multi-criteria and risk approaches; (e) ensuring
sustainable management for anthropic ecosystems favoring safe and high-quality food production, as
well as the conservation of natural ecosystems; (f) assessing the impact of water scarcity and, mainly,
droughts; (g) conservation of water quality resources, namely by preventing contamination with
nitrates; (h) use of modern mapping technologies and remote sensing information; and (i) fostering a
participative and inclusive governance of water for food security and population welfare.

Keywords: water-agriculture-food nexus; crop water use and evapotranspiration; irrigation
scheduling; design of irrigation systems; simulation models; droughts; irrigation water governance;
economic and environmental issues

1. Introduction

Agriculture’s first challenge is to produce enough food for a continued increase in population in
a context where the increased demand for food is associated with an ever-growing competition for
water and land, climate change and uncertainty, anthropic and droughts water scarcity, poor supply
reliability, decline in critical ecosystem services, less-participatory water resources governance, and
changing regulatory environments. Facing such a challenging context implies innovative issues in
agricultural water management, particularly in the various facets of irrigation to cope with water
scarcity, environmental friendliness, and rural society welfare.

Innovation issues in the water-agriculture-food nexus aim at various essential problems and
objectives: (a) developing integrated approaches to water and food policies and practices; (b) improving
water management in agriculture; (c) adaptation of agricultural systems to enhance water use and
water productivity to face water scarcity and climate change; (d) ensuring sustainable management
and conservation of natural and anthropic ecosystems favoring high-quality food production; and
(e) fostering a participative and inclusive governance of water for food security and population welfare.
These large themes cover a variety of challenges faced by the irrigated agriculture, which represents
16% of the world cropped area, but is expected to produce 44% of world food by 2050 [1,2].

Water 2019, 11, 1230; doi:10.3390/w11061230 www.mdpi.com/journal/water1
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Progresses observed in irrigation support a positive view on future responses to challenges faced
by the water-agriculture-food complex as analyzed by Pereira [3]. Crop evapotranspiration processes
are progressive and better known with consequent advances in understanding the complexity of
climate and in estimating crop water and irrigation requirements. Irrigation scheduling has greatly
advanced since knowledge on evapotranspiration and crops water use is improved, computer modeling
eases supporting the development of well-focused programs, and modern technologies provide for
timely advice to farmers. Remote sensing is progressively revealing its great potential to identify the
vegetation water status, assessing crop water requirements and supporting irrigation management
decisions. Irrigation systems design at both the farm and system levels is progressing with using various
approaches for decision making, namely with combining water and economic performance issues.
Progresses in irrigation methods and in canal and pipe conveyance and distribution systems contribute
to improved irrigation and delivery schedules with impacts on water saving, yield improvements, and
economic and social issues. Participatory governance keeps developing, however slowly, favoring
sustainable water use, water productivity, and social welfare. Developments in better and joint
approaches to water and fertilizer management are also providing for controlling environmental
contamination and reducing greenhouse gas emissions.

This Special Issue is an opportunity to gather different achievements in the domains referred
above, thus aimed at the sustainable use of water and other natural resources at different scales,
so contributing to promote better development of irrigated agriculture when adopting a variety of
well-performing technologies with good consideration of related social and economic environments.
The studies presented herein focus on evapotranspiration, crop water requirements and modeling,
remote sensing for assessing evapotranspiration, irrigation management for improved productivity
and water saving, irrigation methods and systems design, control of soil salinity in irrigation, soil
amendments for improved water use, surface water conveyance and distribution systems, participatory
water governance, droughts and climate change issues, and environmental impacts of irrigated
agriculture with focus on nitrates. Studies largely used innovative information and communication
technologies, namely relative to data acquisition, modeling, decision support systems, remote sensing,
and mapping.

This book presents the twenty-one selected contributions, consisting of 19 research papers and two
revision papers, which were organized in accordance with the spatial scale of the study presented. Three
levels were considered: the farm scale, the irrigation system scale, and the basin and regional scale.

2. Innovation Issues at Local Scale

Most research work relative to the local, farm scale is related to innovation on evapotranspiration
and crop water requirements. The study by de Bruin and Trigo [4] refers to a new method to estimate
reference crop evapotranspiration (ETo) using products of the European geostationary satellite Meteosat
Second Generation (MSG), thus analyzing benefits from computing ETo with solar radiation data of
the Satellite Application Facility on Land Surface Analysis (LSA-SAF). Not only the method allows
computing ETo when ground data on solar radiation are not available but also avoids advection
effects. The authors used observations from two quite different sites, one in the Netherlands and
the other in Spain. Results are comparable with those computed using the ETo definition and are
therefore appropriate to be used when radiation data are missing, or are of poor quality, or are affected
by advection.

Paredes et al. [5] present an innovative approach for the determination of the bermudagrass water
requirements in southern Brazil, relating the frequency of cuttings with a density coefficient (Kd) that
depends upon the fraction of ground cover and crop height. The basal crop coefficient (Kcb) used to
estimate crop evapotranspiration (ETc) with the dual Kc approach is then computed from Kd using the
SIMDualKc model. Two seasons of experimentation were used with four different cutting treatments,
which provided field data for model calibration and validation. Kcb values relative to the various crop
growth stages were therefore reported. In addition, results indicated a very high beneficial consumptive
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water use fraction, mainly when cuttings are not very frequent. The SIMDualKc model proved to be
reliable in the evaluation of water saving practices after proper calibration and validation. This was also
demonstrated by Zhang et al. [6] when comparing basin irrigation and drip irrigation of a tomato crop
in the upper reaches of the Yellow River, China. They concluded that, besides saving irrigation water,
drip could speed up the ripening of fruits and shorten the period of crop growth. Considering both
water saving and crop yield, drip irrigation using plastic-film mulch was recommended. Moreover,
appropriate Kcb values relative to the defined crop growth stages are proposed for computing ETc

in the region and to transfer elsewhere after appropriate climate adjustment. Paço et al. [7] confirm
the appropriateness of using the SIMDualKc model for ETc computations and the great importance
of irrigation for super intensive olive orchards in an application performed in southern Portugal.
Appropriate values for Kcb and Kc were determined from the calibration and validation of the model.
The authors also concluded that the level of water stress allowed to the crop should be accurately
controlled to maximize related benefits, i.e., adopting the so-called eustress. They recommended
the use of the SIMDualKc or a similar model to properly schedule irrigation. The papers referred
above [5–7] relative to a grass crop, a horticultural crop, and a tree crop all proved the appropriateness
of simply computing Kcb from the fraction of ground cover and height.

Fuentes-Peñailillo et al. [8] assessed the potential for the use of the two-source Shuttleworth and
Wallace (SW) model to compute the intra-orchard spatial variability of the actual ET of olive trees
using satellite images and ground-based climate data. The performance of the SW model approach
was tested using eddy covariance heat and vapor fluxes measurements performed in Chile. The
model separately characterizes evaporation fluxes from the soil and transpiration from the trees and
its practical application requires adequate parametrization of both sources of fluxes, the soil and the
trees, thus the stomatal resistance and leaf area index of olive orchards under different management
practices. Ramos et al. [9] describe the impact of assimilation of leaf area index (LAI) data derived
from Landsat 8 imagery on MOHID-Land’s simulations of the soil water balance and maize state
variables using data collected in southern Portugal. The main conclusion is that the implementation
of the MOHID-Land model at the regional scale cannot depend solely on inputs from the LAI data
assimilation because estimates may diverge substantially from the reality, thus confirming the need to
use a proper data set for calibration.

The study presented by Abrisqueta and Ayars [10] describes how traditionally grapes are fully
irrigated in California, while alternative irrigation strategies to reduce applied irrigation water may be
necessary in the future. The paper assesses water use and productivity of alternative deficit irrigation
schedules with identification of advantages of using sustained deficit irrigation, corresponding to 80%
of present growers water use, which provides for water saving and improved yield. Nevertheless,
there is little acceptance and implementation of scientific irrigation management by the growers’
community. This work demonstrates that simple approaches can be used to facilitate improving
irrigation management. The application of technological advances should be investigated particularly
in regions where water resources are scarce and agriculture is primarily based on irrigation. In their
work, Abi-Saab et al. [11] assessed for two crop seasons the suitability of cloud-based irrigation
technologies for durum wheat, a strategic Mediterranean crop of Lebanon. Their study focused on the
on-field assessment of a smartphone irrigation scheduling tool—Bluleaf® (Bari, Italy)—with respect
to traditional water application practices. A water saving of more than 1000 m−3 ha−1 (25.7%) was
observed for farmers using Bluleaf® with respect to traditional irrigation scheduling.

The study by Miao et al. [12], applied to the Hetao Irrigation System, upper Yellow River basin,
China, focuses on upgrading wheat basin irrigation through improved design using multi-criteria
analysis to support selection of technical solutions focusing on both water saving and economic returns
of the achievable yields. The design considers land parcels characteristics, soil infiltration, hydraulic
simulation, precise land leveling, and crop irrigation scheduling, and evaluating solutions through
assessing environmental and economic impacts. Alternative solutions refer to basin lengths and inflow
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rates for both level- and graded-basins under full and deficit irrigation. Better solutions aimed at the
upper Yellow River were generally assigned to level-basins.

The application of organic mulches and amendments to the soil is a well-recognized water saving
practice. Zhang et al. [13] provided evidence that straw amendments applied to a sloping field of
northeastern China reduced water losses by evaporation and increased soil organic matter while
decreasing carbon dioxide emissions. In addition, it positively influenced the dynamics of available
nitrogen and phosphorous in soil. Therefore, straw amendments not only contributed to improved
crop conditions and increased yields but also to control greenhouse gas (GHG) emissions. Furthermore,
Zhao et al. [14] show that the applications of organic amendments like farmyard manure and bioorganic
fertilizer to a maize crop in the Guanzhong Plain of northwest China improve soil properties and crop
roots distribution, controlled soil water depletion, and favored the soil hydrothermal conditions and
crop yields.

3. Innovation Issues at Project and Watershed Scale

Agricultural water use at project and watershed scale also drew interest in terms of utilization
and conservation of both surface water and groundwater. Quite different approaches were presented.
The study by Derardja et al. [15] presents the development of indicators that can help managers and
designers to better understand the behavior of pressurized conveyance and distribution networks with
respect to the perturbation due to sudden changes in pipe flow rates, namely due to hydrants closure.
The indicators refer to pressure variation and associated risk. The study was applied to an on-demand
pressurized irrigation project of Capitanata, Southern Italy, and provides a modeling approach for the
identification of risky hydrants and potentially affected pipes. Generally, the model contributes to safe
water use in collective pressurized systems operating on demand.

An organizational solution for improving the governance of water and land use and, consequently,
improving the supply–demand water balance in the Mendoza River basin in Argentina, is described
by Solomon-Sirolesi and Farinós-Dasí [16]. A strategic analysis of water organization was performed
that produced a strategic map and provided for using the Water Evaluation and Planning (WEAP)
model. The application of the organizational and governance model to various scenarios provided for
reordering allocations to irrigation water users, so improving farm and irrigation system, which is
expected to make it possible to accommodate water demand in 2030 better than at present. Moreover,
users’ participation is enhanced. Differently, but along the same line of searching for improved
irrigation water governance, Playán et al. [17] reviewed the evolution of water governance and
societal perception in large irrigation systems in developing countries since the 1980s which included
participatory irrigation management, irrigation management transfer, and public-private partnerships
or market instruments and, more important, that led to a generalized implementation of water users
associations (WUAs). The paper, therefore, reviews recurrent problems and solutions in the governance
of irrigated projects in various regions of the world. The authors used a semiquantitative approach to
relate solutions to problems in WUAs. The solution vector indicates the adequacy of each solution
to a case study WUA. The application of this approach to various case study WUAs demonstrated
its potential.

A modified version of the distributed hydrological model Soil and Water Assessment Tool (SWAT)
was used by Wei et al. [18] for accurately simulating daily evapotranspiration and crop growth at the
hydrological response unit (HRU) scale in an irrigation district of the Hei River basin, China. The
parameters of the modified SWAT2009 model were calibrated and validated using data on maize from
various HRUs with satisfactory results. The influences of various optimal management practices on the
hydrology of agricultural watersheds could, therefore, be effectively assessed using the modified model.
Contrasting, but also considering a large irrigation system, Wang et al. [19] reviewed the performance
of dry drainage systems (DDS) as an alternative technique for controlling soil salinization. A five-year
field observation from 2007 to 2011 was developed in the Hetao Irrigation District, Inner Mongolia.
Results showed that the groundwater table depth in the areas kept fallow quickly responded to the
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lateral recharge from the surrounding croplands during irrigation events. The groundwater salinity
increased in the fallow areas whereas the groundwater electrical conductivity (GEC) just fluctuated in
croplands. The water and salt balance showed that excess water moved to the fallow area, roughly
four times the one that moved by surface drainage, with near 8 times the corresponding salt. However,
the salt transfer slows down after three years and salt starts accumulating in irrigated croplands. Using
halophytes in the fallow area may be a solution. DDS may be effective and sustainable in situations
where the fallow areas can sustain an upward capillary flux.

4. Innovation Issues at Regional and Country Scale

The Pampa biome characteristic of southern Brazil is a complex ecosystem where the processes
of surface–atmosphere interaction are dependent on climate, soil, and vegetation. In this way, the
preservation of this biome is essential for the maintenance of biodiversity, animal, and plant species,
as well as land use. In their work, Rubert et al. [20] observed the actual ET with eddy covariance
measurements over three years and two sites of the Pampa biome, and results showed a strong
seasonality, with approximately 65% of the net radiation used for ET. The water availability in the
Pampa biome is not a limiting factor for ET, which resulted in a small difference between the reference
ET and the actual ET.

Framing integrated policies that improve the efficient use of resources requires understanding the
interdependencies in the water–energy–food nexus (WEF) as discussed by Martinez et al. [21]. These
authors developed and applied a participatory modeling approach to identify the main interlinkages
within the WEF nexus in the region of Andalusia, Spain. Stakeholder involvement in this process is
crucial to represent multiple perspectives, ensure political legitimacy, and promote dialogue. Results
show that climate change and water availability are key drivers in the WEF nexus in Andalusia. The
scenario analysis reveals the interdependencies among nexus sectors that need to be considered to
design integrated policies.

At the regional scale, now focusing on water quality problems associated with the agricultural
activity, Cordovil et al. [22] present a simplified nitrogen (N) assessment review along the Tagus River
basin, which covers a large area of Spain and Portugal in the Iberian Peninsula, mainly relative to
agriculture, livestock, and urban activities. Nitrate vulnerable zones comprise approximately one-third
of territories in both countries. Differently, sensitive zones are more extended in Spain, attaining 60%
of the basin area, against only 30% in Portugal. The authors concluded that the Tagus River basin
sustainability can only be guaranteed through reducing load inputs and considering the effective
transnational management processes of water flows.

Moreira et al. [23] modeled drought class transitions over a large region using a log-linear approach.
Temporal scales of 6 and 12 months were adopted when studying rainfall data for 15 grid points
selected over the Prut basin in Romania over a period of 112 years (1902–2014). The modeling also
took into account the impact of the North Atlantic Oscillation (NAO), thus exploring the potential
influence of this large-scale atmospheric driver on the climate of the Prut region. The authors conclude
that the adopted method performs consistently better than the persistence forecast and that it can be
part of an early warning system aiming at informing farmers to support them in making their water
management decisions.

Finally, returning to the water quality and nitrates issue, Cruz et al. [24] examined the state of
surface waters in terms of nitrogen concentrations, its impact on water quality status, and the policy
responses across different climatic and management conditions. Portugal and Denmark were chosen
as contrasting case studies for the Driver-Pressure-State-Impact-Response (DPSIR) analysis. Results
showed a reduction in the levels of N in water bodies which were attributed to the previous, historical
implementation of policies aimed at reducing the N losses from land to water in both countries.
However, climatic factors such as precipitation play a major role in reducing the N concentration
in waters through a dilution effect, namely after infiltrating the soil, so contributing for differences
between both countries.
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5. Conclusions

The general message emanating from this Special Issue is that consistent progresses are
continuously developing that contributes to the sustainability of water use in agriculture and to
make available a variety of innovative issues in the water-agriculture-food nexus. This collection
of 21 papers emphasizes the importance of understanding the various interdependencies among
innovative issues.

It is clear that sets of coherent strategies and solutions need to be applied to mitigate the
complexities of overall challenges placed to the sustainable use of water in agriculture and food
production. Strategies are different at both the small scale, the field or farm level, and the large
operational scale relative to the irrigation district, the river basin, the region, or the country. At a small
scale, strategies and solutions are mostly of technological nature, with great importance to be given
to the information and communication technologies (ICT), including remote sensing. At the large
scale, main strategies refer to governance, to user’s participation in water management, and to the
ICT required to provide for planning and management decisions. Furthermore, scaling-up innovation
remains a challenge. Linkages between the different scales of application are quite important and
need to be better investigated. Included are the impact of introduction of innovative management
and practices at small scales, with the improved estimation of yields and water use at high spatial
resolution, or the impact of the political measures at farm scale and relative to the maintenance of the
quality of surface and ground waters. Related knowledge should facilitate the widespread application
of technologies and adaptation measures (e.g., agronomic and irrigation practices) aimed at achieving
better performance of water use, agricultural production, and relative to the sustainability of water
use. Regardless of the spatial scale, modeling is a widespread tool which however requires calibration
and validation. The use of models should be framed to adapt easily to obtain data and information,
e.g., using the simple crop coefficient approach when modeling crop evapotranspiration, however
adopting modern and accurate ET observation instrumentation both at the ground surface and by
satellite earth observation.

We hope that this Special Issue will provide for coherent directions of research and support to the
scientific community in defining priorities for in the water-agriculture-food nexus research.
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Abstract: Reference crop evapotranspiration (ETo) plays a role in irrigation advisory being of crucial
importance for water managers dealing with scarce water resources. Following the ETo definition,
it can be shown that total solar radiation is the main driver, allowing ETo estimates from satellite
observations. As such, the EUMETSAT LSA-SAF operationally provides ETo primarily derived from
the European geostationary satellite MSG. ETo estimations following the original FAO report require
several meteorological observations gathered over actual well-watered grass. Here we will consider
the impact of two effects on ETo using the LSA-SAF and FAO methodologies: (i) local advection,
related to the impact of advection of surrounding warm dry air onto the reference non-water stressed
surface; and (ii) the so-called surface aridity error, which occurs when calculating ETo according to
FAO, but with input data not collected over well-watered grass. The LSA-SAF ETo is not sensitive
to any of these effects. However, it is shown that local advection may increase evapotranspiration
over a limited field by up to 30%, while ignoring aridity effects leads to a great overestimation. The
practical application of satellite estimates of ETo provided by the LSA-SAF are discussed here, and,
furthermore, water managers are encouraged to consider its advantages and ways for improvement.

Keywords: reference evapotranspiration; local advection; aridity effects; satellite observations

1. Introduction

This research note is a contribution to the special issue of Water on “Innovation Issues in Water,
Agriculture and Food”, which, amongst other things, deals with the fact that the continued increase
in population provides a challenge for agriculture to produce enough food. This is at a time where,
in many semi-arid regions, fresh water resources are depleted. Therefore, the special issue also
addresses the ever-growing competition for scarce water resources. The solution for such problems
requires legislation, precise water management and science-based irrigation advisory. In this context,
the United Nations Food and Agriculture Organization (FAO) developed a methodology based on
standard meteorological data to estimate crop water requirements. The latter are then determined
using a semi-empirical crop-factor approach, namely as [kc. ETo], where kc is a crop factor and ETo
the reference crop evapotranspiration, which is calculated from meteorological data collected over
well-watered short grass [1]. The FAO method relies on a version of the Penman–Monteith equation
(PM-ETo) and is wildly used in current irrigation advisory. However, most operational weather stations
do not comply with the instrumental requirements prescribed in [1], which constitutes an important
drawback to the use of the FAO methodology. Often, local observations rely on low cost sensors set
over non well-watered grass. Moreover, in many cases, some of the required input data are missing.

Water 2019, 11, 382; doi:10.3390/w11020382 www.mdpi.com/journal/water8
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The objective of this research note is to present an alternative method to estimate ETo. Instead of
dealing with the hypothetic quantity ETo, we recall the basic idea behind ETo was that it should be an
estimate of actual evapotranspiration (ET) of short well-watered grass. Therefore, the objective of this
note is to present a methodology that relies essentially on remotely sensed estimates of global radiation
complemented with air temperature forecasts provided by the European Centre for Medium-Range
Weather Forecast (ECMWF), to estimate the actual ET of well-watered grass closely resembling the
reference surface defined in [1].

Over small fields, under arid conditions, local advection effects (LAE) may occur when warm,
dry air formed over an upwind adjacent field is advected horizontally over the well-watered grass,
transporting additional energy for evaporation. By defining ETo for an extensive reference grass
field [1], LAE was excluded, which was later explicitly confirmed by [2] by stating that: “No local
advection occurs over the surface, thus the flux between the two levels is only vertical. Therefore, the
conditions at the reference level zM (solar radiation, wind speed, and vapor pressure deficit) can be
considered to be the same as that over a large surrounding area”. Nevertheless, validation studies of
PM-ETo have mostly concerned comparisons with the actual ET measured over small well-watered
fields surrounded by dry terrain, which are clearly affected by LAE [3]. Particularly in areas where
water available for irrigation is limited, the LAE topic becomes crucially important. Recent analyses of
actual ET data sets revealed that LAE can yield an increase in ETo of 30%. This occurs essentially in
arid regions at high temperature [4,5], i.e., under the conditions where crops need irrigation. Due to the
significance of LAE matter, in this paper we will consider two cases with and without LAE, respectively.

Our approach is physically based and follows from the application of thermodynamics to estimate
the ET of a ‘saturated’ surface, combined with atmospheric boundary layer (ABL) physics; this
methodology will hereafter be denoted as the T-ABL model. As shown already in 1915 [6], actual
ET is close to the so-called equilibrium ET, later derived from the original Penman formula by [7].
Later it was found that during daytime when most evaporation takes place, entrainment of warm
and dry air aloft the ABL supplies extra energy that can be used for evaporation [8–11]. These
findings lead to the conclusion that actual ET of well-watered grass is mainly determined by the
available energy and, secondly, by the air temperature. In the case where LAE can be ignored, the
main external energy source is global solar radiation. When LAE plays a role, additional sensible
heat due to horizontal advection of the warm and dry adjacent fields, should be accounted for. The
T-ABL model recently presented by [4,5] is physically sound with some minor empirical aspects.
Theoretically, it differs from the physical reasoning behind PM-ETo, which is based on a combination
of thermodynamics, a simplified description of the vegetation layer model (Monteith’s ‘big-leaf’
model) and Monin-Obukhov’s similarity theory leading to empirical flux-profile relationships. If well
calibrated, the PM-ETo approach is physically sound, as is T-ABL. However, internal correlations
between actual ET over well-watered grass and many of the input variables used by PM-ETo explain
why a model such as T-ABL, requiring much less input data, performs equally as well. Further details
on the T-ABL method and its derivation are referred to in [4].

The objective of this research note is to deal with practical aspects and differences with PM-ETo in
that context. We confine ourselves to time periods of one day or longer. Then PM-ETo requires as input
global radiation (Rs), wind speed at 2 m (u2), maximum and minimum temperatures at 2 m to estimate
daily mean temperature (Ta) and saturation water vapor, and finally mean, maximum and minimum
relative humidity at 2 m (RH, RHx and RHn). These data should be gathered over well-watered grass.
These requirements set the standards on weather stations to be very high, e.g., accurate observations of
Rs, RHx and RHn need good quality sensors and respective maintenance. Moreover, educated personal
is needed for data quality control and labor as well-watered grass maintenance is expensive.

Often, weather station sensors are not installed over well-watered grass. Then, under arid
conditions, the temperature and humidity data must be adjusted for surface aridity [12]. If one fails to
apply these adjustments, ETo will be overestimated significantly [12]. The T-ABL approach requiring
only Rs and T, hardly suffers from surface aridity [4,5].
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Recently, [5] presented an application of the T-ABL model where Rs estimates from Meteosat
Second Generation (MSG) observations [13,14] combined with T weather forecasts were used to derive
ETo. The approach is used by Satellite Applications Facility on Land Surface Analysis (LSA SAF;
http://lsa-saf.eumetsat.int) to operationally generate daily ETo [5].

This note can be seen as an extension of [5], dealing with the practical aspects of the T-ABL model
and its possible advantages for certain applications, when compared with PM-ETo. Particular attention
is paid to LAE and the surface aridity adjustments. In a time of water scarcity these practical aspects
are very important.

2. Material and Methods

2.1. Used Datasets

Two sites were considered in this study, namely: a grass field located in a polder region at Cabauw
(The Netherlands) surrounded by similar grass where water stress is rare and local advection can be
neglected [4]; and an irrigated grass site near Cordoba of about 1 ha, where summers are predominantly
dry and hot. Latent heat flux, and hence actual evapotranspiration, were obtained at Cabauw from
flux measurements [4,5,15], using a residual approach to ensure energy balance closure. As the surface
characteristics at the Cabauw site and surrounding area are very close to the reference surface, we
considered actual ET to be representative of ETo [4,5]. The Cordoba site, in turn, is equipped with a
lysimeter (hereafter Cordoba lysimeter site) and standard meteorological instruments. In this case,
the surroundings are characterized by dry terrain and thus, the observations taken at the Cordoba
lysimeter site were often affected by LAE, as described by [5,16]. For more information on the Cabauw
and Cordoba sites, readers are referred to [4,5,16].

On top of the above, we also considered, as an example of an operational weather station installed
in climate regions with dry, hot summers, data gathered at a site in Andalucía in Spain (RIA, close to
Cordoba) described in [17]. At the RIA station, despite being about 1km from the Cordoba lysimeter
site, the observations were often collected over bare soil. These data are considered here to illustrate
the aridity effect on local observations and their impact on PM-ETo.

For a number of selected days, we will use ten-minute observations from Cabauw and half-hourly
data from the lysimeter in Cordoba and from the RIA sites (see also [18]).

2.2. The T-ABL Model

The physical reasoning behind the T-ABL model is that for well-watered surfaces actual ET is
mainly determined by the available energy, since water availability is not a limiting factor. Using
thermodynamics, it then can be shown that ET should be close to the so-called equilibrium ET
(e.g., [4–6]). Atmospheric boundary layer (ABL) studies reveal that entrainment processes of warm
and dry air at the top of the ABL provide an extra energy source available for ET [4,5,8,10]. This leads
to the simple estimate of ET of well-watered grass, earlier found by [19].

L.ET = L.ETequilibrium + β =
Δ

Δ + γ
Q∗ + β (Wm−2) (1)

where L is the latent heat of vaporization of water, Δ = de/dT|T=Ta
is the derivative of the saturation

water vapor pressure (e), at air temperature (Ta), γ the psychrometric constant and Q* net radiation
of well-watered grass (see also [1]); the parameter β was estimated using observations collected at
Cabauw and was set to βCab = 20 Wm−2. Equation (1) applies to daily time steps by which ground
flux may be ignored. Moreover, it is confined to LAE-free cases.

A next step is to apply the so-called Slob-deBruin formula for Q* explicitly introduced to estimate
net radiation for well-watered grass by [20]. Recently, [5] provided a validation of Equation (1),

10



Water 2019, 11, 382

together with the Slob-DeBruin approach to derive Q* (Equation (2) below) for several stations,
including Cabauw and Cordoba.

Q∗ = (1 − 0.23)Rs − Cs
Rs

Rext
(2)

where Rs is the global (=down-welling shortwave) radiation and Rext is the incoming shortwave
radiation at the top of the atmosphere. The parameter Cs was also estimated using observations
collected at Cabauw (Cs = CsCab = 110 Wm−2), although Equation (2) was validated for other sites [3].
Combining (1) and (2) yields the T-ABL model for actual ET of well-watered grass without LAE,
operationally used by the LSA SAF [5].

In case LAE play a role, an extra energy term Qadv has to be included in Equation (1), accounting for
the sensible heat advected from upwind dry and warm fields. As shown in [5], this can be written as:

L.ET = L.ETNo_LAE + Qadv = L.ETNo_LAE + f (Ta) (3)

where ETNo_LAE corresponds to ET without LAE (as in (1)) and f (Ta) is an empirical function of the
mean daily air temperature measured over dry upwind terrain. Empirically, [5] found that, for the
Cordoba site, f (Ta) should be kept negligible for temperatures below 15 ◦C (i.e., f (Ta) = 0, for Ta ≤
15 ◦C), while for warmer cases it increases linearly with temperature (i.e., f (Ta) = 4 × (Ta − 15), for Ta >
15 ◦C). This result is based on the fact that, for the Cordoba site, also considered in [5], LAE occur only
at temperatures higher than 15 ◦C. At lower temperatures actual ET appears to be well described by
(1). For other sites with similar characteristics, LAE have also been found to be well described by a
linear function of air temperature, although, the regression coefficients are site dependent. This is not
surprising, since LAE depend on local features, such as the spatial distribution of land cover/vegetation
type of the surroundings, or orography, which, amongst others, will determine horizontal temperature
and humidity gradients.

It is seen that the T-ABL model provides estimates of actual ET of well-watered grass for cases with
and without LAE, requiring Rs and Ta as input only. The next step is to make use of the existing LSA
SAF product for Rs derived from the geostationary satellite MSG [5,13,14], allowing an estimate of ETo
over Europe, Africa, and parts of South America and the Middle East. Note that the same can be applied
for other geostationary satellites, and therefore a nearly worldwide coverage can be obtained [21].
Daily mean air temperature can be extracted routinely from weather forecasts, such as ECMWF in the
LSA-SAF product [5], or from reanalyses [22], the latter available on an unrestricted basis.

2.3. LSA SAF Reference Evapotranspiration Data

The LSA SAF routinely generates, archives and disseminates daily reference evapotranspiration,
using the T-ABL Equation (1). Net radiation, Q*, is derived from daily incoming solar radiation
following Equation (2). The latter, referring to the radiative energy in the wavelength interval [0.3 μm,
4.0 μm] reaching the Earth’s surface during a complete 24-h period, is also an independent LSA SAF
product. It is based on measurements provided by the three short-wave channels (centered at 0.6 μm,
0.8 μm, and 1.6 μm) of the Spinning Enhanced Visible and Infrared Imager (SEVIRI) onboard MSG,
considering that top-of-the atmosphere reflectances measured by these bands are anti-correlated with
solar radiation at the surface [13]. The daily solar radiation is estimated, on a pixel-by-pixel basis, by
temporal integration of the respective instantaneous 30-min estimates, then yielding ETo (LSA SAF
METREF product), which is also available per pixel. Near surface air temperature, which is used to
estimate the slope of the saturation water vapor pressure (Δ) and the latent heat of vaporization (L) in
Equation (1), is obtained from ECMWF operational weather forecasts.

The data are available for the whole MSG disk, nominally centered at 0◦ E, from 2004 to present,
since these data are continuously generated. The spatial resolution depends on pixel location, and
varies from 3 km at the sub-satellite point to 4–6 km over Europe. Users may request (off-line or near
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real time) access to the LSA-SAF METREF [5], as with any other LSA-SAF products (including solar
radiation) by registering at http://lsa-saf.eumetsat.int.

3. Results

Figure 1 presents the time-series of ETo (in mm/day) determined using the LSA SAF algorithm for
the LAE-free case, together with in situ observations gathered in Cabauw. Considering that the surface
surrounding the site is very close to the reference grass, and therefore assuming that local observations
can be directly compared to ETo estimates, we obtain a bias (the mean difference between measured
and estimated values) of 0.1 mm/day, while the standard deviation of the differences between the
LSA-SAF T-ABL estimates and local observations is 0.3 mm/day.

Figure 1. Daily estimates of reference evapotranspiration as obtained by the LSA-SAF (blue crosses)
versus daily in situ observations obtained for Cabauw (from eddy-covariance flux measurements) for
the 2007–2012 period. For reference, Penman-Monteith (PM_ETo) estimates obtained using in situ
observations are also plotted (black dots). The mean difference (bias), standard deviation of differences
and correlation between estimations and observed time-series are also shown.

A similar plot is shown for Cordoba in Figure 2, now showing the LSA SAF estimates without
considering LAE (as in the case above), as well as an adjusted value to take into account LAE (as in
Equation (3)). The mean difference between LSA-SAF estimates and in situ observations is reduced
from −0.7 mm/day to 0.1 mm/day, when the correction for LAE is introduced, while the standard
deviation of differences also decreases from 0.8 mm/day to 0.5 mm/day.
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Figure 2. Daily estimates of reference evapotranspiration as obtained by the LSA-SAF without (blue
crosses) and with an adjustment term to account for local advection effects (red crosses), versus daily
in situ observations obtained for Cordoba Lysimeter site, for the 2007–2009 period. For reference,
Penman-Monteith (PM_ETo) estimates obtained using in situ observations at the lysimeter site are
also plotted (black dots). The mean difference (bias), standard deviation of differences and correlation
between estimations and observed time-series are also shown.

These results were first published in [5]. A discussion of these results and implications for the
practical use of the LSA SAF ETo product and Equation (3) are presented in the next section.

4. Discussion

The main purpose of this work is to draw the attention of water managers and irrigation advisors
to the LSA SAF operational ETo product (being METREF its official acronym within the LSA-SAF) as
an appropriate alternative for the FAO methodology. The physical basis of the two approaches are
both sound, but they are derived along different routes. The LSA SAF product considers the T-ABL
approach, based on thermodynamics of well-watered surfaces, whereas the FAO model is derived
from a number of concepts postulated for the vegetation layer and the turbulent vertical transfer of
water vapor in the atmosphere. T-ABL ETo implicitly includes entrainment processes at the top of the
ABL, which are hidden in the empirical model constants in PM-ETo.

Because the thermodynamics-based T-ABL model does not account for local advection effects
(LAE), it yields a correct estimate of ETo, which is consistent with this variable definition. As shown
by [4,5] the T-ABL methodology can be easily extended to quantify LAE, by an additional energy term
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in (1). It is found that when the temperature is higher than 15 ◦C, this extra energy term is proportional
to (Ta-15) in the Cordoba site, and that at the peak of the dry season it accounts for an extra 30% of ETo
(see largest differences between blue and red lines in Figure 2).

To illustrate the impact of LAE, the analyses by [5] show that at high temperatures the difference
between Equations (1) and (3) can be as large as 30%. In order to discuss the LAE issue in more detail,
Figure 3 shows the diurnal cycle of the main components of the surface energy balance, namely net
radiation (Q*), sensible (H) and latent heat flux (L.ET). All of these were measured in a typical clear
sky day in Cabauw (no LAE) and in Cordoba (with LAE). It is seen that during daytime L.ET is lower
than Q* in Cabauw, whereas, in the Cordoba case, L.ET becomes greater than Q* after about 12 UTC
(close to local noon) and then H becomes negative during the local afternoon. Although not shown,
the additional energy that enhances L.ET, via the process described by the term Qadv in Equation (3),
leads to evaporative cooling of the surface, which eventually drops below air temperature. A stable
layer is then formed during daytime, consistent with the negative H values observed in Figure 3b.

Figure 3. Diurnal variation of the terms of the energy budget equation—latent (red line) and sensible
(blue line) heat fluxes and net radiation (black line)—on a sunny day for (a) Cabauw (28 May 2012, no
local advection) and (b) the lysimeter Cordoba site (29 July 2009, with local advection). All values are
based on observations gathered at both sites and are normalized by the local net radiation maximum.

Confining ourselves to daily values in the growing season, i.e., between about April and
September, 0.8Q* can be considered a suitable indicator for the occurrence of LAE, i.e., in cases
where LAE is absent, daily L.ET will not differ much from 0.8Q*, whereas for the LAE case, L.ET will
most likely exceed 0.8Q*. This value of L.ET being roughly 80% of net radiation was found for the
Cabauw data, during the growing season. Using Equation (2) to determine Q*, a simple diagnostic
tool is obtained to determine whether or not measured or calculated L.ET are affected by LAE, as
also shown by [16]. To illustrate this, Figure 4 presents the so-called advection index, defined as Ia =
L.ET/Q* (both L.ET and Q* correspond to daily averages), for the Cordoba site. Ia is plotted for a period
encompassing the growing season, revealing that, for most of it, the measured L.ET is greater than
0.8Q* (for days-of-year between 147 and 300 shown in Figure 4, L.ET is always above this threshold),

with Ia reaching values up to 1.5. This supports the notion that the Cordoba site is clearly affected by
LAE, and particularly, as we move ahead of day-of-year 150 (i.e., from June onwards), L.ET becomes
permanently higher than Q*, indicating an intensification of LAE.
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Figure 4. Advection-index being the ratio of daily means of actual L.ET and Q*, as a function of day of
year (DoY). Ia is estimated as the ratio between daily net radiation (obtained via Equation (2)) and daily
latent heat flux obtained from observations taken over the well-watered Cordoba site (see also Figure 1
in [16]). The lower line represents the 0.8Q* threshold beyond which LAE should be taken into account.

It is noted that for Cabauw, the revised Makkink formula, where L.ET over the reference surface
is proportional to solar radiation (L.ET = 0.65Δ/(Δ + γ)× Rs), yields estimates very close to local
observations [4,23,24]. On the other hand, a closer inspection of the literature revealed that for
the Cordoba site, as is the case with LAE, the Hargreaves formula (L.ET = 0.0135 (Ta + 17.8)Rs)
dealt with in [1,25] also provides similar results to Equation (3) with the LAE adjustment (shown in
Figure 2 for Cordoba). Both the Makkink and Hargreaves formulations are easier to use and can be
applied as alternatives to PM-ETo in the LAE-free case and in the case LAE is meant to be accounted
for, respectively.

The advection index can also be used to reveal effects of surface aridity. These refer to the impact
on the estimation of ETo with the FAO-method, but when the input data are not gathered over reference
grass. Because the surface atmospheric layer is itself affected by the radiation budget and its portioning
between sensible and latent heat fluxes, measurements of temperature and humidity variables will
necessarily be affected by the underling surface. As such, the input data should be adjusted in those
cases, a practice that is often omitted. To illustrate the impact of this, we analyzed ETo estimated using
data from the RIA Cordoba station [17] that is located close to the Cordoba lysimeter site, for which the
Slob-deBruin estimate for Q* was tested by [5]. All input data for the FAO method were then obtained
from in situ observations, but over non-irrigated ground.

Figure 5 shows the advection index Ia plotted for spring and early summer days, but now given by
the calculated PM-ETo not adjusted for surface aridity, over the estimated net radiation using Equation
(2). It is seen that in this case, Ia deviates even more generally from the 0.8 threshold than the values
found for well-watered nearby grass (Figure 4). Adopting the rule of thumb that the LAE estimate
of ETo is about 0.8Q*, this example shows that a combination of LAE and surface aridity effects can
lead to significantly higher values, up to 100% or more of Q*. The LSA SAF method is not affected by
surface aridity. From a practical point of view this is an enormous advantage, which is added to the
fact that the LSA SAF approach does not need ground based-stations. The latter aspect is also relevant,
when new underground water aquifers are explored, such as those present under the Sahara, or in
locations where accurate weather data are simply absent.
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Figure 5. As in Figure 4, but Ia is estimated using observations gathered in the RIA station close to
Cordoba (in situ observations gathered over non-irrigated surface).

It is clear from this example that PM-ETo values calculated with input data gathered over
non-reference surfaces should be corrected for surface aridity. We note that in the literature there is no
consensus about correction procedures. For this we refer to [12] and Annex 6 in [1] for example. It is
outside the scope of this paper to discuss this topic. However, because errors in ETo due to surface
aridity effects combined with LAE can be as high as 100% it is a very important aspect for users of
PM-ETo. Note that our methodology does not suffer from these errors.

The LSA SAF ETo product does not account for LAE as required per definition [1,2], nor is it
affected by aridity effects, and therefore can be used for irrigation advisory. Nevertheless, if one is
interested in the actual ET of well-watered grass affected by LAE, then an adjustment is required
for the LSA SAF values. As referred to above for the Cordoba lysimeter site and previously found
by the authors for other similar sites, such correction may be parameterized as an additional term
(Qadv), which is a linear function of near surface air temperature, i.e., with a term f (Ta), as shown in
Equation (3), given by:

Qadv = f (Ta) =

{
0 if Ta < To

m(Ta − To) if Ta ≥ To
(4)

where the parameter To corresponds to the temperature above which the site systematically experiences
LAE. Both regression coefficients, m and To, may vary with location and must be locally tuned using
either local observations as described above for the lysimeter Cordoba site, or considering PM-ETo
and LSA-SAF ETo as approximations of ET with and without LAE, respectively. A threshold of 0.8
may also be considered for the advection index to determine conditions with LAE. The index may be
estimated using lysimeter ET observations (or PM-ETo estimates) and Slob-deBruin Q*. The latter is
also distributed by the LSA SAF, as an auxiliary dataset within its METREF product.

5. Concluding Remarks

This research note concerns some aspects that may concern applications of the recently published
LSA SAF product for ETo (METREF in the LSA SAF catalogue). Using observations from two very
different sites and for situations where local advection effects (LAE) can be ignored and where they play
a significant role, we showed that the LSA SAF provides ETo estimates that are basically LAE-free, thus
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fully consistent with the definition of ETo given in [1] and fulfilling the requirements specified in [2],
as referred to above. The FAO PM methodology requires input data collected over a reference-like
surface, otherwise estimated values may far exceed measured ones due to the so-called aridity effect;
these do not affect the LSA SAF estimates based on the T-ABL approach.

There are other issues that should be considered in the practical application of T-ABL or FAO
methods. For example, we ignored elevation effects on air temperature data, particularly when these
were obtained from a numerical weather prediction model. The LSA SAF makes use of ECMWF
global fields, which have a spatial resolution ranging from about 9 km (current operational model)
to 75 km (ERA-Interim reanalyses [22]). Near surface (2 m) air temperature is then interpolated
to each MSG/SEVIRI pixel, taking into account height differences and performing an orography
adjustment [23]. Nevertheless, air pressure may also affect both T-ABL-ETo and PM_ETo, as it is
hidden in the psychrometric constant γ, as discussed in [1] and [23]. We invite water managers and
researchers involved in irrigation advisory to apply the LSA SAF ETo (METREF) product, pinpointing
caveats and a way forward. Through interaction with the LSA SAF consortium the operational
applicability of LSA SAF products can be improved.
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Annex—Terminology

Name/Symbol Meaning

ETo Reference crop as defined in [1] and [2]; local advection effects are excluded.

ETc
Crop water requirement as defined in [1], and obtained via kc.ETo, with kc being a crop factor.
Note that [1] introduced ETo and ETc to avoid the use of potential evapotranspriation, since
the latter was generally used in as a maximum ET, without specifying the crop of surface.

PM-ETo Version of the Penman-Monteith equation for estimating ETo, introduced by [1].

LSA SAF ETo
Estimated using Equation (1) derived from thermodynamics and PBL-physics in [4] and
validated in [5].

METREF The LSA SAF ETo estimates, as specified in the LSA SAF catalogue.

T-ABL
The model to estimate ETo derived from thermodynamics and atmospheric boundary layer
(ABL) physics, leading to Equation (1).

Q*
Net radiation, i.e., the sum of the down-welling short and long wave radiation reaching the
surface minus reflected (short and long wave) and the emitted (long wave) radiation.

Rs Global radiation, or down-welling short wave radiation reaching the surface

Rext
Incoming shortwave radiation at the top of the atmosphere, often denoted as the
extra-terrestrial radiation.
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Abstract: This study aims to model the impacts of the frequency of cuttings of Tifton 85 bermudagrass
on the dynamics of evapotranspiration (ETc) and to derive crop coefficients appropriate for grass
water management. Two seasons of experimentation were used with four different cutting treatments
which provided field data for calibration and validation of the soil water balance model SIMDualKc
for all treatments. Cuttings were performed after the cumulative growth degree days (CGDD) attained
124 ◦C, 248 ◦C and 372 ◦C, thus from short to very long intervals between cuttings. SIMDualKc
adopts the Food and Agriculture Organization (FAO) dual Kc approach for partitioning ET into crop
transpiration and soil evaporation, thus providing for an assessment of their dynamics. All treatments
were irrigated to avoid water stress. Grass ETc was modelled adopting a Kcb curve to describe the ET
variation for each cutting cycle, that is, using the FAO Kc curve that consists of a series of Kcb curves
relative to each cutting cycle. Each individual Kcb curve consisted of three segments constructed
when knowing the Kcb values at the initial, at the end of rapid growth, and at cutting, respectively
Kcb ini, Kcb gro and Kcb cut. These Kcb values were first estimated using the equation relating Kcb to the
density coefficient (Kd), which is computed from the fraction of ground cover (fc) and canopy height
(h) at the same dates. The goodness of fit indicators relative to the calibration and validation of the
SIMDualKc model were rather good, with the normalized root mean square error (RMSE) ranging
from 4.0% to 6.7% of the mean available soil water. As an example, the standard Kcb values obtained
after model calibration relative to the cuttings treatment with CGDD of 248 ◦C are: Kcb ini = 0.86,
Kcb gro = 0.91 and Kcb cut = 0.96. Kcb values were smaller when the frequency of cuts was larger
because h and fc were smaller, and were larger for reduced cuttings frequency since h and fc were
then larger. Because the soil was wet most of the time, the soil evaporation Ke varied little but its
value was small due to the combined effects of the fraction of crop cover and plant litter covering the
soil. The values of Kc = Kcb+Ke also varied little due to the influence of Ke and the Kc curve obtained
a form different from the Kcb curves, and a single Kc value was adopted for each cutting frequency,
e.g., Kc = 0.99 for the treatment with CGDD of 248 ◦C. Results of the soil water balance have shown
that, during the experimental periods, likely due to the effects of the El Niño Southern Oscillation
(ENSO), runoff and deep percolation exceeded ETc. Moreover, the soil evaporation ratio was small:
14% in case of frequent cuttings and less for more spaced cuttings, thus with a transpiration ratio
close to 90%, which indicates a very high beneficial consumptive water use, mainly when cuttings
are not very frequent.
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1. Introduction

The landscape of southern Brazil is characterized by the Pampa biome, which occupies 63% of the
State of Rio Grande do Sul. Grassland is the dominant vegetation and livestock production is a main
economic activity in the area, but large areas have been converted into cropland, mainly for soybean
production, thus suppressing the native grass vegetation [1]. Therefore, the sustainability of this biome
for livestock production requires the planting of new and highly productive grasses such as the Tifton
85 bermudagrass [2,3], recently introduced in the region. Assessing grass evapotranspiration and
water requirements as influenced by the frequency of cuttings is required to support an upgraded
management of those grasslands. An innovative approach used is to relate the frequency of cuttings
with the density coefficient (Kd) and then estimate the basal crop coefficient from Kd following the
Allen and Pereira approach [4].

Studies on evapotranspiration (ET) of grasslands are numerous. Research has commonly been
devoted to assessing the dynamics and abiotic driving factors of ET, mainly relative to climate
influences on the processes of energy partition into latent and sensible heat. Such studies often use
eddy covariance and/or Bowen ratio energy balance (BREB) observations, data which are commonly
used in analysis performed with the Penman–Monteith (PM) combination equation [5] and/or the
Priestley–Taylor (PT) equation [6], thus using the canopy resistance or the PT parameter α as behavioral
indicators [7–9]. As an alternative to those measurement techniques, scintillometer measurements [10]
and satellite images [11–13] were also used. Adopting similar research approaches, other studies
compared the ET of grasslands with ET of forests or shrublands [14–16]. In addition to the available
energy for evaporation, soil water availability and crop ground cover or the leaf area index (LAI) were
often identified as main driving factors influencing grass ET [14–17].

Studies such as those referred to above are likely of great importance for understanding the
variability of grass ET when focusing on the Pampa biome but different, operational research
approaches are required when aiming at knowing grassland water requirements and/or grassland
water management issues. Related operational studies are also numerous and refer to various climates,
grass species and diverse herbage uses for hay or for grazing with different frequency of cuttings.
However, such ET studies are lacking in southern Brazil and for Tifton 85 bermudagrass. ET research
aiming at improved farm water management generally uses the grass reference ET (ETo) proposed in
the Food and Agriculture Organization guidelines for computing crop water requirements (FAO56) [17];
nevertheless, recent studies [3,18] relative to irrigated bermudagrass yields used the climatic potential
ET equation of Thornthwaite [19], developed in 1948.

The reference ETo was defined after parameterizing the PM combination equation [5] for a cool
season grass, thus resulting that ETo is defined as the rate of evapotranspiration from a hypothetical
reference crop with an assumed crop height h = 0.12 m, a fixed daily canopy resistance rs = 70 s m−1,
and an albedo of 0.23, closely resembling the evapotranspiration from an extensive surface of green
grass of uniform height, actively growing, completely shading the ground and not short of water [17].
This definition is described by the daily PM-ETo equation [17], which represents the climatic demand
of the atmosphere. Thus, following FAO56 [17], the ETo is to be used with a crop coefficient (Kc) when
estimating or predicting the ET of a given surface, that is, the Kc-ETo approach. Kc is the ratio between
the crop ET and ETo and varies with the crop surface characteristics and the crop growth stage, and is
influenced by the climate and management. Single and dual Kc may be used [17]. The dual Kc consists
of the sum Ke + Kcb of the soil evaporation coefficient (Ke) and the basal crop coefficient (Kcb), and thus
with consideration of both processes included in evapotranspiration. The Kc values are standard or
potential when the crop is not stressed, while actual Kc values (Kc act or Kcb act) are often smaller than
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the standard Kc or Kcb when water, salt, disease or management stresses affect crop transpiration.
These effects may be considered using a stress coefficient applied to Kc or Kcb. Tabulated values of
standard Kc and Kcb are provided by Allen et al. [17] for a variety of crops, including grasses and
pastures. The standard Kc and Kcb values are transferable to other sites considering adjustments for
climate described by Allen et al. [17]. The time variation of the Kc and Kcb values are described by
Kc curves [17] that describe in a simplified way the dynamics of LAI and vegetation ET. The form of
these curves varies from one crop to another; for grasses with cuttings, several successive Kc curves
should be considered, each representing the dynamics of ET during each crop growth cycle between
cuttings [17].

The operational use of the ETo equation implies, therefore, the use of crop coefficients and the
build-up of Kc curves to describe the respective time variation. It could be observed that several
papers reporting on the use of the grass reference ETo did not follow the concepts described above.
A few authors directly compared ET obtained with eddy covariance, BREB, or a soil water balance
with ETo but not searching for a Kc value [20], or even assumed equality between grass ET and
ETo [21]. Other authors just computed daily Kc act values (often using different designations for that
parameter) but did not search for a Kc curve that would describe their seasonal variation [22,23], or just
identified a mean seasonal Kc act [24]. The lack of search for a Kc curve led some authors to consider
the Kc-ETo approach as non-useful [25]. By contrast, Pronger et al. [26] did not clearly assume the
concepts behind actual vs. potential Kc and, in addition to Ks, adopted a correction factor to ETo

for highly stressed grass. This is theoretically not appropriate because it contradicts the concepts of
reference ET, which depends solely upon the climate and not the crop under study, and of the Kc act

that has to be derived from the standard Kc when adapting to the management and environmental
conditions [17]. The approaches referred to above, like other research quoted before, may support
an improved understanding of the dynamic behaviour of grass ET but are likely not appropriate for
operational use in irrigation water management.

The FAO56 Kc-ETo method [17] was first applied by Cancela et al. [27] to grass using the single
Kc act with successive four-stage curves relative to four cuttings using the ISAREG soil water balance
model [28]. Single Kc act four stage curves were defined for remote-sensed grazed grasslands [29,30].
By contrast, other authors preferred replacing the typical four stages curve by average monthly
Kc act values [31]. The FAO dual Kc approach [32] was successfully used by Greenwood et al. [33],
who reported on a large number of Kcb act curves to represent numerous grass cuttings using the FAO56
spreadsheet [17]. The FAO dual Kc approach was adopted by Wu et al. [34] to represent a natural
groundwater dependent grassland, then using a seasonal four-growth stages Kcb act curve using the
SIMDualKc model [35]. Krauß et al. [36] also used the dual Kc method to estimate the footprint of milk
production but did not report about the Kc curves used.

The dual Kc approach has the advantage of partitioning ET into crop transpiration (Tc) and
soil evaporation (Es). Knowing Tc and Es provides for a more detailed water balance and a better
approach to understanding the functioning of the ecosystems. In addition, partitioning ET allows
estimating Tc and therefore better calculating yields [37] since it directly relates to biomass production.
Moreover, good results were obtained with the soil water balance SIMDualKc model [35] for the
partition of ET using the FAO dual Kc approach, namely when applied to crops that nearly fully cover
the ground, such as wheat, barley and soybean [38–40] whose Es estimated values compared well with
Es observations using microlysimeters. Tc simulated also compared well with sap flow observations in
tree crops [41,42], thus confirming the goodness of ET partitioning.

The application of various ET partition methods to grass is often reported, namely using the
two source Shuttelworth and Wallace [43] model (SW). It is very precise when an appropriate
parameterization is achieved, which is a quite demanding task that limits the operational use of
SW in agricultural water management practice; various examples of the application of SW to grass are
reported in the literature [44,45]. Other double source models were applied to grass, such as the one
reported by Huang et al. [46], which is based upon the estimation of gross ecosystem productivity using

22



Water 2018, 10, 558

CO2 fluxes observed with the eddy covariance method, and that proposed by Wang and Yamanaka [47],
which consists of a modification of the SW model. Empirical ET partitioning approaches include
the use of time series of soil surface temperature [15], and the adoption of a radiation extinction
coefficient (krad) combined with a ground cover index [20] or with LAI when using the PT equation [48].
These approaches using krad are comparable with the FAO dual Kc approach [17,32]. Partitioning ET
fluxes using stable isotopes is another proved alternative [49,50].

The dual Kc approach has been shown to be appropriate to partitioning grass ET, as reported
above [33,34], and has shown to be less demanding in terms of parameterization and field and
laboratory instrumentation than other ET partition methods. In addition, it is easily implemented
using the referred SIMDualKc model, which has been extensively tested as reported above. Therefore,
the objectives of this study consist of (a) assessing and partitioning evapotranspiration of Tyfton 85
bermudagrass in southern Brazil as influenced by the frequency of cuttings using the model SIMDualKc
applied to two years of field data; and (b) deriving crop coefficient curves adapted to grass cuttings of
various frequencies. Moreover, the study aims to contribute to the sustainability of grass uses in the
Pampa biome, and to create the knowledge required to cope further with climate change in the region.

2. Material and Methods

2.1. Site Characteristics and Treatments

Field experiments aimed at assessing Tifton 85 bermudagrass ET and herbage production
under different regimes of cutting were developed in the campus of the Federal University of Santa
Maria, Rio Grande do Sul State, Southern Brazil (29◦43′ S, 53◦43′ W and altitude of 103 m); however,
production is not analyzed in this article. The experiments were conducted during the growing
seasons—spring, summer and autumn—of two cropping years, from 23 October 2015 to 11 May 2016
and from 27 October 2016 to 26 June 2017. The Tifton 85 bermudagrass was planted earlier, in 2011.

The climate of the region, according to the Köppen climatic classification, is a “Cfa”, that is,
humid subtropical without a defined dry season and with hot summers [51]. The meteorological
conditions during the experimentation are given in Figure 1 and were observed in an automatic
weather station located at 300 m from the experimental area which is in the charge of the National
Institute of Meteorology. The reference evapotranspiration (ETo) was computed with the PM-ETo

equation [17].

 

  

Figure 1. Daily weather data during the crop seasons of 2015/16 and 2016/17: (a,c) maximum ( ) and
minimum ( ) temperatures, and rainfall ( ); (b,d) solar radiation ( ) and reference evapotranspiration
( ).
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The textural and hydraulic properties of the soil of the experimental site are given in Table 1.
Disturbed and undisturbed soil samples were collected at the initiation of the experimentation.
The particle size distribution was obtained using an ASTM 151H soil hydrometer (Chase Instruments
Co., Swedesboro, NJ, USA). Soil water retention at matric potentials between −10 and −5000 cm were
determined with a pressure plate apparatus (Soil Moisture Equipment Corp., S. Barbara, CA, USA)
and at potentials of −5000 and −15,000 cm were determined with a WP4 dewpoint potentiometer
(Decagon Devices, Pullman, WA, USA). The soil water content at field capacity (FC) and at wilting
point (WP) were measured for the matric potentials at −10 kPa and −15,000 kPa, respectively.

Table 1. Soil physical characteristics of the experimental field.

Depth
(cm)

Bulk Density
(g cm−3)

Total Porosity
(%)

Field Capacity
(FC) (cm3·cm−3)

Wilting Point
(WP) (cm3·cm−3)

Clay % Silt % Sand %

0–5 1.49 41.3 0.364 0.089 18 36 46
5–10 1.56 38.6 0.337 0.085 18 36 46
10–15 1.47 43.2 0.298 0.081 20 35 45
15–30 1.51 42.0 0.375 0.087 20 37 43
30–50 1.50 43.0 0.308 0.092 24 35 41

2.2. Grass and Field Observations

Three treatments of grass cuttings were used in the current study and three replications were
adopted; the area of each experimental unit was 16 m2. In agreement with information relative to
cuttings of Tifton 85 [2,3], the stubble height (SH) of 0.15 m was adopted for all cuttings. The latter
were executed with an electric lawnmower with adjusted cutting height, which provided for a precise
SH. The cuttings were performed when the cumulative growing degree days (CGDD) attained 124,
248 and 372 ◦C after the start of each cutting cycle. The base and cut-off temperatures were 10 ◦C
and 30 ◦C, respectively. The cuttings dates are given in Table 2. It can be observed that defining the
intervals between cuttings for selected CGDD results in time intervals that are different within each
treatment and among treatments, varying from a minimum near the summer solstice to a maximum
by the winter solstice (Table 3).

Table 2. Cuttings dates of the various treatments having different cumulative growing degree days
(CGDD) intervals between cuttings.

Events
Cutting Treatments Dates

CGDD of 124 ◦C CGDD of 248 ◦C CGDD of 372 ◦C Season of 2015/16 Season of 2016/17

Spring (t0) 23 October 2015 27 October 2016

Scheduled cuttings

1st 4 November 2015 10 November 2016
2nd 1st 15 November 2015 22 November 2016
3rd 1st 27 November 2015 2 December 2016
4th 2nd 8 December 2015 12 December 2016
5th 17 December 2015 22 December 2016
6th 3rd 2nd 28 December 2015 29 December 2016

Summer-Autumn (t0) 9 January 2016 17 January 2017

Scheduled cuttings

1st 16 January 2016 27 January 2017
2nd 1st 24 January 2016 5 February 2017
3rd 1st 3 February 2016 15 February 2017
4th 2nd 10 February 2016 23 February 2017
5th 18 February 2016 6 March 2017
6th 3rd 2nd 26 February 2016 19 March 2017
7th 8 March 2016 2 April 2017
8th 4th 18 March 2016 13 April 2017
9th 3rd 30 March 2016 27 April 2017

10th 5th 9 April 2016 15 May 2017
11th 18 April 2016 5 May 2017
12th 6th 4th 08 May 2016 26 June 2017
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Table 3. Time intervals between cuttings for all treatments.

Cutting Treatments
Minimum Intervals (Days) Maximum Intervals (Days)

2015–2016 2016–2017 2015–2016 2016–2017

CGDD of 124 ◦C 9 10 20 21
CGDD of 248 ◦C 20 17 29 42
CGDD of 372 ◦C 31 27 39 60

The Kc curves adopted for each cutting cycle considered only three growth stages: initial,
from initiation after a cutting until rapid growth starts; rapid growth, from then on until growth
slows down; and before cutting, from then on until a cutting is performed. Curves are described by
three Kc or Kcb values corresponding to the three growth stages identified, respectively Kcb ini, Kcb gro
and Kcb cut. Cutting cycles were, therefore, described with the following observations:

(a) The time duration (days) of the three phases of the cutting cycles: initial, rapid growth and before
cutting, whose time durations are respectively tini, tgro and tcut, with their sum equalling the time
interval between cuttings, tint. Their values varied among treatments and with air temperature,
that is with climate.

(b) The grass height at the end of the periods referred to above, thus hini, hgro and hcut in the day of
cutting, with hini = SH. Values varied among treatments but not within each treatment due to the
great dependence of crop growth relative to temperature.

(c) The fraction of ground cover at the same days referred for h, thus fc ini, fc gro and fc cut.
Alternatively, LAI could be observed by the same days. As for h, values of fc varied among
treatments but very little within each treatment.

The canopy height was measured with a millimeter graduated ruler. The fraction of ground
cover was observed visually using frames with an area of 0.625 m2. Photos taken vertically were
used to count the percent of ground covered. Errors of observations of h and fc did not exceed 10%.
Average h and fc values are presented in Table 4. The effective root depth (Zr, m) was observed
using nine soil samples taken at each 0.10 m layer, down to the depth of 0.6 m, which were washed,
sieved and observed for the root material. Results have shown that 90% of the roots were above the
0.3 m depth and only a very small fraction was below the 0.5 m depth. Thus, in agreement with
literature [9,13,14,46], Zr = 0.5 m was adopted for the simulations.

Table 4. Average of observed canopy height (h, m) and fraction of ground cover (fc, dimensionless)
relative to treatments with various intervals between cuttings defined by observed CGDD.

Variables and Treatments
Grass Development Stages

Initial End of Rapid Growth Before Cutting

Canopy height (h, m) hini hgro hcut

CGDD of 124 ◦C 0.15 0.18 0.19
CGDD of 248 ◦C 0.15 0.22 0.23
CGDD of 372 ◦C 0.15 0.27 0.30

Fraction of ground cover (fc, dimensionless) fc ini fc gro fc cut

CGDD of 124 ◦C 0.81 0.85 0.90
CGDD of 248 ◦C 0.81 0.88 0.92
CGDD of 372 ◦C 0.85 0.90 0.93

All treatments used sprinkler irrigation to supplement rainfall and assure that the crop was
not water stressed, so allowing for potential ET and crop coefficients to be determined. Full circle
sprinklers Pingo® (Fabrimar Ltda., Joinville, SC, Brazil), spaced 6 m and operating at the pressure of
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180 kPa were used. The coefficient of uniformity averaged 82% and the applied net irrigation depths
varied from 12–22 mm in 2015–2016 and from 7.5–12.5 mm in 2016–2017. Irrigations were performed
whenever the soil moisture in the 0.50 m layer reached less than 85% of the FC. The soil water content
(SWC, cm3 cm−3) was daily monitored with Frequency Domain Reflectometry (FDR) sensors installed
in the center of each unit in the 0.00–0.20 m and 0.20–0.50 m depth layers. The CS616 sensors were
connected to a CR10X data logger with the AM16/32 channel relay multiplexer (all from Campbell
Scientific, Logan, UT, USA). The FDR system was calibrated for soil water contents ranging from near
the wilting point up to saturation.

2.3. The SIMDualKc Model

The soil water balance SIMDualKc model [35] uses a daily time step to compute the grass crop
evapotranspiration (ETc) using the dual crop coefficient approach [17,32]. This model has previously
been applied to a variety of crops as referred to in the “Introduction”, in particular to a Leymus chinensis
(Trin.) Tzvel. grassland [34], however not submitted to cuttings.

The SIMDualKc model computes the daily soil water balance in the crop root zone as:

Dr,i = Dr, i−1 − (P − RO)i − Ii − CRi + ETc,i + DPi (1)

where Dr,i and Dr,i−1 are the root zone depletion [mm] at the end of day i and i − 1, respectively, Pi is
precipitation, ROi is runoff, Ii is net irrigation depth, CRi is capillary rise from the groundwater table,
ETc,i is crop evapotranspiration, and DPi is deep percolation, all referring to day i and expressed in
mm. In the present application, the water table is quire deep and CR is null. The soil water balance
refers to a soil in which total available water (TAW, mm) is:

TAW = 1000 Zr(FC − WP) (2)

In the current application, with Zr = 0.50 m, FC = 0.336 m3 m−3 and WP = 0.088 m3 m−3,
this results in TAW = 124 mm. The readily available soil water (RAW, mm) is the fraction of TAW that
may be depleted without causing any water stress, and thus RAW = (1 − p) TAW. A constant value
p = 0.55 was used for all cycles, thus resulting in RAW = 56 mm.

ETc act is computed as a function of the available soil water in the root zone (ASW, mm). If the
depletion exceeds the depletion fraction for no stress (p), i.e., ASW < RAW, then the stress coefficient
becomes Ks < 1.0, otherwise Ks = 1.0 [17]. Thus, in general, we have:

ETc act = (Ke + Ks Kcb) ETo (3)

where Ke is the soil evaporation coefficient and Kcb is the basal crop coefficient. As referred to before,
Kcb act = Ks Kcb. The actual daily grass transpiration is, therefore, Tact = Kcb act ETo and the soil
evaporation is Es = Ke ETo.

Ke are daily computed through a daily water balance of the soil evaporative layer, whose thickness
is (m), when knowing the total and readily evaporable water, respectively TEW (mm) and REW (mm).
Considering the two-stage evaporation process, the first is energy limiting and the corresponding
evaporable amount is REW; the second stage is water limiting and evaporation is linearly decreasing
until TEW is depleted [17,32,52]. The thickness Ze = 0.15 m was adopted for the evaporation layer
as commonly occurs for medium to heavy textured soils. TEW and REW are optimized during the
process of model calibration. The water balance of the evaporation layer, that considers the referred
evaporative characteristics of the soil, takes into consideration the fraction fc of ground shaded by the
crop, which determines the fraction of the soil that is both exposed to solar radiation and wetted by
rain or irrigation, and from where most of the soil evaporation originates, as well as effects of mulching
in reducing the energy available at the soil surface [35].
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The deep percolation DP is computed by the model using the respective parametric function
proposed by Liu et al. [53], which is a time decay function that relates the soil water storage near
saturation after the occurrence of a heavy rain or irrigation with the draining time until FC is attained.
The values of the parameters (aD, bD) are optimized during model calibration. Runoff was estimated
using the curve number approach following the USDA-ARS Hydrology Handbook [54].

The initial Kcb ini, Kcb gro and Kcb cut were estimated from the fc and h values observed using the
equation proposed by Allen and Pereira [4]:

Kcb = Kc min + Kd(Kcb full − Kc min) (4)

where Kd is the density coefficient, Kcb full is the estimated Kcb during peak plant growth for conditions
having nearly full ground cover (or LAI > 3), and Kc min is the minimum basal Kc for bare soil,
with Kcb min = 0.15 under typical agricultural conditions and for native vegetation when rainfall
frequency is high. Kd can be estimated as a function of measured or estimated leaf area index LAI:

Kd =
(

1 − e[−0.7LAI]
)

(5)

or as a function of the fraction of ground covered by vegetation, as in the present study,

Kd = min
(

1, MLfc eff, f
( 1

1+h )

c eff

)
(6)

where fc eff is the effective fraction of ground covered or shaded by vegetation [0.01–1] near solar
noon, ML is a multiplier on fc eff describing the effect of canopy density on shading and on maximum
relative ET per fraction of ground shaded [1.5–2.0], and h is the mean height of the vegetation in m.
For low and dense crops such as grass, it may be assumed that fc eff = fc. The ML multiplier on fc eff in
Equation (6) imposes an upper limit on the relative magnitude of transpiration per unit of ground area
as represented by fc eff and is expected to range from 1.5 to 2.0, depending on the canopy density and
thickness [4]. The value for ML can be adjusted to fit the specific vegetation.

The input data required by the SIMDualKc model consist of: (i) daily meteorological data of
rainfall (mm), ETo (mm), minimum relative humidity (RHmin, %) and wind speed at 2 m height
(u2, m s−1); (ii) the soil water content at FC and WP for all root zone soil layers; (iii) the soil water
evaporation parameters Ze (m), TEW and REW (mm); (iv) the deep percolation parameters; (v) crop
heights (h, m); (vi) the effective rooting depth Zr; (vi) the fraction of ground cover fc ini, fc gro, and fc cut;
(vii) the water depletion fraction for no stress, p; (viii) the irrigation dates and net irrigation depths
applied; (ix) the soil wetted fraction by irrigation (fw); and (x) the runoff curve number (CN).

In this application, because the ground is covered by plant litter, the importance of which in
Tifton 85 bermudagrass fields is well known [55], the effect of plant litter on Es was considered in
modelling [35]. Litter, like organic mulches, reduces the energy available at the soil surface and,
consequently, soil evaporation. The respective model inputs consisted of: the fraction of mulched soil
of 1, low thickness of the mulch, and 3% reduction in Es for each 10% of soil surface covered. In former
applications of SIMDualKc to soils with organic mulch or crop residuals [56,57] a larger reduction of
Es was considered.

The standard Kcb values should refer to the minimum relative humidity RHmin = 45% and the
average wind speed at 2 m height u2 = 2 m s−1 [17]. They were obtained from the calibrated ones by
adjusting them for climate using the climate adjustment equation [17] inversely:

Kcb = Kcb calib − [0.04 (u2 − 2)− 0.004 (RHmin − 45)]
(

h
3

)0.3
(7)
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where the Kcb are the standard values, Kcb calib are those values obtained from calibration, u2 and
RHmin are the average values observed during the calibration, and h are the observed crop heights.
The current adjustment refers to Kcb ini, Kcb gro and Kcb cut, as well as to Kc.

2.4. Model Calibration and Validation and Goodness of Fitting Indicators

Model calibration and validation for the Tifton 85 bermudagrass were performed using independent
data sets of the referred two years of observations. The calibration of the model was performed
with data collected in the summer and autumn seasons of 2016. The calibration of SIMDualKc
aimed at optimizing the basal crop coefficients (Kcb ini, Kcb gro and Kcb cut), which was performed
independently for the three cutting treatments because respective growth characteristics are different,
the soil evaporation parameters (TEW, REW), the deep percolation parameters (aD and bD) and the
runoff CN value. An iterative trial-and-error procedure was applied in order to minimize the deviations
between the available soil water data observed and simulated by the model. The procedure described
by Pereira et al. [39] was adopted. The trial and error was first applied to the Kcb ini, Kcb gro and Kcb cut
relative to the treatment of CGDD 248 ◦C, and then interactively applied to the Kcb values, the soil
evaporation TEW and REW, the deep percolation parameters and CN. Using the DP, soil evaporation
and runoff parameters already calibrated for the treatment of CGDD 248 ◦C, which are common
to all treatments, the trial and error procedure was in the following applied independently to the
other cutting treatments for calibration of the respective Kcb values. The model validation consisted
in applying the calibrated Kcb ini, Kcb gro and Kcb cut, TEW and REW, DP parameters and CN to the
remaining observed data relative to the spring seasons of 2015 and 2016 and the summer and autumn
seasons of 2017.

The initial parameter values were estimated as follows: (1) the Kcb values were computed for
each treatment with Equation (4) assuming Kc min = 0.15, Kcb full = 0.95, and with the density coefficient
Kd computed with Equation (6) using the observed data given in Table 4; (2) the depletion fraction
for no stress p was estimated from the values tabulated in FAO56 [17]; (3) TEW was computed from
the difference (FC-0.5 WP) relative to the top soil layer of depth Ze (0.15 m), and REW was estimated
from the textural characteristics (Table 1) of that same layer [17,32]; (4) the DP parameters aD and bD

were estimated from those proposed by Liu et al. [53] for moderately permeable soils; and (5) CN was
obtained from tabulated values for grasses in moderately permeable soils [54].

A set of goodness of fit indicators were used to assess model fitting during calibration and
to evaluate the results of validation. As analyzed previously in various SIMDualKc applications,
these indicators [39,58,59] are the following:

(i) The regression coefficient (b0) of the linear regression forced to the origin relating the observed
and model predicted values, respectively Oi and Pi (i = 1, 2, . . . , n), where b0 close to 1.0 indicates
that the predicted values are statistically close to the observed ones.

(ii) The determination coefficient (R2) of the linear regression between observed and predicted values,
where a R2 close to 1.0 indicates that most of the variation of the observed values is explained by
the model.

(iii) The root mean square error (RMSE), which measures the overall differences between observed
and predicted values

RMSE =

[
∑ n

i=1(Pi − Oi)
2

n

]0.5

(8)

which should be as small as possible and has the same units of the variable under analysis.
(iv) the normalized RMSE (NRMSE, %), ratio of RMSE to the mean value of the variable observations,

which expresses the relative size of the estimation errors and which target is a small value, at least
smaller than 10%.
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(v) The average relative error (ARE, %), which express the relative size of estimated errors in
alternative to NRMSE:

ARE =
100
n

n

∑
i=1

∣∣∣∣Oi − Pi

Oi

∣∣∣∣ (9)

and which target is a value as small as possible, generally smaller than 10%.
(vi) The percent bias of estimation, PBIAS (%), is an indicator that measures the average tendency of

the simulated data to be larger or smaller than the correspondent observations and is given by:

PBIAS = 100 ∑n
i=1(Oi − Pi)

∑n
i=1 Oi

(10)

Its optimal value is 0.0; thus, values near 0.0 indicate that model simulation is accurate,
while positive or negative values indicate under- or over-estimation bias.

(vii) The modelling efficiency (EF, dimensionless), that indicates the relative magnitude of the variance
of residuals of estimation compared to the measured data variance:

EF = 1.0 − ∑n
i=1(Oi − Pi)

2

∑n
i=1

(
Oi − O

)2 (11)

the target value of which is 1.0 when the variance of residuals is negligible relative to the variance
of observations; EF values close to 0 or negative indicate that the observations mean is as good or
better predictor than the model. Therefore, achieving a positive EF is a must.

3. Results and Discussion

3.1. Model Calibration and Validation

The initial values of parameters used with the SIMDualKc model to simulate the three treatments
of frequency of cuttings of Tifton 85 bermudagrass are presented in Table 5.

Table 5. Initial and calibrated parameters of SIMDualKc relative to the three treatments of Tifton
85 bermudagrass having different frequency of cuttings.

Parameters Symbols

Initial Values Calibrated Values

CGDD of
124 ◦C

CGDD of
248 ◦C

CGDD of
372 ◦C

CGDD of
124 ◦C

CGDD of
248 ◦C

CGDD of
372 ◦C

Basal crop
coefficients

Kcb ini 0.77 0.82 0.84 0.80 0.83 0.84
Kcb gro 0.80 0.87 0.89 0.82 0.88 0.90
Kcb cut 0.84 0.90 0.91 0.84 0.93 0.94

Depletion fraction p 0.55 0.55

Soil evaporation
Ze (m) 0.15 0.15

REW (mm) 10 10
TEW (mm) 37 44

Deep percolation aD 335 325
bD −0.017 −0.005

Runoff CN 70 74

Ze = Depth of the soil evaporation layer; REW = Readily evaporable water; TEW =Total evaporable water; aD and
bD = parameters of the deep percolation equation [53]; CN = Curve number

The calibration of the SIMDualKc model through minimizing the differences between simulated
and observed available soil water (Figure 2) enabled the calibrated parameters also listed in Table 5
to be obtained for the three cutting treatments considered. These parameters were later used for
validation of the model for other observation periods, whose results are shown in Figure 3.

The goodness of fit indicators relative to the calibration and the validation are presented in Table 6.
It can be observed that the regression coefficient b0 is close to 1.0 for all sets of data used both in the
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calibration and validation for all treatments, thus indicating a trend for equality of simulated and
observed values, thus no trend to over- or underestimation of the ASW. Consequently, the PBIAS are
quite small, thus confirming no trends for over- or underestimation. The determination coefficients
are above 0.80 for the calibration, indicating that there is a dispersion of pairs Pi-Oi around the
1:1 line, i.e., a fraction of less than 20% of cases cannot be explained by the model. An explanatory
hypothesis is that the FDR sensors used, which were previously tested for conditions where wettings
consisted of controlled irrigation applications and not intense rainfall events [56], have not been shown
to be adequate to record quick changes in ASW when heavy rains occur. This can be observed in
Figures 2 and 3 in cases when peak increases of ASW occurred. However, R2 values are generally high
and, in combination with high b0 values, confirm the adequacy of model simulations.

 
(a) 

Legend: 
Simulated available soil water, ASW (  ) 
Observed available soil water, ASW ( ) 
Total available soil water, TAW ( ) 
Readily available soil water, RAW (  ) 
Precipitation and irrigation events ( ) 
Dates of cutting events ( ) 

(b) 
 

(c) 

Figure 2. Simulated vs. observed available soil water during the Summer-Autumn of 2016 relative to
the calibration of SIMDualKc model for treatments of CGDD of: (a) 124 ◦C, (b) 248 ◦C and (c) 372 ◦C.

(a) (b) (c) 

Figure 3. Simulated vs. observed available soil water (ASW) relative to the validation of SIMDualKc
model for treatments of CGDD of: (a) 124 ◦C, (b) 248 ◦C and (c) 372 ◦C.

30



Water 2018, 10, 558

Errors of estimation are small (Table 6). On the one hand, the RMSE range from 4.2–5.2 mm
at calibration and 5.0–7.2 mm at validation, corresponding to NRMSE in the range of 4.0–6.7% of
observed ASW, as well as ARE also ranging from 3.2–5.2%, thus indicating good accuracy of model
simulations. On the other hand, EF values were quite high for the calibration cases (0.76–0.86) and
reasonably good for the validation simulations, which ranged from 0.42–0.79, therefore indicating
that the variances of the residuals of estimation were much smaller than the variance of observations.
Overall, the goodness of fit indicators point to the appropriateness of using SIMDualKc to simulate
the soil water balance of Tifton 85 bermudagrass adopting the obtained calibrated parameters and,
in particular, the adequacy of adopting a Kcb curve consisting of successive individual cutting Kcb
lines designed with the respective Kcb ini, Kcb gro and Kcb cut.

Table 6. Goodness-of-fit indicators relative to both the calibration and validation of all treatments.

Cuttings Interval Period

Goodness-of-Fit Indicators

b0 R2 RMSE
(mm)

NRMSE
(%)

ARE
(%)

PBIAS
(%)

EF

Calibration
CGDD of 124 ◦C Summer–Autumn 2016 1.01 0.81 5.2 4.9 4.0 −0.9 0.76
CGDD of 248 ◦C Summer–Autumn 2016 1.00 0.87 4.2 4.0 3.2 −0.3 0.86
CGDD of 372 ◦C Summer–Autumn 2016 1.01 0.86 4.8 4.5 3.6 −0.7 0.77

Validation
CGDD of 124 ◦C Spring 2015 1.00 0.83 5.2 4.8 3.4 0.2 0.79

Spring 2016 0.98 0.71 5.3 5.2 3.4 1.6 0.61
Summer–Autumn 2017 0.99 0.80 6.0 5.4 4.5 0.8 0.75

CGDD of 248 ◦C Spring 2015 0.97 0.76 6.7 5.9 5.2 3.0 0.47
Spring 2016 0.97 0.85 5.0 4.9 4.0 2.7 0.71

Summer–Autumn 2017 0.97 0.78 7.2 6.4 5.0 2.7 0.62

CGDD of 372 ◦C Spring 2015 1.01 0.75 7.2 6.7 4.0 −1.3 0.52
Spring 2016 0.98 0.67 6.5 6.3 4.7 2.1 0.42

Summer–Autumn 2017 1.00 0.82 5.8 5.4 4.4 0.6 0.72

RMSE = Root mean square error; NRMSE = Normalized RMSE; ARE = Average relative error; PBIAS = Percent bias
of estimation; EF = Modelling efficiency

The proximity of initial and calibrated Kcb values result from the goodness of Equation (4), which
computes Kcb from the fraction of ground cover and crop height, as well as from Kcb full. In this
application h and fc were observed while values for Kcb full were estimated from the Kcb values
tabulated in FAO56 [17]. These results demonstrate that the Allen and Pereira equation 4 [4] is highly
valuable to estimate Kcb from simple field observations.

An alternative Kcb curve with a non-variable Kcb was also assessed for the treatment with CGDD
of 124 ◦C, i.e., with highly frequent cuttings. Results for crop height and fraction of cover of this
treatment (Table 4) indicate small variation of both h and fc for each cutting cycle, which do not imply
quite distinctive Kcb values. Assuming this single Kcb sing = Kcb gro (0.80), this results in goodness of fit
indicators (Table 7) similar to those discussed above (Table 6). It may therefore be assumed that when
h and fc of bermudagrass vary little, a simple solution with a single Kcb value may be used. However,
to better represent the dynamics of evapotranspiration and crop transpiration [17], the best solution is
to use a 3-value Kcb curve for each cutting cycle.

Table 7. Goodness-of-fit indicators for the treatment relative to frequent cuttings with CGDD of 124 ◦C
when adopting a single Kcb = 0.80.

Period

Goodness-of-Fit Indicators

b0 R2 RMSE
(mm)

NRMSE
(%)

ARE
(%)

PBIAS
(%)

EF

Calibration Summer–Autumn 2016 1.00 0.79 5.5 5.2 4.2 −0.4 0.73
Validation Spring 2015 0.99 0.85 4.8 4.4 3.4 1.1 0.82

Spring 2016 0.98 0.69 7.0 6.8 4.3 2.3 0.43
Summer–Autumn 2017 0.99 0.80 5.9 5.4 4.4 1.0 0.75
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3.2. Crop Coefficients

The Kcb, Ke and Kc (=Kcb + Ke) curves relative to all three treatments and the simulations of the
Summer–Autumn periods of both years are shown in Figure 4. Also included is information on the
frequency of cuttings. The Kcb curves show a regular variation for every cutting cycle, increasing from
a minimum after each cutting up to a maximum just before it occurs. Apparently, a three-segments
curve adapted well to each cutting cycle.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4. Basal crop coefficient (Kcb, ), soil evaporation coefficient (Ke, ) and average crop
coefficient (Kc, ) curves of Tifton 85 bermudagrass and all cutting treatments with CGDD of 124 ◦C
(a,b), 248 ◦C (c,d) and 372 ◦C (e,f) relative to the Summer–Autumn periods of 2016 (a,c,e) and 2017 (b,d,f).

The maximum Kcb values represented in Figure 4 are slightly smaller than those tabulated
for bermudagrass in FAO56 [17]. This is likely due to the humid climate conditions prevailing at
time of experiments, that were likely influenced by the El Niño Southern Oscillation (ENSO) in
both years, when very abundant rainfall occurred, together with reduced air temperature and solar
radiation, and high air humidity (Figure 1). These humid climatic conditions were less favorable to
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crop transpiration, thus lowering the Kcb. The standard Kcb summarized in Table 8 were computed
by adjusting the calibrated values to climate with Equation (7). This adjustment was mainly due
to the high RHmin observed during both years, consequently resulting in standard Kcb higher than
the calibrated Kcb values of Figure 4. Therefore, it may be observed that the standard Kcb curves
obtained in this study are comparable to those tabulated in FAO56 [17], which allows us to conclude
that the standard Kcb values obtained in the present study (Table 8) may be transferable to other
locations when adjusted to the local climate and considering the locally adopted frequency of cuttings.
This assumption may be confirmed by observing that Kcb from this study are similar to those
reported by Greenwood et al. [33] for a ryegrass/clover pasture and are larger than those computed
by Wu et al. [34] for a groundwater-dependent grassland where Leymus chinensis (Trin.) Tzvel. is the
dominant grass.

Table 8. Standard crop coefficients for Tifton 85 bermudagrass as dependent on the frequency of cuttings.

Treatment

CGDD of 124 ◦C CGDD of 248 ◦C CGDD of 372 ◦C

Kcb ini 0.83 0.86 0.87
Kcb gro 0.85 0.91 0.93
Kcb cut 0.87 0.96 0.97

Kc 0.96 0.99 1.00

The Ke curves show a strong dependency upon the wetting events, well apparent in Figure 4.
Ke are higher for the treatment with more frequent cuttings (CGDD of 124 ◦C) because the ground
cover was smaller than for other treatments (Table 4), thus affecting less the energy available at the
ground for soil evaporation. The Kc curves, representing the daily combination of Kcb and Ke, are more
flat and irregular than the Kcb curves (Figure 4). This is likely due to the nearly constant values of
Ke resulting from the abundant and frequent rains that kept the soil evaporation layer wet most
of time for all three cutting treatments. The standard Kc values reported in Table 8 for this study
with Tifton 85 bermudagrass are larger than those reported by Wherley et al. [23] for bermudagrass
and by Graham et al. [48] for ryegrass, and slightly larger than those reported by Neal et al. [24] for
ryegrass. These authors also adopted a single averaged Kc. Considering the behavior of Kc in this
study (Figure 4), it may be appropriate to adopt a single Kc value for Tifton 85 bermudagrass when
a dual Kc approach is not used.

3.3. Soil Water Balance and Transpiration and Soil Evaporation Ratios

The results of the soil water balance relative to all simulations performed during calibration and
validation of the model are summarized in Table 9. Note first the unusual fact that the sum of runoff
and deep percolation exceeds ETc in the Spring of 2015 and during the Summer–Autumn of 2017
because rainfall was likely impacted by ENSO as previously stated. RO was particularly high in 2017 as
well as DP. The latter was larger than irrigation in all the periods considered which leads us to realize
that using irrigation was likely a wrong option, but the exceptional rainfall observed was not predicted
at time of planning and starting the experiment. Differences in RO and DP among treatments are not
notable. However, as expected from the differences in terms of fc and Kcb, crop evapotranspiration
increases when the frequency of cuttings is smaller, and the same happens with Tc. By contrast,
soil evaporation is higher when the cutting frequency is also greater.

When analysing the evaporation and transpiration ratios (Table 10) it is evident that the Es/ETc

ratio is much smaller than the Tc/ETc ratio, particularly for the treatments with CGDD of 248 and
372 ◦C. Low values of the evaporation ratio relate to the high ground cover fraction fc and to the effects
of plant litter, which limit the energy available at the soil surface. This effect was reported by Wang
and Yamanaka [47]. High fc also indicates favorable conditions for plant transpiration. Low values
for the Es/ETc ratio were reported by Greenwood et al. [33] and Wu et al. [34], while much higher
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values were reported for various meadows in northern China [28,44]. A small Es/ETc ratio of 13%
was also referred to for native grasslands, however for arid conditions [49]. High transpiration ratios,
but smaller than those observed in this study, were reported by various authors [15,46,50], namely
influenced by soil texture [45]. Transpiration ratios for tropical and temperate grasslands of 62 ± 19%
and 57 ± 19%, respectively, were reported by Schlesinger and Jasechko [60], therefore values with
upper limits that are smaller than those observed in this study. This behaviour may indicate that
Tifton 85 grasslands are efficient in terms of beneficial water use [61] since results show a very high
transpiration ratio of 90% when cuttings are not very frequent.

Table 9. Soil water balance terms (mm) for all cutting treatments and all observation periods.

Cuttings Treatments Period P I ΔSW RO DP ETc Es Tc

CGDD of 124 ◦C

Spring, 2015 484 22 7 58 221 234 32 202
Summer–Autumn, 2016 529 108 −3 17 206 411 53 358

Spring, 2016 320 123 −20 16 134 273 37 236
Summer–Autumn, 2017 1076 61 28 192 556 417 55 363

CGDD of 248 ◦C

Spring, 2015 484 22 21 58 229 240 23 217
Summer–Autumn, 2016 529 108 −4 16 196 421 37 384

Spring, 2016 320 123 −24 16 119 284 25 259
Summer–Autumn, 2017 1076 61 26 192 547 428 39 389

CGDD of 372 ◦C

Spring, 2015 484 22 10 58 217 241 22 219
Summer–Autumn, 2016 529 108 −5 15 192 425 36 389

Spring, 2016 320 123 −20 16 125 282 25 257
Summer–Autumn, 2017 1076 61 18 192 529 434 39 395

P = precipitation, I = irrigation, ΔSW = variation in stored soil water, DP= deep percolation, RO = runoff; Es = soil
evaporation, Tc = crop transpiration, ETc = crop evapotranspiration.

Table 10. Crop evapotranspiration (ETc, mm) and evaporation and transpiration ratios (Es/ETc and
Tc/ETc, %) for all cutting treatments and observation periods.

Cutting Treatments Period ETc (mm) Es/ETc (%) Tc/ETc (%)

CGDD of 124 ◦C Spring, 2015 234 14 86
Summer–Autumn, 2016 411 13 87

Spring, 2016 273 14 86
Summer–Autumn, 2017 417 13 87

CGDD of 248 ◦C Spring, 2015 240 10 90
Summer–Autumn, 2016 421 9 91

Spring, 2016 284 9 91
Summer–Autumn, 2017 428 9 91

CGDD of 372 ◦C Spring, 2015 241 9 91
Summer–Autumn, 2016 425 8 92

Spring, 2016 282 9 91
Summer–Autumn, 2017 434 9 91

4. Conclusions

The current study is a first application of the FAO dual crop coefficient approach to assess
evapotranspiration and water use of a bermudagrass, more precisely the Tifton 85. It was performed
using two years of field data relative to three cutting treatments where intervals between cuttings were
defined by CGDD of 124 ◦C, 248 ◦C and 372 ◦C. These independent data sets were used to calibrate
and validate the water balance model SIMDualKc, which allowed the Kcb and Ke curves for Tifton 85
to be obtained when managed with those three cutting intervals. Data of Summer and Autumn of
2016 were used for calibration and data for Spring 2015 and 2016, and Summer and Autumn of 2017
were used for validation. The procedure used led to quite small errors of estimation of the available
soil water throughout both years, which allowed us to assume that the calibrated Kcb values were
accurately estimated and may be considered as standard for the three cutting frequencies studied
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after adjustments with Equation (7). It is important to note that the estimation of the initial Kcb
values from the crop cover and height has shown quite small differences to the calibrated values.
Moreover, the Allen and Pereira [4] Equation (4) was revealed to be very accurate in estimating Kcb
from h and fc provided that Kcb full is well estimated. The operational use of this Equation (4) is
therefore recommended.

The Kcb curves consist of a series of Kcb curves relative to each cutting cycle, each one constructed
with three linear segments. This approach follows the one proposed by the FAO56 guidelines [17] and
differs from the commonly used single Kc curve. It was revealed to be accurate in describing crop
transpiration and providing for the accuracy of soil water dynamics computed through the calibration
and validation processes. However, for the case of very frequent cuttings (CGDD of 124 ◦C) there was
no advantage over a single, averaged Kcb.

The Ke curve reflects the abundant and stormy rains that occurred in both years of field
experiments, which made the soil evaporation layer wet most of the time. Thus, the Ke curve varied
little throughout the periods under analysis. However, the soil water evaporation was mitigated due
the organic mulch effect of the plant litter covering the ground, which reduced the energy available at
the soil surface, thus reducing Ke and Es. Comparing Ke for the three cutting treatments, this resulted
in a larger value for that with very frequent cuttings (CGDD of 124 ◦C) because the ground cover was
smaller than for cuttings with large intervals, thus giving more time for the crop to grow and crop
density to increase during each cutting cycle. Due to the nearly flat form of the Ke curve, the Kc curve
and the sum of the Ke and Kcb curves do not reflect the aggregation of individual Kc curves relative
to each cycle of cutting. Therefore, by contrast with the Kcb curves, a single Kc value is appropriate,
however specific for each cutting treatment.

Results for the soil water balance are marked by the enormous amount of rain observed during
these two years, likely due to the impacts of ENSO. Thus, the amount of runoff and, mainly,
deep percolation exceeded crop ET. Thus, the option of irrigating to avoid any water stress was
shown to be inappropriate despite not being prejudicial to the experiments. However, the large
number of rainy days and the large amount of rain were likely associated with reduced solar radiation
and temperature, which could have contributed to reduce transpiration and the Kcb values. However,
the latter, as well as the Kc values, are larger than most of Kcb and Kc values reported in literature,
which support the assumption that Kcb values may be considered standard and transferable to other
locations after appropriate adjustments.

The soil evaporation fraction (Es/ETc) for all cases was small, near 13% in the case of frequent
cuttings and about 9% when cuttings were less frequent. These values could slightly decrease if soil
wettings were less frequent. These results indicate that beneficial consumptive water use by the crop is
high, with the transpiration ratio near 90%. These results agree well with those reported in literature
relative to well-managed grasslands, particularly tropical ones. This may indicate that the Tifton 85
bermudagrass has the potential to contribute to the sustainability of the Pampa biome in southern
Brazil. Adopting a median cuttings frequency (CGDD of 248 ◦C) is likely the most favorable. However,
more studies are required, mainly relative to herbage production and water productivity, which are
expected to be undertaken based upon the field data used in the current study.
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Abstract: Accurate estimation of crop evapotranspiration (ET) is critical for agricultural water
resource management and proper irrigation scheduling. The 2-year field experimental data of
processing tomato under plastic-mulched drip and basin irrigation in the Hetao Irrigation District
(Hetao), located in the upper reaches of the Yellow river, were used to calibrate and validate the
SIMDualKc model. The model adopted the Food and Agriculture Organization (FAO) dual Kc

method for partitioning ET into plant transpiration and soil evaporation. The results showed a good
agreement between soil water observations and simulations throughout the growing seasons with a
low error estimate and high model efficiency. The calibrated basal potential crop coefficients for the
initial stage, mid-season stage, and late stage were 0.30, 0.92, and 0.60, respectively. ET during the
two growing seasons was in the range of 284–331 mm for basin irrigation and 266–310 mm for drip
irrigation. The average soil evaporation accounted for 5% of ET in 2015 and 14% of ET in 2016 for
drip irrigation treatments, while it accounted for 4% and 13% of ET for basin irrigation treatments
in the two experimental years, indicating that transpiration was the dominant component of ET of
processing tomato under plastic mulch in Hetao. The highest water productivity was obtained from
the drip irrigation treatment. The SIMDualKc model is an appropriate tool to estimate crop ET and
may be further used to improve local irrigation scheduling for processing tomato in the upper reaches
of the Yellow river.

Keywords: Lycopersicon esculentum Mill.; crop transpiration; soil evaporation; drip and basin
irrigation; deficit irrigation

1. Introduction

The Hetao Irrigation District (Hetao), located in the upper reaches of the Yellow river, is one of
the major grain and cash crops production regions in China. This region is characterized by a typical
arid continental climate. The mean annual precipitation is approximately 150 mm, most of which
occurs during monsoon season. The mean pan evaporation is in the range of 2200–2400 mm, which is
10 times as large as the precipitation [1,2]. Low precipitation and high potential evaporation make
irrigation essential to agriculture development. Hetao covers an area of 1.12 million ha, and about
0.57 million ha of farmland are under irrigation. The amount of annual irrigation water derived from
the Yellow river to Hetao is approximately 4.8 billion m3 [3]. Ninety percent (90%) of the total basin
water resource is used by agriculture. Ninety-six percent (96%) of the agricultural water is used for
irrigation while domestic supply accounts for only 4% [4]. However, the amount of water diverted
from the Yellow river has decreased with rapid social economic development since 1999 [5]. As a result,
the allocation of water for agriculture has also decreased. Thus, estimating crop evapotranspiration
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(ET) accurately and improving crop water productivity (WP) are important to maintain sustainable
agriculture development when the water resource is limited.

Processing tomato (Lycopersicon esculentum Mill.), mainly used for ketchup and tomato juice,
is one of the most popular vegetable crops produced worldwide. As an important and long-term
source of lycopene that is beneficial for human health, processing tomato accounts for approximately
one third of the world’s tomato production [6]. Due to the favorable weather conditions, lower
cost of production, and better benefits for farmers, Hetao has become one of the most important
processing-tomato-producing areas in China. The local government has reported that the cultivated
area for processing tomato has expanded to 2.47 × 105 hm2 in 2016 and the total yield has already
reached 1.85 × 106 t. Processing tomato is a cash crop that consumes a large amount of water. A water
shortage would affect the yield of processing tomato negatively, particularly during its sensitive
growth stages [7,8]. Thus, irrigation is required throughout the growing season depending on the
climatic conditions, especially in arid and semi-arid regions.

The traditional irrigation method used in Hetao is basin irrigation, which may result in low
irrigation efficiencies and have negative impacts on crop growth and yield due to over-irrigation [1].
Basin irrigation is convenient for farmers to conduct; however, it also causes problems, such as a lower
distribution uniformity and the alternation of soil wetting and drying between irrigation events with
relatively long intervals, that may cause water stress to crops [9,10]. Optimizing irrigation strategies is
thus important to reasonably utilize the limited water resources [11,12].

Efficient water saving irrigation technologies, such as drip irrigation, have played important roles
when considering the improvement of WP. Drip irrigation can control the amount and position of soil
moisture precisely to meet crop requirements and improve water management. Water and nutrients
can be applied slowly and directly to the root zone or onto the soil surface [13]. Thus, crop yield can be
maintained or improved and crop WP can be increased. Plants also suffer from less disease since water
is not applied to the foliage directly. Drip irrigation is considered to be a water-saving technology,
which can save 30–40% of water loss from deep percolation and water delivery compared with basin
irrigation when appropriate irrigation management is applied. Soil evaporation is also decreased
since the soil is only partially wetted by drip irrigation [14]. Presently, drip irrigation has been widely
adopted in orchard, vegetable, and cereal crops around the world [15–18]. However, some studies
have also demonstrated that the wide use of drip irrigation is still limited due to the high cost of
installation and maintenance of drip irrigation systems, low economic returns, and poor technologies
available to farmers [19–21]. Salt accumulation in the root zone is another concern for farmers using
drip irrigation [22]. Plastic mulch is an agronomic technology widely used around the world [23–25].
Mulching has the advantages of increasing soil temperature, reducing weed pressure and certain insect
pests, maintaining soil moisture, and improving nutrient use efficiency. Many studies in different soil
types and climate conditions have indicated that mulching can effectively promote tomato yield and
WP [26,27]. Plastic-mulched drip irrigation, an agronomic technology that combines drip irrigation
and plastic mulch, is nowadays widely used and will be extended to 1.2 million ha around four
provinces in northern China [28]. In recent years, local authorities in Hetao have encouraged farmers
to convert from mulched basin irrigation to mulched drip irrigation through demonstration areas
with financial support. Crop evapotranspiration depletes more than 90% of water in agricultural
water consumption [29]. To better manage irrigation water inputs and improve crop WP, an accurate
estimation of crop evapotranspiration is necessary for sustainable agricultural development and water
management in arid and semi-arid areas.

Crop ET can be determined through direct measurement using experimental observations
(e.g., a weighing lysimeter, the eddy covariance method, the Bowen ratio system) [30–32] or
estimation with a model (e.g., Priestley-Taylor, Shuttleworth-Wallace, crop coefficient method) [33–36].
Due to the difficulties and cost of direct crop evapotranspiration measurement in field experiments,
models provide an acceptable way of obtaining crop evapotranspiration values. The Food and
Agriculture Organization 56 (FAO-56) crop coefficient method, which multiplies a reference crop
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evapotranspiration rate (ETo) by a crop coefficient (Kc), is one of the most widely used methods for
estimating crop evapotranspiration worldwide [37–39]. ETo is the evapotranspiration rate of the
reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s/m, and an
albedo of 0.23, while Kc, the ratio of ET and ETo, represents the effects of crop characteristics that
distinguish specific field crops from the reference crop. Kc is deeply influenced by the soil and crop
species and varieties. Kc is also adjusted to different meteorological elements (namely the minimum
relative humidity (RHmin) and wind speed) as aerodynamic properties change due to various climatic
conditions [40]. Different crops have different Kc. Even for the same crop, Kc varies throughout the
growing season due to changes in growth stages and ground cover. Thus, local calibration of Kc is
essential to facilitate sustainable water management, especially in arid and semi-arid environments
with water-saving management practices. The FAO-56 crop coefficient method can be divided into
the single Kc and dual Kc approaches [40]. In the dual Kc approach, Kc is segmented into two separate
coefficients: the basal crop coefficient (Kcb) representing the crop transpiration, and the soil evaporation
coefficient (Ke). Hence, the single coefficient Kc is replaced by the dual crop coefficients Kcb and Ke.
Compared with the single Kc approach, the dual Kc approach makes it possible to better assess the
impacts of soil wetting by rain or irrigation as well as the impacts of keeping part of the soil dry or
using mulches for controlling soil evaporation [41], and has been widely applied for ET estimation
with various technologies, such as drip irrigation, deficit irrigation, due to the simplicity and good
performance of the approach [36,42–45].

The SIMDualKc model adopts the FAO dual Kc approach and computes ET with a daily time
step. The model is easy to use and employs a helpful graphical user interface to assist users of various
backgrounds [46]. Numerous studies have reported the successful application of the SIMDualKc
model for various crops grown in different regions [12,40,47,48]. However, few studies have been
conducted to assess the SIMDualKc model for estimating processing tomato ET, and the model should
be properly calibrated and validated before use when water management options have not been
previously tested. Not many investigations have been conducted on processing tomato ET partitioning
under different plastic-mulched irrigation treatments in Hetao. Thus, the SIMDualKc model was
selected for estimating processing tomato ET in Hetao. The purposes of this paper are: (1) to calibrate
and validate the SIMDualKc model for processing tomato in Hetao; (2) to determine the Kcb, Ke, and
variation trend of crop transpiration and soil evaporation during different crop growth stages for
plastic-mulched basin and drip irrigation under various water stress conditions; and (3) to analyze the
relationships between yield and crop ET (or T), the consumptive use water productivity (WPET), and
the transpiration water productivity (WPT) of processing tomato under different irrigation treatments.

2. Materials and Methods

2.1. Experimental Site

Field experiments were conducted at the Jiuzhuang agro-ecological station in Hetao (latitude
40◦41′, longitude 107◦18′, elevation 1041.2 m above sea level (a.s.l.)) during the crop-growing seasons
(from 20 May to 31 August) in 2015 and 2016. The experimental site is characterized by a typical
arid continental climate, and it belongs to dry desert climate (BWk) according to the Köppen climate
classification. The soil particle size distribution at the experimental station was determined using a
laser particle size analyzer and the soil is classified as a homogeneous silt loam soil. The dry bulk
density, water content at field capacity, and wilting point were measured on undisturbed soil samples
collected in the different horizons of each observation site. Soil samples were collected every 10 cm in
the top 0–20 cm layer, and at 20 cm increments below the top layer to a depth of 60 cm. Additionally,
the measurements were replicated three times within each sampling depth. The average bulk density
of the soil is 1.50 g/cm3. The average soil water content at field capacity and wilting point are
0.35 cm3/cm3 and 0.15 cm3/cm3 to a depth of 60 cm, respectively. Details of the properties of the soil
at the experimental site are shown in Table 1.
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Table 1. Soil physical properties of the soil profile at the experimental site.

Soil
Depths

(cm)

Soil Particle Fraction (%)
Soil

Texture

Bulk
Density
(g/cm3)

Field
Capacity
(cm3/cm3)

Wilting
Point

(cm3/cm3)
Sand

(>0.05 mm)
Silt

(0.05–0.002 mm)
Clay

(<0.002 mm)

0–20 12.18 60.98 26.84 Silt loam 1.47 0.33 0.16
20–40 21.84 56.87 21.29 Silt loam 1.53 0.35 0.15
40–60 18.46 54.81 26.73 Silt loam 1.49 0.35 0.13

2.2. Weather Conditions

The meteorological variables, including maximum and minimum air temperature (◦C), average
relative humidity (%), and wind speed (m/s) and direction at 2 m above ground, were observed during
the crop-growing seasons with an automatic weather station located close (1.0 km) by the experimental
site. Data were sampled every 5 s, averaged over 30 min, and recorded by a data logger. Precipitation
was measured by a tipping-bucket rain gauge. The meteorological conditions during the crop-growing
seasons are shown in Figure 1. The average air temperature was 21.3, 24.1, and 22.8 ◦C in June,
July, and August of the two years, respectively. The maximum air temperature during the growing
season was 35.9 ◦C on 28 July 2015 (70 days after transplanting (DAT)) and 38.1 ◦C on 30 July 2016
(72 DAT) during the crop’s rapid growth stages. The minimum average air temperature was 5.1 ◦C
on 20 May 2015 and 6.7 ◦C on 25 May 2016 when the crop was transplanted to the field. The daily
air temperature increased by a small amount during the crop’s initial, development, and mid-season
stages, but decreased gradually when the fruit was ripe. The average air relative humidity varied
from 25% to 86% during the two years. The decline in relative humidity was usually accompanied by
a rise in maximum temperature. Precipitation fluctuated significantly during the growing seasons.
The total amount of precipitation during the growing season in 2016 was 107.9 mm. The maximum
daily precipitation, with a value of 25.9 mm, occurred on 17 August when the fruit was ripe. However,
the climate was very dry in 2015 with a precipitation of 8.4 mm.

Figure 1. Daily meteorological data during the crop-growing seasons of maximum temperature (Tmax),
minimum temperature (Tmin), average relative humidity (RH) (a,b), precipitation, and crop reference
evapotranspiration (ETo) (c,d) in 2015 and 2016.

The reference evapotranspiration (ETo) was calculated using the FAO Penman-Monteith method
from daily meteorological variables [40]. The variation of daily ETo during the crop-growing seasons
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is shown in Figure 1. The ETo ranged between 3.25 and 8.94 mm/day in 2015 and between 2.19 and
8.48 mm/day in 2016, with an average value of 5.9 and 5.5 mm/day during the crop-growing seasons,
respectively. In 2015, the maximum daily ETo occurred at 17 DAT during the initial stage, whereas in
2016, the maximum daily ETo occurred at 48 DAT during the mid-season stage. The cumulative ETo

during the growing season was slightly different for the two years, with a value of 614.2 mm in 2015
and 571.9 mm in 2016.

2.3. Experimental Design and Measurements

Field experiments were conducted in 2015 and 2016. Processing tomato (Lycopersicon esculentum
Mill.) variety Tunhe No. 3, a local widely used variety, was transplanted on 20 May in both
experimental years. Plants were arranged in a wide-narrow rows pattern, with a space of 90 cm
for the wide row and 60 cm for the narrow row. Two rows of tomato were transplanted on the wide
rows. The planting density was 40,000 plants per ha. The root depths at each growth stage were
sampled with the root auger. According to our previous study in this area [9], the root zone soil
depth was set as 30 cm in the development stage and was increased to 60 cm in the mid-season and
late stages.

Two irrigation methods, drip irrigation and basin irrigation, were used in the experiment. For the
drip irrigation treatments, drip lines were placed in the middle of each wide row to irrigate two rows
of tomato. The emitter spacing was 0.3 m, and the discharge of each emitter was 2.7 L/h. For the basin
irrigation treatments, polyethylene (PE) tubes were used as water pipelines supplying water to the
plants. A flow meter, a pressure gauge, and a switch-valve were placed at the upstream end of each
plot to control water applications.

A transparent plastic film was placed on the soil surface of wide rows to reduce soil evaporation
and increase the soil temperature for both basin and drip irrigation. The plastic film was installed
on the soil surface on 25 May (5 days after plant transplanting) for all of the treatments in both
experimental years. The width of the plastic film was 0.9 m, and two processing tomato rows
were covered. Seventy percent (70%) of the soil surface was covered with the plastic film applied.
Then, the film was damaged due to agronomic practices (e.g., spraying pesticide, weeding) and the
fraction of film covering soil decreased to 60% after 10 July (52 days after plant transplanting) in
both experimental years. The diameter of the holes for transplanting was 0.05 m. Base fertilization
was performed according to local custom and consisted of 150 kg/ha of urea (CO(NH2)2), 180 kg/ha
of diammonium phosphate ((NH4)2HPO4), and 150 kg/ha of monopotassium phosphate (KH2PO4)
before transplanting. Urea (40 kg/ha) was applied as a top dressing during the development and
mid-season stages. Pesticide application and weed control were performed uniformly for all treatments.

Following the FAO-56 approach [40], the date of each crop growth stage corresponded to the
time that 80% of the plants attained the stage. The crop growth stages were divided into four stages
considering canopy coverage: (i) the initial stage, from plant transplanting to 10% canopy coverage;
(ii) the development stage, from 10% to effective full canopy coverage; (iii) the mid-season stage, from
full coverage to the start of fruit maturity; and (iv) the late stage, from the start of maturity to harvest.
The crop growth stages of processing tomato observed in 2015 and 2016 are shown in Table 2. The fruits
subject to basin irrigation treatments matured later than those subject to drip irrigation treatments.
Thus, the late stage for drip irrigation was observed earlier than that for basin irrigation.
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Table 2. The initial dates of different crop growth stages in 2015 and 2016.

Crop Growth
Stages

Initial Date in 2015 Initial Date in 2016

Drip Irrigation Basin Irrigation Drip Irrigation Basin Irrigation

Initial stage 20 May 2015 20 May 2015 20 May 2016 20 May 2016
Development stage 15 June 2015 15 June 2015 13 June 2016 13 June 2016

Midseason stage 1 July 2015 1 July 2015 1 July 2016 1 July 2016
Late stage 10 August 2015 16 August 2015 12 August 2016 16 August 2016
Harvest 31 August 2015 31 August 2015 31 August 2016 31 August 2016

The treatment plots were in complete random distribution with three replicates to minimize the
effects of spatial heterogeneity. The size of each plot was 45 m2 (4.5 m × 10 m). During the initial
stage, each treatment was irrigated with the same amount water (55 mm in 2015 and 45 mm in 2016) to
assure plant establishment.

Irrigation water was pumped from groundwater. Groundwater depth fluctuated, and was
about 1.8–3.0 m below the ground surface at the experimental site during the two growing seasons.
The ground surface was flat and irrigation water was evenly distributed. Both the basin and drip
irrigation systems were observed to provide a relatively uniform water application throughout the
growing seasons.

The irrigation treatments were set up as the following:

1. drip irrigation treatment (DI), where the irrigation schedule was based upon soil moisture
measurements. The treatment plots were irrigated with the lower and upper limits of the soil
water content at the root zone for irrigation, being 70% and 80–90% of field capacity, respectively.
The irrigation treatments for 2015 and 2016 are shown in Table 3.

2. basin irrigation treatment (BI), where the treatment plots were irrigated during the development
stage and mid-season stage with about 80 mm of water based on the experience of local farmers,
whereas in 2016 only 50 mm of water were applied in the mid-season stage due to the relatively
large rainfall that occurred during that stage (see Table 3).

3. reduced drip irrigation treatment (RDI) and a reduced basin irrigation treatment (RBI) were
considered in 2016. The RDI and RBI treatments were irrigated with 60% of the amount of water
of the DI and BI treatments at the same time, respectively. The schematic experimental setup of
the 2016 growing season is displayed in Figure 2.

Figure 2. Schematic view of the experimental setup in 2016. Note: DI, Drip irrigation treatment;
BI, Basin irrigation treatment; RDI, Reduced drip irrigation treatment; RBI, Reduced basin
irrigation treatment.
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Table 3. Irrigation depth (mm) during different growth stages for each irrigation treatment in 2015
and 2016.

Crop Growth Stages
Irrigation Depth in 2015 (mm) Irrigation Depth in 2016 (mm)

DI BI DI RDI BI RBI

Initial stage 55.0 55.0 45.0 45.0 45.0 45.0
Development stage 15.0 80.0 15.0 9.0 80.0 48.0

Midseason stage 108.2 80.0 90.4 54.2 50.0 30.0
Late stage 19.0 0.0 17.8 10.7 0.0 0.0
Harvest 197.2 215.0 168.2 118.9 175.0 123.0

Note: DI, Drip irrigation treatment; BI, Basin irrigation treatment; RDI, Reduced drip irrigation treatment; RBI,
Reduced basin irrigation treatment.

2.4. Measurement

The soil water content in each treatment was measured every 7 days with the soil samples
collected by a soil auger every 10 cm for the top 20 cm and every 20 cm from 20 to 60 cm during the
crop-growing seasons. Three sampling points were selected in each treatment. Then, the soil water
content at the root depth of 60 cm was averaged, and it was used to calibrate and validate the model.

The plant heights (hc) of six randomly selected plants were measured every 7 days. The fraction
of canopy cover (fc) at each growth stage was estimated as the percentage of soil shaded by the crop
with photographs taken above the plant canopy at near solar noon. Fruits were harvested by hand
twice in both years (90 and 98 DAT in 2015 and 92 and 98 DAT in 2016). The yield of each plot was
measured with the fruits of 30 randomly and consecutively selected plants. The mean value of three
replicates was considered as the yield of each treatment.

Consumptive use water productivity (WPET) was expressed as the ratio between the fresh total
yield and the actual crop evapotranspiration [49]:

WPET =
Y × 100

ET
(1)

where WPET is the consumptive use water productivity (kg/m3), Y is the fresh processing tomato yield
measured in the field experiment (t/ha), and ET is the crop evapotranspiration simulated using the
SIMDualKc model (mm).

Transpiration water productivity (WPT) was calculated as the ratio of the fresh total yield and the
crop transpiration:

WPT =
Y × 100

T
(2)

where WPT is the transpiration water productivity (kg/m3), and T is the crop transpiration simulated
using the SIMDualKc model (mm).

2.5. SIMDualKc Model and Data Requirements

The SIMDualKc model was used to estimate the crop evapotranspiration in Hetao. The crop
coefficient Kc consists of the crop basal coefficient Kcb and the soil evaporation coefficient Ke.
Transpiration and evaporation are partitioned from crop evapotranspiration through multiplying Kcb
and Ke by the reference evapotranspiration, respectively. When the model is applied to a new crop
or to a new environment, the Kcb values have to be calibrated for various crop cultivars, and the Ke

values need to be calculated through the daily soil water balance of the evaporative layer for different
soils. The model computes the soil water balance in the root zone following [40]. Further descriptions
of the model can be found in [46].

The actual crop ET was calculated using the model as follows:

ET = ETo × Kc = KsKcbETo + KeETo (3)
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where KsKcbETo represents the actual crop transpiration, while KeETo represents the soil evaporation.
Ks is the water stress coefficient.

The soil water balance in the root zone was computed in terms of depletion at the end of every
day [46]:

Dr,i = Dr,i−1 − (P − RO)I − II − CRI + ETi + DPi (4)

where Dr,i and Dr,i−1 are the root zone depletion at the end of day i and the previous day, i − 1 (mm),
respectively, Pi is the precipitation (mm), ROi is the runoff from the soil surface (mm), Ii is the net
irrigation depth (mm), CRi is the capillary rise from the groundwater (mm), ETi is the actual crop
evapotranspiration (mm), and DPi is the deep percolation beyond the root zone (mm). In the present
study, CR was not considered since the water table was relatively deep, about 1.8–3.0 m, while the
maximum depth of the root zone was 0.6 m. No runoff was observed during the two experimental
years; thus, RO was considered to be 0. DP was calculated with the default method described by [46].

The impact of plastic film on soil evaporation is considered in the SIMDualKc model.
The model has successfully been applied to mulched conditions in various crops and regions [45,48].
Drip irrigation only wets part of the soil surface. Thus, the calculation of soil evaporation is computed
in two fractions under drip irrigation: one is calculated for the fractions of soil wetted by precipitation
only, and the other is calculated for the fraction of soil wetted by irrigation. Information about plastic
mulch and drip irrigation can be found in [46].

The calibration of the SIMDualKc model included the process of adjusting significant model
parameters to minimize differences between the observed and simulated soil water contents using
data collected during the DI and BI treatments of 2015. The main adjusting parameters were: the crop
parameters, e.g., the crop basal coefficient Kcb and the soil water depletion fraction for no stress (p),
the soil evaporation parameters, e.g., the evaporative soil layer depth (Ze), the total evaporable water
(TEW), and the readily evaporable water (REW). Validation consisted of evaluating the accuracy of the
model for soil water content using the calibrated parameter values with the independent data sets
relative to the DI and BI treatments of 2016. Parameters were adjusted using a trial and error procedure.

2.6. Statistical Indicators for Model Performance

The determination coefficient (R2), root mean square error (RMSE), mean relative error (MRE),
and Nash–Sutcliffe coefficient (NS) were used to evaluate the performances of the model, which are
expressed as follows:

R2 =

⎡
⎣ ∑n

i=1
(
Oi − O

)(
Si − S

)
√

∑n
i=1

(
Oi − O

)2
√

∑n
i=1

(
Si − S

)2

⎤
⎦

2

(5)

RMSE =

√
1
n

n

∑
i=1

(Si − Oi)
2 (6)

MRE =
1
n

n

∑
i=1

(Pi − Oi)

Oi
(7)

NS = 1 −

n
∑

i=1
(Si − Oi)

2

n
∑

i=1

(
Oi − O

)2
(8)

where Oi (cm3/cm3) and Si (cm3/cm3) are the observed and simulated values of soil water content at
the i-th step, respectively; n is the number of the time steps; and O (cm3/cm3) and S (cm3/cm3) are
the observed and simulated mean values, respectively. RMSE (cm3/cm3) and MRE values closer to 0
indicate a more accurate model. The model’s calibration is considered to be in a good situation when
the simulated soil water content has an MRE value lower than 0.3 and an RMSE value lower than
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0.03 cm3/cm3. R2 values close to 1.0 represent that the variation of the observed values is well-captured
by the model. The NS values range from −∞ (poor model) to 1.0 (perfect model). A zero value of NS
means the simulated value is as good as the observation mean.

3. Results and Discussion

3.1. Model Calibration and Validation

The measured and simulated soil water content in the root zone for the calibration and validation
procedures is shown in Figure 3. It can be found that the simulated soil water content using SIMDualKc
closely followed the observed soil water content. Table 4 presents the initial values and the calibrated
results of the crop and soil evaporation parameters of the SIMDualKc model. For the drip irrigation
treatments, the fraction of soil surface wetted by irrigation or precipitation (fw) was set to 0.4, referring
to [40], while for the basin irrigation treatments, fw was set to 1.0. In the calibration process, the initial
values adopted were recommended by FAO56. Greater calibrated values for TEW and Ze may be
due to the larger silt content of the soil at the experimental site as compared with the soil in FAO56,
leading to greater field capacity. The calibrated p values were slightly smaller than those proposed
in FAO56, which may be attributed to the local crop variety that is more sensitive to water stress.
The experimental data of hc and fc were also used during the calibration process. The maximum hc

was 0.45 m for the DI treatment and 0.48 m for the BI treatment, whereas the maximum value of fc was
0.7 for both treatments.

The model simulation had RMSE values of 0.01–0.02 cm3/cm3, MRE values of −0.01–0.01, and
NS values of 0.76–0.92 for the calibration and validation treatments in the two experimental years,
respectively. Linear regression was performed between the simulated soil water content and the
observed soil water content, and the determination coefficient R2 values were in the range of 0.89–0.94.
The results of both the model simulation and the linear regression supported that the variation of
the observed soil water content throughout the crop-growing seasons could be well-explained by the
SIMDualKc model. Several studies have also shown similar goodness-of-fit results on the SIMDualKc
model’s performance [12,50,51].

Table 4. Initial and calibrated values of crop parameters and soil evaporation parameters of the
SIMDualKc model.

Types Parameters (Units) Initial Value Calibrated Value

Crop

Kcb,ini (/) 0.15 0.30
Kcb,mid (/) 1.10 0.92
Kcb,end (/) 0.60 0.60

pini (/) 0.40 0.30
pdev (/) 0.40 0.30
pmid (/) 0.40 0.30
pend (/) 0.40 0.30

Soil evaporation
REW (mm) 8 10
TEW (mm) 25 37

Ze (m) 0.10 0.15

Note: Kcb,ini, basal crop coefficient during the initial stage; Kcb,mid, basal crop coefficient during the mid-season
stage; Kcb,end, basal crop coefficient during the late stage; pini, evapotranspiration depletion fraction during the initial
stage; pdev, evapotranspiration depletion fraction during the development stage; pmid, evapotranspiration depletion
fraction during the mid-season stage; pend, evapotranspiration depletion fraction during the late stage; REW, readily
evaporable water; TEW, total evaporable water; Ze, depth of surface soil layer subjected to drying by evaporation.
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Figure 3. Comparison of the observed and simulated daily soil water content in the root zone: (a) DI
in 2015 (calibration), (b) BI in 2015 (calibration), (c) DI in 2016 (validation), (d) BI in 2016 (validation).
(The blue line (—) and red line (—) red the soil water content at field capacity and the wilting point.
Note: DI, Drip irrigation treatment; BI, Basin irrigation treatment.

3.2. Basal Crop Coefficient and Soil Evaporation Coefficient Dynamics

The basal crop coefficient Kcb for processing tomato and the soil evaporation coefficient Ke over
the crop-growing seasons are shown in Figure 4. The calibrated potential Kcb values were 0.30, 0.92,
and 0.60, respectively (Table 4). The actual Kcb showed day-to-day fluctuation with values in the range
of 0.27–0.30, 0.30–0.64, 0.29–0.81, and 0.19–0.68 (drip irrigation), 0.27–0.30, 0.30–0.89, 0.20–0.93, and
0.08–0.54 (basin irrigation) for the initial, development, mid-season, and late-season stages, respectively.
The Kcb values in this study were lower than those proposed by FAO56 with one exception in the initial
stage. This may be attributed to the shorter growing season (103 days in this study compared with
135–180 days in FAO56), the shallower root depth (0.6 m in this study compared with 0.7–1.5 m in
FAO56), and the lower fraction of soil covered by the crop canopy (fc) (0.7 in this study compared with
0.8–1.0 in FAO56).

The actual Kcb values of all the treatments were equal to the potential Kcb during the initial stage
(Figure 4). This is attributed to the fact that the plots were irrigated with around 45–55 mm of water
when the crop was transplanted. During the development, mid-season, and late stages, the actual
Kcb values of the DI treatment were consistently smaller than the potential Kcb, indicating that the
irrigation water could not meet the crop water requirement. The actual Kcb values of the BI treatment
were smaller than those of the potential Kcb with the exception of the irrigation period during the
development and mid-season stages, reflecting that basin irrigation could only satisfy the crop water
requirement for a short time as a large amount of irrigation water was applied. For the reduced
irrigation treatments, their actual Kcb values were smaller than those of the DI and BI treatments
except for the initial stage. The reduced irrigation treatments also caused more serious water stress
on crop growth due to the lower amount of water applied for irrigation. The peaks of Ke were
related to irrigation and precipitation. The dynamics of Kcb,act showed that the plants were under
water-stressed conditions during most of the growing season. The above results indicated that the
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current drip irrigation regime for processing tomato in Hetao should be improved since the crop was
under water-stressed conditions during most of the crop growth stages for the DI treatment.

Figure 4. The daily variation of the potential and actual basal crop coefficients (Kcb and Kcb,act) and the
evaporation coefficient (Ke) relative to (a) DI in 2015; (b) BI in 2015; (c) DI in 2016; (d) RDI in 2016; (e) BI
in 2016; and (f) RBI in 2016. Note: DI, Drip irrigation treatment; BI, Basin irrigation treatment; RDI,
Reduced drip irrigation treatment; RBI, Reduced basin irrigation treatment.

Figure 4 clearly shows that there was strong evidence of high water stress among all the treatments
for almost the entire crop season in both experimental years, indicating that all of the irrigation
schedules were inadequate to prevent water stress and should be improved to meet crop water
requirements. The curve of Kcb,act was underneath that of the potential Kcb during most of the growing
season. Only one basin irrigation event was taken during the mid-season stage and no basin irrigation
events took place during the late stage, resulting in severe water stress (Figure 4b). However, basin
irrigation during the late stage may result in fruit rot and a decrease in the sugar content in the fruit.
Thus, drip irrigation with partial soil wetting is an appropriate irrigation method for processing
tomatoes in Hetao.
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The soil evaporation coefficients were smaller than the basal crop coefficient (see Figure 4),
implying that a very small proportion of water was lost by evaporation due to the plastic mulch.
However, Ke increased significantly after large rainfalls occurred in July and August 2016. The damage
of the plastic film by frequent agronomic practices resulted in a decrease in the amount of mulch
covering the soil and an increase in soil evaporation. The highest Ke values were found during the
initial stage of the two years due to the small fraction of crop cover. This also may be attributable to
the fact that the soil surface was covered by plastic film 5 days after plant transplanting, resulting
in a relatively larger amount of evaporation during this stage. No significant differences (p < 0.05)
in Ke were observed among the treatments during the entire growing season. The variation in soil
evaporation between the two years was mainly caused by the difference of rainfall.

Few publications are available about the crop coefficients of processing tomato under various
water-stressed conditions. Based on the measurement of eddy covariance, Amayreh and Al-Abed
found the Kc,act values of field-grown tomato to be 0.65, 0.82, and 0.52, respectively, at the development
stage, mid-season stage, and late stage in Jordan Valley [31]. Hanson and May reported that the average
Kc,act values of drip-irrigated processing tomato ranged from 0.19 at 10% canopy coverage to 1.08 for
canopy coverage exceeding about 90% in San Joaquin Valley, California (USA) [52]. In this study, the
average Kc,act values at the initial, development, mid-season, and late stages were, respectively, 0.30,
0.49, 0.51, and 0.41 for drip irrigation and 0.30, 0.51, 0.59, and 0.29 for basin irrigation over the two
years. The differences in the Kc values obtained by our study and those from the literature may be
attributed to differences in (i) the methods used for ET and ETo measurement and estimation; (ii) crop
varieties, cultivars, and the length of their growing season and growth stages; (iii) soils, irrigation
regimes, and cultivations; and (iv) weather conditions at specific locations (namely mean RHmin and
wind speed).

3.3. Crop Evapotranspiration Partitioning

The simulated crop evapotranspiration (ET), transpiration (T), potential transpiration (Tp), and
soil evaporation (E) of processing tomato are shown in Figure 5 and Table 5. The seasonal ET varied
between 266 and 331 mm with the largest value for the BI treatment in 2016 and the smallest value for
the DI treatment in 2015, and ET increased with an increase in irrigation amount. Compared with that
in 2015, the seasonal ET in 2016 was higher due to the larger precipitation that occurred during the
growing season. The daily ET ranged between 1.0 and 5.3 mm/day with a mean value of 2.8 mm/day
for drip irrigation and 0.5 and 6.6 mm/day with a mean value of 2.9 mm/day for basin irrigation
over the two years, respectively. In general, the daily ET was small during the initial stage, increased
rapidly with its maximum values occurring during the mid-season stage, and then declined during
the late stage.

Table 5. Crop yield (Y), evapotranspiration (ET), transpiration (T), water productivity (WPET), and
transpiration water productivity (WPT) over the two years.

Years Treatments Y (t/ha) ET (mm) T (mm) WPET (kg/m3) WPT (kg/m3) Es/ET

2015
DI 99.4 ± 7.7 a 266.3 253.2 37.3 ± 2.9 a 39.2 ± 3.0 a 4.9%
BI 91.6 ± 6.8 a 284.3 272.0 32.2 ± 2.4 b 33.7 ± 2.5 b 4.3%

2016

DI 107.9 ± 10.5 a 309.7 272.5 34.8 ± 3.4 a 39.6 ± 3.9 a 11.9%
RDI 88.4 ± 7.5 b 270.9 233.3 32.6 ± 2.8 a 37.9 ± 3.2 a 13.8%
BI 105.1 ± 8.3 a 331.2 295.0 31.7 ± 2.5 a 35.6 ± 2.8 a 10.9%

RBI 94.6 ± 7.8 ab 283.9 246.9 33.3 ± 2.7 a 38.3 ± 3.2 a 12.9%

Note: DI, Drip irrigation treatment; BI, Basin irrigation treatment; RDI, Reduced drip irrigation treatment; RBI,
Reduced basin irrigation treatment. The letters a, b, and ab are used to indicate the statistical significance according
to the Duncan’s multiple range tests at 0.05 P level. Values within columns followed by different letters are
statistically significant at the 0.05 level.
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Figure 5. The daily variation of crop evapotranspiration, crop transpiration, potential transpiration,
and soil evaporation relative to (a) DI in 2015; (b) BI in 2015; (c) DI in 2016; (d) RDI in 2016; (e) BI
in 2016; and (f) RBI in 2016. Note: DI, Drip irrigation treatment; BI, Basin irrigation treatment; RDI,
Reduced drip irrigation treatment; RBI, Reduced basin irrigation treatment; crop evapotranspiration
(− · −); crop transpiration (—); potential transpiration (······); soil evaporation (- - -).

The crop water requirement of processing tomato has been measured and estimated in many
studies. With the measurement of the Bowen ratio, Hanson and May reported that the seasonal
ET of tomato was 609 mm under subsurface drip irrigation and 678 mm under furrow irrigation in
San Joaquin Valley, California, USA [53]. An ET value of 300 mm under non-irrigated conditions and
ET values ranging from 556.5 to 621.2 mm under drip irrigation were reported for processing tomato in
South Serbia [54]. Mukherjee et al. found ET values between 147 and 225 mm for polyethylene-mulched
tomato under rainfed and furrow irrigation conditions in India [55]. Giuliani et al. reported an ET
value of 558 mm for tomato with full-drip irrigation in southern Italy [56]. The lower ET of this study
was mainly due to the various climatic conditions, the much shorter growing season, the smaller crop
canopy fraction, and more severe water-stressed conditions as compared with those in the literature.

Seasonal T was in the range of 233–295 mm with the largest value for the BI treatment in 2016 and
the smallest one for the RDI treatment in 2016. The proportion of T to ET in the two growing seasons
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was 86–96%, indicating that transpiration was the dominant component of crop evapotranspiration.
Daily T ranged between 0.9 and 5.2 mm/day with a mean value of 2.5 mm/day for drip irrigation
and 0.5 and 6.5 mm/day with a mean value of 2.6 mm/day for basin irrigation over the two years.
The seasonal T values of the DI treatment were consistently smaller than those of the potential T except
for the initial stage, while the seasonal T values of the BI treatment were smaller than those of the
potential T with the exception of the irrigation period, indicating that the crop requirement was not
satisfied by the irrigation water during the entire growing season. The total E was 13 and 37 mm
during the growing seasons of 2015 and 2016, respectively, which accounted for only 5–14% of ET for
the drip irrigation treatments and 4–13% of ET for the basin irrigation treatments. Soil evaporation
did not show much difference, while the crop ET for drip irrigation was lower than that for basin
irrigation. Thus, a higher ratio of Es/ET was observed in the drip irrigation treatment. There was little
soil evaporation after the application of the plastic film, indicating that plastic film could significantly
reduce evaporative consumption.

3.4. Yield and Water Productivity

Crop yield and water productivity (WP) are listed in Table 5 for various irrigation treatments.
The yield was in the range of 88.4–107.9 t/ha for the drip irrigation treatments and 91.6–105.1 t/ha
for the basin irrigation treatments in 2015 and 2016, respectively. The highest yield in 2015 and 2016
was respectively 99.4 and 107.9 t/ha obtained by the DI treatment, which was slightly higher than
those obtained by the BI treatment. In the study area, tomato fruits were hand harvested twice during
the late stage. For the first harvest, the yield from plants subject to the drip irrigation treatments was
1.2–1.6 times as large as that from plants subject to the basin irrigation treatments, whereas the yield
from plants subject to the drip irrigation treatments was 30% lower than that from plants subject to the
basin irrigation treatments in the second harvest. This indicates that drip irrigation could speed up
the ripening process of fruits due to the fact that soil temperatures in drip-irrigated plots are higher
than those in the basin-irrigated plots. A similar result was also found by [28], who reported that
crop growth could be significantly enhanced by drip irrigation. Various studies [19,57] have also
demonstrated that high-frequency drip irrigation can promote crop yield for large varieties of crops
and vegetables as compared with basin irrigation. As shown in Table 5, the yields of the reduced
irrigation treatments were lower, indicating that yield increased as the irrigation amount increased.

The consumptive use water productivity (WPET) was in the range of 32.6–37.3 kg/m3 for drip
irrigation and 31.7–33.3 kg/m3 for basin irrigation, whereas the transpiration water productivity (WPT)
was 37.9–39.6 kg/m3 for drip irrigation and 33.7–38.3 kg/m3 for basin irrigation. The highest WPET
and WPT were obtained by the DI treatment in both years, while the smallest WPET and WPT were
recorded by the BI treatment in both years. Larger WPET and WPT values for drip irrigation treatments
were associated with a reduction in crop ET and an increase in yield. Actually, more soil water was
conserved and used for crop growth in drip-irrigated plots, which could thus benefit crop production.
The slight differences of WPET and WPT between the DI/BI and the reduced irrigation treatments
may be attributed to the fact that both crop yield and ET were enhanced by increasing the irrigation
amount; in contrast, reduced irrigation could inhibit crop yield and ET.

The relationship of relative yield to relative evapotranspiration (and/or relative transpiration) can
be well-quantified using a quadratic function (see Figure 6) with a coefficient of determination R2 of
0.90 for fitted curves. The relative values were obtained by dividing the actual values by the respective
maximum value in each year. Thus, the values varied between 0 and 1. The relative yield generally
first increased with relative ET and T in both years, and then decreased after reaching the highest value.
The best result was achieved for the DI treatment when the relative ET was about 0.92. This result
was different from the linear relationship between yield and ET obtained by [58] in an arid region of
northwest China and the exponential relationship between yield and ET found by [59] under semi-arid
Mediterranean climate conditions. In general, appropriate irrigation scheduling should be associated
with high WP and high (or acceptable) yield. Thus, the irrigation schedule of the DI treatment could
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be proposed as a preferable irrigation regime for processing tomato due to its relatively high yield and
WP in the study area under the condition of plastic mulch. However, such an irrigation regime for
plastic-mulched processing tomato in the Hetao Irrigation District should be further formulated and
validated with consideration for the water-stressed conditions of plants, the economic costs of drip
irrigation systems, and the benefits of farmers.

Figure 6. The relationships between the relative yield (Y) and the relative evapotranspiration (ET) (a)
and the relative transpiration (T) (b).

4. Conclusions

The two-year field experiment on processing tomato under the conditions of plastic-mulched
irrigation provided the basic data to validate and calibrate the high applicability of SimDualKc in the
upper reaches of the Yellow river. The results of the crop coefficients adjusted to the actual conditions
were successfully obtained from the model and were appropriate to be further used locally. The total
ET increased with an increase in irrigation amount both in drip and basin irrigation. Transpiration
accounted for over 86% of ET, whereas soil evaporation was less than 14% of ET during the two
growing seasons.

The highest yield and WP in both years were achieved for the treatment with drip irrigation.
A quadratic relationship was found between the relative yield and the relative ET (and/or the
relative T). Compared with basin irrigation, drip irrigation could speed up the ripening of fruits
and shorten the period of crop growth. Considering both WP and crop yield, plastic-film-mulched
drip irrigation was recommended for processing tomato in the upper reaches of the Yellow River.
However, the crop suffered from high water stress in all of the treatments during most of the growing
season due to an inadequate irrigation schedule. Thus, a proper irrigation schedule, which can meet
the crop water requirement and obtain high yield for processing tomato under plastic-film-mulched
drip irrigation, should be established in the future research. The adoption of drip irrigation highly
relies on farmers’ decisions based on economic information on costs and benefits and the capability
of using the new water-saving technologies. Further study is also required to obtain the optimal
irrigation schedules for processing tomato using optimization approaches while considering farmers’
willingness and social-economical situations.
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Abstract: The SIMDualKc model was used to simulate crop water requirements for a super high
density olive orchard in the region of Alentejo, Portugal. This model uses the dual crop coefficient
approach to estimate and partitioning the actual crop evapotranspiration (ETc act) and therefore to
perform the soil water balance. The model was calibrated with 2011 tree transpiration using trunk
sap flow measurements and was validated using similar data from 2012 and tested with 2013 data.
Low root mean square errors (RMSE < 0.53 mm¨d´1) and acceptable modelling efficiency indicators
(EF > 0.25) were obtained. Further validation was performed comparing modelled ETc act with eddy
covariance measurements. These indicators support the appropriateness of using SIMDualKc to guide
irrigation management. The basal crop coefficient (Kcb) curves obtained with SIMDualKc for those
3 years were compared with the Kcb values computed with the Allen and Pereira approach (A&P
approach) where Kcb is estimated from the fraction of ground cover and plant height considering an
adjustment factor for crop stomatal control (Fr). Fr values were obtained through a trial and error
procedure through comparing the Kcb estimated with this approach and with SIMDualKc. The Kcb
curves obtained by both methods resulted highly correlated, which indicates that the A&P approach
may be used in the irrigation management practice to estimate crop water requirements. Results
of performing the soil water balance with SIMDualKc have shown that soil evaporation is a large
fraction of ETc act, varying between 41% and 45% for the 3 years under study. Irrigation, applied
with a drip system, represented 39 to 56% of ETc act, which shows the great importance of irrigation
to achieve the water requirements of super intensive olive orchards. Nevertheless, the analysis
has shown that the irrigation management adopted at the orchard produces a water deficit larger
than desirable, with a ratio of ETc act to non-stressed crop evapotranspiration (ETc) varying from
70% to 94% during the mid-season, when that ratio for a eustress irrigation management could be
around 90%.

Keywords: Evapotranspiration; Irrigation; Density coefficient; Dual crop coefficients; Row crops

1. Introduction

Olive orchards consist of the dominant permanent crops in Portugal, covering approximately
50% of the total area with tree crops, namely in Alentejo, southern Portugal, where olives are mainly
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cropped for oil production. Super high density olive orchards, with more than 1500 trees ha´1,
also known as hedgerow olive orchards, are growing fast due to their high yield and economic
productivity [1–3]. However, they have higher water requirements than less intensive orchards [1];
it is therefore necessary to improve related knowledge about crop evapotranspiration to support
appropriate irrigation management and scheduling [4,5]. Meanwhile, impacts of water deficit on olives
growth and yield are relatively well known [6–11]. That knowledge about olives evapotranspiration
and responses to water deficits is also essential to assess scenarios of climate change expected for
the region, mainly referring to higher temperature during summer and less rainfall in winter and
autumn [12,13].

Although information on crop evapotranspiration can be obtained through using various field
measurements techniques [14], those involving direct measurements of ET are generally expensive,
labour consuming, require appropriate skills of users and are more appropriate for research, that is,
for example, measurements of soil water content [15,16], sap-flow [17–19] and eddy covariance [18–20],
which are applied in this study. Differently, crop ET modelling, using commonly observed
meteorological data [4], radiometric canopy temperature [21,22], web based sensors networks [23] and
remote sensing information [24–28], including using unmanned aerial vehicles [29] might be useful
irrigation management tools, namely for irrigation scheduling purposes and to generate mitigation
scenarios to face drought and climate change. Example of models applications to olive orchards
include WABOL [30], SIMDualKc [19] and HYDRUS 2D [31].

The most common approach to estimate potential crop evapotranspiration (ETc) is the use of
the Kc-ETo approach [32], where ETo is the grass reference evapotranspiration (PM-ETo) and Kc is a
crop coefficient, which relates ETc with ETo relative to various crop characteristics [4]. Kc changes
throughout the crop season and a multi-stage linear approximation is commonly used to represent the
Kc curve through defining their values at the initial, mid-season and end-season stages, respectively
Kc ini, Kc mid and Kc end [4]. Adopting the dual Kc approach, both ETc components are considered,
crop transpiration described by the basal crop coefficient Kcb and the soil evaporation described by
the coefficient Ke [33]. When any crop stress occurs, Kcb is corrected through a stress coefficient, Ks,
resulting that the actual Kcb (Kcb act = Ks Kcb) is smaller than the non-stress or standard one, that is,
Kcb act ď Kcb. It results that the actual crop ET is smaller than the potential, non-stressed ET, that is,
ETc act ď ETc. Therefore:

ETc act = (Ks Kcb + Ke) ˆ ETo = (Kcb act + Ke) ˆ ETo = Ks ˆ Kc ˆ ETo = Kc act ˆ ETo (1)

Field research, as the one reported in this study, is required to determine Kc and Kcb in relation
with the crop characteristics and crop management. The standard or non-stressed values of Kcb and Kc

are transferable to other locations—where training of olives orchards are similar—after adjusting Kc or
Kcb to the prevailing climate conditions as proposed by Allen et al. [4]. The use of a well calibrated
model such as SIMDualKc [34], which adopts the dual Kc approach to partitioning ETc act into actual
plant transpiration and soil evaporation, using respectively Kcb act and Ke [4,33], is quite helpful to
accurately computing ETc act and to derive the standard Kcb and Kc values as demonstrated in previous
studies [35–37]. Moreover, the performance of that partition using SIMDualKc has been positively
tested through comparing the model simulated transpiration against sap-flow measurements [19,38,39]
or the simulated soil evaporation against micro-lysimeters’ observations [40–42].

In alternative to modelling, Allen and Pereira [43] proposed predicting Kcb or Kc by adopting a
density coefficient (Kd) computed from the fraction of ground cover (fc) and the crop height (h), herein
referred as A&P approach. It takes into consideration crop stomatal control through an adustment
factor (Fr) that varies with crop characteristics and water management. The A&P approach has
been used to ease the SIMDualKc modelling process applied to partial cover woody crops, such as
vineyards [35], peach orchards [38] and olive orchards [19]. However, the A&P approach has not yet
been used extensively for predicting Kcb throughout the crop season.
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Considering the analysis above, the objectives of this study consisted of (i) calibrating and
validating the model SIMDualKc using both sap-flow estimates of transpiration and ET eddy
covariance observations; (ii) determining Kcb and Kc from SIMDualKc calibration; (iii) testing the A&P
approach for predicting Kcb from the fraction of ground cover and crop height; and (iv) determining the
terms of the soil water balance, particularly relationships between soil evaporation, actual transpiration
and ETc act. The overall objective is to provide information for irrigation of olives’ orchards with
reduced irrigation, so accepting a yield-water beneficial stress, the “eustress.”

2. Material and Methods

2.1. Experimental Site

The experimental site (38˝24’N, 7˝43’W, 143 m a.s.l.) is located in Alentejo, Southern Portugal,
in a commercial super-high intensive hedgerow olive orchard farmed by “Olivais do Sul.” The orchard
has a total area of 78 ha, which land has a smooth undulation. The climate is dry sub-humid of
Mediterranean type, with most of the rainfall in autumn and winter; according to the Köppen-Geiger
classification [44], the climate is a Csa, characterized by mild rainy winters and dry hot summers.
The annual rainfall ranged between 511 and 736 mm in the experimental years, while the average
monthly temperature ranged from 9.6 ˝C in January to 23.3 ˝C in July and August. Prevailing winds
are from the North-West direction. Main daily weather data characterizing the experimental years is
presented in Figure 1.

(a) 
(b) 

 

(c) 

Figure 1. Daily weather data of Viana do Alentejo relative to (a) maximum (Tmax) and minimum
(Tmin) temperatures, (b) minimum relative humidity (RHmin), wind speed at 2 m height (u2) and (c)
precipitation and reference evapotranspiration (ETo) for the period 2011–2013.

The soil is a Cambissol [45] having a sandy loam texture, with moderate to low infiltration.
Soil water at field capacity averages 0.24 cm3¨cm´3 through the soil profile down to 1.20 m, while the
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permanent wilting point to the same depth is 0.12 cm3¨cm´3. The total available water to that depth is
TAW = 160 mm. Soil water observations were performed weekly with a TDR probe (TRIME, IMKO,
Ettlingen, Germany); data were used to perform the soil water balance considering a soil root zone
depth Zr = 1.10 m.

The olive trees (cv. Arbequina) were hedgerow planted in 2006 adopting a super-high density
(1.35 m ˆ 3.75 m, 1975 trees ha´1). The observed crop growth stages dates along the crop seasons of
2011, 2012 and 2013 are presented in Table 1. The fraction of ground cover (fc, dimensionless) was
estimated from measurements of the crown diameter along the row direction and perpendicularly to it
for 51 trees. In addition, fc values estimated from remote sensing [28] were also considered. fc ranged
from 0.17 to 0.38. The tree height (h, m) ranged from 3.0 to 4.0 m. Both fc and h varied through the crop
season because trees were pruned during winter, by early January. However, in 2012, after a severe
frost that occurred by late February, a heavy pruning was applied after, which caused larger changes
in fc and h in that year. Harvesting in the study plots were performed by 16 October in 2011 and 2012
and by 10 October in 2013 (Table 1). The yield average was 14 ton¨ha´1 in 2011 and 18 ton¨ha´1 in
2013. A low yield of 3 ton¨ha´1 was observed in 2012 due to the referred frost and heavy pruning.

Table 1. Crop growth stages of the olive orchard under study.

Year
Crop Growth States

Non-Growing Initiation Crop Development Mid-Season Late-Season Non-Growing

2011 1/1–28/2 1/3–15/3 16/3–30/4 1/5–13/9 14/9–11/11 12/11–31/12
2012 1/1–20/3 21/3–11/4 12/4–14/5 15/5–10/9 11/9–23/11 24/11–31/12
2013 1/1–2/3 3/3–17/3 18/3–20/4 21/4–19/9 20/9–15/11 16/11–31/12

Ground cover conditions affecting soil evaporation may be taken into consideration in the water
balance simulations by SIMDualKc and were therefore observed. They refer to both crop residues and
active ground cover [34,35,46]. In 2011, a reduced active ground cover was present from early January
until May, covering 10% of the ground in the row and 5% in the inter-row. In 2012, following the frost
by February, a heavy defoliation occurred and leaves formed an organic mulch from late February
until early August; its ground cover fraction was estimated as 0.30, corresponding to a reduction of
the soil evaporation of 30%. In 2013, an active ground cover of nearly 20% on both the row and the
inter-row was observed from January until May, when it dried out and became a residues cover.

Irrigation took place nearly every day during spring and summer and was applied by the evening.
A drip system was used, with emitters spaced of 0.75 m along the row. The emitters discharge was of
2.3 L h´1. The wetted fraction (fw = 0.23) was calculated from the area of a wetted ellipse circling each
emitter. Irrigations were scheduled by the farmer, who adopted average daily irrigation depths close
to 3 mm, however varying from 1 to 8 mm, approximately. Irrigation depths were measured with a
tipping-bucket rain gauge (ARG100, Environmental Measurements Ltd., Sunderland, UK).

2.2. Eddy Covariance Measurements

The eddy covariance (EC) micrometeorological technique was used to measure evapotranspiration
during short periods of the irrigation season (July–August in 2011 and June–August in 2012) as
a strategy to calibrate the sap flow measurements and obtaining accurate transpiration estimates.
This strategy has been successfully used in previous studies [38,47].

The EC system comprised a three-dimensional sonic anemometer and a krypton hygrometer
(respectively Models CSAT3 and KH20, Campbell Scientific, Inc., Logan, UT, USA) mounted at a height
of 4.8 m on a metallic tower, with a path separation of 0.1 m. The fetch were 470 m, 353 m, 455 m and
504 m for the north, west, south and east directions, respectively (Figure 2). EC raw data (H—sensible
heat flux density and LE—latent heat flux density) were collected at a 10 Hz frequency to a datalogger
(Model CR1000, Campbell Scientific, Inc., Logan, UT, USA) and afterwards analysed with the Software
package TK3 [48] for correction and calculation of 30 min-averages. Data corrections were performed
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according to Foken et al. [49]. They included: despiking of the raw data [50]; coordinate rotation using
the Double Rotation method [51] to account for the non-flat terrain conditions; corrections for oxygen
cross-sensitivity of the krypton hygrometer [52] and spectral loss [53]; conversion of buoyancy flux to
sensible heat flux [54]; and the WPL correction for density fluctuations [55]. To evaluate the surface
energy balance, soil heat flux (G) and net radiation (Rn) were measured using eight soil heat flux plates
(calibrated Peltier modules sealed 20 V, 4.4 A, 40 ˆ 40 ˆ 3.9 mm, RS Components, Madrid, Spain) and
a net radiometer (Model NR-LITE, Campbell Scientific, Inc., Logan, Utah, USA), respectively. The soil
heat flux plates were placed in the tree row and in the inter-rows at a depth of 2 cm. The daily energy
balance equation error closure was determined by linear regression forced to origin.

 

Figure 2. Olive orchard and location of the eddy covariance tower (black triangle, 38˝24146.3”N,
7˝43139.8”W).

The footprint analysis [56], performed to access the representativeness of the EC measurements,
showed that over 90% of the fluxes sensed, determined as cumulative normalized flux (CNF),
came from the region of interest, regarding the four main cardinal points. The fetch (distance to
the edge of the plot) in the main directions, varying approximately between 350 and 500 m, was then
considered adequate (Figure 3). Measurements were mainly affected by fluxes coming from an upwind
area at a distance of 15 m from the tower (maximum of the one-dimensional footprint function,
which provides the relative contribution to the vertical flux: Qf = (1/Qo) dQ/dx, for a given height z,
being Qo the latent heat flux density measured at point x = (0, z)).

Measurements in days with prevailing winds from the North-East direction were discarded
given the vicinity of a building approximately at 200 m in that direction. Prevailing winds, calculated
as average frequency for each of the EC measurement periods, were in agreement with historical
climatic data, which indicates the North-West direction (Figure 4). Wind direction frequency was
further analysed in detail for individual days and EC data screened accordingly for specific
modelling purposes.

The energy balance equation closure error (Figure 5) was determined with a linear regression
analysis forced to the origin using daily values of the measured fluxes (LE, H, Rn and G). The error,
below 10% (H + LE = 0.91 (Rn ´ G), R2 = 0.87), is similar to that found by other authors using this
technique in orchards [57–59].
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Direction Fetch (m) CNF 
East 504 0.96 
West 353 0.94 
North 470 0.95 
South 455 0.95 

Figure 3. Cumulative normalized flux (CNF, dashed line) and relative contribution to the vertical flux
for a given height z, (Qf, continuous line) according to distance from the measurement point (EC tower)
to the plot limit (x), obtained with footprint analysis; marked values for the fetch and CNF according
to the cardinal directions; x is the distance between the observation point and the fluxes source region.

  
(a) (b) 

Figure 4. Wind prevailing directions during periods of eddy covariance measurements and resultant
vector, (a) July–August 2011, (b) June–August 2012 (deg.: degrees).

Figure 5. Surface energy balance equation for flux density daily values of LE (latent heat flux density),
H (sensible heat flux density), G (soil heat flux density) and Rn (net radiation).
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2.3. Transpiration from Sap Flow Measurements with the Granier Method

Plant transpiration was measured with thermal dissipation Granier probes [60] between DOY (day
of year) 134 in 2011 and DOY 194 in 2013 (continuous half-hourly records). Six trees, chosen according
to trunk diameter class frequency determined in a large sample of the orchard, were equipped with
1 cm length sensors (UP GmbH, Cottbus, Germany). Average data were stored each thirty minutes
in a datalogger (Model CR1000, Campbell Scientific, Inc., Logan, UT, USA). Natural temperature
gradients in the tree trunk were accounted for using data from non-heated sap flow sensors calculated
during long periods. Daily transpiration was calculated from the half-hourly data. For flux calculation,
the sapwood area in the cross section of the trunk was evaluated from core samples taken with an
increment borer. Observation of the samples allowed considering the whole area conductive except
the bark.

Sap flow methods are often referred as underestimating transpiration [19,61–65]. Although the
original calibration of this method, which allows converting temperature differences between the two
probes into crop transpiration, was initially considered universal, more recently, evidences show that
it is advisable to verify its accuracy. Raw sap flow observations (SF, mm¨d´1) were therefore corrected
to obtain calibrated sap-flow transpiration (TSF, mm¨d´1), as referred in previous applications to tree
crops [38,47,61]. This was done by mathematically relating sap-flow, SF, with transpiration computed
from EC observations (TEC = ETEC–Esim). TEC represents the difference between ET obtained from
EC measurements (ETEC, mm¨d´1) and the soil evaporation (Esim, mm¨d´1) simulated with the two
phases Ritchie model [66], the latter computed following Allen et al. [4]. The computation of Esim based
upon the water balance of the soil evaporation layer using soil moisture observations. Parameters
characterizing that soil layer, with a depth Ze = 0.10 m, consisted of: total and readily evaporable water,
respectively TEW = 18 mm and REW = 9 mm. Further information on Esim data was provided by
Paço et al. [19]. This procedure allows enlarging the available field information to the entire simulation
period [67,68].

The best mathematical relationships between TEC and SF (Figure 6) were of exponential form:

TEC = KSF eα¨SF (2)

with KSF = 0.34 and α = 1.40 (R2 = 0.55; n = 13) for 2011 and KSF = 0.34 and α = 1.72 (R2 = 0.61;
n = 28) for 2012, which was extended for 2013. The adjustment of SF was performed with Equation
2 assuming that the transpiration derived from sap-flow measurements (TSF) equals that estimated
from EC observations as referred above (TEC). The approach used may be affected by uncertainties
in computing Esim as well as measurements errors affecting both TEC and SF. Nevertheless, The TSF

values resulting from the application of Equation 2, which varied between 0.36 and 3.54 mm¨d´1,
are comparable to transpiration values reported for other studies on olive orchards [18,59,69].

 

Figure 6. Relationships between the raw transpiration flux observed with the Granier sap-flow method
(SF) and the transpiration rate computed from the eddy covariance observations (TEC) relative to 2011
(squares) and 2012 (circles).
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TSF data were screened for outliers taking into consideration: (a) the range of values used
to establish the sap flow calibration equation and the respective Kcb values (Kcb SF = TSF/ETo),
which should be kept within an acceptable range. The common definition of outliers by Tukey [70]
was used, thus considering as outliers the Kcb SF values higher than 1.5 times the interquartile range,
below the first quartile or above the third quartile. The application of these rules led to discarding
a total of 177 TSF values, with outliers representing 3.5% and 7% of observations in 2011 and 2012,
respectively, contrasting with 56% of values computed for 2013. That high number of discarded values
was most likely due to the fact that the SF equation used for 2013 was not purposefully calibrated. It was
assumed that discarding the outliers decreased the uncertainties of observations and computations.

2.4. Basal Crop Coefficients Derived from Crop Height and Fraction of Ground Cover

To take into account fraction of ground cover by the crop (fc) and the crop height (h), a density
coefficient (Kd) is used with the A&P approach to estimate Kcb [43]. Kd (dimensionless) is defined as
the minimum value among the effective ground cover corrected for the density of shading or corrected
for the crop shading depending upon the crop height. Thus, Kd is given by:

Kd = min(1, ML fc eff, fc eff
(1/(1+h))) (3)

where fc eff is the effective fraction of ground covered or shaded by vegetation near solar noon
(dimensionless), ML is a multiplier on fc eff describing the effect of canopy density on shading the
ground, thus on maximum relative ET per fraction of ground shaded and h (m) is the mean height of
the crop vegetation.

Kcb is estimated from Kd as

Kcb = Kc min + Kd (Kcb full ´ Kc min) (4a)

when the inter-row is bare soil or, when an active ground cover is present, as

Kcb “ Kcb cover ` Kd

ˆ
max

„
Kcb full ´ Kcb cover,

Kcb full ´ Kcb cover
2

j˙
(4b)

where Kc min is the minimum Kc for bare soil (« 0.15 for typical agricultural conditions), Kcb cover is the
Kcb of the ground cover in the absence of tree foliage and reflects the density and vigour of the active
ground cover crop and Kcb full is the estimated basal Kcb during the peak plant growth for conditions
having nearly full ground cover. The second term of the max function allows taking into consideration
the impacts of shading of the canopy over the ground cover crop. Further information is provided by
Allen and Pereira [43].

The Kcb full represents a general upper limit on Kcb mid for tall vegetation having full ground cover
and LAI > 3 under full water supply. Kcb full takes into consideration crop stomatal control and is
approximated as a function of the mean plant height and adjusted for climate [43],

Kcb full “ Fr

˜
minp1.0 ` 0.1h, 1.20q ` r0.04pu2 ´ 2q ´ 0.004pRHmin ´ 45qs

ˆ
h
3

˙0.3
¸

(5)

with Fr (0–1) is an adjustment factor relative to crop stomatal control, the min function assumes that
1.20 is the upper bound for Kcb full prior to adjustment for climate. h (m) is the average maximum crop
height, u2 (m s´1) is the average wind speed at 2 m height, RHmin (%) is the average minimum relative
humidity during mid-season.

The parameter Fr applies a downward adjustment when the vegetation exhibits more stomatal
control on transpiration than it is typical of most annual agricultural crops. Fr < 1.0 for various tree
crops and natural vegetation. Standard values for Fr for various tree crops are provided by Allen and
Pereira [43] but Fr values may be adjusted experimentally, namely through comparing Kcb obtained
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with the A&P approach with those derived through a different but accurate procedure, namely through
the use of models. Fr may also be computed through comparing the leaf resistances for the crop (rl,
s m´1) with that of grass (100 s m´1) considering the climate conditions [43], thus:

Fr « Δ ` γ p1 ` 0.34 u2q
Δ ` γ

`
1 ` 0.34 u2

rl
100

˘ (6)

where rl (s¨m´1) is mean leaf resistance for the vegetation in question (s¨m´1) Δ is the slope of the
saturation vapour pressure curve (kPa¨˝C´1), γ is the psychometric constant (kPa¨˝C´1) and u2 is
the average wind speed during the relevant crop stage measured at 2 m height (m¨s´1). rl values for
various crops are tabulated by Allen e Pereira [43], who also referred that for most annual agricultural
crops rl is often not far from 100 s¨m´1.

2.5. The SIMDualKc Model

The SIMDualKc water balance model [34] uses a daily time step to perform the soil water balance
at the field scale through computing crop ET with the dual Kc approach [4,33,43]. The SIMDualKc
model adopts the approach described with Equation 1, thus assuming that ETc act = ETc when the soil
water depletion fraction does not exceeds the depletion fraction for no stress, p (dimensionless).

The model computes the soil water depletion at the end of every day:

Dr, i “ Dr, i´1 ´ pPe ´ ROqi ´ Ii ´ CRi ` ETcact, i ` DPi (7)

where Dr,i and Dr,i´1 are the root zone depletion at the end of respectively day i and day i´1 (mm),
Pe is precipitation (mm), RO is runoff (mm), I is the net irrigation depth that infiltrates the soil (mm),
CR is capillary rise from the groundwater table (mm), ETc act is actual crop evapotranspiration (mm)
and DP is deep percolation through the bottom of the root zone (mm), all referring to day i. CR and
DP are calculated with parametric equations described by Liu et al. [71] and RO is estimated using
the curve number approach [72]. Because the groundwater table is quite deep in the region, CR was
assumed to be null.

The model computes the actual ET (ETc act, mm) as a function of the available soil water in the
root zone using a water stress coefficient (Ks, 0–1). Ks is computed daily as a linear function of the
depletion Dr in the effective root zone [4,33]:

Ks “ TAW ´ Dr

TAW ´ RAW
“ TAW ´ Dr

p1 ´ pq TAW
Ñ for Dr ą RAW (8)

Ks “ 1 Ñ for Dr ď RAW (9)

where TAW and RAW are, respectively, the total and readily available soil water (mm) relative to the
root zone depth Zr and p is the soil water depletion fraction for no stress, therefore with RAW = p
TAW. Thus, ETc act = ETc when Ks = 1.0; otherwise, when water and/or salinity stress occurs, ETc act <
ETc and Ks < 1.0. Then, because Kcb act = Ks Kcb, it results Kcb act < Kcb. Similarly, it results that actual
transpiration will be smaller than its potential value, thus Tc act < ETc when Ks < 1.0.

The evaporation from the soil surface (Es, mm¨d´1) is limited by the amount of energy available at
that surface in conjunction with the energy consumed as crop transpiration [4,72]. The model computes
the evaporation coefficient (Ke) performing a daily water balance of the evaporation soil layer, which
is characterized by its depth (Ze, m), the total evaporable water (TEW, mm) and the readily evaporable
water (REW, mm). TEW is the maximum depth of water that can be evaporated from the evaporation
soil layer when that layer has been fully wetted and REW is the depth of water that can be evaporated
without water availability restrictions. Es is maximum when the topsoil is fully wetted by rain or
irrigation and the soil surface shadowed by the crop is minimum. Differently, Es is minimum when
the crop fully shadows the soil and energy available for evaporation is minimum [4,34,72].
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The maximum value of Ke is attained when the soil is wet. That value is limited by the
energy available at the soil surface, which corresponds to the difference between Kc max, representing
maximum ET when the crop would fully cover the soil and Kcb, representing the effective transpiration
of the crop. As the topsoil dries, less water is available for evaporation and Es is reduced. This reduction
in Es is proportional to the amount of water remaining in the surface soil layer. Ke is then computed
considering an evaporation reduction coefficient (Kr ď 1.0) as

Ke “ Kr pKcmax ´ Kcbq Ñ with Ke ď few Kcmax (50)

where Kc max is the maximum value of Kc (i.e., Kcb + Ke) following a wetting event by rain or irrigation,
generally 1.20 and few is the fraction of the soil that is both exposed to radiation and wetted by rain or
irrigation, that is, the fraction of soil surface from which most evaporation occurs. Thus, few depends
upon the fraction of ground covered by the crop (fc) and of the fraction of soil wetted by irrigation (fw),
thus few = min(1´fc, fw). Kr is calculated using the 2-stage drying cycle approach [4,66], where the
first stage is the energy limiting stage and the second is the water limited stage or falling rate stage,
where evaporation decreases as evaporable water decreases in the evaporation soil layer beyond the
readily evaporable water (REW):

Kr “ 1 Ñ for De,i´1 ď REW (61)

Kr “ TEW ´ De, i´1

TEW ´ REW
for De,i´1 ą REW (72)

Further descriptions of the model and auxiliary equations are given by Rosa et al. [34].
The input data required by the model include:

i Daily climatic data: reference evapotranspiration (ETo, mm), precipitation (P, mm), minimum
relative humidity (RHmin, %) and wind speed at 2 m height (u2, m¨s´1).

ii Soil data for a multi-layered soil: number of layers and related depths d (m); the respective
soil water content at field capacity and at the wilting point (θFC and θWP, m3¨m´3) or the total
available water (TAW, mm); the characteristics of the soil evaporation layer (Ze, REW and TEW);
and the soil water content at planting in both the root zone and the evaporation layer expressed
as a % of depletion of TAW and TEW, respectively.

iii Crop data: dates of the crop growth stages (non-growing, initial, crop development, mid-season
and end season); the basal crop coefficients for the non-growing, initial, mid-season and end
season (Kcb non-growing, Kcb ini, Kcb mid and Kcb end); the soil water depletion fractions for no stress
at the same stages (pnon-growing, pini, pmid and pend); root depths (Zr, m), plant height (h, m) and
the fraction of ground cover by the crop (fc, %) throughout the crop season.

iv Irrigation scheduling data: dates and depths of observed irrigation events. In addition, the model
requires data relative to the fraction of soil wetted by irrigation (fw). In this application, fw = 0.23
because the soil was wetted by micro-irrigation.

v Parameters required to compute capillary rise and deep percolation when using the parametric
equations proposed by Liu et al [71]; in the present application only the parameters aD and bD

characterizing DP were used.
vi Base data to compute surface runoff using the Curve Number method [72].
vii Information characterizing the active ground cover, soil residues and mulches and related effects

on Es [34].
viii soil and water salinity information, however not used in the present application.

2.6. Model Calibration and Validation and Goodness of Fit Indicators

So far, the calibration and validation of the SIMDualKc model have been performed either through
comparing computed actual transpiration with sap-flow measurements [38,39], simulated ETc act with
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EC observed evapotranspiration [73,74] or, more commonly, simulated with observed soil water
content [35,37,41,75,76]. In this study, model calibration was considered as the process of adjusting
influential model parameters and inputs within their reasonable ranges so that the simulated Tc act

values were in agreement with sap flow derived data (TSF).
The calibration procedure consisted of adjusting the crop parameters—Kcb and p values relative to

the non-growing, initial-, mid- and end-season growth stages-, the soil evaporation parameters—TEW,
REW and Ze-, the deep percolation parameters aD and bD and the CN of the runoff curve number
algorithm, by minimizing the differences between TSF and simulated Tc act. Daily data of 2011 was
used. An initial set of parameters was selected: crop parameters (Kcb and p) from Allen et al. [4] and
Paço et al [19]; soil evaporation parameters from Paço et al. [19], CN from Allen et al. [72] and DP
parameters from Paço et al. [19]. The initial soil water conditions in 2011 were observed in the field
and consisted of the initial depletion of the evaporation layer, that was 40% of TEW and the initial
depletion in the entire root zone, that was 40% of TAW. A trial and error procedure was then developed
for selecting first the Kcb values. In the following, the trial and error procedure was applied to the p
values, then to the referred soil evaporation, deep percolation and, lastly, to the CN parameters.

The validation of SIMDualKc consisted of using the previously calibrated parameters
(Kcb non-growing, Kcb ini, Kcb mid, Kcb end, p non-growing, p ini, p mid, p end, TEW, REW, Ze, aD, bD and
CN) with daily data of 2012. TSF data relative to 2013 was used for model testing with the same
calibrated parameters. The process of calibration and validation was considered satisfactory when
the goodness-of-fit indicators relative to the validation were within 20% of variation relative to
the calibration.

A set of goodness-of-fit indicators were used to assess the model accuracy, as in prior studies with
SIMDualKc. These indicators are fully described by Pereira et al. [37]. They included a linear regression
coefficient (b0) of the regression forced through the origin between observed TSF and predicted
Tc act and the determination coefficient R2 of the ordinary least squares regression. A regression
coefficient b0 close to 1.0 indicates that the predicted values are statistically close to the observed
ones and a determination coefficient R2 near 1.0 indicates that most of the variance of the observed
values is explained by the model estimates. Errors of estimation were assessed using the root mean
square error (RMSE) and the average absolute error (AAE) as indicators. Targeted values for error
indicators are 0.0 which corresponds to a perfect match between simulated and observed values.
In addition, to assess any bias tendency of the estimations, the percent bias (PBIAS, %) was used.
The PBIAS measures the average tendency of predictions to be larger or smaller than the corresponding
observations, with positive values indicating an over-estimation bias and negative values indicating
an under-estimation bias. To assess the modelling quality, the Nash and Sutcliff [77] modelling
efficiency (EF, dimensionless) was used. The EF is a normalized statistic that determines the relative
magnitude of the residual variance compared to the measured data variance or how well observations
versus simulations fit the 1:1 line [78]. EF values close to 1.0 indicate that the variance of residuals is
much smaller than the variance of observations, thus that model performance is excellent. Contrarily,
when EF is negative this means that there is no gain in using the model, thus that the mean of
observations is as good predictor as the model.

3. Results and Discussion

3.1. Calibration and Validation of SIMDualKc with Sap Flow Data

The initial and calibrated values of the parameters relative to the SIMDualKc model are presented
in Table 2 and they refer to the conditions observed in field. The calibrated Kcb parameters are
smaller than the initial ones, mainly those relative to the non-growing season and the initial periods
(Kcb non-growing and Kcb ini). Differences for Kcb mid resulted relatively small. However, Kcb mid adjusted
to the climate are slightly smaller than reported in Table 2 (0.44 to 0.47) because local climate is dry
and RHmin is small, while Kcb end are slightly increased (0.44 to 0.48) since RHmin is also increased
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by the end-season. The calibrated p parameters closely follow those proposed by FAO56 [4]. Runoff
CN changed little and deep percolation parameters did not change because these parameters were
adjusted in a previous study [19].

Table 2. Initial and calibrated parameters used in SIMDualKc model.

Parameters Initial Calibrated

Crop

Kcb non-growing 0.50 0.30
Kcb ini 0.50 0.30
Kcb mid 0.55 0.48
Kcb end 0.50 0.43

pnon-growing 0.65 0.65
pini 0.65 0.65
pmid 0.65 0.60
pend 0.65 0.65

Soil evaporation
TEW 18 18
REW 9 9

Ze 0.10 0.10

Runoff CN 72 75

Deep percolation aD 246 246
bD ´0.02 ´0.02

Kcb non-growing—basal crop coefficient for the non-growing stage; Kcb ini—basal crop coefficient for the initial
crop development stage, Kcb mid—basal crop coefficient for the mid stage, Kcb end—basal crop coefficient for the
late-season stage, p—depletion fraction, ML parameter, TEW—total evaporable water, REW—readily evaporable
water, Ze—thickness of the evaporation layer, CN—curve number, aD and bD—deep percolation parameters.

Most studies in literature report on actual Kcb values, that is, when the crop was affected by
water stress since deficit irrigation is mostly used in olive orchards. In addition, most studies focus
on the irrigation season only and data relative to other crop growth stages are quite scarce, namely
for the non-growing period and initial crop stage. Moreover, Kcb values reported in literature are
not adjusted to the climate. Therefore, it results difficult to compare our results with those relative
to other studies. Kcb mid values of this study are similar to those reported by Santos et al. [26] when
using remote sensing observations of an olive orchard under water stress conditions. Slightly lower
Kcb mid values were reported by Conceição et al. [59]. Differently, López-Olivari et al [69] reported
much lower Kcb mid values, averaging 0.28, which is likely due to water stress as commonly imposed
by farmers. Higher Kcb mid values (0.58 ˘ 0.14) were reported by Cammalleri et al. [18] for an intensive
olive orchard with fc = 0.35. Er-Raki et al. [20] also reported a higher Kcb mid of 0.54. Much higher
Kcb values were proposed by Allen and Pereira [43]. The p values are similar to those reported by
Er-Raki et al. [20] and by Rallo et al. [79].

Results in Figure 7, comparing model simulated Tc act with transpiration derived from sap-flow
measurements (TSF), show a good agreement between Tc act and TSF along the three years of study.
The dynamics of both Tc act and TSF are coherently described for all three years but fitting is less good
for 2012 due to the heavy frost and subsequent pruning that occurred by that winter. Apparently,
the trees responded well to pruning and that exceptional condition could have justified using specific
Kcb and p values but that option was not adopted because validating the model requires using
the calibrated parameters. However, despite the peculiar condition occurring in 2012, as well as
the uncertainties associated with deriving TSF, model predicted Tc act described reasonably well the
dynamics of transpiration of the olive orchard throughout the three experimental seasons.

69



Water 2019, 11, 383

  
(a) (b) 

 
(c) 

 

Figure 7. Simulated transpiration dynamics (Tc act, —) compared with sap flow adjusted transpiration
(TSF, ‚) in the (a) calibration (2011), (b) validation (2012) and (c) testing (2013).

The goodness-of-fit indicators (Table 3) show a slight tendency for the model to over-estimate
TSF, with b0 = 1.04 and PBIAS = 3.9% in the calibration year; the same trend for over-estimation was
observed in 2012 and 2013, with b0 of 1.03 and 1.17 and PBIAS of 5.2% and 13.3%. The determination
coefficients are high for the first and third years, with respectively R2 = 0.75 and 0.78; due to the
problems identified to 2012, it resulted R2 = 0.60, however reasonably high. These R2 values indicate,
therefore, that a large fraction of the variance of TSF is explained by the model. Estimation errors
are reasonably low, with RMSE ranging from 0.37 to 0.53 mm¨d´1 and AAE ranging from 0.25 to
0.42 mm¨d´1. The modelling efficiency is reasonably high for the calibration year, with EF = 0.57 and
acceptable for the validation and testing years. Overall, results for the goodness-of-fit indicators show
that the predicted Tc act values were statistically close to the sap-flow observed ones and that most
of the variation of the observed values is explained by the model. Higher errors of estimation were
reported by Rallo et al. [79] when using a modification of the FAO56 approach for an intensive olive
orchard, with RMSE ranging from 0.30 to 0.78 mm¨d´1. Er-Raki et al. [20], also reported higher Tc act

estimation errors, with RMSE = 0.59 mm¨d´1.

Table 3. Goodness-of-fit indicators relative to the SIMDualKc simulated transpiration (Tc act) when
compared with transpiration obtained from sap flow (TSF).

n b0 R2 PBIAS
(%)

RMSE
(mm¨̈̈d´́́1)

AAE
(mm¨̈̈d´́́1)

EF

Calibration, 2011 201 1.04 0.75 2.0 0.53 0.42 0.57
Validation, 2012 338 1.04 0.60 3.0 0.47 0.36 0.25

Testing, 2013 111 1.17 0.78 13.3 0.37 0.25 0.35

n = number of observations, b0 = regression coefficient, R2 = determination coefficient, PBIAS = percent bias; RMSE
= root mean square error, ARE = average relative error, AAE = average absolute error, EF = modelling efficiency.
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The dynamics of the actual crop evapotranspiration (ETc act) simulated along 2011 and 2012,
which was computed with the calibrated model parameters of Table 2, is presented in Figure 8. ETc act

are compared with evapotranspiration values observed with the eddy covariance system (ETEC).
Despite ETEC observations were in reduced number, they could be used for further validate the model
since results show that the model was able to adequately estimate the dynamics of ETc act during the
mid-season stage when ETEC was measured. The average ETEC value during this stage was 2.5 mm¨d´1

(˘0.41, n = 28). Goodness-of-fit indicators for 2012 show a tendency for the SIMDualKc model to
under-estimate ETEC (b0 = 0.94 and PBIAS = ´6.0%), thus contrary to the tendency observed when Tc act

was compared with TSF. However, given the reduced number of EC observations, it is not possible to
draw a conclusion about model trending. An acceptably high R2 = 0.64 was obtained, which indicates
that a large fraction of the variance of ETEC observations is explained by the model. In addition,
acceptable estimation errors of ETc act were obtained with RMSE = 0.42 mm¨d´1, AAE = 0.35 mm¨d´1

and, consequently, a reasonably good EF value of 0.45 was obtained. Higher estimation errors for
ETc act, ranging from 0.54 to 0.71 mm¨d´1, were reported by Er-Raki et al. [20].

  
(a) (b) 

Figure 8. Actual crop evapotranspiration dynamics measured with Eddy covariance (ETEC, Δ) and
simulated with SIMDualKc (ETc act, —) for (a) 2011 and (b) 2012.

3.2. Dual and Single Crop Coefficients

The standard and actual Kcb curves, the Ke curves and the standard and actual single Kc curves
derived for the 3-year observed hedgerow olive orchard are shown in Figure 9. Precipitation and
irrigation events are also depicted to easily interpreting the behaviour of the Ke, Kcb and Kc curves.
The represented Kcb values were adjusted for climate as a function of wind speed, RHmin and crop
height as proposed in FAO56 [4], so resulting slightly different from those given in Table 2 as referred
before. The time-averaged standard Kc relative to the various crop stages was computed by summing
the standard Kcb of the same crop stages with the daily Ke values computed for the same periods,
that is, Kc = Kcb + Ke. Differently, Kc act = Kcb act + Ke, thus varying daily.

The Kcb and Kcb act curves (Figure 9) are coincident during winter and most of autumn and spring
periods when rainfall was enough to avoid water stress, that is, when Kcb act = Kcb as discussed about
Equation 1. Differently, high water stress occurred during most of the mid-season stage, particularly
during 2012 and 2013, when those curves indicated Kcb act < Kcb. This water stress occurred because
the orchard was under-irrigated following the common practice of deficit irrigation in olive orchards,
in particular because irrigations were started too late in those years. To achieve a eustress irrigation
management it would be desirable that irrigation would start earlier in both 2012 and 2013, eventually
adopting larger irrigation depths applied every two or three days instead of 3 mm depths every
day. However, further studies are required to better defining the best eustress management with
consideration of impacts of transpiration deficits on yields.
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Figure 9. Standard and actual basal crop coefficients (Kcb, Kcb act), evaporation coefficient (Ke) and
standard and actual single crop coefficients (Kc, Kc act) for a super-intensive olive orchard for: (a) 2011,
(b) 2012 and (c) 2013, with depicting precipitation and irrigation events. Kcb (—) Kcb act (- - -) Ke ( . . . )
Kc mean (—) Kc (—) Kc act ( . . . ) precipitation ( ),, irrigation ( ).

Soil evaporation Ke curves show to react daily to the soil wetting events, mainly with various
peaks occurring in response to rainfall events (Figure 9). During the rainfall season, from early autumn
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to early spring, Ke is often high because the inter-row is wide and solar energy is then available at
the soil surface. During mid-season soil evaporation decreases and Ke drops because soil dries and
residues of the ground cover vegetation act as an organic mulch to limit evaporation. Ke peaks are
much small during most of the mid-season stage because irrigation was applied along the row of trees,
so under crop shadow, thus resulting in limited energy available for evaporating the irrigation water.

Differently of the time-averaged standard Kc curves, the Kc act curves show numerous peaks in
response to the rainfall events (Figure 9) since these curves represent Kc act = Kcb act + Ke as referred
above. The Kc and Kc act curves are coincident in the periods without water stress, thus during the
rainy season, roughly from October to May. The standard and actual Kc values during the non-growing
periods and the initial stage are highly dependent upon the precipitation amounts. Differently, the Kc act

curves lay bellow the Kc curve under water stress conditions during mid-season.
Figure 9 clearly shows the contrasting behaviour of standard Kc and Kcb. The above described

dynamics of Kc curves, particularly the dependence of Kc values from soil evaporation, mainly due
to soil wettings by precipitation, explains why the time-averaged standard Kc mid is smaller than
Kc non-growing and Kc ini, that refer to the rainy season, while the higher standard Kcb values are for the
mid-season, Kcb mid, thus when transpiration is higher under irrigation.

The time averaged Kc are presented in Table 4 for all crop stages of 2011, 2012 and 2013. Kc ini

values, ranging 0.70 to 0.96, are in the range of values reported for intensive olive orchards [43,80,81].
The Kc mid values ranged 0.70 to 0.78, which are comparable with values reported by various
authors [18,43,81,82]. Kc values for the late season (0.79 to 0.90) increased relative to the mid-season
due to the occurrence of various precipitation events. High Kc end values found in the present study
are comparable with those reported by Testi et al. [80].

Table 4. Time-averaged crop coefficients (Kc) for the different crop growth stages.

Crop Growth Stages 2011 2012 2013

Non-growing * 0.91 0.77 0.75
Initial 0.96 0.70 0.96

Crop development 0.96–0.78 0.70–0.66 0.96–0.68
Mid-season 0.78 0.66 0.68
Late season 0.78–0.79 0.66–0.90 0.68–0.83
End season 0.79 0.90 0.83

* average value relative to both non-growing periods, by the end and the beginning of the year.

3.3. Kcb Predicted with the A&P Approach vs. Kcb Obtained with SIMDualKc

The A&P approach (Section 2.4, Allen & Pereira [43]) was applied with fc and h data observed
along the three seasons. The dynamics of fc and h are presented in Figure 10a in conjunction with the
corresponding computed values for Kcb (Kcb A&P), which are compared with the standard Kcb obtained
with SIMDualKc for the same days (Kcb SIMDualKc), resulting a close match (Figure 10b) except for the
cases that follow the heavy frost with great defoliation and severe pruning in the winter of 2012.

When computing the density coefficient Kd (Equation (3)) the value ML = 1.5 proposed by Allen
and Pereira [43] was used. Nevertheless, because insufficient information on shadowing was available,
it was assumed fc = fc eff¨Kcb full (Equation (5)) was computed with observed weather data for the
various crop stages and considering the observed crop height. The Fr values were obtained after
applying a simple trial and error procedure against the values obtained by the model. That trial and
error procedure was initiated with the value Fr = 0.48 proposed by Allen and Pereira [43] for the entire
season and olive orchards without ground cover but just with residues of old leaves. The resulting
value for the non-growing and the initial stages was Fr = 0.49, thus about the same as the proposed one,
while values for both the mid- and late-season were respectively 0.55 and 0.53. These slightly higher
values of Fr were likely due to the fact that less stomatal control was required by Arbequina olives
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under irrigation. Nevertheless, the estimated Fr = 0.48 proposed by Allen and Pereira [43] would also
provide for quite good Kcb estimations.

 

Figure 10. (a) Fraction of ground cover (fc, x) measured and/or derived from SAVI and olives height (h,
Δ) observed and (b) Kcb estimates using the A&P approach (�) compared with the Kcb curve computed
with the SIMDualKc model (—) for the period 2011 to 2013.

For the period from November to April, Kcb were computed from Kd with Equation 4b relative to
the case when active ground cover exists. A variable Kcb cover, from 0.004 to 0.01, was used. For May to
October, the Equation 4a was used with Kc min = 0.15

Results in Figure 10b show that Kcb computed with the A&P approach match quite well the
Kcb SIMDualKc except for the cases that follow the heavy frost that occurred in the winter of 2012,
which produced a great defoliation and required a severe pruning. Consequently, Kcb A&P were then
smaller than the Kcb non-growing obtained with SIMDualKc. For all other cases, Kcb A&P values were
close to the Kcb SIMDualKc estimates.

The regression coefficient relating both Kcb sets (Figure 11) results close to the unit (b0 = 0.97),
thus indicating a good overall match, while the determination coefficient is high (R2 = 0.77).
The estimation of Kcb A&P approach has a small RMSE of 0.05 relative to the modelled Kcb SIMDualKc
values. Comparing the mean square error of Kcb A&P with the variance of the Kcb SIMDualKc values
it resulted a high EF of 0.76. In conclusion, results of comparing both sets of Kcb values indicate
that the A&P approach is adequate for estimating Kcb values to be used when assessing crop water
requirements for olives and to support irrigation management decision making.
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Figure 11. Linear regression forced to the origin of the Kcb values estimated with the A&P approach
compared with the Kcb values obtained from the SIMDualKc model; also depicted the 1:1 line (- - -).

3.4. Water Balance and Respective Components

The terms of the soil water balance computed with the SIMDualKc model are presented in Table 5.
There are appreciable differences among years which mainly steam from the differences in precipitation
(P, mm). This is particularly the case of deep percolation and runoff (DP and RO, mm), which are
much higher in the wet year of 2013, representing 47% of precipitation, which contrast with smaller
DP and RO values in 2011 that represent 34% of the precipitation total. Those percent values indicate
that most of precipitation, 53 to 66%, was used by the crop. As it could be expected, the larger amount
of DP and RO occurred during the non-growing, initial, crop development and late season crop
stages, that is, during the rainy season, which coincides with the period when crop water demand,
evapotranspiration, is smaller as analysed relative to Figures 7 and 9. However, the distribution of
DP and RO throughout the year varied enormously as a consequence of the inter- and intra-annual
variability of the precipitation, as it may be noticed in Figure 1. DP and RO were very small during the
mid-season and their occurrence refers only to a few rainfall events. The use of small drip irrigation
applied depths makes that DP and RO are not originated by irrigation; moreover, the deficit irrigation
management adopted also, likely, did not influence DP or RO occurrences.

The soil water storage (ΔSW, mm) at end of each crop stage and of the year greatly varied inter
and intra-annually, mostly due to the referred variability of precipitation and likely less influenced by
irrigation management as indicated by similar ΔSW values at end of the late season. This fact agrees
with the conclusion that the adopted deficit irrigation management did not contribute to operational
water losses.

Because rainfall was very small during the periods of large crop water demand, irrigation
represented 39%, 56% and 50% of ETc act respectively in 2011, 2012 and 2013. Overall, irrigation
occurred during the mid- and late season, mainly the former. These results show the great contribution
of irrigation to achieve successful olives growth and yields, particularly in case of super-intensive olives
orchards. Naturally, most of evapotranspiration occurred during the mid-season and, however less
important, during the late-season. Soil evaporation exceeded transpiration during the non-growing
and initial crop stages because Es mostly originated from the inter-row when wetted by rainfall.
The large values of Es estimated for the mid-season were mostly due to rainfall events that occurred
early in that season; similarly, most of Es estimated for the late season also were due to rainfall events
wetting the exposed inter-row. Es originated from irrigation was reduced because energy available
under the canopy shadow was little.
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Table 5. Simulated soil water balance components (all variables in mm).

Crop Growth Stages Year P I ΔSW RO DP Es Tc act ETc act

Non-growing
2011 189 0 ´20 11 54 70 34 104
2012 76 0 35 0 30 37 45 82
2013 224 0 ´20 12 85 63 43 106

Initial
2011 37 0 ´16 0 3 11 7 18
2012 36 5 8 0 0 20 30 50
2013 106 0 ´15 5 54 23 10 33

Development
2011 95 0 15 18 11 27 54 81
2012 33 4 14 0 0 21 30 51
2013 159 0 40 31 89 38 41 79

Mid-season
2011 203 260 63 1 28 186 311 497
2012 13 299 ´4 0 0 117 191 308
2013 29 358 54 0 0 173 269 442

Late season
2011 141 59 ´77 10 2 48 63 111
2012 353 42 ´89 70 102 60 74 134
2013 218 34 ´58 27 45 55 62 117

Full year
2011 665 319 ´35 40 98 342 469 811
2012 511 350 ´36 70 132 255 370 625
2013 736 392 1 75 273 352 425 777

P = precipitation, I = net irrigation depths, ΔSW = variation in stored soil water, RO = runoff, DP = deep percolation,
Es = soil evaporation, Tc act = actual crop transpiration, ETc act = actual crop evapotranspiration.

The consumptive use of water is analysed in Table 6. The ratios of Es/ETc act show that Es

represents 45 to 67% of ETc act during the non-growing stage and 40 to 70% during the initial crop stage.
These periods are those when more precipitation occurs, so where the soil is frequently wetted by rain
and soil cover is less, particularly in the inter-row. Thus, soil evaporation is the main consumptive
water use during those stages. During the crop development, mid-season and late season stages,
transpiration becomes the most important, corresponding to 52 to 67% of ETc act. The variability of
the ratio Es/ETc act is then quite small, depending upon the occurrence of precipitation, which is the
main source of soil wetting in the inter-row and of the subsequent evaporation. Es could likely be
reduce if less frequent but larger irrigation amounts would be used instead of daily irrigation events
averaging 3 mm per event. Es/ETc act ratios smaller than those computed in this study were reported
by various researchers but referring to the irrigation season only [18,20,69]. Less frequent irrigations
are also referred in these studies.

Table 6. Ratios of soil evaporation to actual evapotranspiration (Es/ETc act, %) and of actual to potential
evapotranspiration (ETc act/ETc %).

Years
Non-Growing

Periods
Initial Development Mid-Season Late-Season Whole Year

Es/ETc act
(%)

2011 67 61 33 37 43 42
2012 45 40 41 38 45 41
2013 59 70 48 39 47 45

ETc act/ETc
(%)

2011 100 100 100 94 88 97
2012 100 100 98 70 99 82
2013 100 100 100 78 100 86

Results relative to the ratio ETc act/ETc (Table 6) show that ETc act was smaller by 3%, 18% and
14% relative to the potential ETc in 2011, 2012 and 2013, respectively. During the mid-season, that ratio
ETc act/ETc was small for the years of 2012 and 2013, when ETc act was smaller by respectively 30%
and 22% comparatively to the potential ETc. Those decreases are likely excessive as analysed before
(Figure 9) and may have affected yields, namely that of 2012. Adopting eustress irrigation, the ratio
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ETc act/ETc should likely not decrease below 90%. However, this threshold needs to be better assessed
in terms of yield and economic impacts.

4. Conclusions

The calibration, validation and testing of the SIMDualKc model for a super high density Arbequina
olive orchard was successfully performed using measurements of sap flow plant transpiration and
eddy covariance evapotranspiration. Three years of field studies, from 2011 to 2013, were used,
which made it possible to partitioning olive orchard ET into actual transpiration and soil evaporation.
The results showed a good accuracy of the model to simulate transpiration during both the growing
and non-growing seasons. Goodness of fit indicators were less good for 2012 when the orchard suffered
an intense defoliation following a great frost and, later, a heavy pruning. However, the model could
well represent the dynamics of evapotranspiration, transpiration and soil evaporation throughout the
three years.

The calibration of the model and its validation and testing provided for updated basal and single
crop coefficient curves for potential and actual crop water use, as well as soil evaporation coefficients.
The standard Kcb were close to 0.30 during the non-growing and initial crop stages and 0.48 during the
mid-season. Differently, the standard Kc varied from 0.70 to 0.96 during the non-growing and initial
crop stages and decreased to 0.66 to 0.78 during the mid-season. The variability of standard Kc values
results from the fact that, contrarily to Kcb, the Kc values depend upon soil evaporation, consequently
also upon precipitation. It may be concluded that for perennial crops, as olive orchards and other
woody crops, it is important to focus on using the dual instead of single Kc, thus in using basal Kcb.

The A&P approach for estimating Kcb values from the fraction of ground cover and crop height
was tested against the Kcb values obtained with the model SIMDualKc after calibration. The Kcb
obtained with A&P matched well the Kcb values obtained from SIMDualKc. Thus, results allow
assuming that the A&P approach is useful to accurately estimating the Kcb values required to assess
crop water requirements and deciding irrigation management practices of olives orchards. Likely,
that conclusion may be extended to other crops under condition of properly parameterizing Kcb full
used for computing Kcb from fc and h.

For the three years, deep percolation and runoff totalized 34% to 47% of the precipitation, thus with
most of precipitation being used as crop evapotranspiration. Those percent values highly depend upon
the annual distribution of precipitation and were not depending upon irrigation because frequent
and small application depths were used. Soil water storage also revealed to vary along the year with
precipitation. Soil evaporation ranged from 42% to 45% of annual olives ET, with Es > Tc act during
the rainy season, the contrary occurring during the irrigation period. This fact also relates with the
above referred irrigation management practiced. Irrigation amounts for 39% to 56% of the actual crop
ET, which confirms the great importance of irrigation for super intensive olive orchards. However,
those amounts correspond to deficit irrigation, with ETc act smaller than potential ETc by 30% and
22% in 2012 and 2013, respectively. Those deficits are apparently excessive relative to a desirable
eustress management that could lead to high yields and save water. Further research is required along
these lines.
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Abstract: A study was carried out to evaluate the potential use of the two-source Shuttleworth and
Wallace (SW) model to compute the intra-orchard spatial variability of actual evapotranspiration
(ET) of olive trees using satellite images and ground-based climate data. The study was conducted
in a drip-irrigated olive orchard using satellite images (Landsat 7 ETM+), which were acquired on
clear sky days during the main phenological stages (2009/10 growing season). The performance
of the SW model was evaluated using instantaneous latent heat flux (LE) measurements that were
obtained from an eddy correlation system. At the time of satellite overpass, the estimated values
of net radiation (Rni) and soil heat flux (Gi) were compared with ground measurements from a
four-way net radiometer and soil heat flux plates, respectively. The results indicated that the SW
model subestimated instantaneous LE (W m−2) and daily ET (mm d−1), with errors of 12% and 10%
of observed values, respectively. The root mean square error (RMSE) and mean absolute error (MAE)
values for instantaneous LE were 26 and 20 W m−2, while those for daily values of ET were 0.31 and
0.28 mm d−1, respectively. Finally, the submodels computed Rni and Gi with errors of between 4.0%
and 8.0% of measured values and with RMSE and MAE between 25 and 39 W m−2.

Keywords: crop water requirements; latent heat flux; remote sensing; olive orchard; spatial variability

1. Introduction

Better water management of irrigation is required to optimize the water productivity of
olive oil production due to water scarcity. Under this scenario, sophisticated irrigation water
management will be required to maintain sufficient levels of productivity and quality [1,2]. For these
objectives, it is necessary to have an accurate estimation of daily actual evapotranspiration (ET)
that is generally computed as a function of reference evapotranspiration (ETo) and crop coefficient
(Kc) [3]. Several researchers also suggested using the dual crop coefficient approach to describe
the ratio of ET to ETo by separating Kc into basal crop coefficient (Kcb) and soil evaporation
coefficient (Ke) [3–5]. However, the values of Kc and Kcb reported in the literature for heteronomous
canopies require local adjustment because they depend on canopy architecture and non-linear
interaction of soil, cultivar, and climate [1,6,7]. For a hedge-pruned olive orchard, Martínez-Cob
and Faci [8] indicated that Kc values depend on the geometric characteristics of the canopy (canopy
shape, distance between trees, etc.) and fractional cover (fc). For a super intensive olive orchard,
Paço et al. [7] suggested that the Kc value is affected by several factors, including the canopy
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architecture, fractional cover, crop management practices, and rainfall variability. For a drip-irrigated
olive orchard, López-Olivari et al. [9] indicated that the ratios of transpiration and evaporation to ETo

could be significantly affected by the irrigation systems, which determine the percentage of wetted area
(Aw) of the soil surface. Allen and Pereira [10] and Paço et al. [7] recommended adjusting the ET/ETo

ratios using fc and tree height, according to a density coefficient (Kd) that describes the increase in
Kc with an increase in canopy size. Pôças et al. [11] for olive orchard improved the estimation of crop
coefficients using remotely sensed vegetation indices and the SIMdualKc soil water balance model.
Cammalleri et al. [6] also evaluated a remote sensing-based approach to estimate olive ET, combining a
modified version of the standard FAO-56 dual crop coefficient procedure and Penman-Monteith (PM)
equation with actual canopy characteristics (i.e., leaf area index, albedo, and canopy height) that
were derived from optical remote sensing data. Finally, Er-Raki et al. [12] evaluated the potential of
assimilating ET derived from satellite thermal infrared observations to improve the ET simulation
performances from the FAO-56 single crop coefficient approach.

Several studies indicated that the two-layer model of Shuttleworth and Wallace (SW) could be
used to estimate ET directly without using crop coefficients [13–17]. The SW model can estimate soil
evaporation and transpiration separately and has been widely used to estimate ET for homogeneous
(sorghum, corn, and wheat) and heterogeneous (vineyards and orchards) canopies [14,18–21].
For heterogeneous canopies, such as vineyards and orchards, the SW approach has been able to
estimate ET with errors ranging between 6% and 25%. In a furrow-irrigated vineyard (fc = 0.35),
Zhang et al. [20] indicated that the SW model overestimated latent heat flux (LE) with an index of
agreement (Ia) = 0.75 and a mean absolute error (MAE) = 39 W m−2, while Zhang et al. [22] noted
that the SW model overestimated ET by 25.2% in a furrow-irrigated vineyard. For drip-irrigated
vineyards (fc = 0.30), Ortega-Farías et al. [14] observed that the SW model was able to predict ET with
a root-mean-square error (RMSE) = 0.51 mm d−1 and an MAE = 0.41 mm d−1. In a furrow-irrigated
vineyard (fc = 0.30), Zhao et al. [23] observed that the SW model estimated ET with a RMSE and
MAE of 0.68 and 0.52 mm d−1, respectively. In a drip-irrigated olive orchard, Ortega-Farías and
Lopez-Olivari [24] observed that the SW model overestimated LE by approximately 2% of measured
values, with a RMSE = 28 W m−2 and Ia = 0.98. This study also indicated that the SW model was very
sensitive to errors in the values of stomatal resistance (rst) and leaf area index (LAI). On this matter,
Brenner and Incoll [25] indicated that the SW model overestimated crop transpiration of sparsely
vegetated shrublands due to the over-estimation of the radiation that is absorbed by the canopy.

The traditional approach of SW model does not consider the effect of intra-orchard spatial
variability of soil and canopy vigor on the estimation of ET. Canopy covers of commercial olive orchards
are generally incomplete as a result of the canopy geometry that depends on canopy size, leaf area index,
and plant density [26]. The canopy training system and associated canopy geometry may significantly
affect the partitioning of Rn into LE, H, or G and thus orchard water requirements. To include the
effect of intra-field spatial variability into the SW model, the instantaneous values of net radiation (Rni)
and soil heat flux (Gi) over orchards can be estimated using remote sensing images. In this regard,
several studies have suggested that Rni and Gi can be adequately estimated in heterogeneous canopies
using satellite images. In a drip-irrigated olive orchard, Ortega-Farías et al. [27] indicated that Rni

was estimated with an error of 3% of measured values when using thermal and multispectral images
from the Landsat platform. In a drip-irrigated vineyard, Carrasco-Benavides et al. [28] using Landsat
7 images observed that the METRIC model estimated Rni and Gi with an error of 11% and 5% of
measured values, respectively. However, the estimation of ET from the METRIC model requires the
selection of the two “anchor” pixels, which is subjective and depends on the ability of the operator in
search and isolate of the most appropriate hot and cold pixels [29–31]. For drip-irrigated olive orchards
(fc < 0.3), the selection of the hot and cold pixels is critical because sensible heat flux (H), which is
produced at the soil surface, is the main component of energy balance and plays a key role in the tree
transpiration and stomatal closure [24].
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Dhungel et al. [32] successfully used remote sensing tools to facilitate a comparison of different
parameterizations to estimate LE over sparse canopies. This comparison was conducted using gridded
weather and Landsat satellite data, such as instantaneous values of ET, surface roughness (Zom),
emissivity (ε0), albedo (α), and leaf area index (LAI), to parameterize the Penman-Monteith (PM)
equation. According to our knowledge, there is no available information about the estimation of
the intra-orchard spatial variability of olive ET using ground-based weather measurements and
remote sensing images as inputs to the SW model. Thus, the main objective of this study is
to evaluate the potential use of the two-source SW model to compute the intra-orchard spatial
variability of ET of a drip-irrigated olive orchard using satellite images and ground-based climate
data. Moreover, the sub-models that were used to estimate the instantaneous values of latent heat
flux (LEi), available energy (Ai), net radiation (Rni), and soil heat flux (Gi) were also evaluated for the
main phenological growth stages of olive trees.

2. Materials and Methods

2.1. Study Site Description

Measurements were collected in a drip-irrigated commercial olive orchard (Olea europaea L.
cv Arbequina) that was located in Pencahue, Maule Region, Chile (35◦23′ S, 71◦44′ W, WGS84, 96 m
above sea level) during the 2009–2010 season. The study area has a Mediterranean climate with a
medium average temperature of 14.8 ◦C and an accumulated ETo of 1013 mm. The average annual
rainfall in the region is approximately 602 mm, which is falling mainly during the winter (May to
September). The summer period (December to March) is generally hot and dry with a high water
vapor pressure deficit. The soil at the experimental site was classified as Quepo series with a clay
loam soil. The trees were established using a hedgerow system with 5.0 m between rows and 1.5 m
between trees (1333 trees ha−1). The orchard was irrigated by two drippers per tree (2.0 L h−1) spaced
at intervals of 0.75 m along the rows. After irrigation, the percentage of wetted area (AW) by the
drippers located under the tree canopy was 4.5% of the total area.

To evaluate the irrigation management, the midday stem water potential (Ψmd) was measured
using a pressure chamber (PMS Instruments Co., Model 1000, Corvallis, OR, USA). A chosen shoot
(two per tree, one tree per replicate) containing five to six pairs of leaves was encased in a plastic bag
and then wrapped in aluminum foil for (at least) 2 h before being cut [33,34]. In addition, a LI-COR
gas analyzer (Li-6400, LI-COR Inc., Lincoln, NE, USA) was used to measure stomatal resistance (rst) on
two leaves that were directly exposed to the sun and were located on the mid-section of the tree [35].
The Ψmd and rst measurements were collected from exposed leaves on 10 trees that were located on
both sides of the olive rows. Finally, the LAI was measured weekly using a plant canopy analyzer
(LAI-2000, LI-COR, Lincoln, NE, USA), which was calibrated according to Lopez-Olivari et al. [9].
Also, it is important to indicate that Ψmd and rst were measured at the time of satellite overpass.

2.2. Measurements of Climate and Energy Balance Data

Two towers (4.8 m height) were installed on a flat and homogeneous plot (6.45 ha) in an olive
orchard to measure the surface energy balance components and micrometeorological variables at
intervals of 30 min. Hobo sensors (Onset Computer, Inc., Bourne, MA, USA) were used to measure
relative humidity (RH) and air temperature (Ta). An anemometer (03101-5, R. M. Young Co.,
Traverse City, MI, USA) and a pluviometer (A730RAIN, Adcon Telemetry, Klosterneuburg, Austria)
were used to measure wind speed (u) and precipitation (Pp), respectively. The net radiation (Rn) was
measured with a four-way net radiometer (CNR1, Kipp & Zonen, Delft, The Netherlands). Finally,
the sensors to measure u, Pp, Ta, RH, and Rn were located at 1.9 m above the tree canopy.

Soil heat flux was estimated through the use of eight flux plates installed on either side of the
rows (four plates in the inter row and four plates below the row). This arrangement considers the
row shade effect throughout the day [36]. The flux plates with a constant thermal conductivity (HFT3,
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Campbell Sci., Logan, UT, USA) were installed at a depth of 0.08 m. Additionally, two averaging
thermocouple probes (TCAV, Campbell Sci., Logan, UT, USA) that were used to measure soil
temperature were installed above each flux plate at depths of 0.02 and 0.06 m. All of the thermocouple
probe signals were recorded on an electronic datalogger (CR3000, Campbell Sci, Logan, UT, USA) with
a thirty-minute interval. Finally, soil heat flux was calculated at each position by adding the measured
flux at 0.08 m to the heat that was stored in the layer above the heat flux plates [9,37].

The latent (LE) and sensible (H) heat fluxes were measured with an eddy covariance (EC) system,
which is composed of a three-dimensional sonic anemometer (CSAT3, Campbell Scientific Inc., Logan,
UT, USA) and an infrared gas analyzer (LI-7500, LI-COR Inc., Lincoln, NE, USA). The fluxes were
registered at 1.6 m above the canopy at intervals of 10 Hz and were stored on a data logger (CR5000,
Campbell Scientific Inc., Logan, UT, USA). Finally, a post-processing step was conducted to correct the
sonic temperature due to crosswind influences [38] and water vapor density due to the influences of
the fluctuations in temperature and humidity [39].

To reduce the uncertainty that is associated with the errors in the LE and H measurements,
entire days were excluded from the study when the ratios of (H + LE) to (Rn − G) were outside the
range between 0.8 and 1.2 [9]. Assuming that the measurements of Rn and G were representative of
the available energy over the olive orchard, the fluxes of H and LE were forced to close the energy
balance using the Bowen ratio approach (B = H/LE) [8,24,36,40]:

LEB =
(Rn − G)

(1 + B)
(1)

HB =
(Rn − G)(
1 + B−1

) (2)

On a daily basis, the olive ET was calculated, as follows:

ETEC =
∑24

n=1 LEB n

λρw
1.8 (3)

where ETEC is the actual evapotranspiration of the olive orchard measured by the EC system (mm d−1),
1.8 is a conversion factor, λ is the latent heat of vaporization (1013 MJ kg−1), ρw is the water density
(1000 kg m−3), and n is the number of measurements during a 24-h period. The subscript B indicates
that turbulent fluxes were recalculated using the Bowen ratio approach.

2.3. Shuttleworth and Wallace Model Description

At the time of satellite overpass, the SW model can estimate latent heat flux over olive orchards
as the sum of the Penman-Monteith equation for evaporation and transpiration weighted by a set
of coefficients that account for the combination of soil and canopy resistances. This can be done as
follows [41]:

LEi = Ti + Ei (4)

Ti = Cc

ΔAi +
(
ρaCpDi−Δrc

aAsi
ra

a+rc
a

)
Δ + γ

(
1 + rc

s
(ra

a+rc
a)

) (5)

Ei = Cs

ΔAi +
(
ρaCpDi−Δrs

a(Ai−Asi)
ra

a+rs
a

)
Δ + γ

(
1 + rs

s
(ra

a+rs
a)

) (6)

where LEi is the instantaneous latent heat flux computed from the SW model (W m−2), Ti is the latent
heat flux from the tree transpiration (W m−2), Ei is the latent heat flux from soil evaporation (W m−2),
CC is the canopy resistance coefficient (dimensionless), CS is the soil surface resistance coefficient
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(dimensionless), Δ is the slope of the saturation vapor pressure curve at the mean temperature
(kPa ◦C−1), Ai is the available energy leaving the complete canopy (W m−2), ASi is the available energy
at the soil surface (W m−2), CP is the specific heat of the air at a constant pressure (1013 J kg−1 K−1),
Di is the water vapor pressure deficit at the reference height (kPa), rc

a is the bulk boundary layer
resistance of the vegetative elements in the canopy (s m−1), ra

a is the aerodynamic resistance between
the canopy source height and reference level (s m−1), γ is the psychrometric constant (kPa ◦K−1), rc

s is
the canopy resistance (s m−1), rs

a is the aerodynamic resistance between the soil and canopy source
height (s m−1), and rs

s is the soil surface resistance (s m−1). Subscripts “i” denote the values that are
computed at the time of satellite overpass.

2.4. Estimation of Resistances

Values of rc
s and rc

a are calculated as:
rc

s =
rst

LAI
(7)

rc
a =

rb
LAI

(8)

where rst is the mean stomatal resistance (s m−1), rb is the mean boundary layer resistance (s m−1)
and LAI is the leaf area index (m2 m–2). For this study, rb was assumed to be equal to 25 s m−1, and a
constant value of rs

s = 2000 sm−1 was used because of the dryness of the soil surface (between rows)
during the study periods [41]. Additionally, a mean value of measured rst = 235 (±60.84) s m−1 was
used for the simulation period. Finally, general descriptions of ra

a, rs
a, Cs, and Cc can be found in

Shuttleworth and Wallace [41] and Ortega-Farías et al., 2007 [21].

2.5. Estimation of Available Energy at the Time of the Satellite Overpass

The instantaneous values of available energy over the canopy (Ai) and soil surface (ASi) can be
calculated as:

Ai = Rni − Gi (9)

Asi = RnSi − Gi (10)

where Rni is the net radiation (W m−2), Gi is the soil heat flux (W m−2) and RnSi is the net radiation
on the surface of the ground (W m−2), which can be calculated using Beer’s law, through the
next expression:

RnSi = Rni × exp(−C × LAI) (11)

where C is the extinction coefficient of the net radiation of the crop (dimensionless). In this study,
a mean value of measured LAI = 1.29 (±0.07) was used as a constant while C was assumed to be
0.66 [24]. Values of Rni were obtained, as follows [42]:

Rni = (1 − αi)× Rs↓ + RL↓ − RL↑ − (1 − ε0)× RL↓ (12)

where αi is the surface albedo, Rs↓ is the short-wave incident radiation (W m−2), RL↓ and RL↑ are
the incoming and outgoing long-wave radiation, respectively, and ε0 corresponds to the superficial
emissivity. The values of RL↓ and RL↑ were obtained as:

RL↑ = ε0 × σ× T4
s (13)

RL↓ = εa × σ× T4
a (14)

where σ is the Stefan-Boltzmann constant (5.67 × 10−8 W m−2 K−4), Ts is the superficial temperature
(◦K), ε0 is the “broad-band” surface emissivity (dimensionless), Ta is the near-surface air temperature
(◦K), and εa is the effective atmospheric emissivity (dimensionless). The methodologies to estimate
ε0, εa, and Ts are indicated by Allen et al. [42].
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Gi was calculated using the following empirical relation [26]:

Gi = 0.3236 × Rni − 51.52 (15)

2.6. Instantaneous to Daily Extrapolation of Actual Evapotranspiration

Using multispectral and thermal images from the Landsat satellite and ground-based weather
data, the daily ET was computed for each image pixel using the following equations [28,42]:

ETi = 3600
LEi

ρwλ
(16)

EF =
ETi

EToi
(17)

ETsw = EF × ETo (18)

where ETi is the instantaneous ET computed from the SW model (mm h−1), ρw is the density of
water (1000 kg m−3), λ is the latent heat of vaporization (J kg−1), EToi is the instantaneous reference
evapotranspiration (mm h−1), ETsw is the daily actual evapotranspiration estimated using the SW
model (mm d−1), ETo is the daily reference evapotranspiration (mm d−1), and EF is the reference
evapotranspiration fraction.

2.7. Image Processing

Seven Landsat (7 ETM+) satellite images were downloaded from the USGS GloVis web platform
for free (http://glovis.usgs.gov) using the coordinates WRS-2 Path/Row: 233/85 (Table 1). The SLC
instrument suffered a problem in 2003; thus, the images have lines of pixels without information.
A method that was proposed by Storey et al. [43] was implemented to fill the pixels without
data. This method estimates the value of the pixel based on the neighboring pixels in an image
taken on a similar date. The estimations present good results in most of the images, but not in
images with abrupt temporal transitions [44]. Also, the image processing for satellite information
considered the methodology that was proposed by Allen et al. [42], aiming to generate radiometric
and atmospheric corrections.

Table 1. Images selected for processing the Shuttleworth and Wallace model (SW) and main
phenological stages of a drip-irrigated olive orchard.

Date Day of Year Overpass Time Scene Cloud Cover
Phenological Stages

(dd-mm-yy) (DOY) (UTC) (%)

4/02/2009 35 2:24:02 p.m. 1 FC
20/02/2009 51 2:24:12 p.m. 2 FC
3/11/2009 307 2:24:42 p.m. 7 F
5/12/2009 339 2:25:05 p.m. 21 FS
21/12/2009 355 2:25:21 p.m. 1 PH
6/01/2010 6 2:25:38 p.m. 1 PH
22/01/2010 22 2:25:52 p.m. 0 PH

F = flowering; FS = fruit set; PH = pit hardening; FC = fruit colouring.

Multispectral and thermal data from each satellite image were processed pixel by pixel to estimate
LEi, Rni, Gi, and ETi. In this regard, the satellite images were obtained from November to February
where the main phenological periods were observed in the drip-irrigated olive orchard (Table 1). Finally,
it is important to indicate that the number of days with a complete data set (satellite images and EC
fluxes) was limited by cloudiness when the satellite overpassed the experimental site and persistent
noise of the EC system (instrumental problems and flow distortion through the tower). For these
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reasons, several researchers have used a limited number of images to evaluate the satellite-based
remote sensing (SBRS) models [6,45–49].

2.8. Statistical Analysis

The SW model used to compute the instantaneous latent heat flux (LEi) and daily actual
evapotranspiration (ETsw) was validated using ground-based weather measurements. The validation
was carried out using the ratio of the estimated to observed values (b), root-mean-square error (RMSE),
mean absolute error (MAE), and index of agreement (Ia) [50,51]. The t-test was used to determine
whether the b value was significantly different from unity at the 95% confidence level. In addition,
the sub-models for estimating Ai, Rni, and Gi were included in the validation. Values of RMSE, MAE,
and Ia were computed, as follows:

RMSE =

[
N−1

N

∑
i=1

(Pi − Oi)
2

]0.5

(19)

MAE = N−1
N

∑
i=1

|Pi − Oi| (20)

Ia = 1 −
[

∑N
i=1(Pi − Oi)

2

∑N
i=1

(∣∣Pi − O
∣∣+ ∣∣Oi − O

∣∣)2

]
0 ≤ Ia ≤ 1 (21)

where N is the total number of observations, Pi and Oi are the estimated and observed values,
respectively, and O is the mean of the observed values. Values of RMSE, MAE, Pi, Oi, and O are in
W m−2 or mm d−1

Finally, a sensitivity analysis of the inputs parameters (C, d, LAI, n) and resistances
(rb, rst, ra

a, rc
a, rs

a) was conducted to evaluate their effects on the ability of the SW model for estimating
ETi. In this case, the percent deviation of the mean ETi was computed when the input values of the
parameters and resistances individually varied by +/− 30%.

3. Results

The atmospheric conditions were very dry and hot during the main phenological periods (FS, PH,
and FC) of the olive orchard, which were observed from December to February (Table 1). During this
period, the values of u, Ta and D were between 0.3 and 4.5 m s−1, 28.3–13.4 ◦C, and 0.2–2.9 kPa,
respectively (Figure 1a,b). During the study, four rainfall events were observed with values of less than
5 mm. The accumulated value of ETo from September to March (growing season) was 907 mm while
that from December to March (summer) was 616 mm. During this study, the average values of ETo and
EToi were 6.95 (±0.99) mm d−1 and 0.58 (±0.06) mm h−1, respectively (Table 2). These results indicate
that the drip-irrigated olive orchard was under high atmospheric demand for water vapor (Figure 1).
Under this atmospheric condition, values of Ψmd ranged between −1.37 and −1.49 MPa, indicating
that olive trees were well irrigated during the main phenological periods (F, FS, PH, and FD). Finally,
Figure 1 shows that clear days were observed when the satellite passed over the experimental site.
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Figure 1. (a) Daily variation of net radiation (Rnavg) and reference evapotranspiration (ETo); (b) average
daily values of temperature (Tavg) and average daily values of wind speed (uavg). The vertical bars
indicate the time of satellite overpass (SO). Also, phenological stages are indicated by an abbreviation
followed by an arrow where F = flowering, FS = fruit Set, PH = pit hardening and FC = fruit colouring.

Table 2. Meteorological conditions during the study period.

DOY Date
ETo EToi RH Ta U

(mm d−1) (mm h−1) (%) (◦C) (m s−1)

35 4/02/2009 7.88 0.56 51.94 22.91 0.81
51 20/02/2009 6.88 0.52 54.16 17.92 4.11
307 3/11/2009 5.13 0.54 58.85 14.12 2.33
339 5/12/2009 6.47 0.57 56.12 16.36 1.17
355 21/12/2009 6.69 0.69 47.6 21.29 2.69
6 6/01/2010 7.84 0.6 53.53 21.33 2.69
22 22/01/2010 7.75 0.61 52.99 22.17 1.29

Mean 6.95 0.58 53.6 19.44 2.16
D.E. 0.99 0.06 3.5 3.33 1.15

where ETo = daily reference evapotranspiration, EToi = instantaneous reference evapotranspiration, RH = Relative
air humidity, Ta = Air Temperature and u = wind speed.

At 30 min time intervals, the ratio of (Rn − G) to (H + LE) was 0.89, suggesting that the
orchard energy balance (SEB) was systematically imbalanced by approximately 11% (Figure 2).
Several researchers reported a similar situation where the values of (LE + H) were less than those of
(Rn − G) above olive orchards when the EC technique was used. In flood-irrigated olive orchards,
Williams et al. [52], Ezzahar et al. [53], and Er-Raki et al. [4] reported imbalances ranging between
9% and 26%, while in drip-irrigated olive orchards, Villalobos et al. [54] and Testi et al. [55] indicated
imbalances varying between 5% and 17%. The potential errors can be attributed to the uncertainties in
the measurements of Rn and G [56–58], and energy storage within the olive tree biomass [9,53]. In this
case, Twine et al. [40] suggested that LE and H values from de EC system can be corrected using the
Bowen ratio (β = H/LE) because the different problems affect the measured values of H and LE in a
similar proportion. Using this correction, however, Allen et al. [59] indicated that the lack of closure
can be only attributed to errors in the measurements of H and LE without considering the potential
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bias in Rn-G. According to several researchers, the uncertainties observed in this study are modest and
turbulent fluxes were recalculated using the Bowen-ratio approach [8,24,36,40,60].

Figure 2. Energy balance closure at interval of 30 min for the days when the satellite overpassed the
experimental site. H, LE, Rn, and G correspond to sensible heat flux (W m−2), latent heat flux (W m−2),
net radiation (W m−2), and soil heat flux (W m−2), respectively. The coefficient of determination (R2)
was 0.88 and the (Rn − G)/(H + LE) ratio was 0.89.

3.1. Model Validation of Available Energy, Latent Heat Flux and Actual Evapotranspiration

The model validation of Rni, Gi, and Ai is indicated in Table 3 when using ground-based weather
measurements and satellite images. The results indicated that the sub-model was able to predict values
of Ai with a RMSE = 25 W m−2 and MAE = 21 W m−2. The RMSE and MAE values for Rni were
between 39 and 32 W m−2, while those for Gi were between 33 and 27 W m−2, respectively (Table 3).
The t-test showed that the b values were different from unity, indicating that Ai, Rni, and Gi were
underestimated, with errors ranging between 4% and 8% of observed values in the drip-irrigated olive
orchard. Finally, the comparison between the measured and modeled values in Figure 3 shows that
all points were close to the 1:1 line, suggesting a good performance of the sub-models to estimate
Ai, Rni, and Gi. For Rni and Gi, the results that were observed in this study are similar to those that
are found in literature for heterogeneous canopies, such as orchards and vineyard. For winegrape
(drip irrigated) and table grape (micro sprinkler), Teixeira et al. [61] observed values of coefficient
of determination (R2) = 0.94 and RMSE = 17.5 W m−2 for Rni when using satellite images (Landsat
5 and 7). For a drip-irrigated olive orchard (fc = 0.29), Ortega-Farías et al. [27] found that the METRIC
model underestimated Rni by approximately 3% of the observed values, with RMSE and MAE values
of 40 and 33 W m−2, respectively. In a super intensive olive orchard (fc = 0.3), Ortega-Farías et al. [26]
indicated that the model was able to estimate Rni and Gi, with errors of 5% and 2%, respectively,
when using high-resolution thermal and multispectral data acquired with an unmanned aerial vehicle
(UAV). In a drip-irrigated vineyard (fc = 0.3), Carrasco-Benavides et al. [28] noted that the METRIC
model was able to estimate Rni and Gi, with errors of 11% and 5%, respectively. In an experiment that
was carried out using remote sensing techniques over heterogeneous landscapes, Liu et al. [62] found
RMSE and MAE values of 51 and 25 W m−2, respectively, when Gi was evaluated.
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Figure 3. Comparison between estimated and observed values of instantaneous latent heat flux (LEi)
from the two-source model and instantaneous available energy (Ai) at the time of satellite overpass.
Values of index of agreement (d) for LEi and Ai were 0.8 and 0.82, respectively.

Table 3. Model validation of instantaneous values of net radiation (Rni), soil heat flux (Gi), available
energy (Ai), and latent heat flux (LEi) over a drip irrigated olive orchard. Also, daily actual
evapotranspiration (ETSW) is included in the analysis.

Variable RMSE MAE Ia b t-Test

Rni (W m−2) 39 32 0.79 0.96 F
Gi (W m−2) 33 27 0.5 0.92 F
Ai (W m−2) 25 21 0.82 0.96 F
LEi (W m−2) 26 20 0.8 0.88 F

ETSW (mm d−1) 0.31 0.28 0.95 0.90 F

where RMSE = Root mean square error, MAE = Mean absolute error, b = Ratio of estimated to observed values and
Ia = Index of agreement. T = null hypothesis (b = 1) True; F = alternative hypothesis (b 
= 1).

Table 3 indicates that the SW model underestimated LEi by approximately 12% of observed
values, with RMSE = 26 W m−2 and MAE = 20 W m−2 (Table 3). In addition, the comparisons between
the observed and estimated values of LE at the time of satellite overpass show that most of the
points are close to the 1:1 line (Figure 3). Furthermore, the model validation indicated the SW model
was able to simulate the ET with RMSE and MAE values that are equal to 0.31 and 0.28 mm d−1,
respectively (Table 3). Additionally, the statistical analysis indicated that the ratio of ETsw/ETEC was
significantly different from unity, suggesting that the SW model underestimated ET with an error of
10% of observed values. In this regard, Figure 4 shows that all of the points were distributed below the
1:1 line. In a super intensive olive orchard (fc = 0.3, LAI = 1.3), Ortega-Farías and Lopez-Olivari [24]
indicated that the SW model overestimated LEi and ET by approximately 2% and 6% of observed
values, respectively, suggesting that the model was very sensitive to errors in the estimation of rst and
LAI. Finally, in a furrow-irrigated vineyard (fc = 0.35, IAF = 2), Zhang et al. [20] observed MAE values
about of 39 W m−2 when SW model was evaluated.
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Figure 4. Comparison between estimated and observed values of daily actual evapotranspiration
of a drip irrigated olive orchard. (ETsw). Index of agreement (Ia) for ETsw was equal to 0.95.
This comparison was done using days when satellite images were available.

3.2. Sensitivity Analysis

Table 4 indicates that when Rni varied by ±30%, a variation of ±20% was observed in the
estimation of ETi. Also, the results indicated that the sensitivity of the predicted ETi in respect to the
uncertainties in C, d, n, and rb was minimal. In addition, the sensitivity analysis indicated that the
estimation of ETi was significantly affected by variations of ±30% in the values of LAI and rc

s. In this
regard, the values of ETi varied between +15% and −14% and between −13% and +20% when LAI
and rc

s varied by ±30%, respectively. (Table 4). This sensitivity analysis suggests that the ETi that
was estimated using the SW model was very sensitive to Rni, LAI, and rst, but it was not sensitive
to errors in the estimations of ra

a, rc
a, and rs

a. Similar results in a drip-irrigated olive orchard were
observed by Ortega-Farías and Lopez-Olivari [24], who indicated that the ET predicted by the SW
model was sensitive to errors of ±30% in LAI and rst, but was not significantly affected by errors in
the estimation of aerodynamic resistances. Therefore, correct estimations of Rni, LAI and rst become
critical to increasing the accuracy of the SW model.

Table 4. Sensitivity analysis to instantaneous actual evapotranspiration (ETi).

Variables Symbol Parameters 30% −30%

Extinction coefficient of crop for net radiation
(dimensionless) C 0.66 * 0.09 0.53

Zero plane displacement of crop with complete
canopy cover (LAI = 4) (m) d 2.01 * −0.26 3.29

Leaf Area Index (m2 m−2) LAI 1.29 * 13.93 −14.52
Eddy diffusivity decay constant in crop with
complete canopy crop cover (dimensionless) n 2.5 * 2.16 −0.95

Mean boundary layer resistance per unit area
of vegetation (s m−1) rb 25 * 1.87 −1.44

Mean stomatal resistance (s m−1) rst 235 * −13.06 19.96
Aerodynamic resistance between canopy
source height and reference level (s m−1) ra

a ** 4.51 −4.45

Bulk boundary layer resistance of the
vegetative elements in the canopy (s m−1) rc

a ** 1.87 −1.44

Aerodynamic resistance between the substrate
and canopy source height (s m−1) rs

a ** 1.99 −1.61

Bulk stomatal resistance of the canopy (s m−1) rc
s ** −12.82 20.3

Surface resistance of the substrate (s m−1) rs
s 2000 * −3.19 5.93

Instantaneous net radiation (W m−2) Rni ** 20.60 −20.03
Instantaneous Soil heat flux (W m−2) Gi ** −2.18 2.75
Instantaneous available energy (W m−2) Ai ** 17.96 −17.39

* Constant values; ** Computed values.
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3.3. Spatial Variability of Actual Evapotranspiration

For flowering, pit hardening and fruit colouring, maps of the actual evapotranspiration were
generated using the temporal variability of ETsw within the drip-irrigated olive orchard (Figure 5).
While differences were observed in the ETsw values over the entire time series (from 1.34 to 3.69 mm),
the spatial variability for each of these days was low, with a maximum variation between 2.85 and
3.07 mm d−1 (DOY 22). These low variations of the spatially distributed ETsw maps could be associated
with the low intra-orchard spatial variability of Ai (Figure 6), which presented a standard deviation
between 3 and 6 W m−2 for the entire study period. The highest value of Ai was observed on DOY
339 when the Ai ranged between 476 and 494 W m−2. On the other hand, when we consider the
daily variation, the results reflected a low spatial variability of the available energy. These results
are logical when considering that the orchard presents similar management conditions (irrigation
practices, training systems, canopy management, fertilization, among others), which are expressed by
the low spatial variability at the experimental site.

Figure 5. Maps of daily actual evapotranspiration (ET) computed from the SW model using remote
sensing and meteorological data.

Figure 6. Maps of instantaneous Available energy (Ai) generated from satellite images and
ground-based climate data.
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4. Final Remarks

The results that were obtained in this study were similar to those that were reported in the
literature for estimating olive ET when using the traditional approach of SW model [24,26,27].
This approach, however, does not include satellite images to account for the spatial variability of
ET. For the main phenological stages, this study suggested that the SW model that uses satellite
images and meteorological data could be suitable to estimate olive ET on a pixel-by-pixel basis.
For practical application, however, the SW model requires good parameterizations of rst and LAI,
which are included in the formulation of rc

s. According to Ortega-Farías and Lopez-Olivari [24],
the parameterization of rc

s depends on the canopy characteristics, which are mainly expressed by the
training system and plant water status. In this study, the canopy architecture was maintained almost
constant during the study with values of LAI and fc ranging between 1.16–1.38 m2 m−2 and 0.26–0.3,
respectively. Also, the drip-irrigated olive orchard was maintained under non-water stress conditions
(Ψmd > −1.49 MPa), indicating that the constant value of stomatal resistance (235 ± 60.84 s m−1) used
in the SW model was adequate. However, commercial olive orchards that possess different training
systems, tree water status, and canopy sizes require the incorporation of spatially distributed values of
LAI and stomatal conductance to increase the accuracy of the SW model to simulate ET. To accomplish
this task, it is necessary to evaluate sub-models for predicting the spatial variability of Ai, LAI, and rc

s
of olive orchards with different canopy geometry and tree water status. Finally, the results of this study
suggested that the SW model could be used to estimate olive ET as a complement to the satellite-based
remote sensing (SBRS) models, like METRIC.

5. Conclusions

Results of this study suggested that the SW model could be a potential tool to compute spatial
the variability of olive ET when using satellite images and ground-based climate data. In this case,
Rni and Gi were obtained from satellite information and were introduced to the SW model through
Ai. Simulated values of LEi, Rni, Gi, and Ai were generally in good agreement with ground-based
measurements within the olive orchard. In this case, the errors and RMSE ranged between 4% and
12% of observed values and 25–39 W m−2, respectively. For daily water consumption, the results
indicated that the SW model was able to predict olive ET with errors of 10% and RMSE = 0.3 mm
d−1. The observed results were consistent with the literature and are within the acceptable range for
applications of remote sensing models in agriculture. Furthermore, the results also encourage the
continued testing of this methodology in heterogeneous (vineyards and orchards) canopies with the aim
of evaluating the effect of intra-orchard spatial variabilities of soil and canopy vigor on the estimation
of ET. However, the practical application of the SW model requires adequate parameterizations of rst

and LAI of olive orchards under different training and system.
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List of Symbols

Ai Instantaneous available energy leaving the complete canopy (W m−2)
ASi Available energy at the soil surface (W m−2)
AW Percentage of wetted area (%)
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b Ratio of estimated to observed values (dimensionless)
B Bowen ratio (dimensionless)
CC Canopy resistance coefficient (dimensionless)
CS Soil surface resistance coefficient (dimensionless)
C Extinction coefficient of crop for net radiation (dimensionless)
CP Specific heat of the air at constant pressure (1013 J kg−1 ◦K−1)
CV Coefficient of variation (%)
d Zero plane displacement of crop with complete canopy cover (LAI = 4) (m)
Di Water vapor pressure deficit at the reference height (kPa)
Ei Latent heat flux from soil evaporation (W m−2)
EF Reference evapotranspiration fraction (dimensionless)
ET Daily actual evapotranspiration (mm d−1)
ETEC Daily actual evapotranspiration obtained from de eddy covariance (EC) method (mm d−1)

ETi
Instantaneous actual evapotranspiration computed from the Shuttleworth and Wallace (SW)
model (mm h−1)

ETo Reference evapotranspiration (mm d−1)
EToi Instantaneous reference evapotranspiration (mm h−1)
ETsw Daily actual evapotranspiration estimated using the SW model (mm d−1)
fc Fractional crop cover (dimensionless)
G Soil heat flux (W m−2)
Gi Instantaneous soil heat flux (W m−2)
H Sensible heat flux (W m−2)
HB H corrected using the Bowen ratio approach (W m−2)
Ia Index of agreement (dimensionless)
Kc Crop coefficient (dimensionless)
Kcb basal crop coefficient (dimensionless)
Ke soil evaporation coefficient (dimensionless)
LAI Leaf area index (m2 m−2)
LEEC Latent heat flux obtained from the EC method (W m−2)
LEB Instantaneous LE corrected using the Bowen ratio approach (W m−2)
LEi Instantaneous LE estimated using SW (W m−2)
MAE Mean absolute error (dimensionless)
N Total number of observations,
n Eddy diffusivity decay constant in crop with complete canopy crop cover (dimensionless)
Oi Observed values (W m−2 or mm d−1)
O Mean of the observed values (W m−2 or mm d−1)
Pi Estimated values (W m−2 or mm d−1)
Pp precipitation (mm)
RH Relative air humidity (%)
Rn Net radiation (W m−2)
Rnavg Average daily values of net radiation (W m2)
Rni Instantaneous net radiation (W m2)
RnSi Instantaneous net radiation on the surface of the ground (W m−2)
Rs↓ Incident short-wave radiation (W m−2)
RL↓ Incoming long-wave radiation (W m−2)
RL↑ Outgoing long-wave radiation (W m−2)
R2 Coefficient of determination (dimensionless)
rb Mean boundary layer resistance per unit area of vegetation (s m−1)
rc

a Bulk boundary layer resistance of the vegetative elements in the canopy (s m−1)
ra

a Aerodynamic resistance between the canopy source height and reference level (s m−1)
rc

s Canopy resistance (s m−1)
rs

a Aerodynamic resistance between the soil and canopy source height (s m−1)
rs

s Soil surface resistance (s m−1)
rst Mean stomatal resistance (s m−1)
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Ta Air temperature (◦C)
Tavg Average daily values of temperature (◦C)
Ti Latent heat flux from the olive transpiration (W m−2)
Ts Superficial temperature (◦K)
Tn Near surface air temperature (◦K)
u Wind speed (m s−1)
uavg Average daily values of wind speed (m s−1)
Zom Surface roughness (m)
zo Roughness length of crop with complete canopy cover (s m−1)
zó Roughness length of soil surface (s m−1)
α Surface albedo (dimensionless)
αi Instantaneous surface albedo (dimensionless)
εa Effective atmospheric emissivity (dimensionless)
ε0 Superficial emissivity (dimensionless)
λ Latent heat of vaporization (1013 MJ kg−1),
ρw Water density (1000 kg m−3),
σ Stefan-Boltzmann constant (5.67 × 10−8 Wm−2 ◦K−4)
γ Psychrometric constant (kPa ◦K−1)
τsw Wide-band atmospheric transmissivity (dimensionless)
Ψmd Midday stem water potential (MPa)
Δ Slope of the saturation vapor pressure curve at the mean temperature (kPa ◦C−1)
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Abstract: Hydrological modeling at the catchment scale requires the upscaling of many input
parameters for better characterizing landscape heterogeneity, including soil, land use and climate
variability. In this sense, remote sensing is often considered as a practical solution. This study aimed
to access the impact of assimilation of leaf area index (LAI) data derived from Landsat 8 imagery on
MOHID-Land’s simulations of the soil water balance and maize state variables (LAI, canopy height,
aboveground dry biomass and yield). Data assimilation impacts on final model results were first
assessed by comparing distinct modeling approaches to measured data. Then, the uncertainty
related to assimilated LAI values was quantified on final model results using a Monte Carlo method.
While LAI assimilation improved MOHID-Land’s estimates of the soil water balance and simulations
of crop state variables during early stages, it was never sufficient to overcome the absence of a
local calibrated crop dataset. Final model estimates further showed great uncertainty for LAI
assimilated values during earlier crop stages, decreasing then with season reaching its end. Thus,
while model simulations can be improved using LAI data assimilation, additional data sources should
be considered for complementing crop parameterization.

Keywords: biomass; crop transpiration; direct forcing; leaf area index; soil evaporation

1. Introduction

In recent decades, modeling has become an essential part of the decision-making process for
improving irrigation water use [1–4], optimizing fertilization practices [5,6], predicting crop yields [7,8]
and coping with climate change [9,10] at the field and regional scales. However, modeling tools
require first a considerable time investment in calibration to provide feasible results to their users.
This is often accomplished at the plot scale, where most variables influencing crop development
(soil properties, plant physiology, groundwater levels and weather conditions) can be more easily
monitored. The problem often arises when upscaling to the field or regional scales due to the difficulties
in portraying landscape heterogeneity, including soil, land use and climate variability.

Remote sensing technology offers today a potential solution for accurately and reliably describing
the spatial distribution of soil properties and canopy state variables (leaf area index, canopy height,
biomass) at the field and regional scales [11]. A vast number of new satellite sensors (Landsat 8,
Sentinel-2, Spot-6, RapidEye, Huanjing-1) together with versatile, light-weighted and low-cost sensors
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mounted in farm tractors or unmanned aerial vehicles are now available for providing information
with high spatial and temporal resolution to farmers and technicians. This information can potentially
be also assimilated into field or regional scale models, overcoming many constraints in terms of
input parameterization.

The purpose of assimilation is to optimize model input parameters by integrating, both in space
and time, soil or canopy state variables derived from remote sensing methods [12]. Accurate and
up-to-date information has been increasingly available at low cost, which has led to numerous research
studies focusing on assimilation of remote sensing measurements [13–19]. Some of these have estimated
leaf area index (LAI) using different remote sensing data sources, then assimilating those values by
directly replacing the simulated LAI to improve model estimates of the aboveground dry biomass,
yield and crop transpiration [14,17]. Other studies have used more advanced assimilation techniques,
usually based on the Extended Kalman Filter [20] and Ensemble Kalman Filter [21] assimilation
methods, for integrating remote sensing LAI into model simulations [15,16,19]. Overall, regardless of
the technique used, most of those studies concluded that remote sensing provides useful measurements
which can then be used for improving model simulations.

While a wide variety of models exist capable of simulating crop growth processes at the regional
scale, thus portraying landscape heterogeneity at some extent [22–24], fully distributed process-based
models such as MIKE SHE [25], SHETRAN [26] and MOHID-Land [27] are often considered ideal for
further studying distributed state variables (the spatiotemporal variability of soil moisture) and flow
paths (sediment and nutrient transport) [28]. These fully distributed process-based models consider
interactions between multiple components of the soil-water-atmosphere continuum, with fundamental
process being formulated at fine spatial (plot) and temporal scales, contributing to the overall dynamics
at a higher organizational level, such as the watershed [28]. For the case of MOHID-Land, the model
has been used for improving irrigation practices at the plot and field scales [3,29,30], understanding
the contribution of flood events to the eutrophication of water reservoirs [31,32] and forecasting fresh
water quantity and quality in coastal rivers [33]. Extensive calibration has been normally required
for characterizing soil, groundwater, crop and river flow properties. Thus, data assimilation may
have here a decisive contribution for more accurately describing the spatial and temporal variability
of many of the required input parameters. However, the impact of data assimilation on final model
outputs needs to be first assessed.

The main objective of this study was thus to understand the impact of LAI assimilation on
MOHID-Land’s estimates of the soil water balance and crop state variables (LAI, canopy height,
aboveground dry biomass and yield). The hypothesis addressed were that (i) the MOHID-Land
model could accurately estimate the soil water balance and aboveground biomass growth in a
one-dimensional domain; (ii) LAI assimilation could improve simulations of crop development
and (iii) the related uncertainties could be assessed. Results from this study will help to improve
hydrological modeling at the field and regional scales by quantifying the uncertainty related to data
assimilation using the MOHID-Land model.

2. Materials and Methods

2.1. Field Site Description and Data

Field data used in this study was collected at Herdade do Zambujeiro (22 ha), Benavente, southern
Portugal (38◦58′0.97′ ′ N, 8◦44′46.63′ ′ W, 6 m a.s.l.) (Figure 1). The climate in the region is semi-arid
to dry sub-humid, with hot dry summers and mild winters with irregular rainfall. The mean annual
temperature is 16.8 ◦C, with the mean daily temperatures at the coolest (January) and warmest
(August) months reaching 11.4 and 22.7 ◦C, respectively. The mean annual precipitation is 668 mm,
mostly occurring between October and May. The soil was a Haplic Fluvisol [34], with the main
soil physical and chemical properties presented in Table 1. The bottom layers exhibited higher
dry bulk density and lower measured saturated hydraulic conductivity values than the topsoil

102



Water 2018, 10, 1367

layers [3], evidencing some soil compaction due to tillage operations carried out throughout the
years and the relatively high soil moisture that was constant along the seasons because of the shallow
groundwater levels.

Figure 1. Location of the study site.

The MOHID-Land model was previously implemented in the area by Ramos et al. [3].
These authors evaluated the model’s capacity in predicting soil water contents and fluxes and the
evolution of different crop growth parameters, including the leaf area index (LAI), canopy height,
aboveground dry biomass and yields during the 2014 and 2015 maize growing seasons. Details on the
calibration/validation approach can be found in the cited reference. For that, the field was cropped
with maize hybrid P1574 (FAO 600) with a density of approximately 89,000 plants ha−1. Management
practices, including fertilization and irrigation, were performed according to the standard practices in
the region and were decided by the farmer. During 2014, maize was sown on May 24 and harvested
on October 8; the net rainfall reached 163 mm, while the net irrigation amounted 365 mm (Figure 2).
During 2015, maize was sown on April 16 and harvested on September 20; the net rainfall reached only
12 mm, while the net irrigation summed 620 mm (Figure 2). Irrigation was applied with the farmer’s
stationary sprinkler system. Groundwater depth (GWD) varied between approximately 1.5 m depth at
the beginning of the growing season to 1.0 m depth during irrigation, further reaching 0.3 m depth
during September 2014 after successive rain events (Figure 2). Crop stages were set as in Table 2 based
on field observations.

One SM1 capacitance probe (Adcon Telemetry, Klosterneuburg, Austria) and one ECH2O-5
capacitance probe (Decagon Devices, Pullman, WA, USA) were installed at depths of 10, 30 and
50 cm to continuously measure soil water contents. One LEV1 level sensor (Adcon Telemetry,
Klosterneuburg, Austria) was used to continuously monitor the groundwater level (Figure 2). One RG1
(Adcon Telemetry, Klosterneuburg, Austria) and two QMR101 (Vaisala, Helsinki, Finland) rain gauges
were used to measure the amount of water applied per irrigation event.

LAI, canopy height and the aboveground dry biomass were further monitored by harvesting
3 random plants in four locations distributed randomly throughout the field plot, every 15 days,
between May and September, during the 2014 and 2015 maize growing seasons (Table 3). The same
crop parameters were measured at the end of each crop season, but by harvesting all plants in random
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areas of 1.5 m2 (corresponding to approximately 12 plants). The length and width of crop leafs were
measured in every harvested plant and then converted to LAI values as documented in Ramos et al. [4].
The aboveground dry biomass was determined by oven drying maize stems, leaves and grain at 70 ◦C
to a constant weight. Maize yield was obtained from the grain’s dry biomass measured at the end of
each crop season.

Table 1. Main physical and chemical soil characteristics.

Depth (m)
Soil Layers

0–0.2 0.2–0.4 0.4–0.6 0.6–0.8

Coarse Sand, 2000–200 μm (%) 3.4 6.8 11.5 14.7
Fine Sand, 200–20 μm (%) 44.6 47.8 53.6 48.4

Silt, 20–2 μm (%) 33.3 28.1 20.6 23.2
Clay, <2 μm (%) 18.8 17.3 14.3 13.7

Texture Silty Loam Loam Loam Loam
Bulk Density (g cm−3) 1.57 1.52 1.66 1.66

Organic Matter (%) 1.73 0.96 0.57 0.59
θFC (cm3 cm−3) 0.321 0.293 0.311 0.311
θWP (cm3 cm−3) 0.209 0.235 0.223 0.223

Van Genuchten-Mualem Parameters:
θr (cm3 cm−3) 0.078 0.067 0.065 0.065
θs (cm3 cm−3) 0.393 0.356 0.340 0.340

α (cm−1) 0.009 0.016 0.005 0.005
η (-) 1.75 1.31 1.80 1.80
� (-) −1.0 −1.0 −1.0 −1.0

Ks (cm d−1) 500.3 22.6 0.7 0.7

θFC, soil water content at field capacity; θWP, soil water content at the wilting point, θr, residual water content;
θs, saturated water content; α and η, empirical shape parameters; �, pore connectivity/tortuosity parameter;
Ks, saturated hydraulic conductivity.

Time (days)

G
W

D
 (m

)
G

W
D

 (m
)

P 
+ 

I (
m

m
)

P 
+ 

I (
m

m
)

GWD Precipitation Irrigation

0
5
10
15
20
25
30
35

-2.0

-1.5

-1.0

-0.5

0.0

24/05/14 23/06/14 23/07/14 22/08/14 21/09/14 21/10/14

0
5
10
15
20
25
30
35

-2.0

-1.5

-1.0

-0.5

0.0

16/04/15 16/05/15 15/06/15 15/07/15 14/08/15 13/09/15

Figure 2. Daily values of precipitation, irrigation and groundwater depth (GWD) during the 2014 (top)
and 2015 (bottom) crop seasons.
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Table 2. Dates of crop growth stages.

Stage
2014 2015

Days Date Days Date

Initial 31 24 May 37 16 April
Canopy Development 30 24 June 32 23 May

Mid-Season 52 24 July 53 24 June
Late Season 27 14 September 26 16 August

Harvest - 8 October - 20 September

Table 3. Measured values of Leaf Area Index (LAI), canopy height (hc) and aboveground dry biomass
during the 2014 and 2015 crop seasons.

Date
LAI (m2 m−2) hc (m) Biomass (kg ha−1)

Mean Standard Deviation Mean Standard Deviation Mean Standard Deviation

11/06/2014 0.1 0.0 0.14 0.02 48.3 15.3
25/06/2014 1.3 0.1 0.54 0.04 826.7 56.6
10/07/2014 3.2 0.4 1.02 0.10 2906.7 1083.2
24/07/2014 5.6 0.1 2.27 0.23 8279.4 339.2
11/08/2014 6.3 1.0 3.08 0.03 18,593.8 1881.7
27/08/2014 6.0 0.6 3.11 0.10 27,228.2 594.8
15/09/2014 5.3 0.4 3.03 0.15 34,945.6 982.8
08/10/2014 - - - 30,423.2 1735.6
15/05/2015 0.2 0.0 0.19 0.03 80.0 16.8
28/05/2015 1.3 0.3 0.49 0.01 1090.1 61.8
11/06/2015 4.0 0.3 1.45 0.06 5309.5 280.6
25/06/2015 5.9 0.6 2.65 0.09 11,550.0 958.9
14/07/2015 6.4 0.3 3.12 0.02 23,711.2 812.9
28/07/2015 6.2 0.6 3.12 0.01 27,373.9 229.2
13/08/2015 5.2 0.2 2.78 0.06 29,434.4 7624.1
14/09/2015 - - - - 34,540.3 2670.5

2.2. Model Description

MOHID-Land is a distributed model capable of computing different physical and chemical
processes in a three-dimensional domain using a finite-volume approach [27]. Variably-saturated
water flow is described using the Richards equation, while the van Genuchten–Mualem functional
relationships [35] are used for defining the unsaturated soil hydraulic properties, as follows:

Se(h) =
θ(h)− θr

θs − θr
=

1
(1 + |α h |η)m (1)

K(h) = KsS�e
[
1 −

(
1 − S1/m

e

)m]2
(2)

where Se is the effective saturation (L3 L−3), θr and θs denote the residual and saturated water contents
(L3 L−3), respectively, Ks is the saturated hydraulic conductivity (L T−1), α (L−1) and η (-) are empirical
shape parameters, m = 1 − 1/η and � is a pore connectivity/tortuosity parameter (-).

Crop evapotranspiration (ETc) is determined from reference evapotranspiration (ET0) values
computed with the FAO Penman-Monteith method using the single crop coefficient (Kc) approach [36].
ETc is then partitioned into potential soil evaporation (Ep) and potential crop transpiration (Tp) as a
function of LAI [37]:

Tp = ETc

(
1 − e(−λ LAI)

)
(3)

Ep = ETc − Tp (4)

where λ is the extinction coefficient of radiation attenuation within the canopy (-).
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Root water uptake is computed using the macroscopic approach introduced by Feddes et al. [38],
meaning that Tp is distributed over the root zone and may be diminished by the presence
of depth-varying root zone stressors, namely water stress. Root water uptake reductions
(i.e., actual transpiration, Ta) are then described using the piecewise linear model proposed by
Feddes et al. [38]. In this model, root water uptake is at the potential rate when the pressure head (h) is
between h2 and h3, drops off linearly when h > h2 or h < h3 and becomes zero when h < h4 or h > h1

(subscripts 1 to 4 denote for different threshold pressure heads). Ep values are limited by a pressure
head threshold value to obtain the actual soil evaporation rate (Ea) [39].

MOHID-Land further includes a modified version of the EPIC model [40,41] for simulating crop
growth. This model is based on the heat unit theory, which considers that all heat above the base
temperature will accelerate crop growth and development:

PHU =
m

∑
i=1

HU =
m

∑
i=1

(Tav − Tbase) when Tav > Tbase (5)

where PHU is the total heat units required for plant maturity (◦C), HU is the number of heat units
accumulated on day i (◦C), i = 1 corresponds to the sowing date (-), m is the number of days required
for plant maturity (-), Tav is the mean daily temperature (◦C) and Tbase is the minimum temperature
for plant growth (◦C).

Crop growth is modelled by simulating light interception, conversion of intercepted light into
biomass and LAI development. Total biomass is calculated from the solar radiation intercepted by the
crop leaf area using the Beer’s law [42]:

m

∑
i=1

ΔBioact,i =
m

∑
i=1

ΔBioi γi =
m

∑
i=1

RUE
(

0.5 PARi (1 − e−λ LAI)
)
γi (6)

where ΔBioact,i and ΔBioi are the actual and potential increase in total plant biomass on day i (kg ha−1),
RUE is the radiation-use efficiency of the plant ((kg ha−1) (MJ m−2)−1), PARi is the daily incident
photosynthetically active radiation (MJ m−2), λ is again the light extinction coefficient (-) and γi is the
daily plant growth factor (0–1) which accounts for water and temperature stresses [41].

Leaf area index is computed as a function of heat units, crop stress and the development stage [41].
During early stages (initial and plant development stages), LAI increment on a given day is a function
of the fraction of the plant’s maximum LAI (LAImax) that needs to be reached during those stages
(frLAImax) and crop stress.

ΔLAIact,i= ΔLAIi
√
γi = (frLAImax,i − frLAImax,i−1) LAImax

(
1 − e(5×(LAIi−1−LAImax))

) √
γi (7)

where ΔLAIact,i and ΔLAIi are the actual and potential LAI increment added on day i (m2 m−2),
respectively and frLAImax,i and frLAImax,i−1 are the fraction of the plant’s maximum LAI
(LAImax, m2 m−2) on day i and i − 1 (-), respectively. During the mid-season stage, LAI is assumed to
be constant. During the late-season stage, LAI declines as a function of LAImax, heat units and crop
stress.

Root depth is also computed as a function of heat units [41], while root biomass is assumed to
decrease from 0.4 of the total biomass at emergence to 0.2 at maturity [43]. Finally, yield is obtained
from the product of the aboveground dry biomass and the actual harvest index [41]. A more detailed
description of the MOHID-Land model governing equations can be found in Trancoso et al. [27] and
Ramos et al. [3].

2.3. Model Setup and Data Assimilation

The assimilation of LAI data into MOHID-Land simulations has a direct influence on the water
balance through the partition of ETc values into Tp (Equation (3)) and Ep (Equation (4)) and on the
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computation of the aboveground dry biomass (Equation (6)) Three distinct approaches were thus
considered for better understanding the impact of LAI assimilation on model simulations:

A—The model was run as in Ramos et al. [3], which simulations of soil water contents, LAI,
hc, aboveground dry biomass and yields served as baseline for this study (Calibrated model).
These authors followed a traditional calibration/validation approach, where a trial-and-error
procedure was carried out to adjust soil hydraulic (Table 1) and crop parameters (Table 4) until
deviations between the measured 2014 dataset and simulated values were minimized. The calibrated
parameters were then validated using the 2015 dataset, with model simulations being compared to
measured data.

B—The model was run using LAI values extracted from satellite data as inputs (LAI assimilation).
LAI values were derived from the normalized difference vegetation index (NDVI) using the relationship
shown in Figure 3. This relationship was found by comparing NDVI values computed from Landsat
8 satellite images (band 4 and 5) with LAI values measured in the study site, at multiple locations
and over the 2014 and 2015 growing seasons. The calibrated soil hydraulic parameters were here
also adopted (Table 1). However, the default crop parameters from the MOHID-Land’s database
(Table 4) were considered instead so that model performance in the absence of a calibrated dataset
could be assessed.

C—The model was again run using LAI values extracted from satellite data as inputs. However,
Ramos et al. [3] calibrated crop parameters (Table 4) were here considered (Calibration + LAI assimilation),
as well as the calibrated soil hydraulic parameters (Table 1).

Table 4. Parameters of the crop growth model.

Crop Parameter Default Calibrated

Optimal Temperature for Plant Growth, Topt (◦C) 25.0 25.0
Minimum Temperature for Plant Growth, Tbase (◦C) 8.0 8.0

Plant Radiation-Use Efficiency, RUE [(kg ha−1) (MJ m−2)−1] 45.0 39.0
Total Heat Units Required for Plant Maturity, PHU (◦C) 1700 1900

Fraction of PHU to Reach the End of Stage 1 (Initial Crop Stage), frPHU,init (-) 0.15 0.20
Fraction of PHU to Reach the End of Stage 2 (Canopy Development Stage), frPHU,dev (-) 0.50 0.43

Fraction of PHU after which LAI Starts to Decline, frPHU,sen (-) 0.70 0.73
Maximum Leaf Area Index, LAImax (m2 m−2) 6.0 6.5

Fraction of LAImax at the End of Stage 1 (Initial Crop Stage), frLAImax,ini (-) 0.05 0.05
Fraction of LAImax at the end of Stage 2 (Canopy Development Stage), frLAImax,dev (-) 0.95 0.95

Maximum Canopy Height, hc,max (m) 2.5 3.1
Maximum Root Depth, Zroot,max (m) 2.0 0.6

Potential Harvest Index for the Crop at Maturity, HIopt (-) 0.50 0.49
Minimum Harvest Index Allowed, HImin (-) 0.30 0.30

LA
I (

m
2

m
2 )

NDVI (-)

y = 4.087ln(x) + 6.386
R² = 0.706
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Figure 3. Relationship between measured Leaf Area Index (LAI) and the Normalized Difference
Vegetation Index (NDVI). The blue lines correspond to the 95% confidence interval.
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Landsat 8 images were first corrected to convert the TOA (Top of Atmosphere) planetary
reflectance using reflectance rescaling coefficients provided in the Landsat 8 OLI metadata file and to
correct the reflectance value with the sun angle. Two images were available from sowing to harvest
during the 2014 growing season, while eight images were used during the 2015 growing season
(Table 5). These images were used to extract the NDVI values corresponding to the multiple locations
where LAI field observations were carried out, in a total of 26 measurements (Figure 3). LAI and NDVI
values ranged from 0.41–5.85 and 0.23–0.88, respectively, in line with Pôças et al. [44].

Table 5. Leaf Area Index (LAI) assimilation data.

Date Assimilated LAI (m2 m−2) NDVI (-)
LAI 95% Confidence Interval

Lower Upper

09/07/2014 2.75 0.41 - -
10/08/2014 3.97 0.55 - -
23/04/2015 0.41 0.23 0.00 1.53
09/05/2015 0.48 0.24 0.00 1.58
25/05/2015 3.04 0.44 2.47 3.61
10/06/2015 5.50 0.81 4.89 6.11
26/06/2015 5.85 0.88 5.17 6.53
12/07/2015 5.79 0.86 5.12 6.46
28/07/2015 5.82 0.87 5.15 6.49
29/08/2015 5.31 0.77 4.73 5.89

Data assimilation in MOHID-Land was carried out using the forcing method [12]. The approach
is relatively straightforward, with the model simply replacing the predicted value by a new input
when an image becomes available, updating then frLAImax to account for what still needs to be reached
during a specific crop stage and more interestingly, the water balance and the aboveground dry
biomass estimates. From that date on and until another image becomes available model simulations
follow the parameterization given in Table 4. Table 5 lists the assimilated LAI values and dates.

In all simulations (Approach A–C), the soil profile was specified with 2 m depth, divided into four
soil layers according to observations (Table 1). The soil domain was represented using an Arakawa
C-grid type [45], defined by one vertical column (one-dimensional domain) discretized into 100 grid
cells with 1 m wide, 1 m long and 0.02 m thickness each (i.e., 1 × 1 × 0.02 m3). The simulation
periods covered from sowing to harvest. The upper boundary condition was determined by the
actual evaporation and transpiration rates and the irrigation and precipitation fluxes (Figure 2).
Weather data used in this study was taken from a meteorological station located 950 m from the
study site (38◦57′30.25′ ′ N, 8◦44′31.70′ ′ W, 7 m a.s.l.; Figure 1) and included the average temperature
(◦C), wind speed (m s−1), relative humidity (%), global solar radiation (W m−2) and precipitation
(mm). ETc values were computed from hourly ET0 values and Kc values of 0.30, 1.20 and0.35 for the
initial, mid-season and late season crop stages, respectively [31]. The Kc value for the initial crop stage
was then adjusted for the frequency of the wetting events (precipitation and irrigation) and average
infiltration depths, while the Kc values for mid-season and late season crop stages were adjusted
for local climate conditions taking into consideration canopy height, wind speed and minimum
relative humidity averages for the periods under consideration [36]. The following parameters of the
Feddes et al. [38] model were used to compute Tp reductions due to water stress: h1 = −15, h2 = −30,
h3 = −325 to −600, h4 = −8000 cm [46]. The bottom boundary condition was specified using the
observed GWD (Figure 2). The initial soil water content conditions were set to field capacity.

2.4. Statistical and Uncertainty Analysis

Model calibration and validation was performed by comparing field measured values of soil water
contents, LAI, hc and aboveground dry biomass with the MOHID-Land simulations (Approaches A–C)
using various quantitative measures of the uncertainty, such as, the coefficient of determination (R2),
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the root mean square error (RMSE), the ratio of the RMSE to the standard deviation of observed data
(NRMSE), the percent bias (PBIAS) and the model efficiency (EF). R2 values close to 1 indicate that
the model explains well the variance of observations. RMSE, NRMSE and PBIAS values close to zero
indicate small errors of estimate and good model predictions [47–49]. Positive or negative PBIAS
values refer to the occurrence of under- or over-estimation bias, respectively. Nash and Sutcliff [50]
modelling efficiency EF values close to 1 indicate that the residuals variance is much smaller than the
observed data variance, hence the model predictions are good; contrarily, when EF is very close to 0 or
negative there is no gain in using the model.

Data assimilation is much dependent on the empirical relationship (Figure 3) established to derive
LAI values from the NDVI measurements [14,18]. As such, the uncertainty related to that conversion
was quantified on final model estimates of Ta, Ea and aboveground dry biomass using a Monte Carlo
method. This evaluation was performed on modeling Approach C (Calibration + LAI assimilation) as
the objective here was to assess if remote sensing data assimilation could further correct for simulation
errors that result from model parameter uncertainty. The 2015 dataset was also considered as more
satellite images were available during this season. A randomly population of 10,000 LAI values
was first created for each available image date following a normal distribution with mean equal to
the estimated parameter given by the LAI-NDVI regression equation and range defined by the 95%
confidence intervals (Figure 3, Table 5). The model was then run following Approach C settings until
reaching the dates of each of the eight available images (8 × 1 simulation). Afterwards, the 10,000 LAI
randomly generated values were assimilated by the model, which then proceeded with simulations
until the end season following Approach C settings again (8 × 10,000 simulations). In the end,
the uncertainty of final model estimates of Ta, Ea and aboveground dry biomass were assessed for
each assimilation date (8 dates) from 10,000 simulations (80,000 simulations in total). The Monte Carlo
simulations were performed with a Python script.

3. Results and Discussion

3.1. LAI Evolution

Figure 4 shows the evolution of LAI estimated values using the calibrated model in Ramos et al. [3]
(Approach A), direct LAI assimilation (Approach B) and the combination of the calibrated model and
LAI assimilation (Approach C). Table 6 presents the statistical indicators used to evaluate the agreement
between model simulations and measured values. Ramos et al. [3] showed that the MOHID-Land
model could reasonably well simulate LAI evolution during the 2014 and 2015 growing seasons.
In their study, the values of R2 were very high (0.97), showing that the model could explain well the
variability of the observed data. The errors of the estimates were quite small, resulting in RMSE values
lower than 0.63 m2 m−2 and NRMSE values lower than 0.16. The PBIAS values were lower than 6.40%,
indicating some underestimation of the measured data. The modelling efficiency EF were also high
(≥0.93), meaning that the residual variance was much smaller than the measured data variance.

0.0

2.0

4.0

6.0

8.0

16/04/15 10/06/15 04/08/15 28/09/15
0.0

2.0

4.0

6.0

8.0

24/05/14 13/07/14 01/09/14 21/10/14
Time (days)

LA
I (

m
2

m
2 )

Time (days)

Calibrated model
Direct assimilation
Calibrated model +
+ assimilation

Observations

Figure 4. Measured and simulated leaf area index during 2014 (left) and 2015 (right) crop seasons.
Vertical bars correspond to the standard deviation of measured data.
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Table 6. Results of the statistical analysis between measured and simulated soil water contents, leaf area
index (LAI), canopy height and aboveground dry biomass.

Statistic R2 RMSE NRMSE PBIAS EF

2014
Water Content (cm3 cm−3)

Calibrated Model 0.73 0.018 0.061 −1.53 0.70
Direct Assimilation 0.85 0.012 0.041 −1.16 0.87

Calibrated Model + Assimilation 0.89 0.012 0.039 −0.95 0.88
LAI (m2 m−2)

Calibrated Model 0.97 0.63 0.16 6.40 0.94
Direct Assimilation 0.60 2.13 0.54 33.82 0.26

Calibrated model + Assimilation 0.70 1.73 0.43 24.39 0.51
Canopy Height (m)
Calibrated Model 0.93 0.42 0.22 −11.83 0.90

Direct Assimilation 0.86 0.58 0.31 0.96 0.80
Calibrated Model + Assimilation 0.90 0.50 0.26 −13.87 0.85

Dry Biomass (kg ha−1)
Calibrated Model 0.94 5128.3 0.39 19.20 0.87

Direct Assimilation 0.94 2183.7 0.24 4.60 0.95
Calibrated Model + Assimilation 0.96 2518.9 0.32 14.20 0.91

2015
Water Content (cm3 cm−3)

Calibrated Model 0.37 0.019 0.063 1.91 0.11
Direct Assimilation 0.40 0.017 0.057 0.90 0.28

Calibrated Model + Assimilation 0.39 0.018 0.060 1.58 0.18
LAI (m2 m−2)

Calibrated Model 0.97 0.61 0.15 6.31 0.94
Direct Assimilation 0.35 2.16 0.52 −1.18 0.24

Calibrated Model + Assimilation 0.63 1.58 0.38 −10.34 0.59
Canopy Height (m)
Calibrated model 0.96 0.33 0.17 −11.00 0.93

Direct Assimilation 0.85 0.65 0.33 −2.57 0.73
Calibrated Model + Assimilation 0.88 0.60 0.30 −19.13 0.77

Dry Biomass (kg ha−1)
Calibrated Model 0.93 4616.8 0.33 15.27 0.89

Direct Assimilation 0.98 6211.4 0.44 −31.49 0.80
Calibrated Model + Assimilation 0.96 6237.8 0.44 −28.52 0.79

R2, coeficient of determination; RMSE, root mean square error; NRMSE, normalized RMSE; PBIAS, percent bias; EF,
modeling efficiency.

The direct assimilation of LAI values into model simulations (Approach B) produced worse
statistical indicators than when using the calibrated model (Approach A), with the R2 values
decreasing down to 0.35 and the RMSE and NRMSE values increasing up to 2.16 m2 m−2 and 0.53,
respectively. The PBIAS showed contrasting results, while the EF values also decreased down to 0.24,
indicating nonetheless that the model was still able to describe field measurements with relative
success. The direct assimilation approach made that MOHID-Land’s LAI simulated results were
directly replaced by the remote sensing LAI values in the dates when satellite images were available.
From that date on and until another image was available model simulations followed the default
parameterization of the MOHID-Land crop database given in Table 4. As a result, assimilation of
remote sensing LAI values using the forcing method available in the MOHID-Land model resulted
in several unrealistic discontinuities in simulated LAI (Figure 4), a common feature when using
this assimilation approach [14]. Also, LAI increased at a much faster pace during the initial and
development crop stages, with maize also reaching senescence earlier. The difference of 200 ◦C in the
total heat units required for plant maturity (PHU) considered between the default and calibrated crop
parameters (Table 4) showed here to be critical for model performance. LAI assimilation was able to
correct model simulations during the earlier crop stages but failed to counteract the end of the crop
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cycle as observed in the 2015 simulations (Figure 4). Here, despite assimilating higher LAI values,
the model was obviously never able to extend the crop lifecycle longer than the allowed by the default
PHU parameter.

The previous results show the importance of considering Approach C, where data assimilation
forced simulations of the local calibrated model. Contrarily to the expected, LAI assimilation did
not further improve Approach A results. The R2 values still decreased down to 0.63, while the
RMSE and NRMSE values increased up to 1.73 m2 m−2 and 0.43, respectively. The EF values also
decreased down to 0.51. However, these statistics were better than those obtained using only direct
LAI assimilation (Approach B), showing the importance of local model calibration. Model simulations
fully covered maize’s lifecycle this time since no constraints in the PHU existed. However, results were
still dependent on the quality of the assimilated data, with LAI evolution at the end of the 2015 season
suggesting that some filtering would be needed during the assimilation process (Figure 4).

Despite the lower statistical indicators found when compared to those using only the calibrated
model (Approach A), LAI evolution was also considered to be well represented when LAI
data assimilation was included in the MOHID-Land model simulations (Approaches B and C),
particularly during the earlier crop stages. Results further suggested that a higher time resolution
of assimilated data would improve the agreement between model simulations and measured data.
Nonetheless, more important than accurately predicting LAI evolution was to understand how data
assimilation impacted the soil water balance, aboveground dry biomass and yield estimates during
the 2014 and 2015 growing seasons, as shown below.

3.2. Soil Water Balance

Figure 5 presents the measured soil water contents at depths of 10, 30 and 50 cm during the
2014 and 2015 growing seasons and compares these values with model simulations following the
approaches referred above. Contrarily to LAI results, forcing remote sensing LAI data into model
simulations reduced deviations between measured and simulated soil water content values. During
the 2014 growing season, the RMSE values decreased from 0.018 to 0.012 cm3 cm-3, while the NRMSE
values reduced from 0.061 to 0.039 when considering LAI assimilation (Approaches B and C). Inversely,
the EF values increased from 0.70 to 0.88 (Table 6). During the 2015 growing season, the positive
impact of LAI data assimilation on soil water content simulation was more modest with only the
EF values showing a relative improvement from 0.11 to 0.28. No noticeable differences were found
between Approach B and Approach C statistical indicators. All simulations shared the same soil
hydraulic parameters (Table 1) to better assess the actual impact of LAI assimilation on soil water
content simulations, explaining thus the similarity of model results.

As LAI evolution was used in the partition of ETc values into Tp (Equation (3)) and Ep

(Equation (4)) [37], these two soil water balance components showed the greatest variation when
considering LAI data assimilation (Table 7). The calibrated model (Approach A) produced estimates
of Ta, Ea, capillary rise (CR) and deep percolation (DP), in line with other studies carried out in the
region [51–53], some of which highlighting the importance of CR to the soil water balance in the Sorraia
Valley region. Direct LAI assimilation produced always the lowest Tp and Ta values (Ta/Tp = 1), and,
naturally, the highest Ep and Ea values during both seasons. The LAI data forcing on the calibrated
model (Approach C) produced contrasting results when compared to Approach A, with Tp values
decreasing in 2014 when LAI evolution was underestimated (PBIAS = 24.39%) and increasing in 2015
when the opposite occurred (PBIAS = −10.34%). Accurate LAI predictions were thus essential for
simulating crop transpiration and soil evaporation, even though other important soil water balance
components such as deep percolation and capillary rise were not significantly affected by less accurate
LAI predictions. As a result, LAI assimilation in MOHID-Land may thus have a direct influence on
biomass development, while estimates of groundwater recharge or solute leaching from the root zone
may be impacted less significantly.
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Figure 5. Measured and simulated soil water contents (θ) at depths of 10 (top), 30 (middle) and 50
cm (bottom) during 2014 (left) and 2015 (right) crop seasons. Vertical bars correspond to the standard
deviation of measured data.

Table 7. Components of the soil water balance.

Approach

Inputs Outputs

P
(mm)

I
(mm)

CR
(mm)

ΔSS
(mm)

Ea

(mm)
Ta

(mm)
Ta/Tp

(-)
DP

(mm)

2014
Calibrated model 163 365 78 16 164 374 0.99 74

Direct assimilation 163 365 70 2 191 345 1.00 90
Calibrated model + Assimilation 163 365 78 2 183 355 1.00 84

2015
Calibrated model 12 620 94 11 181 481 1.00 75

Direct assimilation 12 620 84 3 199 461 1.00 82
Calibrated model + Assimilation 12 620 95 3 150 512 1.00 75

P, precipitation; I, irrigation; CR, capillary rise; Ea, actual soil evaporation; Ta, actual crop transpiration;
Tp, potential crop transpiration; DP, deep percolation.

3.3. Crop Height

The direct assimilation of LAI (Approach B) showed the maize canopy growing faster than that
measured in the field or simulated by Ramos et al. [3] (Approach A), similarly to LAI predictions
(Figure 6). Canopy height then assumed a default maximum value (hc,max) of 2.5 m when the
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mid-season crop stage was reached (default value in Table 4), underestimating field values from
that date onward and producing worse statistical indicators than those computed using the calibrated
model (Table 6). The main problem here was thus the lack of a local calibrated dataset with the impact
of LAI assimilation on canopy height simulations being only marginal as shown by the good indicators
again obtained in Approach C.

Figure 6. Measured and simulated canopy height (top) and aboveground dry biomass (bottom)
during 2014 (left) and 2015 (right) crop seasons. Vertical bars correspond to the standard deviation of
measured data.

3.4. Dry Biomass and Yields

Simulations of the aboveground dry biomass were concordant with the estimated LAI values
during the 2014 and 2015 growing seasons. In 2014, the underestimation of LAI values led also to lower
aboveground dry biomass estimates following the direct LAI assimilation approach (Approach B),
with these being further closer to field measurements than the earlier results from the calibrated model
(Approach A). As a result, the RMSE values decreased from 5128.3 to 2183.7 kg ha–1, the NRMSE values
reduced from 0.39 to 0.24 and the EF values increased from 0.87 to 0.95 when direct LAI assimilation
was considered. Contrarily, the overestimation of LAI values produced larger errors in 2015 when
compared to field measurements, with the RMSE values increasing from 4616.8 to 6211.4 kg ha−1,
the NRMSE values increasing from 0.33 to 0.44 and the EF values decreasing from 0.89 to 0.79. The local
calibrated crop dataset (Approach C) did not improve aboveground dry biomass estimates.

Measured crop yields reached 16,093 and 17,300 kg ha−1 during the 2014 and 2015 seasons,
respectively (Table 8). Yield predictions were in line with the same under- and overestimation
tendencies observed in simulations of the aboveground dry biomass. Yield estimated from the
three modeling approaches were relatively close (14,670–15,518 kg ha−1) during the 2014 season,
with Approach C producing the best estimates. On the other hand, during the 2015 season,
yield estimates from that same approach produced the worse results (23,016 kg ha−1), with all models
diverging substantially from the measured value.
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Table 8. Yield (kg ha−1) estimates.

Season Measured Approach A Approach B Approach C

2014 16,093 14,670 15,196 15,518
2015 17,300 17,930 20,916 23,016

While many studies throughout the literature reported that precise knowledge of light interception
and hence LAI, was critical for predicting biomass and yield accurately [12,17,54], results presented
here were more in line with Linker and Ioslovich [19], who found that assimilation of easy-to-obtain
canopy cover measurements did not always improve the predictions of biomass. They explained that
by model choice, which in their case was a purely water-driven model in which solar radiation and
light interception were not considered explicitly, likely resulting in underestimating the overall impact
of canopy cover on crop development. A similar reasoning can be considered here. Ines et al. [16]
also found that LAI assimilation could not always improve simulated aboveground dry biomass and
yield predictions, particularly during dry conditions as the root zone soil moisture could not meet the
increased water demand that resulted from improved canopy growth. Likewise, Nearing et al. [15]
referred to the failure of LAI and soil moisture data assimilation in improving yield estimates,
especially in water-limited environments, pointing out similar reasons as Ines et al. [16]. From a
different perspective, Trombetta et al. [55] made use of remote sensed LAI data derived from the MODIS
satellite images for calibrating/validating a hydrological model at the plot scale. Remote sensing LAI
data, after being converted into canopy cover, was used as an alternative to field measurements during
the calibration/validation process, with results suggesting this approach as a viable alternative for
characterizing landscape heterogeneity (crop variability) at larger scales.

3.5. Uncertainty of Model Estimates

The previous sections showed that the impacts of LAI assimilation on MOHID-Land final
estimates of Ta, Ea and aboveground biomass were substantial and that some filtering would be
eventually needed for improving the quality of assimilated data. The uncertainty analysis carried out
using a Monte Carlo method confirmed these early findings, with Figure 7 showing a relatively large
uncertainty of final model estimates when LAI assimilation was performed during the first two dates
(23/04/2015, 09/05/2015) of 2015 crop growing season. In these dates, Ta values ranged from 460 to
527 mm, while Ea values varied between 102 and 184 mm. Likewise, the aboveground dry biomass
showed also considerable variation, ranging from 37,978 to 47,347 kg ha−1. From those dates onwards,
the uncertainty of final model estimates decreased, being relatively small when LAI assimilation was
carried out at the end of the crop cycle. Filtering of the assimilation data would thus be important
during the earlier crop stages, becoming irrelevant as the crop reaches the end of its life cycle.

The large uncertainty observed on model final estimates was already expected when LAI
assimilation was performed during the earlier dates since the crop was still at the initial and
development stages and thus is growth cycle was not yet well defined. Yet, the Monte Carlos
simulation results showed that the assimilation of too low LAI values could lead the model to greatly
underestimate crop transpiration and aboveground dry biomass, while soil evapotranspiration would
be greatly overestimated. Hence, this can be quite problematic in the absence of additional information
to update model simulations throughout the crop season if new satellite images are no longer available
(e.g., due to cloud cover). In this case, the model will never be able to further update simulations of Ta,
Ea and aboveground dry biomass, producing quite substantial errors.
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Figure 7. Uncertainty of data assimilation on aboveground dry biomass (top), actual transpiration
Ta (middle) and actual soil evaporation Ea (bottom) final model estimates for the 2015 crop season
on different dates (DAS, days after sowing). Box-plots indicate maximum and minimum values,
median (–), first and third quartiles and average (×) of 10,000 Monte Carlo simulations.

4. Conclusions

Remote sensing technology can provide valuable information for hydrological modeling at the
field and regional scales by better characterizing the spatial and temporal variability of soils, land uses
and climate, which otherwise are difficult to portray. This study showed that LAI assimilation
from NDVI derived satellite data improved MOHID-Land estimates of the soil water balance and
simulations of crop height and aboveground dry biomass during the early stages of the crop growing
period. However, data assimilation was never sufficient to improve model simulations in the absence of
a crop calibrated dataset, failing to simulate the entire growing season when calibrated potential head
units (PHU) were missing or even crop maximum height when crop parameterization was misadjusted.

LAI data assimilation led also to great uncertainty on final estimates of crop transpiration,
soil evaporation and the aboveground dry biomass when solely performed during the initial stages of
the crop growing period. Although model uncertainty then decreased as LAI assimilation was being
carried out closer to the end of the crop cycle, results showed that this approach may lead to complete
erroneous estimates of the soil water balance and crop yields even when local calibrated soil and crop
datasets are used. Therefore, while LAI remote sensing data can help defining MOHID-Land’s input
parameters, additional data sources should be accessed for complementing such characterization.
The implementation of the MOHID-Land model at the regional scale cannot depend solely on inputs
from the LAI data assimilation as estimates may diverge substantially from reality.
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Abstract: Traditionally, grapes are fully irrigated, but alternative irrigation strategies to reduce
applied irrigation water may be necessary in the future as occurrences of drought increase. This study
was conducted in the San Joaquin Valley (SJV) of California from 2012 to 2014. Three irrigation
treatments were used to study the effects on the yield and quality of Fiesta grapes. The treatments
included: grower irrigation (GI) weekly irrigation lasting for approximately 65 h; sustained deficit
(SD) equal to 80% of the GI treatment; and regulated deficit (RD) equal to 50% of the GI until fruit
set when it was increased to 80% of the GI through harvest and reduced to 50% of the GI after
harvest. Average water use across treatments was ≈489 mm. Average yield across all treatments was
7.9 t ha−1, 9.1 t ha−1 and 11.8 t ha−1 in 2012, 2013, and 2014, respectively. Yield was sustained in SD
and RD, with up to a 20% reduction in applied water use compared to GI. There were no differences
in raisin quality and grade among any of the treatments in any year. The percentage of substandard
grapes decreased from an average of 12.6% in 2012 to 3.6% in 2013 and 2014. Growers may use a
sustained deficit approach during periods of limited water availability to minimize the effect on yield.

Keywords: deficit irrigation; Fiesta grapes; drip irrigation; dried on the vine; sustained deficit
irrigation; regulated deficit irrigation

1. Introduction

Irrigation scheduling is a practice that determines both the depth and time of application of
irrigation water. A wide range of scientific methods have been developed to facilitate scheduling.
These methods require a detailed understanding of the changing water requirements during crop
growth and a detailed understanding of climate. The Food and Agriculture Organization (FAO)
method of scheduling [1], using reference evapotranspiration (ETo) and a crop coefficient (Kc) is the
classical scientific approach. This requires access to weather data and crop coefficients that describe
the change in crop water use with time.

Eddy covariance and Bowen ratio systems have been used for direct measurement of crop
water use. These systems are very expensive and used primarily for research but provide a detailed
measurement of crop water use. Once crop water use is determined, it is integrated with available soil
water and plant stress to determine the actual irrigation schedule.

Despite advances in science and technology and demonstrated success in improving water
management, many farmers are reluctant to accept and incorporate scientific scheduling into their
management practices. Instead, they rely on their experience and economic factors (cost of water, cost
of electricity) for making irrigation decisions that typically result in over-irrigation.

California experienced five years of drought (2012–2017) that resulted in extensive fallowing
of field crops throughout the state. Growers with perennial crops opted to remove older vineyards
and orchards to extend available water supplies to the remainder of their farming operation. Due to
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the limited availability of surface water, groundwater became the primary source of irrigation water
for many farmers resulting in an increased rate of over-drafting aquifers throughout California.
The over-drafting resulted in legislation, the Sustainable Groundwater Management Act (SGMA) [2],
to manage groundwater to achieve sustainable future withdrawals that will not restrict future
water availability. This legislation will have a significant impact on the many growers in the San
Joaquin Valley (SJV) who rely on groundwater as their primary source of irrigation water.

Deficit irrigation (DI) is a practice to reduce irrigation below the crop water requirement with
minimal impact on yield and quality. There are several approaches, including: sustained deficit
irrigation (SD), regulated deficit irrigation (RD), and partial root zone drying (PRD). SD is an approach
that uniformly reduces the applied irrigation below the crop water requirement throughout the
growing season. RD provides adequate water during critical growth periods that may affect yields
and withholds water during those periods that will have minimal impact on the yield both during the
current year and in subsequent years. PRD dries down half of the root zone and alternates between
sides of the root zone when a threshold plant stress level in the canopy is reached on the side without
irrigation. Studies have not demonstrated any advantage of the PRD approach relative to SD or RD [3].

RD has been successfully used in peach, pear, and apple [4–7]. However, recent results indicate
the practice may be deleterious to long-term production in peach [7–9]. Early season varieties of
plums [10] and grapes [11,12] are two examples of crops that can be deficit irrigated following harvest
without impacting yield in subsequent years. Deficit irrigation is also routinely used as an irrigation
strategy on wine grapes to promote quality parameters for wine production [13].

Nearly 80,000 ha of raisin grapes are produced in the SJV [14]. Traditionally, raisins are made by
removing ripened grape clusters and laying them in the field on a paper “tray” to dry. New grape
varieties have been bred to be dried on the vine (DOV) to reduce labor costs and minimize the
impact of weather (rain) on the quality of the raisin [15]. Fiesta is a new variety developed for DOV
production [16,17] that has little information available on its water requirements.

Using a weighing lysimeter, Williams et al. [18] demonstrated that Thompson seedless grapes
could be irrigated with a sustained deficit equal to 80% of full crop evapotranspiration without
impacting yield and quality. Thus, it may be possible to reduce irrigation on other table and raisin
grape varieties without negative impacts on yield and quality. The objective of this study was to
determine the water requirement and the effect of alternative irrigation strategies (SD and RD), on the
yield and quality of Fiesta raisin grapes grown in the San Joaquin Valley of California.

2. Materials and Methods

2.1. Research Site

The research was conducted in a commercial vineyard located in Caruthers, California, USA
(Lat. 36.54655º N, Long. −119.8791º W). The own-rooted vines (Vitis vinifera L. cv. Fiesta) were trained
on a 45-cm-wide two-wire T trellis located ≈1.4 m above ground. The plant spacing was 3.6 m between
rows and 2.1 m within the row, resulting in a plant density of ≈1280 vines per ha. The soil is a Hesperia
fine sandy loam (Coarse-loamy, mixed, superactive, nonacid, thermic Xeric Torriorthents) with a bulk
density ranging from 1.58 to 1.62 g/cm3. Field capacity (FC) is 0.198 cm3 cm−3 and the permanent
wilting point (PWP) is 0.119 cm [19]. The total available water (TAW) in a 1.5 m profile is approximately
118 mm.

2.2. Irrigation Treatments and System

The irrigation schedule was determined by the grower based on his experience and the previous
week’s weather and the crop growth stage. Weekly irrigations started at 5 pm on Friday and ended at
12 pm on Monday, typically lasting 65 h which corresponded to a period of reduced rates for electricity.
We assumed the grower irrigation was at least meeting 100% of the water requirement and developed
our irrigation treatments as a percentage of the grower irrigation practice (GI).
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The three irrigation treatments were: grower irrigation (GI), consisting of weekly irrigations
beginning in March and continuing through October except for approximately 2 to 3 weeks while the
fruit was drying beginning at cane cutting and ending after harvest; sustained deficit (SD), equal to
80% of the GI treatment throughout the growing season; and regulated deficit (RD), equal to 50% of
GI until fruit set at which time it was increased to 80% of GI until cane cutting and following harvest
it was reduced to 50% of GI. Deficit irrigation strategies were implemented in 2012 and continued
through 2014.

Irrigation was applied using a drip system with 2 L h−1 emitters per plant spaced 0.5 m on either
side of a vine, with an additional dripper 2 L h−1 mid-way between vines in a row. The application rate
was approximately 0.8 mm hr−1. The drip line was suspended approximately 0.5 m above the ground
and attached to the trellis posts. Irrigation water was supplied by a well located in the vineyard.
The experimental block was isolated from the remainder of the field by installing sub-mains that
connected all replications of a treatment. Each submain had a flow meter and valve installed and
flow was recorded using a CS 3000 data logger (Campbell Scientific, Logan UT) that also controlled
and monitored the irrigation in each treatment. The irrigation control program began operating at
≈ 5 pm on Friday afternoon and ended at 12 pm on the following Monday. All treatments began at
the same time, but the SD and RD treatments ended before the GI finished irrigating based on their
operational criteria. All fertilization was done through the drip system at the beginning of an irrigation.
Disease, pest management, and fertilization were applied by the grower based on commercial practices.

2.3. Weather, Leaf Water Potential, and Soil Water Data

The experimental site was in an area of the SJV without any close coverage by a California
Irrigation Management Information System (CIMIS) station. However, the CIMIS network provides
an option for the spatial determination of the reference evapotranspiration (ETo) and this option
was used to estimate the ETo at the research site. For spatial determination of ETo CIMIS uses a
combination of data derived from satellites and interpolated from CIMIS station measurements to
estimate ETo at a 2 kilometer (km) spatial resolution using the American Society of Civil Engineers
version of the Penman-Monteith equation (ASCE-PM). Required input parameters are solar radiation,
air temperature, relative humidity, and wind speed at two meters’ height. The CIMIS weather
station at the University of California West Side Research and Extension Center (WSREC) is located
approximately 50 km west of the research site. The WSREC CIMIS station was used for reference
evapotranspiration data and precipitation data prior to the installation of the Puresense Irrigation
Manager (Jain Irrigation, Fresno, CA) system located in the research plot.

Leaf water potential (Ψ) was measured weekly throughout the summer using a pressure chamber
(Soilmoisture Equipment Corp., Santa Barbara, CA). The measurements were taken at midday
on 12 mature fully sunlit leaves in each treatment, following the recommendations of Hsiao [20].
Accumulated water stress over the season was characterized using a water stress integral (WSI)
estimated over the entire growing season as represented by (t) in equation 1 from daily measurements
of Ψ at an interval of n days between measurement using Equation (1),

I=t

∑
i=0

(Ψ(i, i + 1)− c)n (1)

where Ψ (i, i + 1) is the mean of Ψ for any interval (i, i + 1) and c is the least stress measured during the
season [21].

Soil water content was measured in 30-cm increments to a depth of 1.5 m using a Puresense
Irrigation Manager capacitance probe (Jain Irrigation, Fresno, CA, USA). One probe was in a single
replication of each treatment. The probes were installed in June 2012 and were run continuously
until the end of the project using the factory calibration. These are non-saline soils and the factory
calibration was suitable for characterizing the changes in soil water content. Data from the probes
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were used to characterize the changes in soil water content. Crop water was calculated for the growing
season and dormancy using precipitation (P), irrigation (I), and change in stored soil water (ΔSW).
There was no water table in the region and thus no capillary rise and no surface runoff since the
field was drip irrigated. Deep percolation was not considered significant because of the interval
between irrigation and the crop water use dried down the profile and stored most of the applied water.
Dormancy was defined as the period from harvest in one year to bud break in the following year and
included November through March. The growing season was defined as running from April through
October, which corresponded to approximately bud break to leaf drop. The ETo was determined for
the growing season from the spatial CIMIS data prior to the installation of the Puresense equipment.

2.4. Yield and Fruit Quality

Prior to cutting the canes, the number of clusters on the 10-experimental vines was counted,
harvested into a bin, and weighed to determine an average fresh cluster weight. The fruit on
5 additional contiguous vines was partially dried by cutting the canes and after 3 to 5 days on
the vine, the fruit was mechanically harvested and placed on a continuous paper tray to complete
the drying process [16]. The dates for cane cutting, laying the raisins on the ground, and harvest are
provided in Table 1.

Table 1. Dates for cutting canes, laying fruit on continuous paper tray and harvest (picking fruit off the
continuous paper tray) at Caruthers, California field site.

Cut Canes Fruit on Ground Harvest

08/16/2012 08/31/2012 09/07/2012
08/20/2013 08/28/2013 09/04/2013
08/18/2014 08/29/2014 09/05/2014

Yield was measured by weighing the total fruit from the additional five contiguous vines in each
plot, after being dried for approximately 10 days on the ground. A 1 kg subsample of fruit from each
plot was taken to the U.S. Department of Agriculture (USDA) grading station located on the Sun Maid
packing facility, Selma, CA. Raisins were graded using an airstream sorter and reported as Grade A,
with 80% of well-matured grapes, Grade B, with 70% of reasonably well matured grapes, and Grade C,
with 55% of fairly well matured grapes. Raisins failing to meet the Grade C maturity requirements
were categorized as substandard grade (United States Standards for Grades of Processed Raisins, 1978).
Grade A and Grade B were combined and reported as B or Better. Samples were tested for moisture,
substandard percent, and % grade B or better. In terms of moisture, USDA dictates that raisins should
contain no more than 16%.

2.5. Statistics

The treatments were distributed in a randomized complete block design with three replications.
Each plot consisted of three rows with ten experimental vines identified in the center row of each plot.
The 10 vines were subdivided into 2 groups of 3 contiguous vines and one group of 4 contiguous vines
distributed along the row. Because of the machine harvest, five contiguous vines in the center row
were used for yield and quality analysis. Raisin moisture content was adjusted to 14% prior to yield
analysis [17]. Data were analyzed by one-way analysis of variance (ANOVA: SPSS, Chicago, IL, USA),
and means were separated at p ≤ 0.05 using Tukey’s test.

3. Results

Climate in the SJV is characterized as Mediterranean, with most rainfall occurring during the
winter months (November to March) and no rainfall occurring during the summer months (Figure 1).
Rainfall in the winter of 2011–2012 was 140 mm, 96 mm in the winter of 2012–2013 and 65 mm in the

122



Water 2018, 10, 583

winter of 2013 to 2014 compared the 27-year average of 218 mm. There was 183 mm, 3 mm, and 10 mm
rainfall during 2012, 2013, and 2014 growing seasons (Table 2). The large difference in the total water
use between the 2012 growing season and the 2013 and 2014 seasons was the rainfall that extended
in April and May in 2012 and not in 2013 and 2014 which increased the total water availability and
crop use.
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Figure 1. Monthly irrigation water applied in each treatment (GI—grower irrigation, SD—sustained
deficit, RD—regulated deficit), rainfall and reference crop evapotranspiration (ETo) from 2011 to 2014.

To ensure that the plant has adequate water for early season growth and development and delay
the time of the first irrigation, growers of perennial crops in the SJV typically try to have a full soil water
profile in the root zone prior to bud break in the spring. This is done using a combination of rainfall
and irrigation. In this area, the rainfall period extends from dormancy of the previous year to bud
break in the current year. Growers will estimate and apply the irrigation water needed to supplement
rainfall and fill the soil water profile prior to bud break. To capture this practice, we divided the crop
water use calculations in Table 2 into two periods; from harvest the previous year to bud break in the
current year, and from bud break to dormancy in the current year (growing season). We found that the
combined rainfall and irrigation data in Table 2 averaged across years and treatments is approximately
198 mm. This amount of applied water was adequate to fill the crop root zone in these soils prior to
bud break.

The total crop water use in 2012 included 140 mm of rainfall plus 43 mm of irrigation prior to
bud break and 183 mm of rainfall and irrigation in the GI treatment (47% of ETo) during the growing
season as well. There was significant crop water use from soil water in all treatments during this
growing season as well. Applied irrigation in the GI treatment was reduced in 2013 and 2014 to 41%
and 36% of ETo respectively, (Table 2) due to drought restrictions and concern by the grower for the
pump operation and depth of available water in the irrigation well. The total irrigation for the growing
season averaged across all treatments was 625 mm in 2012 mm 369 mm in 2013, and 426 mm in 2014.
The average contribution of the stored soil water to the vines across all treatments also declined each
year from a high of 207 mm in 2012 to 174 mm in 2013 to 67 mm in 2014 (Table 2). The total calculated
water use for the GI treatment was 1070 mm in 2012, which was equal to 80% of ETo, 527 mm in 2013
which was equal of 38% of ETo, and 530 mm in 2014, which was equal to 40% of ETo.
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Table 2. Crop reference evapotranspiration (ETo) based on California Irrigation Management
Information System (CIMIS) and local data, precipitation (P) and applied water (I) and change in
soil water content (ΔSW) data from harvest the previous year to bud break the current year and the
growing season bud break to harvest in the current year and percentage of reduction (Red) in applied
water compared to grower practice (GI) at Fiesta raisin project in Caruthers, CA. Grower Irrigation (GI)
weekly beginning at bud break until cane cutting, halt until harvest then resume weekly until end of
October, Sustained deficit (SD)—sustained deficit equal to 80% of GI, and Regulated deficit (RD)—50%
of GI until fruit set, increased to 80% of GI, decreased to 50% of GI after harvest. Crop water use (ETc)
is sum of rainfall and irrigation and change in soil water.

Year Treatment
Harvest—Bud Break (mm) Growing Season (mm)

% Red
P I I + P ETo P I I + P ΔSW ETc

2012 GI 140 48.8 188.8 1345.6 183.5 641.2 824.7 246.8 1071.5 -
SD 46.9 186.9 609.8 793.3 230.0 1023.3 5
RD 52.2 192.2 624.5 808.0 144.2 952.2 11

2013 GI 96.3 172.5 268.8 1383.4 3.1 438.8 441.9 160.8 602.7 -
SD 109.0 205.3 301.4 304.5 194.6 449.1 25
RD 125.2 224.6 360.9 364.0 167.9 528.8 12

2014 GI 65.6 160.1 225.7 1270.6 10.2 460.7 470.9 60.0 530.9 -
SD 78.8 144.4 468.7 478.9 75.4 554.3 4
RD 82.1 147.7 348.3 358.5 66.6 426.1 20

The variation in the soil water content in 1.5 m of the soil profile in Figure 2. The data show
that during the growing season there was a consistent change in the stored soil water that reflected
the irrigation and crop water use. This ranged between 325 and 425 mm of water stored in the soil
profile. At the end of the irrigation season before leaf drop each of the treatments extracted significant
quantities of water from the soil profile. A total input of rainfall and irrigation of approximately
190 mm returned the stored water in the profile to 360 mm which was sufficient to meet the early
season demand from bud break to early canopy development.

The crop water use for the Fiesta grapes in the SD treatment was 1023.3 mm in 2012, 449.1 mm in
2013 and 554.3 mm in 204. The water use for the RD treatment was 952.2 mm in 2012, 528.8 mm in
2013, and 426.1 mm in 2014. The 3-year crop water use averages for the GI, SD and RD treatments
are 735 mm, 675 mm, and 635 mm, respectively. When just 2013 and 2014 are considered, the average
water use across years was 566.8, 501.7 and 477.4 mm for the GI, SD and RD treatments respectively.
This compares to the estimate of 560 and 710 mm of water for fully irrigated Thompson seedless grapes
grown for raisins in the southern SJV [22].

Since ETc is proportional to the leaf area exposed to sunlight, the difference in well-watered
Thompson Seedless and Fiesta may be the result of differences in the size of the cross arm used to
support the crop. Williams et al. [18] using a weighing lysimeter found that ETc for high frequency
irrigated Thompson Seedless grape ranged from 718 to 865 mm. Using the same weighing lysimeter,
Williams et al. [23] demonstrated that crop water use of Thompson Seedless was a linear function of
the shaded area. In the Williams, et al., study [18] the vines were trained on 0.6-m cross-arms rather
than 0.45-m cross-arms used in the present study A proportional reduction the leaf area exposed to
sunlight based on the cross-arm length would result in a 25% reduction in the ETc [23,24].

There is not a crop coefficient for Fiesta raisin grapes to use in scheduling irrigation or determining
crop water use. Williams et al. [25] developed a Kc for Thompson Seedless grapevine as a function of
the day of the year. We applied that Kc to ETo values measured during this experiment. The resulting
values for ETc adjusted for the reduced leaf area are: 520.4 mm, 507.2 mm and 533.8 mm for
2012, 2013 and 2014, respectively. These values reflect the crop water use for the GI treatment and
demonstrate that the 2012 irrigation was excessive. The 2013 GI exceeded the above estimates for
well-watered grapevines.

124



Water 2018, 10, 583

4/1/12 7/10/12 10/18/12 1/26/13 5/6/13 8/14/13 11/22/13 3/2/14 6/10/14 9/18/14 12/27/14
Date

150

200

250

300

350

400

450

500

 S
oi

l W
at

er
 (m

m
)

Grower Irrigation (GI)
Sustained Deficit (SD)
Regulated Deficit (RD)

 

Figure 2. Soil water (mm) in 1.5 m of soil profile measured with capacitance probe. One measurement
site in each treatment.

There continues to be a lack of acceptance in the grower community of a scientific approach to
irrigation management. This project was developed using the grower methods as demonstration of a
method to refine his current practice with the goal of improving water management. Williams et al. [18]
had demonstrated with Thompson seedless that irrigation could be reduced by 80% without
affecting yield and quality of grapes. This represented a starting point for the grower to modify his
current practice. This was an effective technique and one that could be easily applied in other regions.
Typically, this would be tested on a small block and expanded as the grower gained confidence. It also
provides a management alternative during periods of limited water supply.

There were no differences in Ψ among the treatments early in the season each year, except in
2014 (Figure 3). In 2012, rain along with irrigation maintained high levels of soil water content (data
not shown), minimizing plant water stress. Thus, Ψ ranged from −0.75 to −1.20 MPa early on in
2012 and dropped to ≈−1.4 MPa in August, at which point irrigation was withheld in order to dry
the raisins; Ψ reached a minimum of −1.6 MPa just after harvest which would not affect the yield
or quality of the fruit. In 2013, there was rain prior to bud break, and Ψ remained >−1.3 MPa until
mid-June. The stress did not increase until after fruit development was completed and thus had no
impact on the final yield.
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Figure 3. Leaf water potential for 2012, 2013, and 2014 for grower irrigation (GI), sustained deficit
(SD) and regulated deficit (RD) vapor pressure deficit (VPD). The down arrow represents irrigation
withhold start point. The dotted shape arrow down represents the date when the canes were cut.
The arrow up represents the restoration of the irrigation after harvest. Each value is the mean ± SE of
six individual measurements. Different letters at each time indicates significant differences according
to the Tukey’s Test HSD (p ≤ 0.05).

With one exception in mid-July, there were no differences in Ψ among the treatments in 2013. Due
to a problem with the pressure chamber, Ψ was not measured after the canes were cut in 2013. In 2014,
Ψ reached −1.4 MPa by the beginning of July.

The stress integral as a measure of accumulated stress over a growing season has been used
to characterize stress development to differentiate treatment effects. Overall, there was very little
difference in accumulated water stress as characterized by the stress integral among the treatments in
2012 and 2013. In 2012 the GI had slightly greater accumulated stress and the RD treatment had the
greatest accumulated stress in 2013. In 2014, the deficit treatments had higher values of accumulated
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stress than GI (Table 3). However, the accumulated stress in the SD and RD treatments in 2014 were
like the values found in 2012.

Table 3. Stress integral in megapascal a day (MPa * Day) for grower irrigation (GI), sustained deficit
(SD) and regulated deficit (RD) irrigation treatments in Fiesta raisin grape deficit irrigation study for
the period from April to August at the Caruthers, CA. field site.

Irrigation Treatment
Stress Integral (MPa*Day) (April–August)

2012 2013 2014

GI 45.3 30.1 13.5
SD 41.6 32.0 45.6
RD 43.2 45.6 45.6

In 2013 and 2014 there were statistical differences in the number of clusters per vine between the
SD and RD treatment (Table 4). In 2013 and 2014, the RD treatment had a greater number of clusters
per vine than the GI treatment. The SD had a greater number of clusters per vine in 2014 than either of
the other two and fewer in 2013 than the remaining treatments. There was no difference in the cluster
weights in 2013 statistically, however, there was a statistical difference in the cluster weights between
treatments in 2014.

In all three years, the total yield estimated on the weight per vine resulted in no yield differences
statistically, however, there were differences in yield. In 2012 and 2013 the SD and RD treatments had
higher yields than the GI treatment which was not the case in 2014 when the GI treatment had the
highest of the three yields. The average yield across all treatments was 7.9 t ha−1 in 2012, 9.6 t ha−1

2013 and 11.8 t ha−1 in 2014.
The SD treatment showed similar yield, fruit quality, and clusters per vine as the GI treatment

but used less water, which increased water productivity. Except for 2012 when the SD treatment had
significantly greater % substandard than the GI treatment. Fidelibus et al. [16] described an industry
average volume of production for a Fiesta vineyard of 10.1 t ha−1, with individual vineyards mostly
averaging between 7.6 and 15.0 t ha−1. Using the yield per vine data and the vines per ha estimate, the
yields in this experiment are comparable to the industry average. During 2014, the SD treatment had
slightly, although not significantly, lower yield than the rest of the treatments, but within the range
described by Christensen [24]. In 2014 the GI treatment had fewer clusters per vine than the deficit
irrigated treatments but this was offset by the increased cluster weight resulting in greater yield than
the remaining treatments.

Even though there were no statistical differences in the yields between treatments, the actual
yield data (t ha−1) in Table 4 were divided by the applied water (I) data were used to determine the
water productivity (WP). However, the WP data demonstrated that there were statistical differences in
the water productivity between treatments in 2013 and 2014. In both years, RD had the highest water
productivity of the three treatments. In 2013 there was a difference in water productivity between the
GI and both SD and RD treatments but not between the SD and RD treatments. In 2014 the RD and GI
were statistically different from the SD treatment but not from each other.

Raisin quality in the SD and RD treatments was comparable to the GI treatment in all
three years. In 2012 there were statistical differences in the substandard treatment but not in the
B and better categories. The percentage of substandard raisins in 2013 and 2014 was significantly
less than in 2012, coming from an average of 12.6% to 3.6%. The average B and better percentages
were 55.3%, 84.1%, and 75.4% in 2012, 2013 and 2014, respectively. This resulted in a reduction of the
percentage of grade C fruit going from 33.9% in 2012 to 12.3% and 21.0% in 2013 and 2014, respectively.
The major difference between 2012, 2013 and 2014 is the depth of applied irrigation water and the total
estimated crop water use.
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4. Conclusions

The average crop water use for 2013 and 2014 was 567 mm, 502 mm, and 477 mm for the GI,
SD and RD treatments respectively, when the soil water content is at field capacity at bud break.
Approximately 190 mm of combined rainfall and irrigation are required to ensure that the soil profile is
up to field capacity prior to bud break in this soil. Yield was sustained in SD and RD, with up to a 20%
reduction in applied water use compared to the GI (566 mm) in 2013 and 2014. There were no statistical
differences in yield between treatments in any of the three years of the project. The yield increased
from an average of 7.9 tons per hectare to 11.8 tons per hectare in 2014. The accumulated stress as
characterized by the stress integral over the season was similar across the treatments indicating that
deficit irrigation was a viable alternative in situations with limited water supplies. There were no
differences in the % B or Better raisins between any of the treatments in any year. The percent B or
Better was 53.5, 84.0, and 75.4% in 2012, 2013, and 2014, respectively. There were statistical differences
in the percent of substandard in 2012 but not in 2013 and 2014. The percentage of substandard
grapes decreased from an average of 12.6% in 2012 to 3.6% in 2013 and 2014. This corresponded
to a reduction in total average water use from 1015 mm in 2012 to 503 mm in 2014. There is little
acceptance and implementation of scientific irrigation management by the grower community and
this project demonstrated an approach that can be used to facilitate improving irrigation management.
Use of a sustained deficit similar to the SD treatment would be recommended to a grower for ease of
implementation. Previous research on fully irrigated grapevines has demonstrated that applied water
could be reduced by 20% without impacting yield or quality. This represents a starting point.
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Abstract: The suitability of cloud-based irrigation technologies remains questionable due to limited
information on their evaluation in the field. This study focussed on the on-field assessment of
a smartphone irrigation scheduling tool—Bluleaf®—with respect to traditional water application
practices. Bluleaf® uses weather, crop, soil, and irrigation system data to support a farmer’s decision
on the timing and amounts of irrigation. The smartphone application was tested in Bekaa Valley,
Lebanon, on durum wheat, a strategic Mediterranean crop, during the 2017 and 2018 growing seasons.
The simulation results on soil water balance were in “acceptable to very good” agreement with the
measured soil moisture values, with a root mean square error (RMSE) between 15.1 and 26.6 mm
and a modelling efficiency (NSE) that ranged from 0.77 to 0.92. The appropriateness of the adopted
smartphone irrigation scheduling was confirmed also by leaf water potential measurements and the
Crop Water Stress Index (CWSI). A water saving of more than 1000 m3/ha (25.7%) was observed with
Bluleaf® with respect to traditional irrigation scheduling. Therefore, new technologies could bring
about substantial benefits to farmers and support water saving efforts in the Mediterranean region.

Keywords: irrigation scheduling; wheat; soil water balance; new technologies; smartphone
application

1. Introduction

Sustainable irrigation management requires reliable and easy-to-use methods and tools to support
real-time scheduling with respect to the availability of water, specific soil and weather conditions,
a crop’s water requirements, and a crop’s response to stress. Studies, conducted in recent years
in various parts of the world, have shown that the use of innovative technologies, management
approaches, and modelling tools can improve irrigation scheduling, save water, enhance a farmer’s
income, and reduce the environmental burden [1–8]. In this context, real-time automatized irrigation
scheduling, based on reliable low-cost sensors and simple water balance models, is receiving a growing
amount of attention [9].

A plethora of innovative technological solutions in the agricultural sector is emerging worldwide.
However, the commercialization of these products is intricate due to difficulties in demonstrating
the on-field applicability and the effectiveness of proposed innovations and in creating direct contact
with potential users. Over the past decade, numerous web-based irrigation scheduling tools have
been developed that integrate real-time weather data and simple water balance models for irrigation
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scheduling [10–13]. However, their suitability in practice has been limited due to the need to use
desktop computers (or laptops) and, therefore, scarce user–tool interaction. In contrast, the smartphone
applications that have been developed for a new generation of mobile phones offer continuous
user–tool interaction, increase operational flexibility, and permit the update of data in real-time during
field inspection activities.

In the last few years, a huge number of studies have reported advances in ICT (Internet
and Communication Tools) applications in agriculture, and, in particular, in irrigation at different
scales [14–19]. They include the latest cloud-based technologies for on-field data acquisition,
transmission, and management, monitoring of the soil-plant-atmosphere continuum and irrigation
network performance, satellite- and ground-based remote-sensing applications, soil water balance and
crop growth models, and the remote control of the irrigation process.

In Florida, smart irrigation applications (apps) were developed to provide real-time irrigation
scheduling for selected crops (i.e., avocado, citrus, cotton, peanut, strawberry, and vegetables).
Irrigation scheduling is based on crop evapotranspiration (ETc) or a water balance methodology
using real-time weather data [15]. The apps were customized for different users considering the
adopted irrigation systems, water conservations options, and other management practices.

In Italy, a new smartphone application, called Bluleaf®, was developed through collaboration
between research institutions and the private sector [17]. Bluleaf® is based on a Decision Support
System (DSS) platform that integrates weather and soil sensors with soil water balance and irrigation
scheduling models that are fully adapted to the specific conditions of irrigated plots and describe
in detail the crop’s phenological stages and the characteristics of the on-farm irrigation systems.
This permits the optimization of irrigation inputs and the enhancement of the irrigation application’s
efficiency. Bluleaf® was tested in southern Italy, and the results confirmed the robustness of the
approach and its capacity to save water and energy with respect to traditional irrigation practices [17].
However, further investigations are needed to examine its performance under different soil and
weather conditions and management practices.

The application of technological advances should be investigated more in the Mediterranean
region in order to provide a step toward improved agricultural water use in terms of both increased
economic benefits and a reduced environmental impact [20]. This is particularly relevant for the Middle
East and North Africa (MENA) region, where water resources are scarce and agriculture is primarily
based on irrigation. Therefore, it is important to consider the efficiency of adopted technological
innovations in the context of specific hydrological realities and agronomic constraints [21,22] and to
apply adequate indicators of water use performance and productivity for the sustainable conservation
of resources [23].

The Bekaa valley is considered to be the food basket of Lebanon, where winter cereals are
produced under supplemental irrigation and spring/summer vegetables are cultivated under full or
deficit irrigation (depending on the availability of water). The increasing water scarcity in the valley
constitutes the main driver threatening farmers to use less water on food production. In the valley,
traditional irrigation scheduling, based on the farmer’s knowhow, is the norm. This means that the
irrigation scheduling is performed according to a time-set calendar schedule, the number of days
that has elapsed since the last irrigation, visual detection of a change in crop color or wilting leaves,
and/or according to how dry the soil feels. However, none of these traditional methods can provide
information on ‘how much’ water to apply.

The main objective of the study was to assess the performance of the Bluleaf® smart irrigation
scheduling application and to determine whether it could save water and improve yield water
productivity over traditional irrigation scheduling practices in the Bekaa valley. The study focused
on durum wheat, a strategic Mediterranean crop, cultivated during the 2016–2017 and 2017–2018
growing seasons.
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This investigation is important at the local and regional scales to improve farmers’ irrigation
practices and to disseminate the benefits of use of innovative technologies that can increase water
productivity, save resources, and reduce pressure on freshwater withdrawal.

2. Materials and Methods

2.1. Description of Smartphone-Based Decision Support System for Irrigation Management

2.1.1. General Overview of the Tool

Bluleaf® is a smartphone-based Decision Support System (DSS) (developed by Sysman Progetti &
Servizi, Mesagne, BR, Bari, Italy) designed to provide integrated support to farmers, including, under a
common shell, weather data (historical, real-time, and forecasted) and management tools for irrigation
and nutrient application and plant disease risk-alert and protection. The system integrates scientific
achievements and technological innovations in the fields of irrigation, agronomy, weather and soil
moisture sensors, and data acquisition, transmission, and management and the application of web and
app tools in agriculture.

The irrigation component uses weather, soil, crop, and irrigation system data to estimate water
balance components during the crop-growing cycle and to elaborate irrigation scheduling (Figure 1).
Soil water balance is modelled on a daily basis and it is based on the weather data collected from an
agro-meteorological station close to the area of interest and weather forecasting data for a period of
7 days provided by the Meteoblue forecast system. The weather forecasting data are provided on an
hourly and a daily basis and are available for each specific location, which permits the computation
of the expected variation of water balance components and the optimization of irrigation scheduling
7 days ahead.

Soil data requirements are limited to the knowledge of the volumetric soil water content at
field capacity, the wilting point and saturation, the electrical conductivity, the organic matter, and
the effective soil depth. The user can select the soil characteristics from the soil database, insert his
own data, or use a specific pedo-transfer function (PTF) to create and store new data according to
a site-specific soil analysis. Moreover, the system can be equipped with capacitance sensors for the
real-time monitoring of soil water content and testing/update of soil water balance modeling results.

The default crop database is arranged using the indicative crop growth and development
parameters (e.g., crop coefficient, duration of growing cycles, minimum and maximum root depth,
optimum yield threshold) as reported in the literature [24–26]. A more detailed description and the
update of crop development and growth parameters is possible using the user’s observations in the
field during the crop-growing season.

The basic irrigation system data include the irrigation method, the application efficiency,
the number of irrigation lines per row, and the distance between an emitter and the emitter’s
discharge. Additional data can be obtained from remote monitoring of the water supply network
(the discharge and pressure at hydrants, the groundwater level in the wells) to support on-farm
operational management of irrigation through a series of actuators (i.e., electro-valves) at pumping
stations, hydrants, and valves. In this context, a specific multiplot and multicrop management module
can be used for optimal water allocation considering all of a farm’s irrigated plots, the water availability,
and the economic parameters of cultivation.

2.1.2. Irrigation Scheduling: The Water Balance Method

The ‘core’ algorithm of Bluleaf® is designed to run simulations at the scale of a single ‘irrigated
plot’, which is defined as ‘the field-unit cultivated with the same crop (also in terms of variety type,
planting date, density, etc.), with relatively homogeneous soil characteristics (average depth, texture,
soil water holding capacity, etc.), equipped with a specific irrigation system and receiving the same
irrigation applications (in terms of timing and amount)’. The crop-soil water balance and irrigation
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scheduling are computed by means of a specific model that was originally written in the MS Excel®

programming language and previously tested and applied for similar applications [27]. The model
estimates crop evapotranspiration, irrigation water requirements, and relative yield through the
standard procedure proposed by the FAO 56 Paper [24].

The reference evapotranspiration (ETo) was estimated by the FAO Penman–Monteith equation [24] as:

ETo =
0.408 · Δ · (Rn − G) + γ · 900

T+273 · U2 · (es − ea)

Δ + γ · (1 + 0.34 · U2)
(1)

where Rn is the net radiation available at the crop surface (MJ/m2/d), G is the soil heat flux density
(MJ/m2/d), T is the mean air temperature at 2 m height (◦C), U2 is the wind speed at 2 m height
(m/s), (ea − es) is the vapour pressure deficit at 2 m height (kPa), Δ is the slope of the vapour pressure
curve (kPa/◦C), and γ is the psychometric constant (kPa/◦C). The computations of the considered
parameters were performed following the formulas reported in [24].

Crop evapotranspiration (ETc) was calculated as a product of the reference evapotranspiration
and the crop coefficient Kc:

ETc = KcETo (2)

Soil water balance is estimated on a daily basis, and it is expressed in terms of water depletion in
the effective root zone Dr,i (mm) at the end of each day through the following equation:

Dr,i = Dr,i−1 − Pi − IRi + ETc,i + DPi (3)

where Dr,i−1 represents the root zone depletion at the end of the previous day i − 1 (mm), Pi is the
effective precipitation on day i (mm), IRi is the net irrigation supply on day i (mm), ETc,i is the crop
evapotranspiration (mm), and DPi is the deep percolation on the same day (mm). Surface runoff (RO)
is not considered since it occurs only when the precipitation and irrigation inputs are greater than
the soil infiltration rate and refers to the water amount that does not enter into the soil. Capillary rise
(CR) is usually a very small value that should be taken into consideration only in the case of a shallow
groundwater level. Deep percolation is considered to be the excess of water above field capacity
within the root zone. Therefore, it occurs when the effective rainfall is higher than the potential water
storage of the root zone or in cases of excessive irrigation water supply. The effective precipitation was
assumed to be a percentage of total precipitation; a default of 80% was adopted, and it can change
during the growing season. Moreover, daily precipitation lower than 2 mm was not taken into account.

Total available water (TAW) for a crop is estimated as the difference between water content at
field capacity and water content at wilting point and changes during the growing season as a function
of root depth (Rd). Therefore,

TAW = (FC − WP)/100 Rd (4)

where Rd is given in mm. Readily available water (RAW) represents the amount of water that can be
depleted from the root zone without compromising crop growth. RAW is estimated as a fraction (p) of
TAW as

RAW = p × TAW (5)

where p represents a threshold for maximum crop production (the optimum yield threshold).
This threshold is crop-specific and can change during the growing season. It ranges between 0.3
(for water-stress-sensible crops) and 0.7 (for water-stress-tolerant crops).

Different irrigation strategies can be adopted, and they depend on the management allowable
depletion (MAD), which can be lower than or equal to RAW (the optimal irrigation and maximum
yield) and greater than RAW (a crop water stress and yield reduction).
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When the soil water depletion in the root zone (Dr) is greater than RAW (i.e., it is below the
optimal yield threshold), a dimensionless coefficient Ks (0–1) is used to account for the level of water
stress. Ks is calculated by the following formula:

Ks =
TAW − Dr

TAW − RAW
(6)

where Dr is the root zone’s soil water depletion, TAW is the total available water, and RAW is readily
available water (a predetermined fraction of the total available water). Hence, crop evapotranspiration
is adjusted for water stress using the reduction coefficient Ks as:

ETc,adj = KsKcETo (7)

Yield reduction under water stress is estimated using the approach of [28] as:

(
1 − Ya

Ym

)
= Ky

(
1 − ETc,adj

ETc

)
(8)

where Ya is the actual yield under water stress corresponding to the adjusted crop evapotranspiration
(ETc,adj), Ym is the maximum yield corresponding to the optimal water supply, and Ky is a crop-specific
yield response factor that can vary during the growing season.

Figure 1. The Bluleaf® architecture. TAW, total available water; RAW, readily available water; NIR, net
irrigation requirements; GIR, gross irrigation requirements; FI, full irrigation, DI, deficit irrigation.
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2.2. Description of the Testing Site and Experimental Activities

2.2.1. Description of the Testing Site

The testing of the smartphone-based DSS was carried out at Tal Amara in the Bekaa valley
(Lebanon) on the experimental field of the Lebanese Agricultural Research Institute (LARI).
The Bluleaf® application was tested on durum wheat (cv. Icarasha) during two growing seasons:
2016–2017 and 2017–2018. The main weather parameters, including solar radiation, air temperature
and relative humidity, wind speed, and precipitation, were taken from an agro-meteorological station
located 400 m away from the experimental field. Monthly weather data, from November 2016 to June
2018, are given in Table 1 together with the reference evapotranspiration (ETo) estimated by the FAO
Penman–Monteith standard approach [24].

Table 1. Monthly climate data from November 2016 to June 2018 as recorded for the Tal Amara region.

Month P (mm) Tmax (◦C) Tmin (◦C) Rhmean (%) Rs (W/m2) Ws (m/s) ETo (mm)

16 November 29.00 20.35 2.81 45.65 89.12 1.41 61.60
16 December 101.80 9.84 0.85 83.04 66.14 2.01 21.50

17 January 119.40 10.67 −0.88 78.20 68.20 1.69 35.70
17 February 29.80 14.13 −1.39 62.20 82.75 1.38 48.00

17 March 36.80 16.24 3.90 71.65 111.10 1.98 70.40
17 April 10.80 23.22 6.11 52.71 250.73 2.11 136.90
17 May 2.00 28.75 9.32 44.56 320.98 2.07 190.30
17 June 2.40 33.19 14.53 38.95 334.91 1.71 205.00
17 July 0.00 35.34 14.32 43.23 329.06 1.22 193.70

17 August 0.20 34.46 12.97 42.89 305.01 1.34 165.80
17 September 0.20 26.93 8.88 53.18 250.94 1.29 100.20

17 October 35.60 20.56 6.22 64.95 174.53 1.18 59.70
17 November 22.80 19.42 5.02 67.04 119.52 1.15 50.60
17 December 0.20 17.37 2.83 65.43 96.30 1.28 24.23

18 January 150.00 12.71 1.72 80.92 84.84 1.50 34.89
18 February 141.20 15.49 2.55 72.64 123.69 1.33 47.49

18 March 8.80 20.12 3.47 59.83 201.21 1.66 97.52
18 April 25.20 23.35 6.25 54.01 248.99 1.37 117.38
18 May 30.40 27.23 11.85 52.18 246.94 1.30 132.79
18 June 12.20 30.18 15.16 46.18 282.41 1.78 190.10

Soil samples were taken in both seasons at up to 50 cm depth at five locations within the
experimental field. The soil texture was determined, and the corresponding texture class referred to the
USDA (United States Department of Agriculture) classification. The basic soil hydrological properties
for the two seasons were estimated in Bluleaf from the soil granulometric analysis, the organic matter,
and the electrical conductivity by means of the pedo-transfer function as suggested by [29]. The results
are presented in Table 2. In the first year, the soil water holding capacity was 180 mm/m, while in the
second it was almost 25% lower (136 mm/m).

Table 2. The soil hydrological properties for the 2017 and 2018 growing seasons.

Parameters 2016–2017 Season 2017–2018 Season

Sand (%) 31 29
Silt (%) 25 25

Clay (%) 44 46
Soil texture (the USDA classification) Clay Clay

Soil water content at saturation (%vol) 52 48.7
Soil water content at field capacity (%vol) 40 40.3
Soil water content at wilting point (%vol) 22 26.7

Soil water holding capacity (mm/m) 180 136
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The basic crop parameters were initially set according to [24,30]. However, both biometric
measurements (the percentage of effective ground cover) and a phenological survey were done on a
weekly basis to correct Bluleaf®’s specific crop parameters according to what was observed in the field.

2.2.2. Description of the Trial

The irrigation scheduling experiment consisted of nine plots, each 300 m2 size (15 m × 20 m).
The plots were randomized in a complete block design consisting of three irrigation scheduling
treatments and three replicates: I-Bluleaf, irrigated according to Bluleaf®; I-farm, irrigated according to
the farmer’s knowhow; and I-rainfed.

For the I-Bluleaf treatment, irrigation was managed using the Bluleaf® smartphone application
in such a way as to keep the soil moisture content above the threshold of readily available water
starting from the booting until the grain-filling stage. For the I-farm treatment, irrigation was managed
according to the common farmer’s practice that consisted of providing the crop with water on a 15-day
basis starting from early spring.

Irrigated plots were equipped with traditional impact sprinklers (with a discharge rate of 1.5 m3/h)
spaced at 12 m on a lateral line overlaid on the middle of each plot. Each treatment had its own valve
and flow meter. The adopted application efficiency was 75%. Durum wheat was sown in rows that
were 0.18 m apart, with a density of 200 Kg of seeds per hectare. Nitrogen was applied at a rate of
60 kg/ha; in particular, ammonium sulfate (21% of N) was applied at the beginning of tillering, while
ammonium nitrate (26–27%) was applied at the beginning of stem elongation.

The starting dates and duration of the main phenological stages observed during the two growing
seasons are reported in Table 3.

Table 3. The starting dates and duration of the main phenological stages of durum wheat grown in the
2016–2017 and 2017–2018 growing seasons. In brackets are reported the days after sowing (DAS).

Growth Stage Durum Wheat

Season 2016–2017 2017–2018
Sowing 28 November 2016 4 December 2017
Tillering 7 February 2017 (71) 27 January 2018 (54)

Stem elongation 15 March 2017 (107) 1 March 2018 (87)
Booting 18 April 2017 (141) 29 March 2018 (115)

Flowering 8 May 2017 (161) 15 April 2018 (132)
Grain filling (milk stage) 10 May 2017 (163) 25 April 2018 (142)

Grain filling (dough stage) 30 May 2017 (183) 17 May 2018 (164)
Harvesting 5 July 2017 (219) 12 June 2018 (190)

Length of crop cycle (days) 219 190

2.2.3. Soil Moisture Content and Leaf Water Potential Measurements

Soil moisture readings were used to test the validity of Bluleaf® by checking the differences
between simulated (model) and measured (sensor) data. For this purpose, an FDR (Frequency Domain
Reflectometry) (or ‘capacitance’) sensor, the PR2 profile probe (DeltaT Devices Ltd, Cambridge, UK),
was used for periodic monitoring of the soil water content along the profile in access tubes placed at a
depth of 1 m in each of the nine plots of the trial.

Midday leaf water potential was measured three times in each growing season, during the
irrigation season, on a two leaves per plot replicate using the Scholander pressure chamber (P3000,
Soil Moisture Corp., Santa Barbara, CA, USA) in both trials. In addition, canopy temperature (Tc)
was monitored by using an infrared thermometer (PhotoTempTMMXSTMTD, Raytek®, Everett, WA,
USA). The crop water stress index (CWSI) was estimated according to Idso’s procedure [31] using air
temperature (Ta) and vapor pressure deficit (VPD) data. In fact, the canopy temperature minus air
temperature (Tc − Ta) values were plotted against the corresponding air VPD values, and delimited
by the estimated upper and lower baselines. The CWSI values were then calculated as the relative
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distance of the measured point data between the upper and lower limits. A set of I-rainfed data
under high-water-stress conditions was used to draw the upper baseline (UL) parallel to the VPD axis.
Meanwhile, the lower baseline (LL) was derived from a set of I-Bluleaf and I-farm data.

2.2.4. Crop Yield, Crop Quality, and Yield Water Productivity

The final aboveground biomass, at the end of each crop cycle, was measured on a 1 m2 (1 m × 1 m)
surface in each plot replicate. The aboveground biomass was determined by oven drying samples
at 70 ◦C until a constant weight was reached. In addition, at physiological maturity, the grain yield
was measured by harvesting a sample area of 1 m2 at the centre of each plot. Yield water productivity
(Y-WP) was calculated as the ratio of yield over the sum of precipitation and irrigation water applied.

2.3. Statistical Analysis

The validation of a soil water balance estimate with Bluleaf® was done by comparing the
simulated and measured values of soil water content over the whole growing cycle in both seasons.
Goodness-of-fit parameters, mainly the root mean square error (RMSE), the coefficient of variation of
the RMSE (CV(RMSE)), the Mean Bias Error (MBE), the Maximum Absolute Error (MAE), the index of
agreement (dIA), and the Nash–Sutcliffe coefficient (NSE), were applied to evaluate model performance
against observed data.

The average difference between simulation outputs and experimental data was described by the
root mean squared error (RMSE) as:

RMSE =

[
N

N

∑
i=1

(Pi − Oi)
2

]0.5

(9)

where N is the number of pairs of observed/measured (Oi) and predicted/simulated (Pi) data.
Then, the coefficient of variation of the RMSE (CV(RMSE)) was applied to normalize the RMSE to

the mean of the observed/measured values (Ō) as:

CV(RMSE) =
RMSE

Ō
(10)

The Mean Bias Error (MBE) was used to indicate the under/over estimations by the model as:

MBE = N−1
N

∑
i=1

(Pi − Oi) (11)

The Maximum Absolute Error (MAE) was estimated as:

MAE = Max|Pi − Oi|Ni=1 (12)

The index of agreement (dIA), which represents the ratio between the mean square error and the
“potential error”, was calculated according as [32]:

dIA= 1 −

n
∑

i=1
(Oi − Pi)

2

n
∑

i=1

2
(∣∣Pi − O

∣∣+ ∣∣Oi − O
∣∣)2

(13)

The dIA is a descriptive parameter that varies between 0 and 1, with the value of 1.0 indicating
excellent agreement.
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In addition, the Modelling Efficiency (NSE), which represents a normalized statistic that
determines the relative magnitude of the residual variance compared to the measured data
variance [33,34], was defined as:

NSE = 1.0 −

n
∑

i=1
(Oi − Pi)

2

n
∑

i=1

(
Oi − O

)2
. (14)

According to [19], which worked on validating a smartphone application for avocado, the validity
of the model performance was considered very good when the probability of fit showed an NSE = 0.9–1,
good for NSE = 0.8–0.899, acceptable for NSE = 0.65–0.799, and unsatisfactory for NSE < 0.65.

All statistical analyses were carried out by using SAS v9.

3. Results and Discussion

3.1. Irrigation Water Supply and Saving

Irrigation dates and amounts of water supply considering two management approaches (Bluleaf®

and the farmer’s approach) are presented in Table 4 for both seasons. In the first season (2016–2017),
the Bluleaf® irrigation was scheduled three times, each with 67.5 mm of net irrigation, which accounted
for a total of 202.5 mm of net irrigation supply and 270 mm of gross irrigation input. The farmer’s
irrigation strategy assumed four irrigations of 67.5 mm each, with a total of 270 mm of net irrigation
and 360 mm of gross irrigation. Therefore, a total water saving of 90 mm was obtained when the
Bluleaf® application was used.

Table 4. The irrigation dates and amounts of water for the two seasons’ trials.

Season 2017

I-Bluleaf I-farm

Dates Net Irrigation Amounts (mm) Dates (DAS) Net Irrigation Amounts (mm)

22 April 2017 (145) 67.5 5 April 2017 (128) 67.5
10 May 2017 (163) 67.5 20 April 2017 (143) 67.5
23 May 2017 (176) 67.5 5 May 2017 (158) 67.5

20 May 2017 (173) 67.5
Total seasonal irrigation (mm) 203 270

Total seasonal rain (mm) 317 317
Irrigation + rain (mm) 520 587

Season 2018

I-Bluleaf I-farm

Dates Net Irrigation Amounts (mm) Dates Net Irrigation Amounts (mm)

15 March 2018 (101) 53 15 March 2018 (101) 67.5
5 April 2018 (122) 60 1 April 2018 (118) 67.5
20 April 2018 (137) 67.5 16 April 2018 (133) 67.5
8 May 2018 (155) 67.5 2 May 2018 (149) 67.5

17 May 2018 (164) 67.5
Total seasonal irrigation (mm) 248 338

Total seasonal rain (mm) 368 368
Irrigation + rain (mm) 616 705

Note: I-Bluleaf, irrigated according to Bluleaf®; I-farm, irrigated according to farmer know-how; I-rainfed,
no irrigation.

In the second season (2017–2018), the Bluleaf® irrigation was scheduled four times with different
water inputs, which accounted for 248 and 331 mm of net and gross irrigation, respectively. In the case
of the farmer’s irrigation strategy, five irrigation events occurred, each with 67.5 mm, which meant
337.5 mm of net irrigation supply and 450 mm of gross irrigation input. Thus, in the second year, a
water saving of 119 mm was observed with the Bluleaf® application.
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Overall, I-Bluleaf received 25.7% less water than I-farm independently on the growing season.
In Lebanon, the area cropped with wheat represents about 30,000 ha, of which almost 50% is being
irrigated [35]. Therefore, the annual water saving could reach about 15 million m3 provided that, in all
irrigated areas, a real-time irrigation scheduling tool is applied.

The difference in irrigation amounts between the two growing seasons was mainly due to the
different soil characteristics of the two experimental seasons (the soil water holding capacity was
about 25% greater in the first year with respect to the second year) and the distribution of precipitation
throughout the growing season, which was more uniform in the first than in the second year. In fact,
in the second growing season, the precipitation was higher than in the first year by about 51 mm;
however, it was distributed mainly in January and February, when both the rooting depth and the
crop evapotranspiration were low. Thus, in the second season, most of precipitation was lost mainly
through deep percolation. The difference in net irrigation requirements estimated by Bluleaf® was
about 45 mm. Nevertheless, the difference in net irrigation applications adopted by the farmer’s
approach was 67 mm. This confirms the suitability of smart irrigation technologies for irrigation
scheduling, which permit us to have better knowledge of the soil-plant-atmosphere continuum and a
more accurate irrigation supply.

3.2. Assessment of the Soil Water Content Estimation in the Root Zone

The results of soil water balance estimated on a daily basis are given by the values of soil water
depletion in the root zone in Figures 2 and 3 for the three water treatments (I-Bluleaf, I-farm, and
I-rainfed) in the 2016–2017 and 2017–2018 growing seasons. In both seasons, the plants were kept
under optimal water conditions from the booting until the grain-filling stage. The irrigation was
always applied before the root zone’s soil water content went below the allowable depletion threshold.
Consequently, no apparent water stress was experienced by the crops during the irrigation period.
When irrigation was stopped, at the dough stage, the soil water content dropped below the readily
available water threshold. The total net irrigation amounts of I-farm were 270 mm and 338 mm in
the 2016–2017 and 2017–2018 growing seasons, respectively. Irrigation was performed every 15 days
according to the common farmer’s practice in the region. Accordingly, irrigation started at the
early vegetative stage. For I-rainfed, water stress started at the booting stage and it was increased
progressively until the ripening stage.

The testing of Bluleaf® to predict soil water content in the root zone demonstrated a good
agreement with the measured values considering the soil water dynamics and the soil spatial variability
and heterogeneity. The goodness-of-fit indicators are presented in Table 5. The RMSE ranged from
15.12 mm to 26.64 mm with a CV(RMSE) between 0.14 and 0.61 mm. The dIA ranged from 0.77 to
0.98. The NSE showed that the model can be classified from acceptable to very good [19], with values
ranging from 0.77 to 0.92. The differences between the simulated and observed soil water contents
could be due to the fact that the soil water balance considers a one-dimensional flow of water through
the soil, while ignoring lateral and preferential flow [36–38]. In addition, since soil properties are
generally highly heterogeneous, the simulations were accepted as an average representation of soil
water variations within the root zone. Trends in soil water content dynamics and not exact values of
soil water content were reproduced by the model, as was also obtained in the study for the validation
of a smartphone application for avocado [19].
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Table 5. The goodness-of-fit indicators for the soil water balance simulation in the wheat trials.

Statistical
Indicators

Season 2016–2017 Season 2017–2018

I-Bluleaf I-farm I-rainfed I-Bluleaf I-farm I-rainfed

RMSE (mm) 26.64 25.57 20.63 17.59 24.86 15.12
CV(RMSE) 0.43 0.40 0.15 0.35 0.61 0.14
MBE (mm) 24.51 −12.14 16.43 4.74 −2.90 5.56
MAE (mm) 24.51 19.87 18.91 14.24 19.75 12.93

dIA 0.77 0.91 0.98 0.93 0.92 0.97
NSE 0.85 0.88 0.90 0.92 0.77 0.92

Note: RMSE, root mean square error; CV(RMSE), coefficient of variation of the RMSE; MBE, mean bias error; MAE,
mean absolute error; NSE, Nash–Sutcliffe Efficiency.

Figure 2. Simulated soil water depletion (Bluleaf®) versus measured soil water depletion (PR2 probes)
for the three different treatments in the 2016–2017 wheat growing season. (I-Bluleaf, irrigated according
to Bluleaf®; I-farm, irrigated according to farmer know-how; I-rainfed, no irrigation; TAW, total
available water; RAW, readily available water).

141



Water 2019, 11, 252

 

 

Figure 3. Simulated soil water depletion (Bluleaf®) versus measured soil water depletion (PR2 probes)
for the three different treatments in the 2017–2018 wheat growing season. (I-Bluleaf, irrigated according
to Bluleaf®; I-farm, irrigated according to farmer know-how; I-rainfed, no irrigation; TAW, total
available water; RAW, readily available water).

3.3. Biomass, Yield, and Water Productivity

The main examined variables, particularly the final aboveground dry biomass (AGDB), the grain
yield, and the yield water productivity (Y-WP), are reported in Table 6 for all treatments and both
seasons. In addition, the grain yield, as affected by year (i.e., specific weather conditions) and treatment
application, is presented in Figure 4.

Considering “year” as the source of variance, there was not a significant difference in terms
of biomass production. However, the grain yield and the Y-WP were significantly different with
higher mean values (4.81 t/ha and 1.01 kg/m3, respectively, in the 2016–2017 growing season) than in
2017–2018 (3.22 t/ha and 0.59 kg/m3). The reduction of yield in the second growing season could be
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explained by a higher air temperature during the crop development phase (an average of about 3.0 ◦C)
in 2017–2018 than in 2016–2017, and a lack of precipitation in December (immediately after sowing)
and in March. The high temperatures accelerated crop development and reduced biomass and yield in
2017–2018. Moreover, in the second season, the booting stage, which is sensitive to water stress, was
anticipated in March when the precipitation was low and there was no irrigation. Thus, it could be an
additional factor affecting the grain yield in that year.

Table 6. Aboveground dry biomass (AGDB), yield, and yield water productivity (Y-WP) as affected by
year and irrigation treatment (Tr) application.

Source of Variation AGDB (t/ha) Grain Yield (t/ha) Y-WP (kg/m3)

Year (Y) ns * *
Y2017 9.46 ± 2.05 4.81 ± 1.38 a 1.01 ± 0.11 a
Y2018 9.93 ± 1.43 3.22 ± 0.68 b 0.59 ± 0.10 b

Treatment (Tr) ** *** ns
I-Bluleaf 10.76 ± 0.89 a 4.63 ± 1.26 a 0.84 ± 0.29
I-farm 10.73 ± 0.65 a 4.64 ± 1.22 a 0.74 ± 0.26
I-rainfed 7.59 ± 0.99 b 2.77 ± 0.40 b 0.82 ± 0.18

Y × Tr ns * ns

Note: ns, not significant; *, **, and ***, significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. Means followed
by a different letter in each column are significantly different according to the LSD test (P = 0.05).

 

Figure 4. The Grain Yield in 2017 and 2018, as affected by Year and treatment application. The vertical
bars indicate the standard error.

Considering “water” as the source of variance, the total dry biomass of wheat was significantly
influenced by the water regime. In fact, I-Bluleaf and I-farm produced 41.76% and 41.37% higher
biomass than I-rainfed, respectively. In addition, yield varied significantly in relation to water practice,
with the values for I-Bluleaf and I-farm respectively 67.14% and 67.50% higher than I-rainfed. It should
be mentioned that I-Bluleaf and I-farm were not significantly different in terms of final biomass and
yield, and the values were very close.

Concerning the Y-WP that was expressed on the basis of grain yield, the results revealed that,
although not significant, I-Bluleaf had a 13.5% higher Y-WP than I-farm. In fact, despite I-Bluleaf
and I-farm presenting similar values of AGDB and grain yield, it is of great importance to emphasize
that I-Bluleaf received 24.8% and 26.6% less water than I-farm, respectively, in seasons 2016–2017 and
2017–2018, which lead to a greater Y-WP.
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The results confirmed that the application of supplemental irrigation and a limited amount of
water increased the crop yield and water productivity of durum wheat [39–42].

3.4. Stress Indicators: Leaf Water Potential (LWP) and the Crop Water Stress Index (CWSI)

The midday leaf water potential was measured as illustrated in Figure 5, and corresponding
to the time interval between the booting and grain-filling stages. In season 2016–2017, for the first
measurement, the midday LWP presented almost similar values, between −24.5 and −25 bar in all
treatments. However, for the second and third measurement, the LWP showed lower values (more
negative), between −27.67 and −32 bar for rainfed treatments, which indicated water stress. In the
case of irrigated treatments, the LWP was higher (around −20 bar) for the second measurement, and it
was lower (around 26.5 bar) for the third measurement. The values of LWP were slightly higher for
I-Bluleaf than for I-farm treatment. In season 2017–2018, the LWP was lower for rainfed treatment
(between −28.67 and −33.17 bar) than for irrigated treatments (between −19.50 and −25.33 bar). There
was a clear difference of midday LWP values between rainfed and irrigated treatments. Finally, the
treatments I-Bluleaf and I-farm presented the same range of midday LWP, and no clear difference was
noticed between the two treatments that mainly exhibited similar trends of LWP. The results obtained
in this study are in agreement with the findings of [43], who reported similar LWP values for durum
wheat grown under optimal and water-stress conditions in Avignon, France. These findings are also in
agreement with the study of [42], who investigated the LWP variation under different water regimes for
durum wheat and barley crops. This confirmed the validity of the Bluleaf® application for the irrigation
scheduling of wheat, revealing that the plants were well-watered during the irrigation season.

 

Figure 5. The midday leaf water potential (LWP) for the different treatments in the two wheat growing
seasons. The blue arrows correspond to irrigation events for I-Bluleaf while the red arrows correspond
to irrigation events for I-farm.
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In Figure 6a, the canopy temperature minus air temperature (Tc – Ta) values are plotted against
the corresponding values of air vapor pressure deficit (VPD), and delimited by the estimated upper
and lower baselines.

 

Figure 6. (a): A plot of canopy air temperature versus air vapor pressure deficit (VPD) with the
corresponding upper and lower limits. (b): The Crop Water Stress Index (CWSI) variation for the three
treatments during the wheat growing season.

The variation of the empirical CWSI under the three water regimes in 2016–2017 is shown in
Figure 6b. Since the irrigation supply started late in the season (April), the first measurements showed
a common stress (with a CWSI between 0.4 and 0.55). Later on, the CWSI decreased as a result
of irrigation in I-Bluleaf and I-farm. The irrigated treatments followed a similar trend of CWSI in
agreement with the adopted irrigation strategy. The CWSI threshold for irrigation can be adopted as
0.5, which is in agreement with other studies [44]. Therefore, the results on CWSI variation confirmed
the validity of the Bluleaf® irrigation app for use in the irrigation management of durum wheat.
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4. Conclusions and Perspectives

Field crops, such as wheat and other cereals, are important for stabilizing food security at
the national level in the most of the MENA countries. In most cases, these crops are irrigated in
order to reach a satisfactory level of production. Although water authorities are trying to develop
regulations to limit water abstraction (especially from groundwater), their effective application requires
support to help farmers in the implementation of new water-efficient technologies. For this reason, a
user-friendly smartphone application for irrigation scheduling is of great importance in rationalizing
water quantities.

The application of Bluleaf®, which was tested in this study, can provide daily customized irrigation
scheduling for each farm at the irrigation sector scale using local meteorological data on a real-time
basis, weather forecasting, soil, and crop data, and the hydraulic characteristics of the irrigation system.
The results of the test indicated a considerable water saving of at least 1000 m3/ha, which confirmed
that the irrigation practices adopted by farmers are not efficient, cause a waste of water, nutrients,
and energy, and trigger other environmental burdens. The assessment of Bluleaf®’s performance
revealed that the presented tool could constitute a promising solution for irrigation scheduling with
an “acceptable to very good” simulation of the soil water balance in the root zone.

Nowadays, there is an increasing demand for user-friendly platforms in the agricultural sector
that should be able to provide relevant information for farmers by means of various types of sensors
(local and remote) and modeling tools. Additionally, these applications could be used to produce
reliably traceable records of farm activities and for the estimation of eco-efficiency [45], which is
increasingly being demanded by the market.

The presented tool is one such platform, based on a smartphone application that allows for easy
and instantaneous interaction with users. This provides additional insight into real-time irrigation
management and permits more efficient water, nutrient, and energy use. Certainly, proper use of
this and other similar tools depends on a concerted capacity-building effort and strong collaboration
between researchers, extension service staff, and farmers. Further testing and calibration of other crop,
soil, weather, and management conditions is needed.
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Abstract: The sustainability of the Hetao Irrigation System, located in the water scarce upper Yellow
River basin, is a priority considering the need for water saving, increased water productivity, and
higher farmers’ incomes. The upgrading of basin irrigation, the main irrigation method, is essential
and includes the adoption of precise land levelling, cut-off management, improved water distribution
uniformity, and adequate irrigation scheduling. With this objective, the current study focuses on
upgrading wheat basin irrigation through improved design using a decision support system (DSS)
model, which considers land parcels characteristics, crop irrigation scheduling, soil infiltration,
hydraulic simulation, and environmental and economic impacts. Its use includes outlining water
saving scenarios and ranking alternative designs through multi-criteria analysis considering the
priorities of stakeholders. The best alternatives concern flat level basins with a 100 and 200 m length
and inflow rates between 2 and 4 L s−1 m−1. The total irrigation cost of designed projects, including
the cost of the autumn irrigation, varies between 2400 and 3300 Yuan ha−1; the major cost component
is land levelling, corresponding to 33–46% of total irrigation costs. The economic land productivity is
about 18,000 Yuan ha−1. The DSS modelling defined guidelines to be applied by an extension
service aimed at implementing better performing irrigation practices, and encouraged a good
interaction between farmers and the Water Users Association, thus making easier the implementation
of appropriate irrigation management programs.

Keywords: surface irrigation modelling; precise land levelling; irrigation systems design; beneficial
water use; decision support systems (DSS); inflow rates; cut-off time

1. Introduction

The Yellow River basin is a water scarce region, with low water availability; about 500 m3 per
capita per year [1]. Agricultural irrigation corresponds to close to 90% of the total water use in the
basin [2], and is particularly important in the Hetao Irrigation District. Climate change is likely a
main cause for a decrease of water availability during the last decades [3–5], while increased water
abstractions for industrial and domestic uses highly exacerbate water scarcity [2]. Forecasted scenarios
on water resources allocation and use in the Yellow River basin point out the need to reduce irrigation
water use [6].

The reduction of water resources allocation for irrigation due to the increased demand by
non-agricultural sectors has unbalanced traditional irrigation management [6–9] and resulted in
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heavy challenges for the future use of water for irrigation. Thus, major priorities in the upper Yellow
River basin refer to developing and implementing appropriate technologies aimed at water saving,
improved water productivity, and increased farmer’s incomes [7]. Since basin irrigation is the most
used irrigation method in the 570,000 ha of irrigated land of Hetao, there is a requirement to focus
on improving basin irrigation, which implies precise land levelling, appropriate inflow discharges
and cut-off times, and adopting improved crop irrigation schedules [10–14], as well as improved
supply management, namely modernizing canal conveyance and the distribution service aimed at
upgrading water delivery and reducing runoff and seepage wastages [12,15–17]. When soils are
saline [18], basin irrigation modernization also needs to consider salinity control practices [12,17,19],
mainly adopting improved out of season autumn irrigation to appropriately leach the salts out of the
soil’s root zone. In addition, because water-saving practices impact groundwater dynamics [9,20], it is
required that mutual influences of groundwater-irrigation are assessed and target groundwater depths
are defined [21].

It is known that the performance of surface irrigation systems highly depends upon design and
management [17,22–25]. Thus, appropriate design procedures and modelling are required because
surface irrigation design based on simulation models produces results more easily, provides a better
description of runoff and infiltration processes and the assessment of expected system performance,
and results in the improved quality of design solutions [23–25]. In fact, there are a variety of factors that
influence surface irrigation performance and shall be considered in the design: soil infiltration rates,
hydraulic roughness, inflow discharge and duration, field length and slope, land shape, and surface
micro-topography, as well as irrigation scheduling and control of salinity [17,22–29]. In addition, design
must consider the negative impacts of irrigation, such as operational water losses by deep percolation
and runoff out of the fields, water erosion due to surface flow, or relative to the control of fertilizer and
chemical pollution and/or to control health impacts of irrigation with treated wastewater [29].

Decision support systems (DSS) aimed at the design of surface irrigation [30–32] may be the
most adequate design tools because they may integrate data, models, and other calculation tools
that focus on the various factors and impacts referred to above and, therefore, can be utilised for the
easy creation of design alternatives. In addition, DSS integrate computational facilities that rank the
considered design solutions, thus supporting design decision making. Ranking may be performed
with multi-criteria analysis (MCA) [33], which identifies the compatibility among contradictory design
criteria such as those relative to water saving and economic viability [34,35].

The application of DSS models for irrigation design easily associates issues relative to the
hydraulics of the system with factors determining the irrigation performance and the environmental
and economic results [30,36–39]. They are appropriate to be used in Hetao to assess solutions for water
saving and economic returns for farmers because related design solutions depend upon numerous
factors. However, design solutions cannot be field validated and model generated design alternatives
have to be assessed and ranked to support the selection of the “best” solution, i.e., the alternative that
better satisfies the design criteria. Thus, models and computational tools used by the DSS to create
the design alternatives need to be parameterized using field data and validated models. Considering
that good results were previously obtained with the DSS SADREG in surface irrigation design applied
to wheat and cotton in Syria and Central Asia [31,34], this DSS model was selected for the current
application to wheat in the Dengkou area of Hetao.

The objective of the present study was to assess and rank several design alternatives developed
for basin irrigation applied to wheat in the experimental area of Dengkou, in the south-eastern part
of Hetao. With this objective, the DSS model SADREG was used to create and rank various design
alternatives. Ranking was performed with MCA considering two groups of design criteria, one relative
to water saving and the other to economic returns. To appropriately parameterize SADREG, previous
studies were developed during three years in the Dengkou area, one relative to basin irrigation [13],
and the other to crop irrigation management [14], which provided field data for validating the
simulation tools integrated in SADREG. Further objectives refer to preparing for extending the use
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of the DSS model for surface irrigation design to other areas of Hetao as a base for implementing
irrigation water saving and modernization at the farm level.

2. Materials and Methods

2.1. The Study Area

The Hetao irrigation district is located in the upper reaches of the Yellow River and is one of the
three largest irrigation districts of China, with 570,000 ha of irrigated land, and is 250 km long and
50 km wide (Figure 1). Hetao has an arid continental monsoon climate, with an average annual rainfall
of 200 mm. According to the Köppen classification [40], the climate is BWk, with hot and dry summers
and long, dry, and severely cold winters, which extend from November to March. Agriculture is only
feasible during the spring-summer crop season and when irrigated.

Figure 1. Map of the Hetao Irrigation District with representation of: (a) main irrigation drainage
canals, (b) cropped areas, in green; (c) location of the Dengkou experimental area (Wu et al. [18]).

Water diverted from the Yellow River for irrigation totals about 5.2 billion m3 year−1 [41,42].
To address water scarcity and the demand of non-irrigation water user’ sectors, the Yellow River
Water Conservancy Commission decided that diversions for irrigation in Hetao should be reduced to
nearly 4.0 billion m3 year−1. However, a heavy reduction of water available for agriculture may have
very important social impacts and a more flexible water allocation policy is advocated [43], limiting
restrictions to irrigation water use to 10% in dry years. In addition, there are limitations in using
groundwater due to salinity [18,44] and the presence of arsenic [45]. Only a small area is irrigated with
groundwater and uses drip irrigation. Xu et al. [9,20] provided descriptions of the Hetao surface and
groundwater systems and respective interactions as influenced by irrigation. Recent analysis of water
use in Hetao includes a study on the water footprint of crop production [46] and an assessment of crop
evapotranspiration dynamics [47].

The conveyance and distribution system of Hetao consists of seven levels of irrigation canals.
The first main canal is gravity-fed from the Yellow River, with head-works located nearby Dengkou
city and along the river (Figure 1). This first main canal supplies the main canals that flow South
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to North. Secondary drains also flow in the same direction into a main drain that flows West to
East into a great lake. There are 61 areas served by the main and sub-main irrigation canals, named
divisions, averaging ca. 9300 ha each. Branch and lower order canals of each division are managed
by Water Users Associations (WUA), namely to deliver water to farms and to clean canals from
deposited sediments carried by the irrigation water. Main and sub-main canals and drains, as well as
the head-works and the drainage pumping station, are managed by the Hetao Administration, which
is in charge of water allocation policies, water measurements, water fees, and the modernization of
hydraulic structures.

An experimental area has been installed in Dengkou, in the upstream part of Hetao and where
irrigation water is supplied by the Dongfeng canal (Figure 1). It is a main canal, 63 km long, designed
for a discharge of 25 m3 s−1, and that supplies a division comprising 480 irrigation sectors and a
total irrigated area of 16,300 ha. The branch and distributor canals that deliver water to the farms are
currently being upgraded. A rotation delivery scheme is applied by the WUA, with fields supplied
with a nearly constant discharge during each irrigation event. The application time is defined by
the WUA depending upon the farmer’s demand and the available water. The experimental area of
Dengkou consists of a sector with 33.4 ha, with 394 land parcels and 210 farmers. The most common
crops are maize, wheat, and sunflower, sometimes intercropped [14]. Experimentation is performed in
the farmers’ fields and respective irrigation management is agreed with the WUA.

2.2. Weather and Soils Data

Daily weather data, including precipitation, maximum and minimum air temperature (◦C),
maximum and minimum relative humidity (%), wind speed (m s−1), and sunshine duration (h) were
recorded in an automatic weather station (40◦13′ N, 107◦05′ E, and 1048 m elevation) located within
the experimental area. Precipitation and grass reference evapotranspiration (ETo) computed with the
FAO-PM method [48] are shown in Figure 2, relative to the period of experimentation, 2010–2012.
It may be noticed that rainfall is much smaller than ETo and highly varies with time. Differently,
ETo varies little and its variability relates to the occurrence of rainfall in Summer.

Figure 2. Monthly precipitation (  ) and daily reference evapotranspiration (  ) observed in the
Dengkou experimental area during the three years of experimentation, 2010–2012.

The soil in the experimental area is a siltic irragric Anthrosol [49] originated from sediments
deposited by the Yellow River. Main soil textural and hydraulic properties were obtained from
sampling in various locations within the study area. The texture of Dengkou soils is generally silt
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loamy in the upper layers, until a 0.60 m depth, and silt clay can be found below that depth. Soil textural
and hydraulic properties were measured in a laboratory: texture was determined using a dry particle
size analyser (HELOS RODOS, Sympatec, Clausthal-Zellerfeld, Germany); and the soil water retention
curve was measured using a pressure plate extractor (model 1500F1, Soil Moisture Equipment Corp.,
Santa Barbara, CA, USA). Main soil physical characteristics are shown in Table 1. The total available
soil water (TAW) ranges from 200 to 260 mm m−1. Despite salinity occurring in large areas of Hetao,
in the Dengkou area, the electrical conductivity of the saturation extract of the soil, ECe, ranges from
0.11 to 1.58 dSm−1. These values are smaller than the ECe threshold relative to the referred main
crops [48]. Moreover, such low salinity levels do not affect infiltration.

Table 1. Main soil textural and hydraulic properties of the soil in Dengkou (from [14]).

Depth (m)
Particle Size Distribution (%) Soil Water Content (cm3 cm−3)

Clay Silt Sand At Saturation At Field Capacity At Wilting Point

0–0.20 23.0 76.7 0.3 0.47 ± 0.01 0.36 ± 0.01 0.16 ± 0.01
0.20–0.40 12.1 81.6 6.3 0.48 ± 0.01 0.37 ± 0.01 0.16 ± 0.01
0.40–0.60 14.6 84.2 1.2 0.49 ± 0.01 0.37 ± 0.01 0.16 ± 0.01
0.60–0.80 35.1 64.9 0.0 0.50 ± 0.02 0.39 ± 0.02 0.17 ± 0.02
0.80–1.00 42.5 57.5 0.0 0.52 ± 0.02 0.41 ± 0.02 0.18 ± 0.02

Following previous studies [13], infiltration is described by the Kostiakov equation [50]:

Z = K · τa (1)

where Z is the cumulative infiltration depth (m), τ is the infiltration time (min), and K (m min−a) and
a (dimensionless) are empirically adjusted parameters. Because the duration of the water application in
basin irrigation is small, the intake rate derived from Equation (1) does not significantly under-estimate
infiltration at the end of irrigation [50]; thus, a third parameter representing the basic infiltration rate
was not considered.

A large number of field measurements of irrigation events in Dengkou determined six standard
infiltration curves [13]. Field basin infiltrometer tests [28] were performed, which provided a first
estimation of the parameters K and a (Equation (1)). Later, these parameters were optimized using field
advance and recession observations through the application of the inverse method [51,52] with the
model SIRMOD [53]. This is a mechanistic surface irrigation simulation model aimed at the numerical
solution of the Saint-Venant Equations for the conservation of mass and momentum [28].

Results of the infiltration tests performed have shown that the cumulative infiltration in silty
soils increases with the precision of the adopted land levelling. Tests have also shown that infiltration
rates decreased from the first to the following irrigation events, particularly for the precision levelled
basins [13]. This behaviour was also observed in the nearby Huinong area [11] and by Bai et al. [26] in
the North China Plain. It is likely due to the deposition of detached soil particles by the flowing water,
which reduces infiltration due to the clogging of surface soil pores.

Six standard infiltration curves (SC-I to SC-VI) were obtained for the Dengkou silty soils from field
observations [13]. For operational purposes, following the approach by Walker et al. [50], infiltration
curves were clustered into three infiltration families (Figure 3) characterized by:

(i) High infiltration rates, when the first irrigation event is described by the observed curve SC-I,
the second event to the curve SC-II, and the third and following events to the SC-III curve;

(ii) Medium infiltration rates, with the first event described by the curve SC-III, the second event by
the curve SC-IV, and the third and following events by the curve SC-V; and

(iii) Low infiltration rates, where the first irrigation event is described by the curve SC-IV, the second
event by the curve SC-V, and the third and later events by the curve SC-VI.
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The K and a parameters relative to the infiltration curves are given in Figure 3. The distribution of
high, medium, and low infiltration soils in the study area corresponds to 7–9%, 70–72%, and 20–22%,
respectively. Further information on the methodologies applied is provided in Miao et al. [13,14].

Figure 3. Cumulative infiltration curves SC-I to SC-VI characterizing the infiltration families relative to
high, medium, and low infiltration rates represented with blue, red, and violet lines, respectively.

2.3. Irrigation and Yield Data

A survey on basin irrigation has been performed in the Dengkou experimental area [13] and the
results have been used in the current design study. The typical sizes of field parcels and respective
inflow discharges are summarized in Table 2. Irrigation basins commonly have a length of 50 m and
widths ranging from 7 to 50 m. The wider fields often have more than one inlet. The field topography
is flat but micro-topography is uneven.

Table 2. Field sizes and inflow discharges observed in Dengkou.

Field Sizes
Length × Width (m)

Field Area (ha) Inflow Discharge (Ls−1)
Field Sizes Occurrence

in the Area (%)

50 × 10 0.05 10 ± 2 10
50 × 30 0.15 15 ± 3 30
65 × 20 0.30 20 ± 4 20
65 × 40 0.60 25 ± 5 10

100 × 25 0.25 15 ± 3 10
100 × 50 0.50 25 ± 5 20

A land levelling survey was also performed in several field parcels [13] with traditional and
precise land levelling using the methodology described by Dedrick et al. [54]. The traditional land
levelling (TL) consists of land smoothing using rudimentary equipment and practices and is performed
by farmers without the support of topography surveys, hence resulting in a poor micro-topography
and an uneven land surface. Differently, precise land levelling (PL) is performed with modern laser
controlled levelling equipment, which provides a very regular soil surface with the target slopes.
Precise land levelling is already well known in North China, including relative to its impacts on
irrigation performance [25,26,55]. The latter were studied in Dengkou [13]. This study recognized the
effects of inflow discharge control and irrigation scheduling on performance when aiming at water
saving and higher crop yields.
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The survey collected field data provided for calculating cut and fill volumes, and operation
time and costs. Basin slopes were selected using terrain elevation data obtained by performing a
field topography survey. It resulted in the following target slopes: zero cross slope for all cases,
zero longitudinal slope (So) for level basins (LB), and So of 0.5‰ and 1.0‰ for graded basins (GB).
The land levelling survey determined the following economic and technical parameters to be used in
basin irrigation design:

(i) Operation time for maintenance: 3–4 and 4–5 h ha−1 for TL and PL basins, respectively, depending
upon the distances between cut and fill sites, the power of the levelling equipment, the experience
of the operator, and the soil conditions;

(ii) Hourly operation costs: 80 to 120 Yuan h−1 for TL basins and 200 to 240 Yuan h−1 for PL basins,
with prices depending upon the equipment power and size;

(iii) Quality of land forming as expressed by the root mean of squared deviations between observed
and target land elevations: 6 to 10 cm for TL basins and less than 4 cm for PL;

(iv) Frequency of land levelling maintenance: annual for both TL and PL basins.

According to observations [56], the spring wheat yield of 6000 kg ha−1 can be assumed for
non-stressed conditions, i.e., full irrigation in a low salinity soil. The previous field and simulation
study on the wheat crop irrigation scheduling [14] was used herein. The improved full irrigation
scheduling implies a seasonal net irrigation depth of 300 mm with three irrigation events of 100 mm
each. The irrigation practice includes, in addition to summer irrigation, out of season autumn irrigation,
which is performed after the crop season and applies a high irrigation depth, usually close to 250 mm
or larger, particularly when the soil salinity is high. The main objectives of autumn irrigation consist of:
(a) controlling soil salinity through leaching the salts out of the root zone; (b) to improve soil structure,
porosity, and permeability, due to the effect of successive soil water freezing and melting during winter;
and (c) to store water in the soil to be available for cropping in early spring. Related processes are well
known [57–59]. Following Li et al. [59,60], an irrigation depth of 230 mm was assumed adequate to
leach the salts out of the root zone. Crop season and autumn irrigation data are summarized in Table 3.

Table 3. Water use components relative to current and improved wheat irrigation schedules (from [16]).

Irrigation
Schedules

Number
Irrigation

Events

Net Target
Irrigation

Depth (mm)

Season Net
Irrigation

(mm)

Autumn
Irrigation

(mm)

Effective
Rainfall

(mm)

ETc act

(mm)
Tc act

(mm)
Yield

(kg ha−1)

Present 3 95 285 250 60 629 568 5880
Improved 3 100 300 230 60 644 574 6000

Notes: ETc act—actual crop evapotranspiration; Tc act—actual crop transpiration.

To estimate the yield impacts of the various irrigation alternatives, the yield response curve
proposed by Solomon [61] was adopted:

Ya/Ymax = f(Wa/Wmax) (2)

where Ya and Ymax are the actual and the maximum yield (kg ha−1), respectively; Wa is the actual net
irrigation water applied (mm); and Wmax is the net water required to achieve Ymax. The respective
parameterization is performed with the data in Table 4, which applies to Dengkou soils with low
salinity and is based upon regionally observed data [56,62].

Table 4. Parameters used in the water-yield function.

Wa/Wmax 0.5 0.75 1.0 1.5 2.0
Ya/Ymax 0.40 0.70 1.0 0.95 0.90
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2.4. Irrigation Performance

The irrigation performance indicators used consist of the distribution uniformity (DU, %) and the
beneficial water use fraction (BWUF, %) [63]. DU is defined as:

DU =
Zlq

Zavg
× 100 (3)

where Zlq is the average low quarter depth of water infiltrated (mm) and Zavg is the average depth of
water infiltrated in the whole irrigated field (mm). Two equations are used for BWUF to distinguish
the cases of over-irrigation (Zlq > Zreq) and under-irrigation (Zlq < Zreq):

BWUF =

{ Zreq
D × 100 Zlq > Zreq

Zlq
D × 100 Zlq < Zreq

(4)

where Zreq is the average depth (mm) required to refill the root zone in the quarter of the field having a
higher soil water deficit, and D is the average water depth (mm) applied to the field. Zreq is estimated
from measurements or using a soil water balance model. Zlq and Zavg are estimated from computing
the depth of water infiltrated during the irrigation process with SIRMOD [53]. D is given by the
product of the cut-off time (tco) and the average inflow rate (Qin).

The previous field basin irrigation evaluations [13] estimated DU and BWUF for both TL and PL
basins. The results in Table 5 clearly show that traditional irrigation is not able to achieve water saving
and salinity control since DU and BWUF indicators are far behind the potential values. Contrarily,
precise levelling provides a high DU in modernized basins. However, BWUF values show a large gap
between observed and potential values when irrigations follow traditional scheduling. High BWUF
values are only attainable when adopting well-adjusted tco and Qin. Alternative values for tco and Qin

were therefore used in model design simulations.

Table 5. DU and BWUF obtained from observations in traditional and precise levelled basins for
various irrigation events and their potential values (from Miao et al. [13]).

Irrigation
Event

DU (%) BWUF (%)

Traditional
Improved
Observed

Improved
Potential

Traditional
Improved
Observed

Improved
Potential

1st 60 92 94 58 69 92
2nd 67 90 90 54 53 86
3rd 64 91 91 59 74 89

2.5. The DSS Model SADREG and Multi-Criteria Analysis

SADREG is a decision support system developed to assist the process of designing and
planning improvements in farm surface irrigation systems as described by Gonçalves and
Pereira [30]. Applications include those by Gonçalves et al. [31] to Fergana, Central Asia, and by
Darouich et al. [34,64] to eastern Syria. The design component applies database information and
produces a set of alternatives in agreement with the user options and field conditions. The hydraulic
simulations are performed with the simulation model SIRMOD [53], which is incorporated in SADREG.
The procedure for creating the required design alternatives and for their evaluation and ranking,
follows various steps:

(i) Creating the “workspace” with main field data relative to soil water retention and soil infiltration
rate characteristics, Manning’s roughness coefficient, field length and width, longitudinal and
cross slopes of the field, and land surface unevenness conditions;
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(ii) Creating a “project” for selected combinations of workspace data, which characterizes the
irrigation method, land levelling, crop data, field water supply, economic data, and number of
units and outlets;

(iii) Grouping various projects to constitute a set of alternatives having different in-farm distribution
systems and inflow rates Qin;

(iv) Application of associated model tools for land levelling design and for computing irrigation
requirements, Zreq (mm);

(v) Performing the design simulation applying the SIRMOD model to every alternative,
thus computing advance, wetting, and recession times, and infiltration depths, namely the
average and the low quarter depths, Zavg and Zlq (mm), respectively;

(vi) Calculation of performance indicators for every alternative using the respective design data;
(vii) Application of multi-criteria analysis for ranking the alternatives according to the defined design

criteria and user’s priorities, based on the respective performance attributes.

The economic and labour input data reported for 2010 are presented in Table 6. At present,
the farmer’s irrigation fees in Hetao are not computed in terms of water use but just depend on the
irrigated area. Fees vary from 600 to 800 Yuan ha−1 and cover WUA operation and maintenance
(O&M) costs. The water price established by the Yellow River Commission for the water derived at
the sector level ranges from 0.04 to 0.06 Yuan m−3. In the current study, an irrigation cost averaging
700 Yuan ha−1 is considered, which is partitioned into a fixed cost of 420 Yuan ha−1 for O&M, and a
variable cost for the gross water use was assumed with a water price of 0.05 Yuan m−3.

Table 6. Economic and labour input data for wheat basin irrigation.

Type Description Value Units

Distribution equipment Non-lined canal cost (with field gate) 7 ± 1 Yuan m−1

Irrigation water Volumetric water cost 0.05 ± 0.01 Yuan m−3

Fixed cost per unit area 700 ± 100 Yuan ha−1

Spring wheat crop Yield price 3.0 ± 0.5 Yuan kg−1

Maximum yield 6000 kg ha−1

Production cost (excluding irrigation costs) 7.25 ± 0.2 103 Yuan ha−1

Labour Labour cost 11 ± 3 Yuan h−1

Life-time Building a non-lined distribution canal 1 year
Labour requirements Operation of the non-lined canal t = tco min

Installing the non-lined canal 40 min 100 m−1

The Manning’s hydraulic roughness coefficient n = 0.20 m−1/3 s was used for hydraulic
simulations of basin irrigation when fields were cropped with wheat. That n value was obtained
from a former field study in the same area [65]. Other studies [11,25,66] support the assumption that
the parameter n essentially depends upon tillage and plants density, but not upon the land slope
or land levelling precision. Pereira et al. [11] reported that n values slightly increase from the first
to the last irrigation due to crop development. However, because impacts of n values on simulated
basin irrigation performances are reported to be small [25,67], the constant value n = 0.20 m−1/3 s was
assumed in the current study.

The irrigation methods considered are the flat level basin (LB) and the flat graded basin (GB).
Precise land levelling (PL) with a null cross slope was considered with three options for the longitudinal
slope (So): zero level, 0.5‰, and 1.0‰.

The inflow rates (Qin, L s−1 m−1 width) were defined in relation to the land parcel sizes (Table 7),
i.e., the combination length-width, with a larger Qin for longer basins.
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Table 7. Basin sizes and related unit inflow rates for modernized design alternatives.

Inflow Rate
Identifier

Length 50 m Length 100 m Length 200 m

Width (m)
Inflow Rate
(L s−1 m−1)

Width (m)
Inflow Rate
(L s−1 m−1)

Width (m)
Inflow Rate
(L s−1 m−1)

(S)mall 30 0.5 30 1.0 30 2.0
(M)edium 15 1.0 15 2.0 15 3.0

(L)arge 7.5 2.0 7.5 3.0 7.5 4.0

The modernization scenarios are represented by projects and groups of alternatives as indicated
in Figure 4. Projects refer to precision levelling (PL) and level basins (LB) and graded basins (GB) with
So values of 0.5‰ and 1.0‰ slope. Groups refer to basin lengths, and alternatives are discriminated
according to inflow rates S, M, and L, defined in Table 7 in combination with basin widths.

Figure 4. Structure of setting alternatives: projects (traditional, level basin LB and graded basins GB
with slopes of 0.5‰ and 1.0‰), grouped for field lengths of 50, 100, and 200 m, and alternatives having
different inflow rates and field widths.

The evaluation and selection of the design alternatives is the last task in the design decision
making process. That selection is a multiple objective problem, for which a rational solution often
requires multi-criteria analysis (MCA) to integrate different types of design attributes in a trade-off
process, thus comparing adversative objectives or criteria [68,69]. In irrigation, adversative objectives
generally refer to environmental, water saving, and economic criteria.

Linear utility functions were used for each criterion j:

Uj = αjxj + βj (5)

which are normalized in the [0,1] interval, with zero for the most adverse and 1 for the most
advantageous result. The slope parameter α is negative for criteria whose highest values are the
worse, e.g., costs and water use, and is positive for criteria whose higher values are the best, e.g., water
productivity. For each alternative, the linear weighted summation method [70,71] calculated the global
utility that represents the integrated score performance of the considered alternative:

Uglob =
Nc

∑
j=1

λjUj (6)
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where Uglob is the global utility, scaled in the [0,1] interval; Nc is the number of criteria (Nc = 7 in
this application); λj is the weight assigned to criterion j; and Uj is the utility relative to criterion j
(Equation (5)). The decision criteria attributes, the respective weights, and the parameters of their
linear utility functions (Equation (5)) are presented in Table 8. Overlapping or redundancy of criteria
was checked and avoided.

Table 8. Criteria attributes, utility functions, and weights.

Decision Criteria Attributes Symbol Units Weights (λj)
Utility Parameters (Equation (5))

α β

Economic Productivity and Costs

Economic land productivity ELP Yuan ha−1 0.20 1.25 × 10−4 −1.25
Fixed irrigation costs FIC Yuan ha−1 0.10 −2.50 × 10−4 1

Variable irrigation costs VIC Yuan ha−1 0.10 −2.50 × 10−4 1
Economic water productivity ratio EWPR ratio 0.10 0.25 1

Water Saving and Environment

Total irrigation water use IWU m3 ha−1 0.20 −3.17 × 10−4 1.95
Beneficial water use fraction BWUF 0.15 1.818 −0.727
Irrigation water productivity IWP kg m−3 0.15 −3.17 × 10−4 1.95

The attributes relative to economic criteria are:

(i) Economic land productivity (ELP, €·ha−1), the monetary yield value per unit of land;
(ii) Fixed irrigation costs (FIC, €·ha−1), corresponding to investment costs per unit of land;
(iii) Variable irrigation costs (VIC, €·ha−1), corresponding to the operation and maintenance costs per

unit of land; and
(iv) Economic water productivity ratio (EWPR, dimensionless), defined as the ratio of total yield

value to the total irrigation costs [63].

The attributes relative to water saving criteria consist of:

(i) Total irrigation water use (IWU, mm), corresponding to the seasonal gross irrigation depth
(or irrigation volume, m3);

(ii) Beneficial water use fraction (BWUF, dimensionless), defined with Equation (4); and
(iii) Irrigation water productivity (IWP, kg m−3), ratio of total yield to IWU (in m3).

Criteria are grouped into economic and water saving issues (Table 8); thus an economic utility
(UEC) and a water saving utility (UWS) were defined:

UEC =
Nc(EC)

∑
i=1

λECiUECi/λEC (7)

UWS =
Nc(WS)

∑
i=1

λWSiUWSi/λWS (8)

where λEC and λWS are the sums of the weights relative to the economic and water saving criteria,
respectively, with λEC + λWS = 1.0. The global utility corresponds to the sum of UEC and UWS:

Uglob =
Nc

∑
j=1

λjUj = λECUEC + λWSUWS. (9)

Solving Equation (9) in relation to UWS results in

UWS =
Uglob

λWS
− λEC

λWS
UEC (10)
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that allows a Cartesian representation of Uglob in the UEC-UWS Plane, and where the Uglob isolines are
straight lines with slopes depending upon the values of λEC and λWS. That representation provides a
better understanding of the impacts of water saving and economic results on the global utility.

To provide a sensitivity analysis of changes in the decision making priorities, several combinations
of weights were used, starting when 20% of weights were assigned to farm economic results and 80%
to water saving, and after considering pairs λEC-λWS of 40%-60%, 60%-40%, and 80%-20%. The weights
λj used for the criteria attributes were consequently modified proportionally to those in Table 8,
representing a balance between economic and water saving criteria (50% for each group).

3. Results and Discussion

3.1. Irrigation Water Use and Performance

Beneficial and non-beneficial water use (BWU and NBWU, m3 ha−1) are compared in Figure 5 for
27 design alternatives. A smaller NBWU is achieved in level basin projects with a length of up to 200 m
and for GB with 0.5‰ slopes when the length does not exceed 100 m. Naturally, a smaller NBWU
corresponds to projects whose BWUF is higher and water productivity IWP is also higher (Table 9).

Figure 5. Beneficial and non-beneficial water use (BWU and NBWU , m3 ha−1) relative to
summer irrigation in a medium infiltration soil and considering level basins (LB) and graded basins
(GB) with slopes of 1.0‰ and 0.5‰, with precise land levelling (PL); lengths of 50, 100, and 200 m;
and inflow rates S, M, and L (defined in Table 7).

Main irrigation performance indicators relative to design alternatives for medium infiltration
soils, the third irrigation event, and adopting an improved irrigation schedule, are presented in Table 9.
These results indicate that:

(i) Modernization projects may achieve a BWUF of up to 90% when deep percolation (DP) is
well controlled, thus when basin irrigation is highly improved relative to traditional systems,
which have an average BWUF of 60% and DP of 40%.

(ii) Graded basin alternatives with a 200 m length and 1.0‰ slope are non-satisfactory (BWUF < 60%
and DP > 40%), and hence were not considered further in the selection analysis.

(iii) The relationship between inflow rates (Qin) and DU have been shown to be very weak,
thus indicating that the magnitude of Qin has small impacts on DU. However, as formerly
observed for medium and low infiltration silty soils in China, inflow rates Qin ≥ 2 L s−1 m−1

are required [11,26,27]. This result also indicates that a high irrigation performance may be
obtained with a flexible, varied inflow discharge. Differently, the cut-off time plays a crucial role
in adjusting the applied depth to its target to avoid over-irrigation.
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(iv) It was observed that So only slightly influences DU and that So = 0‰ (level basins) generally
leads to a higher DU and BWUF. Poor results for long graded borders (L = 200 m) are likely due
to the fact that So > 0‰ simultaneously favours advance and a long recession time resulting in
high infiltration downstream, thus in a high DP and low DU.

(v) Irrigation water productivity is high (>1.8 kg m−3) for LB and GB with So = 0.5‰ with a 50 m
length, and for LB with a 100 m or 200 m length.

(vi) Relationships of field length (L) with DU are also quite weak, which may indicate that long basins
are feasible but their performance depends on the combination So-Qin.

Table 9. Irrigation performance and management indicators for various basin lengths, longitudinal
slopes, and unit inflow rates in the case of medium infiltration soils.

Length
(m)

Slope
(‰)

Inflow
Rate (1)

Project
Alternatives

BWUF
(%)

DU
(%)

D
(mm)

DP
(mm)

tadv

(min)
tco

(min)
IWP (2)

(kg m−3)

50 uneven Small Traditional-S 60.3 61.1 157 62 88 268 1.12
Medium Traditional-M 60.3 63.4 157 62 68 134 1.12

Large Traditional-L 60.2 67.0 157 62 48 67 1.12

0 Small LB-PL-50-S 90.1 90.0 111 11 96 186 1.80
Medium LB-PL-50-M 90.1 91.5 111 11 52 93 1.79

Large LB-PL-50-L 90.0 93.1 111 11 31 47 1.79

0.5 Small GB-0.5-PL-50-S 90.1 93.4 111 11 88 185 1.80
Medium GB-0.5-PL-50-M 90.0 92.7 111 11 48 93 1.80

Large GB-0.5-PL-50-L 89.9 92.5 111 11 29 46 1.80

1.0 Small GB-1.0-PL-50-S 84.4 85.8 118 18 83 197 1.72
Medium GB-1.0-PL-50-M 83.6 85.6 119 20 45 100 1.69

Large GB-1.0-PL-50-L 83.1 85.3 120 20 28 50 1.66

100 0 Small LB-PL-100-S 90.1 93.3 111 11 136 186 1.79
Medium LB-PL-100-M 90.0 92.9 111 11 77 93 1.79

Large LB-PL-100-L 90.1 92.7 111 11 60 62 1.94

0.5 Small GB-0.5-PL-100-S 85.1 87.0 117 17 121 195 1.75
Medium GB-0.5-PL-100-M 83.9 86.1 119 19 71 99 1.70

Large GB-0.5-PL-100-L 84.0 85.5 119 19 54 66 1.69

1.0 Small GB-1.0-PL-100-S 65.1 70.5 153 53 111 255 1.35
Medium GB-1.0-PL-100-M 70.7 75.1 141 41 66 118 1.39

Large GB-1.0-PL-100-L 70.1 75.1 142 43 50 79 1.37

200 0 Small LB-PL-200-S 90.1 93.0 111 11 198 186 1.77
Medium LB-PL-200-M 90.1 93.0 111 11 198 124 1.80

Large LB-PL-200-L 90.0 93.9 111 11 118 93 1.80

0.5 Small GB-0.05-PL-200-S 72.3 76.4 138 38 171 230 1.47
Medium GB-0.05-PL-200-M 71.7 75.8 139 39 128 154 1.42

Large GB0.05-PL-200-L 70.7 75.6 141 41 105 118 1.38

1.0 Small GB-0.10-PL-200-S 58.3 58.3 171 72 156 285 1.15
Medium GB-0.10-PL-200-M 46.5 55.3 214 115 117 238 0.77

Large GB-0.10-PL-200-L 51.1 59.7 195 95 97 163 0.83

Notes: BWUF—beneficial water use fraction; DU—distribution uniformity, gross irrigation depths; DP—deep
percolation; tadv—advance time; tco—cut-off time; IWP—irrigation water productivity; LB and GB—level and
graded basins; PL—precision land levelling; (1) inflow rates defined in Table 7; (2) IWP computed for irrigation water
use during the crop season.

To assess the effects of soil infiltration on the irrigation performance, particularly on irrigation
water use (IWU), the results relative to several alternatives applied to soils with high, medium, and
low infiltration (Figure 3) are compared in Table 10. In general, IWU values for low and medium
infiltration soils are similar, with differences not exceeding 8%. Differently, the IWU values of high
infiltration soils are different of those for medium infiltration soils, particularly for basin lengths larger
than 100 m. No feasible solutions were found for long basins in high infiltration soils due to excessive
infiltration and very high percolation.
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Table 10. Gross irrigation water use (IWU, m3 ha−1) during the crop season for several projects with
medium inflow rates as influenced by soil infiltration—high, medium, and low (defined in Figure 3).

Projects
IWU (m3 ha−1) for Various Infiltration Rate Families

High Medium Low

LB-PL-50-M 3430 3360 3360
GB-0.5-PL-50-M 3410 3340 3330
GB-1.0-PL-50-M 3440 3550 3580

LB-PL-100-M 3530 3350 3350
GB-0.5-PL-100-M 3700 3520 3560
GB-1.0-PL-100-M 4010 4180 4160

LB-PL-200-M 4560 3330 3340
GB-0.5-PL-200-M 4670 4130 4160

Water saving, defined as the difference between the IWU of traditional irrigation (7350 m3 ha−1)
and IWU relative to the retained alternatives, was estimated for the various design alternatives
(Figure 6). IWU includes both the summer season and the autumn irrigation. The results in Figure 6
show that projects LB and GB with So = 0.5‰ provide annual water savings ranging from 1520 to
1740 m3 ha−1, i.e., 21% to 24% of IWU. LB perform slightly better than GB when the same basin length
and inflow rate are considered. Water saving benefits of improved basin irrigation were reported in
several studies carried out in China [7,11,13,27], Egypt [72], Portugal [30], Spain [73], and USA [74],
supporting the assumption that water use decreases when the irrigation performance is improved.

Figure 6. Water saving achievable by various design alternatives for level basins (LB) and graded basins
(GB) with slopes of 1.0‰ and 0.5‰, with precise land levelling (PL); lengths of 50, 100, and 200 m;
and inflow rates S, M, and L (as defined in Table 7) for a medium infiltration soil.

3.2. Economic Performance

The economic attributes relative to various design alternatives adopting a medium inflow rate
are presented in Table 11. The total irrigation costs (TIC), relative to both the summer season
and the autumn irrigation, vary between 2408 and 3292 Yuan ha−1.Precision land levelling costs
(1100 Yuan ha−1) consist of the main component of TIC (33–46%). Considering that fixed water costs
are 700 Yuan ha−1 (21–29% of TIC) and that variable water costs range from 269 to 328 Yuan ha−1 ,
i.e., only 8.8 to 13% of TIC, it can be inferred that the water operative costs are low and cannot play
a large enough role as an incentive for water saving. Labour costs in traditional irrigation average
1330 Yuan ha−1, about 45% of TIC, while for modernized systems, the labour costs are smaller, varying
from 276 to 997 Yuan ha−1 (12–29% of TIC) because basin sizes are improved and processes of irrigation
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water supply require less manpower, and labour costs are lesser for level basins with a 200 m length.
Nevertheless, further tests are required for long basins.

Table 11. Irrigation costs of various design alternatives and their cost components compared with
yields, economic land productivity (ELP), and economic water productivity ratio (EWPR) of several
projects for a medium infiltration soil and assuming medium inflow rates.

Design
Alternatives

Components of the Irrigation Costs (Yuan ha−1)
Yield

(kg ha−1)
ELP

(Yuan ha−1)
EWPRLand

Levelling
Supply
System

Water Labour Total

Traditional-M 350 200 1067 1335 2952 5447 16,342 5.54
LB-PL-50-M 1100 200 983 932 3215 6000 18,000 5.60

GB-0.5-PL-50-M 1100 200 982 925 3207 6000 18,000 5.61
GB-1.0-PL-50-M 1100 200 993 984 3277 5985 17,956 5.48

LB-PL-100-M 1100 100 982 555 2737 6000 18,000 6.58
GB-0.5-PL-100-M 1100 100 991 583 2774 5989 17,967 6.48
GB-1.0-PL-100-M 1100 100 1024 691 2915 5820 17,461 5.99

LB-PL-200-M 1100 50 982 276 2408 6000 18,000 7.47
GB-0.5-PL-200-M 1100 50 1021 341 2512 5850 17,549 6.99
GB-1.0-PL-200-M 1100 50 1106 479 2734 4494 13,483 4.93

Note: water and labour costs include summer and autumn irrigation.

The economic land productivity (ELP) and the economic water productivity ratio (EWPR) vary,
as expected, from one project to another (Table 11). The minimal value for ELP refers to a 200 m long
graded basin with So = 1.0‰ (GB-1.0-PL-200-M) because its irrigation performance is less good due to
high percolation by downstream. The next poor performing alternative is the traditional one, with a
low ELP value because yields are also less good. However, since the current ELP value is not much
lower than for improved designs, it may be difficult to convince farmers to invest in modernization.
Relative to EWPR, the best values (6.48 to 7.47) refer to basins of 100 or 200 m, both LB and GB, whose
performance are good, yields are high, and total costs are low. It may be observed that issues relative
to water saving (Figure 6) and to economic results (Table 12) are contradictory, so requiring the use of
MCA to search for the best alternative designs, namely for other crops and different areas.

To evaluate the effects of increasing the irrigation costs, MCA was applied to rank the various
projects under three scenarios of irrigation costs: (a) current costs; (b) the current costs increased by
20%; and (c) the current costs increased by 50%. The ranking of the alternatives was determined by the
global utilities, Uglob. Results for the first 15 design alternatives for scenario (a) are presented in Table 12.
It shows that the ranking based on Uglob values is different to the one that could result if considering
economic results only, UEC, due to the impact of water saving issues on Uglob, which evidences the
need for associating UEC and UWS in the analysis. It is important to note that an increase of 20% of
the irrigation costs does not produce a change of the ranking; contrarily, an increase of 50% produces
a great change in ranking. For the current prices, the first six alternatives refer to level basins with
lengths of 200 or 100 m without a great impact of the inflow rates. That ranking results from the fact
that long basins have lower costs than the most common basins, with lengths of 50 m, which rank 8 to
14. However, adopting longer basins would lead to great changes in the structure of the irrigated fields
when replacing the 50 m lengths with the 100 or 200 m long basins. The graded basins with a small
slope (So = 0.5‰) rank 7 to 10; longer ones, of 200 m, are not included in the first 15 ranked projects.
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Table 12. Impacts of increasing the total irrigation cost on the ranking of design alternatives determined
by the global utilities Uglob considering an application to medium infiltration soils.

Design
Alternatives

Current Total Irrigation Cost
Current Total Irrigation Cost

Increased by 20%
Current Total Irrigation Cost

Increased by 50%

UEC Uglob Rank UEC Uglob Rank UEC Uglob Rank

LB-PL-200-M 0.86 0.87 1 0.83 0.85 1 0.64 0.76 9
LB-PL-200-L 0.86 0.87 2 0.83 0.85 2 0.64 0.75 10
LB-PL-200-S 0.86 0.85 3 0.83 0.84 3 0.64 0.76 8
LB-PL-100-L 0.81 0.85 4 0.77 0.83 4 0.72 0.81 5
LB-PL-100-M 0.80 0.84 5 0.76 0.82 5 0.71 0.75 12
LB-PL-100-S 0.80 0.83 6 0.76 0.81 6 0.71 0.75 15

GB-0.5-PL-100-S 0.80 0.82 7 0.76 0.80 7 0.73 0.84 1
GB-0.5-PL-50-L 0.74 0.80 8 0.69 0.78 8 0.79 0.82 4
GB-0.5-PL-50-M 0.74 0.80 9 0.69 0.78 9 0.79 0.83 2
GB-0.5-PL-50-S 0.74 0.80 10 0.69 0.78 10 0.79 0.83 3

LB-PL-50-S 0.74 0.80 11 0.69 0.78 11 0.73 0.63 21
LB-PL-50-L 0.74 0.80 12 0.69 0.78 12 0.75 0.68 19
LB-PL-50-M 0.74 0.80 13 0.69 0.78 13 0.74 0.65 20

GB-0.5-PL-100-M 0.80 0.79 14 0.76 0.77 14 0.72 0.80 6
GB-0.5-PL-100-L 0.80 0.79 15 0.75 0.77 15 0.72 0.79 7

It is interesting to note that level basins consist of the most commonly considered highly
performing systems worldwide [17,23,25,29,75] and in China [7,11,13,26,27,56]. This common
behaviour justifies why studies referring to graded basins are rare and point to solutions having
small slopes [76].

Ranking is greatly modified if irrigation costs increase by 50%. The first six ranked projects
are now graded basins with So of 0.5‰ and lengths of 50 m and 100 m. Level basins become low
ranked and all basins 200 m long also fall in their ranking. The explanation for this is found when
looking at the costs and the benefits, namely the economic land productivity (ELP) and the economic
water productivity ratio (EWPR). These results indicate that the design approaches used may not
be appropriate if large changes in irrigation costs occur, particularly if those increases are not well
balanced with the economic benefits.

3.3. Ranking of Design Alternatives

The global utility, the economic utilities relative to the criteria attributes ELP, FIC, VIC, and EWPR,
and the water saving utilities referring to the criteria attributes IWU, BWUF, and IWP are compared
in Figure 7 for the best alternative of each project when applied to a medium infiltration soil.
The results show that Uglob values relative to all design alternatives are significantly higher than
Uglob characterizing the traditional systems. Nevertheless, the U values relative to costs FIC and VIC
are similar for traditional and modernization systems, and the same occurs for ELP, particularly for
short basin lengths (50 m). Differently, the U values referring to water use and saving, attributes
IWU and BWUF, are much smaller than the corresponding U values for the modernization projects.
These results evidence that modernization projects respond well to the need for adopting water saving
irrigation but, simultaneously, make it clear that economic results are not advantageous enough for
farmers to invest in modernization and water saving. These results show the need for economic
incentives for farmers if the common attitude of “business as usual” is to be overcome.

Comparing the Uglob of the best modernization design alternatives, it can be observed that higher
Uglob values are seen for level basins with a 100 and 200 m length. These high Uglob values result from
high ELP and EWPR values and low costs, FIC and VIC, as indicated by the high U scores for these
criteria attributes, particularly for the 200 m long basins. High U scores are also observed for criteria
attributes IWU, BWUF, and IWP; the highest scores are for the 100 m length basins. The next ranking
alternatives are for level and small slope (0.5‰) graded basins with 100 m lengths, whose utilities
relative to the referred criteria are quite similar to those previously referred to. LB and GB basins
of 50 m rank next because U scores relative to economic criteria are lower than the former. The last
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ranked alternative is GB with 1.0‰ slope, whose performance is affected by low U scores relative to
IWU, BWUF, and IWP, i.e., to water saving.

Figure 7. Comparison of the utilities relative to the considered criteria attributes ELP (  ), FIC (  ),

VIC ( ), EWPR (  ), IWU (  ), BWUF (  ), IWP (  ), and of the global utilities (  ) for the best
project alternatives and the traditional one when applied to a medium infiltration soil.

A graphical evaluation of the best alternatives relative to a medium infiltration soil and adopting
a medium inflow rate is presented in Figure 8. Using the representation of Uglob in the UEC-UWS Plane
(Equation (10)), it is easy to understand through observing the contribution of the economic utilities
(UEC) and water saving utilities (UWS) to the global utility (Uglob) of the considered design alternatives.
The 0.60, 0.80, and 0.90 Uglob isolines were computed with Equation (10) for λEC = λWS = 0.50.
The results in Figure 8 show that the best four ranked design alternatives have about the same
UWS, close to 0.87 (level basins with lengths of 50, 100, and 200 m, and a graded basin with So = 0.5‰
and length of 50 m), but have quite different UEC, ranging from 0.75 to 0.87. Hence, the economic
results dictated the ranking of those four design alternatives, with the 200 m long basins ranking first
and the 50 m basins ranking fourth due to irrigation costs. It may also be observed that GB with
So = 1.0‰ are the last ranked in terms of economic results, but the GB-1.0‰ for L = 50 m ranks high
in terms of water saving, with a UWS value of 0.78. These results indicate that using the Cartesian
representation as in Figure 8 provides a good explanation on ranking, thus making easier the selection
of alternatives by a decision maker.
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Figure 8. Evaluation of alternatives considering the joint effects of the economic and water saving
utilities on the global utility of the best project alternatives for a medium infiltration soil and for
medium inflow rates. Isolines of the global utility 0.60, 0.80, and 0.90 are included.

The results in Figures 7 and 8 make it evident that water saving and farm economics are
contradictory, particularly when observing that the best rankings for UWS are affected by the economic
results when Uglob values are considered. This was also observed in former studies using MCA [31,34].
To better shed light on this behaviour, the rankings of the best 15 project alternatives were determined
adopting weights attributed to economic issues and water saving different from 50%, which were
adopted in the previous analysis. Various combinations of weights were therefore used (Table 13),
starting when 20% of weights were assigned to farm economic results and 80% to water saving,
and later considering different pairs λEC-λWS of 40%-60%, 60%-40%, and 80%-20%. The results clearly
show that level basins have the best rankings for all priority combinations for basins with L = 100 m or
200 m. The length L = 100 m has a slight advantage when the priority is assigned to water saving and
the length L = 200 m is more advantageous when prioritizing economic results. The graded border
with a slope So = 0.5‰ and length L = 50 m is the following design alternative in the ranking when a
higher priority is for water saving, followed by the LB projects of 50 m. If the priorities relative to farm
economics increase, then longer GB are selected, always with the small slope of 0.5‰. A few cases are
highlighted in Table 13 to give better visibility to changes in the ranking of selected project alternatives
when the assigned priority weights change. These results indicate that the level basin is in general
the best choice, that graded borders with So = 0.5‰ are feasible, and that basin lengths of 50 m, as at
present, are also feasible, but have lower ranks than the 100 m long basins.

166



Water 2018, 10, 67

Table 13. Changes in ranking of the first 15 ranked design alternatives for a medium infiltration
soil when priority scenarios relative to water saving and to farm economic results are modified.
Some LB and GB alternatives are highlighted for easily observing changes in ranking when priorities
are modified.

Rank

Large Priority for
Water Saving

Small Priority for
Water Saving

Small Priority for
Economic Issues

Large Priority for
Economic Issues

Weights 20%-80% Weights 40%-60% Weights 60%-40% Weights 80%-20%

1 LB-PL-100-L LB-PL-200-M LB-PL-200-M LB-PL-200-M
2 LB-PL-200-M LB-PL-200-L LB-PL-200-L LB-PL-200-L
3 LB-PL-200-L LB-PL-100-L LB-PL-200-S LB-PL-200-S
4 LB-PL-100-M LB-PL-200-S LB-PL-100-L LB-PL-100-L
5 LB-PL-100-S LB-PL-100-M LB-PL-100-M LB-PL-100-M
6 LB-PL-200-S LB-PL-100-S LB-PL-100-S LB-PL-100-S
7 GB-0.5-PL-50-L GB-0.5-PL-100-S GB-0.5-PL-100-S GB-0.5-PL-100-S
8 GB-0.5-PL-50-M GB-0.5-PL-50-L GB-0.5-PL-100-M GB-0.5-PL-100-M
9 GB-0.5-PL-50-S GB-0.5-PL-50-M GB-0.5-PL-100-L GB-0.5-PL-100-L
10 LB-PL-50-S GB-0.5-PL-50-S GB-0.5-PL-50-L GB-0.5-PL-200-S
11 LB-PL-50-L LB-PL-50-S GB-0.5-PL-50-M GB-0.5-PL-50-L
12 LB-PL-50-M LB-PL-50-L GB-0.5-PL-50-S GB-0.5-PL-50-M
13 GB-0.5-PL-100-S LB-PL-50-M LB-PL-50-S GB-0.5-PL-50-S
14 GB-0.5-PL-100-M GB-0.5-PL-100-M LB-PL-50-L LB-PL-50-S
15 GB-1.0-PL-50-S GB-0.5-PL-100-L LB-PL-50-M LB-PL-50-L

4. Conclusions

This study aimed at the application of a DSS with multi-criteria analysis to design and rank
alternative design solutions for water-saving basin irrigation of spring wheat in Hetao, currently
focusing on its upstream area represented by the Dengkou experimental area. The DSS SADREG was
successfully used, thus providing appropriate design information for implementing the modernization
of basin irrigation in the area. It was able to generate and rank multiple design alternatives with a
consideration of both water saving and economic returns. The adoption of a linear weighted sum MCA,
where criteria weights can be changed to modify the priorities attributed to the criteria, was revealed to
be appropriate for involving stakeholders in the decision process relative to the future implementation
of best design alternatives. To support that implementation throughout Hetao, irrigation design
alternatives must be assessed considering different crops and environmental conditions occurring in
Hetao, namely relative to salinity.

The results of the study have shown a clear preference for level basins with a 100 m and 50 m
length, particularly when priorities are assigned to water saving criteria because less water is then used
and yields are high. Differently, project alternatives for longer basins, of 200 m, are highly ranked if the
priorities are assigned to economic criteria because costs of modernized irrigation are reduced for long
basins. It was evidenced that ranking for water saving or for farm economic results is contradictory,
but MCA was able to rank project alternatives with a consideration of and associating both types of
criteria, i.e., preferring one or another type of criteria does not imply that the other has to be excluded.
Apparently, the best decision is to adopt level basins with a 50 m length, or graded basins with the
same length and a small slope of 0.5‰ because these sizes would not require changes in the structure
of the fields contrarily to adopt lengths of 100 or 200 m. In addition, selecting 50 m lengths agrees with
the experience of the irrigators. Despite the fact that inflow rates do not play a major role, the results
indicate that medium to large Qin values should be selected taking into consideration the size of the
irrigated fields.

This study provides an insight on the adequacy of modern basin irrigation in Hetao aimed
at reducing/controlling the demand for irrigation water, which is a major requirement for the
sustainability of irrigated agriculture. However, in addition to improving farm irrigation systems, it is
definitely required to improve irrigation management, mainly irrigation scheduling. Yields and water
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use considered in the current study were determined for conditions of modern, rational irrigation
scheduling; otherwise, results considered herein are not achievable. It is also required that the canal
system operation is modernized to provide adequate delivery scheduling, i.e., that matches the
irrigation demand of modernized irrigation scheduling. Considering the great pressure by the drip
irrigation market, future studies are also required to appropriately compare surface and drip irrigation
considering both water saving and economic criteria; otherwise, directions for change may be unclear.

The implementation of modern basin irrigation in Hetao, which implies a combination of surface
irrigation design and management, definitely requires appropriate extension and training services for
farmers and local irrigation canal operators, as well as institutional and economic incentives for farmers
to invest in upgrading their irrigation systems. To support that implementation, irrigation design
alternatives must be assessed considering different cropping systems and environmental conditions
occurring in Hetao, namely relative to salinity.
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Abstract: Straw amendment (SA) can be used to increase soil organic matter and decrease dioxide
carbon emissions. However, the impact of SA on the crop yield is still subject to debate in different
areas. In this study, soil temperature (ST), soil moisture (SM), soil bulk density, soil-available-nitrogen
(AN), soil-available-phosphorus (AP), crop growth and yield were measured in SA and NSA (no straw
amendment) at slope positions of a 130-m-long consecutive Mollisol slope during the maize (Zea mays)
growth stages in the North Temperate Zone of China. Compared with NSA, the influence of
SA on ST and SM was not consistent, while AN typically increased on the top slope. However,
SA conventionally increased AP, increased daily ST and monthly ST (2.4–7.9%), and increased daily
SM and monthly SM (2.1–12.5%) on the back slope. SA increased crop yield by 1–9.8% and 55.6–105.1%
on the top and back slopes, respectively. At the bottom, SA conventionally decreased ST (0.20–1.48 ◦C
in July and August), SM (3.5–29.6% from May to August), AN and AP, and decreased crop yield
(4.1–30.6%). In conclusion, SA changed the equilibrium of ST and SM, influenced the dynamics of AN
and AP on the consecutive slopes, and increased yield on both the top and back slopes but decreased
yield at the bottom.

Keywords: soil moisture; soil temperature; soil nutrient; crop yield; Corn; Black soil

1. Introduction

Crop residues are the main by-products in agriculture, especially in maize cultivation [1].
The management of crop residues significantly influences soil quantity and environment [2–4]. In terms
of management strategies, several options are available, including burning, incorporation, direct
drilling-in of surface residues, under-sowing crops, and baling and removing of crop residues for use
as stock feed, building material, fuel, livestock bedding, composting for mushroom cultivation, bedding
for plants, and sources of chemicals [5]. Straw amendment (residue mulch or residue incorporation)
added to soils is usually considered the most efficient method to increase soil organic carbon (SOC)
and decrease salinity, gas emissions, and soil loss [3,5–11]. However, the impacts of straw amendment
(SA) on crop yield are still subject to debate in different areas [9–15], especially considering different
regions under different soil types and climatic conditions.

Effects of SA on the dynamics of soil water, runoff, infiltration, soil temperature, nutrients and
soil water use and productivity are contradictory because of soil characteristics, climate and crop and
soil management practices which vary enormously [9,12–14]. Generally, residue incorporation reduces
surface runoff, increases SM, crop transpiration and WUE (crop water use efficiency), and decreases
ST; the extent to which this happens is mainly determined by the growth stage and the amount of
residue returned to the soil [9,16–19]. Furthermore, intensified straw application significantly reduces
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evapotranspiration at the grain-filling to the maturity stages, and significantly increases surface SM
at the grain-filling stage and considerably improves rainfall-use efficiency (RUE) during the whole
growth period [20]. However, in another study, ditch-buried straw return decreases SM, but increases
mean ST in a humid, mid-subtropical monsoon climate and increases soil microbial activity [21].
In addition, the positive effects of residue incorporation on water balance and crop yield are more
pronounced at dry sites than at wet sites. Residue incorporation can be an effective adaptation option
for mitigating the impacts of climate change on winter crops by improving WUE, and it is particularly
effective in narrow-leaf cropping systems in hot and dry environments [11]. Compared with NSA
(no straw amendment), SA typically decreases the uptake of soil nitrogen, while higher levels of
mineral N addition can mitigate the harmful effects of SA [3,15,22]. It is also reported that plant growth
can be immediately enhanced by plant residues with a low C/N ratio, even under drought-stress
conditions [23]. Furthermore, SA increases soil organic matter, decreases soil bulk density, reduces
the stability of aggregates, water infiltration, saturated/unsaturated hydraulic conductivity, and air
permeability, and thereby increases soil and water loss; SA changes the dynamics of SM and ST, and
influences the activity of microbe and nutrient transformation [3]. However, most studies evaluating
the impacts of straw amendment on soil physicochemical properties have been mainly carried out on
flat or sloping plots [12,21,24], while the precise impacts of straw amendment in fields with consecutive
slopes remain unknown.

In Northeast China, crop residues are typically burned after harvest, a practice which has been
applied for several hundred years. In recent years, SA has been widely adopted in this Mollisol region,
and SA typically decreases the crop yield in the flat area [12]. However, it is not clear how straw
amendment influences crop yield in a sloped field. It is the premise of this study that crop yield
influenced by SA was different between a sloped and flat field. In the study, crop yield and its main
driving factors, e.g., SM, ST, soil available nutrients, were monitored in a field with consecutive slopes
over a period of two years. We aim to determine how SA changes soil physicochemical properties and
influences crop growth and yield in the Mollisol region of Northeast China. The information from the
results of the impacts of straw amendment on crop yield can be used for the development of local
residue management and can also be transferred to other Mollisol regions, such as the mid-latitudes of
North America, Eurasia, and South America with larger Mollisol areas [25].

2. Materials and Methods

2.1. Research Location

Our research site (45◦45′35.82” N, 126◦54′34.35” E) is in the Xiangyang experimental station of
Northeast Agricultural University (45◦45′27”–45◦46′33” N, 126◦35′44”–126◦55′54” E), Harbin city,
Heilongjiang province in Northeast China (Figure 1). The experimental station is located in the
North Temperate Zone of China. This area has a continental monsoon climate with hot and rainy
conditions in the summer, and cold and arid weather in the winter. The average annual temperature is
3.5 ◦C and annual sunshine duration averages between 2400 and 2500 h. Total annual solar radiation
is 4718.7 MJ m−2, and the annual average available accumulated temperature (≥10 ◦C) is 2558 ◦C.
Average annual precipitation (rainfall and snow) is 534 mm (coefficient of variation = 2%) and annual
rainfall is 497 mm (coefficient of variation = 2%) over a 20-year period. Average annual rainfall is
457.3 mm (coefficient of variation = 3.8%), with 65% of rainfall falling in June, July and August over
the 10 years from 2003 to 2013 (Figure 2).

Formation of soils in the study area began during the Quaternary period on loess deposits under
natural grasses and now have a rich, dark organic layer (mean depth of 30 cm) and are classified
as Black soil by the Chinese Soil Taxonomy (CST), Phaeozems by the World Reference Base for Soil
Resources (WRB), and Mollisols by the US Soil Taxonomy (USST) [26]. Generally, the most slopes are
inclined at less than 5◦, but are more 100 meters in length. These soils have a silty clay-loam texture
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with high productivity. The mean soil physicochemical properties of the research sites are shown in
Table 1.

Figure 1. Location of the research area in China, and experimental plot design. Straw Amendment and
No Straw Amendment are represented as SA and NSA, respectively.

Figure 2. Monthly mean precipitation in 2015 and 2016, and monthly mean precipitation and associated
variation from January to December in 2003–2013 in Harbin city, Heilongjiang province, China.
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2.2. Experimental Design

This experimental station was built in 2014, while most of the experiments were run from 2010.
Corn (Zea mays) was planted without organic fertilizers (only inorganic fertilizers were used), and all
crop residues were burned in the autumn from 2010 to 2014. The field is on a northeastern-facing slope
(steepness of 5◦) that was classified into three slope positions (top, back slope and bottom) at intervals
of 44 m down the length of the slope (132 m). All consecutive slope positions from top to bottom
were considered to reflect the effect of the straw amendment on the dynamics of SM and ST along the
whole slope. Before the experiment was initiated, soils at a depth of 0–30 cm in the same slope position
(22 m wide across the altitude) were mixed evenly by tractors in the autumn of 2014. A randomized
complete block experimental design with three replications was established on the slope at the end of
2014, and the new ridges were formed in the spring of 2015. Each plot of the experimental site was
3.25 m wide across the slope and 130 m long up and down the slope; crop rows were planted 0.65 m
apart. Treatment systems included SA and NSA. In the SA treatment, all crop residues were cut into
lengths less than 20 cm by the harvester (John Deere), and then all crop residues were directly, evenly,
and completely incorporated into 0–30 cm soil depth after harvest, and new ridges (0.65 m wide)
were formed at the same time in the autumn. In the NSA treatment, all crop residues were removed
from the field at harvest, and then the plots were rotated (30 cm deep), and new ridges (0.65 m wide)
were formed at the same time in the autumn. Corn cultivars Xianyu 335 (Zea mays) and Pengcheng
216 (Zea mays) were planted in spring of 2015 and 2016, respectively (Table 2). All seeds were coated
with an insecticide consisting of Sanmate (15%), Thiram (10%), and Carbofuran (10%) (40 kg of seed
coated with 1 kg insecticide). Seeding and fertilization were done mechanically in the same operation.
No other insect and disease control methods were used during the rest of the crop growing season.

Table 2. Crop management in 2015 and 2016.

Locations Crop Crop Variety Seeding Date
Plant Density
(Plant ha−1)

Fertilizer
(kg ha−1)

Weed Control (L ha−1)

2016 Corn Pengcheng 216 8 May 60,000
8 May
N:58.5; P2O5:54.0
28 Jule N:150.0

4 May
Xiongdilian (2,4-D butylate 15%,
Metribuzin 5%, Acetochlor 40%) 2
28 July
Nicosulfuron 1

2015 Corn Xianyu 335 4 May 60,000
4 May
N:117.8
P2O5:121.1

4 May
Acetochlor 2
29 July
Atrazine 1.2

2.3. Measurements and Calculations

Precipitation, SM and ST were all monitored once per hour by TBR (tipping bucket rain gauge),
FDR (Frequency Domain Reflectomestry) and a thermistor probe (Made by Qingshen electronic
equipment limitation company of China) from May to October. Only three transects 0–22 m (top slope),
66–88 m (back slope) and 110–132 m (bottom) on the slope field were used for sampling and monitoring
(Figure 1). FDR and thermistor probes were buried in the soil at a depth of 10 cm in the center of the
ridges, at the top slope, back slope and bottom slope. Consecutive 96-h data (four days) collected
before and after precipitation were used to reflect the dynamics of daily ST and SM in May, June,
July and August in this study. The mean values of ST and SM per hour for a whole month were used
to represent the monthly ST and SM.

Soil samples were collected from the 0–22 m (top), 66–88 m (back slope) and 110–132 m (bottom)
slope positions and used for nutrient analysis in July (growing stage) and September (mature stage)
in 2015 and 2016. Each soil sample at the 0–20 cm depth was comprised of a mixture of five cores
taken randomly from within a 1 m2 plot across slope positions. Soil samples were transported to
the laboratory as soon as possible after collection from the field, and then were measured at once.
Ammonium nitrogen (NH4

+-N) was analyzed using the colorimetric method (625 nm) of indophenol
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blue-KCl extraction, and nitrate nitrogen (NO3
−-N) was detected using the colorimetric method

(220 nm minus 275 nm) after 2 mol L−1 KCl extraction [27]. AN (available nitrogen) was calculated
as the sum of NO3

−-N and NH4
+-N. AP was determined using the molybdenum-blue method after

extraction with 0.5 mol L−1 NaHCO3 [27]. Soil bulk density was measured on undisturbed soil samples
taken from the center of the ridge with 100 cm3 cylinders at 0–5 cm and 10–15 cm depth at slope
positions before planting in spring 2016.

The Kolmogorov–Smirnov (K–S) test was used to test the normality of the distribution of various
variables across slope position and months. The results showed that site variables (ST and SM) were
all normally distributed. One-way analyses of variance (ANOVA) were performed on ST and SM
among slope positions and months. Multiple comparisons using the Least Significant Difference (LSD)
method were carried out using SPSS 19 statistical software (IBM SPSS Statistics for Windows, Version
19.0. Armonk, NY: IBM Corp.). Variance component estimates and 95% confidence intervals were
calculated with restricted maximum likelihood (REML) and unbounded variance components (version
19.0. SPSS lnc.). All figures were drawn by SigmaPlot 10.

3. Results

3.1. Influence of Straw Amendment on Daily Soil Temperature and Soil Moisture in Early Crop Growth Stages

In the early crop growth stages (May and June), precipitation was lower in 2015 than in 2016,
while ST was generally higher in 2015. In the early crop growth stages of 2015, ST exceeded values
of 10 ◦C both during the day and at night and before and after precipitation. ST was lower in the SA
treatment than in the NSA treatment during the day both before and after precipitation, irrespective
of the position (top or bottom of the slope), while it was higher in the SA treatment during the night
(Figure 3). In particular, the difference between SA and NSA increased in the middle of the afternoon
(12:00–16:00) or after precipitation. On the back slope, ST was higher under SA than under NSA during
the day time, while it decreased after precipitation and reached values close to those under NSA in
the night.

In May 2016, ST values exceeded 10 ◦C during the day and at night before precipitation but were
lower than 10 ◦C at night after precipitation across all slope positions. At the top slope, ST differed
from that measured in 2015 and was higher in the SA than in the NSA treatment during the daytime
and at night, as well as before and after precipitation. On the back slope, ST was lower in the SA than
in the NSA treatment for most of the daytime, but was mostly higher in the NSA treatment, especially
after precipitation and during the night. The difference in ST between SA and NSA increased during
the morning (3:00–5:00) and afternoon (12:00–16:00). In May and June 2016, ST was also lower in the
SA than in the NSA treatment during the day and at night both before and after precipitation, while it
reached values close to those of SA after precipitation at the bottom of the slope.

  

Figure 3. Cont.
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Figure 3. (a–d) represent the dynamics of soil temperature and soil moisture during the consecutive
96-h period from 27–30 May 2015, 14–17 May 2016, 24–27 June 2015 and 16–19 June 2016, respectively.

In the early crop growth stages of both 2015 and 2016, SM was lower in the SA than in the NSA
treatment at the top and bottom of the slope both before and after precipitation, although this difference
decreased from May to June. SM under SA was typically slightly higher than under NSA on the back
slope in both 2015 and 2016, but lower at the bottom of SA than on the back slope of SA and NSA
in 2016.

3.2. Influence of Straw Amendment on Daily Soil Temperature and Soil Moisture in Late Crop Growth Stages

In the late growth stages (July and August), ST exceeded 15 ◦C in both 2015 and 2016. In 2015,
before and after precipitation and at the top and the bottom of the slope, ST was also lower in the SA
than in the NSA treatment during the day, but increased during the night (Figure 4). The difference
between SA and NSA was only slightly changed by precipitation. On the back slope, ST was generally
lower in the SA than in the NSA treatment during the day, but at night, reached values similar to those
in the NSA treatment.

In the late growth stages of 2016, at the top slope, ST differed from the values measured in 2015
and was higher in the SA than in the NSA treatment during both the daytime and at night before
and after precipitation. On the back slope, ST was higher under SA than under NSA for most of the
daytime, and the difference increased at night. ST at the bottom of the slope was also lower under
SA compared with NSA during the day and at night both before and after precipitation, while the
relationship was hardly changed by precipitation.

  

Figure 4. Cont.
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Figure 4. (a–d) represent the dynamics of soil temperature and soil moisture during the consecutive 96-h
period from 20–23 July 2015, 25–28 July 2016, 13–16 August 2015 and 20–23 August 2016, respectively.

ST dynamics in the late growth stages of 2016 were comparable to those in 2015, while the
difference between the bottom and the top slope or between the bottom and back slope increased in
both July and August 2016. Compared with the early growth stage, the variation of ST on the back
slope was lower than that at the top of the slope in 2015 and increased at the bottom in 2016.

In the late growth stages of both 2015 and 2016, SM dynamics were more consistent in SA
compared with NSA for most slope positions. At the top of the slope, SM was higher under SA than
under NSA in 2015 and lower under SA than under NSA in July 2016; in August 2016, there was no
difference prior to precipitation. Generally, SM was slightly higher under SA than under NSA on the
back slope in both 2015 and 2016, and this relationship changed slightly after precipitation. SM in the
SA treatment at the bottom of the slope was also lower than that in the NSA treatment and even lower
than that in both SA and NSA treatments on the back slope in 2016.

3.3. Influence of Straw Amendment on Monthly Soil Temperature across Different Slope Positions

Except in May, monthly ST was highest at the top slope, followed by the back and the bottom of
the slope in both SA and NSA treatments in 2015, while it was highest at the bottom in the SA treatment,
followed by the back and the top slopes in both SA and NSA treatments in 2016. Compared with NSA,
monthly ST at the top slope was generally lower under SA in May, July, and August of 2015, but higher
from May to August in 2016 (Table 3). On the back slope, ST under SA was significantly higher, i.e.,
7.2%, 7.0%, 4.9%, 3.0%, and 2.4% than that in the NSA treatment in May, June, July, and August 2016,
respectively, and similar to the values measured under NSA in 2015 (Table 3). In contrast, ST at the
bottom of the slope was significantly lower under SA than under NSA from July to August 2015
and from May to September 2016; in particular, it was 2.2% (0.50 ◦C), 3.7% (0.98 ◦C), 2.0% (0.50 ◦C),
and 7.6% (1.48 ◦C) lower in June, July, August, and September 2016, respectively, than under NSA.

The variance of ST (reflected by the CV) was lower under SA than under NSA at the top of
the slope from May to September in both 2015 and 2016 and lower under SA at the bottom of the
slope from May to September in 2015, but this trend was not consistent in 2016. On the back slope,
the variance of ST was higher under SA than under NSA and similar from June to September in
2015. However, in 2016, the variance was lower under SA than under NSA from May to July on the
back slope. Generally, in 2016, ST variance was higher, both at the top and the bottom of the slope,
except under NSA in May 2016.
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Table 3. Monthly soil temperature in the treatments with straw amendments (SA) and without straw
amendments (NSA) in 2015 and 2016 (n = 1448).

Straw Amendments (SA) (◦C) No Straw Amendments (NSA) (◦C)

Top Back Slope Bottom Top Back Slope Bottom

Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV

2015
May 16.64 a 1 0.31 16.56 ab 0.30 16.56 ab 0.31 16.06 b 0.37 16.51 ab 0.27 16.45 ab 0.31
Jun. 22.62 ab 0.24 22.20 cd 0.22 22.58 bc 0.24 23.01 a 0.29 22.02 d 0.22 22.49 dc 0.25
Jul. 23.23 a 0.12 22.54 b 0.10 22.84 c 0.11 23.53 d 0.15 22.78 e 0.10 23.24 f 0.12

Aug. 22.78 bc 0.07 22.29 e 0.06 22.70 c 0.07 23.09 a 0.10 22.50 d 0.06 22.93 ab 0.08

2016
May 17.28 b 0.25 17.02 c 0.23 17.67 a 0.27 16.03 d 0.27 15.87 d 0.28 17.74 a 0.24
Jun. 21.64 d 0.15 21.92 c 0.12 22.11 b 0.16 20.87 e 0.15 20.49 f 0.15 22.61 a 0.16
Jul. 23.74 d 0.09 24.43 c 0.08 25.68 b 0.12 23.14 f 0.10 23.29 e 0.10 26.66 a 0.13

Aug. 22.43 d 0.11 22.64 c 0.11 24.36 b 0.13 22.13 e 0.12 21.98 f 0.11 24.86 a 0.13
Sept. 17.30 e 0.12 18.00 bc 0.11 18.06 b 0.16 17.91 c 0.13 17.57 d 0.12 19.54 a 0.14

Note: 1 Values followed by the same letter within the same rows (lowercase letter) are not significantly different
based on the LSD multiple range test (p ≤ 0.05).

3.4. Influence of Straw Amendments on Monthly Soil Moisture at Different Slope Positions

Monthly SM was highest at the bottom of the slope, followed by the back and the top for SA
and NSA in 2015 and NSA in 2016. Monthly mean SM at the top was higher under SA than under
NSA from June to September in 2015, but lower under SA than under NSA from May to September
2016 (Table 4). Compared with NSA, SM was significantly higher, i.e., by 1.4%, 32.3%, 37.4%, and
24.5% under SA in June, July, August, and September 2015, respectively, while it was significantly
lower by 11.5%, 11.2%, 8.8%, 8.3%, and 10.0% in May, June, July, August, and September in 2016,
respectively, at top of the slope. On the back slope, SM was significantly higher under SA than under
NSA, i.e., by 2.9%, 10.5%, 8.8%, 8.5%, and 2.0% in May, June, July, August, and September in 2015,
respectively, and significantly higher under SA than under NSA, i.e., by 2.1%, 5.7%, 4.2%, 12.5%, and
5.9% in May, June, July, August, and September in 2016, respectively. However, at the bottom of the
slope, except in September, SM was significantly lower, i.e., by 14.7%, 12.9%, 6.7%, and 3.5% under SA
compared with NSA in May, June, July, and August 2015, respectively, and was significantly higher,
i.e., by 15.9%, 15.9%, 22.1%, 29.6%, and 28.3% under SA than under NSA in May, June, July, August,
and September 2016, respectively.

Table 4. Monthly soil moisture in the SA and NSA treatments in 2015 and 2016 (n = 1448).

Straw Amendments (SA) (cm3 cm−3) No Straw Amendments (NSA) (cm3 cm−3)

Top Back slope Bottom Top Back slope Bottom

Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV

2015
May 30.16 f 1 0.10 42.02 c 0.08 51.52 b 0.04 34.05 e 0.09 40.85 d 0.06 60.37 a 0.02
Jun. 33.23 e 0.14 44.55 c 0.08 52.44 b 0.07 32.77 f 0.14 40.32 d 0.16 60.22 a 0.04
Jul. 32.20 e 0.22 35.73 c 0.16 50.87 b 0.11 24.34 f 0.23 32.84 d 0.21 54.53 a 0.08

Aug. 34.21 e 0.20 39.83 c 0.15 54.39 b 0.10 24.90 f 0.25 36.72 d 0.20 56.34 a 0.08
Sept. 24.76 e 0.20 29.84 c 0.17 43.79 a 0.15 19.88 f 0.26 29.26 d 0.21 40.51 b 0.12

2016
May 30.69 f 0.07 52.89 b 0.04 47.55 d 0.05 34.66 e 0.09 51.79 c 0.03 56.57 a 0.03
Jun. 33.43 f 0.10 55.46 b 0.05 49.49 d 0.06 37.64 e 0.10 52.47 c 0.03 58.85 a 0.03
Jul. 25.75 f 0.19 47.31 b 0.11 40.64 d 0.14 28.25 e 0.22 45.42 c 0.10 52.14 a 0.10

Aug. 21.77 f 0.07 43.12 b 0.07 33.06 d 0.10 23.75 e 0.12 38.34 c 0.09 46.95 a 0.06
Sept. 26.56 f 0.13 45.04 b 0.07 37.24 d 0.14 29.51 e 0.16 42.52 c 0.08 51.96 a 0.05

Note: 1 Values followed by the same letter within the same rows (lowercase letters) are not significantly different
based on the LSD multiple range test (p ≤ 0.05).
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The variance of SM (reflected by the CV) was lower under SA at the top of the slope from July to
September and lower under SA on the back slope in August and September; it was consistently higher
under SA at the bottom of the slope from May to September. The variance decreased from the top to
the bottom of the slope for both NSA and SA in 2015 and for NSA in 2016, while it deceased towards
the back of the slope and increased towards the bottom under SA in 2016.

3.5. Influence of Straw Amendment on Soil Bulk Density

Soil bulk density was measured under SA and NSA before planting in spring 2016 (between 2015
and 2016). Soil bulk density was compared between SA and NSA across soil depths at the same slope
position. At the top, soil bulk density was significantly higher (35%) at the depth of 10–15 cm compared
with that at the 0–5 cm soil depth under NSA and significantly higher (16%) at 10–15 cm compared
with that at 0–5 cm under SA; compared with NSA, SA decreased soil bulk density at the 10–15 cm soil
depth, but this was not significant. At both the back of the slope and at the bottom, soil bulk density
was significantly higher, i.e., 19% (back of the slope) and 31% (bottom) at the 10–15 cm soil depth
compared with the 0–5 cm soil depth under NSA, but no significant differences were observed between
the soil depths of 0–5 cm and 10–15 cm under SA; SA significantly decreased soil bulk density by 7%
at the back of the slope and by 13% at the bottom at the 10–15 cm soil depth compared with NSA.

3.6. Influence of Straw Amendment on Soil Nutrients

AN and AP were compared between SA and NSA in July (growing stage) and September (mature
stage). Except for the back of the slope of 2016, SA typically decreased AN compared with NSA at both
the top and bottom of the slope. In 2015, SA decreased AN in all slope positions in July and significantly
decreased (13%) AN compared with NSA on the back slope; this effect was not significant in September.
In 2016, SA decreased AN at both the top and bottom positions and significantly decreased (16%) AN
compared with NSA at the top in September. In 2015, SA only decreased AP on the back slope; the
difference was not significant in July. However, SA decreased AP at all slope positions and significantly
decreased 56% at the back of the slope in September. In 2016, SA decreased AP at both the back of
the slope and at the bottom and significantly decreased (44%) AP at the bottom of the slope in July.
However, SA only decreased AP at the bottom; this effect was not significant in September.

3.7. Influence of Straw Amendment on Crop Growth and Yield

At the top of the slope, under SA, crop height and yield were generally higher (1–9.8%) compared
to NSA, but this difference was not significant in both 2015 and 2016 (Table 5). At the back of the
slope, crop height was lower under SA in July and was higher than or close to the value under NSA
in September. Compared with NSA at the back of the slope, crop yield under SA was significantly
increased by 55.6% and 105.1% in 2015 and 2016, respectively. At the bottom of the slope, crop
height under SA was higher than under NSA from July to September in 2015 and in September 2016,
while crop yield under SA was 4.1–30.6% lower than under NSA; this difference was only statistically
significant in 2016.

Table 5. Mean crop height and yield in the SA and NSA treatments in 2015 and 2016 (n = 3).

Straw Amendments (SA) No straw Amendments (NSA, Control)

Height/Yield Top Back Slope Bottom Top Back Slope Bottom

2015
Jul. (cm) 197.8 ± 3.0 a 1 157.2 ± 6.2 c 177.7 ± 0.6 b 197.7 ± 5.3 a 166.2 ± 10.6 bc 170 ± 0.9 b

Sept. (cm) 318.8 ± 3.2 ab 311.5 ± 6.6 ab 321.2 ± 3.7 a 311.2 ± 4.9 ab 302 ± 4.9 b 315.8 ± 7.0 ab
Yield (t) 10.1 ± 1.4 a 8.4 ± 0.8 a 9.3 ± 0.7 a 9.2 ± 0.4 a 5.4 ± 0.1b 9.7 ± 1.3 a

2016
Jul. (cm) 125.9 ± 9.0 a 119.2 ± 1.5 a 120.1 ± 3.3 a 130.9 ± 4.0 a 133.6 ± 10.8 a 127.1 ± 7.2 a

Sept. (cm) 300.8 ± 5.1 a 267.2 ± 4.1 b 280.3 ± 5.6 ab 286.8 ± 15.3 ab 269.3 ± 8.0 b 270.8 ± 1.3 b
Yield (t) 13.4 ± 1.6 a 12.1 ± 1.6 ab 10.0 ± 1.4 b 13.3 ± 1.3 ab 5.9 ± 1.0 c 14.4 ± 0.1 a

Note: 1 Values followed by the same letter within the same rows (lowercase letters) are not significantly different
based on the LSD multiple range test (p ≤ 0.05).
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4. Discussion

ST and SM are highly correlated with nutrient cycling processes in soil ecosystems [24,28,29].
The activity of most soil microorganisms increases when ST exceed 10 ◦C and reaches maximum levels
at 25–35 ◦C. In addition, soil microbial activity increases rapidly at a soil water potential greater than
−30 MPa and is highest at −0.01 MPa [30–32]. In this study, daily ST was greater than 22 ◦C, and SM was
generally higher than 33% (v/v) from June to August at the bottom of the slope. In early crop growth stages,
SM on the top slope and back slope was slightly higher than FC (Field Capacity) due to low temperature,
high precipitation, and low transpiration, and increased especially after precipitation in this Mollisol soil
with heavy texture. However, SM decreased in late crop growth stages, especially on the top slope and
back slope. This was mainly due to both temperature and transpiration being higher during these stages,
and most of the water moved from the top to the bottom of the slope. Relatively low levels of SM and ST
impacted crop growth and significantly influenced crop growth at the top and the back of the slope.

Yang et al. (2016) reported decreased SM, increased ST, and increased crop yield in an SA treatment,
mainly influenced by straw ditches and straw burial depth in a flat area. These results can be compared
to the findings of our study, where daily and monthly average ST was effectively increased at the top
(relative flat) of the slope under SA, but daily and monthly average SM decreased in 2016. Our findings for
2015 were largely different compared to those for 2016. Therefore, our results suggest that ST and SM are
not consistently affected by SA in top slope positions (relative flat). This was mainly due to the fact that
the available water capacity and hydraulic conductivity of saturated soil typically increased with straw
amendment [33], and straw amendment increased infiltration and the slope facilitated water movement
towards the bottom [11,18,19,34]. The different results between 2015 and 2016 may have also been caused
by variations in precipitation and the history of residue return (one year vs. two years) between 2015
and 2016, and may also be influenced by straw burial because it was difficult to evenly distribute the
straw amendment using a tractor. At the same time, straw amendment changed the soil bulk density and
increased the capillary porosity in the deeper soil layers (Figure 5), which could also effectively balance
the equilibrium of SM dynamics and influence the dynamics of ST at the top of the slope [12,21]. Thus, in
this study, the SA treatment with improved soil structure effectively prevented low SM levels under
low precipitation conditions in the early crop growth phase of 2015 and prevented low ST under
high precipitation conditions in the early crop growth phase in 2016. Furthermore, SA changed the
equilibrium of SM and ST and changed soil nutrient cycling. In the process of SA decomposition,
microorganisms compete for soil N. Also, a considerable amount of N can easily be transferred from the
top of the slope, while P is strongly adsorbed in soil [35]. Thus, AN was typically decreased, while AP
was typically increased in both 2015 and 2016 at the top of the slope (Figure 6a). Therefore, compared
with NSA, crop residue return (SA) at the top of the slope can effectively balance the equilibrium of
SM dynamics and positively influence ST, thereby promoting crop growth and increasing crop yield.

Figure 5. Soil bulk density before planting in spring of 2016. NSA and SA represent no straw
amendment and amendment, respectively.
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At the back of the slope, compared with NSA, SA notably increased daily ST. Monthly ST under
SA was generally higher than under NSA from May to August 2016 and was similar in May and
June 2015. Compared with NSA, higher ST under SA is suitable for crop growth. Daily SM was
generally higher under SA than under NSA at the back of the slope, although this trend changed with
precipitation, and SM was typically higher under SA than under NSA after precipitation. Our results
are similar to the findings of a previous study which found that SA increased the response rate of SM to
rainfall in the wet Yangtze River delta agricultural region [21]. Monthly SM was also generally higher
under SA than under NSA at the back of the slope, in both 2015 and 2016. This is most likely because
SA increases infiltration and reduces evaporation [34], and infiltration and subsurface runoff increase
with an increase in straw amendment [18,19]. However, ST usually increases with decreasing SM
levels [12,21], which is not in agreement with our results, possibly because straw amendment decreases
soil bulk density, increases infiltration and decreases heat capacity [35]. This is mainly because the
soil bulk density was higher than 1.2 g cm−3 under NSA, and was higher than the water density
(1.0 g cm−3 at 101.325 kPa), while the soil bulk density was close to 1.0 g cm−3 under SA. In our study,
monthly SM levels in the SA treatment in 2016 were highest at the back of the slope, followed by the
bottom and the top of the slope; this could also be attributed to the effect of long-term crop residue
return, especially SA, as soils with relatively low bulk density (Figure 5) and high infiltration capacity
can absorb more water from the top of the slope [34]. Thus, crop residue return can also effectively
balance the equilibrium of SM dynamics and positively influence ST; in particular, SM is increased.
Furthermore, SA changed the equilibrium of SM and ST and changed the soil nutrient cycling. Also,
most of the N that moved from the top of the slope was readily deposited at the back of the slope
under SA, while P does not move easily in soil [35]. Thus, AP was typically decreased, while AN was
typically increased in both 2015 and 2016 on the back of the slope (Figure 6a), thereby increasing crop
yield at the back of the slope [9]. However, compared with NSA, crop height under SA was lower in
the early crop growth stages. This may be due to the microbial decomposition of crop residues, which
exhausted soil nitrogen pools and deprived the crops of nitrogen, although this difference was lower
in August.

Figure 6. Cont.
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Figure 6. Soil available nitrogen (AN) (a) and soil available phosphorus (AP) (b)changed between the
treatments in 2015 and 2016. Significantly differences between amendment and no straw amendment
was marked with an “*” for the same slope position and year.

At the bottom of the slope, SM was generally higher compared to the top due to the “trickling
down” effect. Daily ST at the bottom of the slope was lower under SA compared with NSA during
the daytime and at night both before and after precipitation. Except in September, monthly ST at the
bottom was also generally lower under SA than under NSA from May to August in both 2015 and
2016. However, low ST is not beneficial for soil microbial activities and the release of nutrients for
crop growth. Daily SM at the bottom of the slope was lower under SA than under NSA (both before
and after precipitation), and monthly SM at the bottom of the slope was generally lower under SA
than under NSA, in both 2015 and 2016. This may be due to the fact that over time, soil amendment
increases water infiltration and subsurface runoff at the bottom, especially as residue return increases
annually [19,34]. Generally, the high SM at the bottom under both SA and NSA was not the factor
that limited nutrient cycling and crop growth. However, residue return increases soil organic carbon
amounts, decrease C:N ratios, and leads to competition between microbial communities and crops in
terms of nitrogen. Furthermore, because SA changed the equilibrium of SM and ST at the bottom of
the slope, soil available nutrients were not readily released from soil, which decreased both AP and
AN in 2015 and 2016 (Figure 6a). Therefore, straw amendment significantly decreased crop yields at
the bottom. Generally, crop residues with lower C:N ratios and relatively high SM levels (95% field
capacity) can increase the numbers and the total dry weight of earth worms, thereby improving soil
properties and fertility [36]. Furthermore, SA not only increases soil total C and N contents but also
increases microbial biomass C and N contents and reduces N fertilizer use, especially when combined
with manure [37,38]. However, excessive straw amendment, especially using straw with a high C:N
ratio, could exhaust soil nitrogen pools [35]. This was also proved in this present study. Thus, in order
to obtain higher crop yields, additional fertilizer, especially nitrogen application at the bottom of the
slope is advisable. However, our study was carried out on a northeastern-facing slope, and the results
could be different for other slope aspects [12,39], which should be investigated in further studies.

Wang et al. (2014) indicated that straw incorporation increased evapotranspiration from tasseling
to the grain-filling stages of maize, while it reduced evapotranspiration from the ten-leaf collar to the
tasseling stage and from the grain-filling to the maturity stages of maize. Liu et al. (2017) reported
that residue incorporation also increased crop transpiration and increased WUE (crop water use
efficiency) due to reduced soil evaporation and surface runoff [11]. However, in our study, SM in the
SA treatment was consistently higher at the back of the slope and lower at the bottom of the slope,
while not consistently higher at the top. This may also be influenced by crop growth, landscape,
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and vigorous crop growth, which significantly decreased or increased soil water levels [25]. In this
study, straw amendment increased crop yield at the top and the back of the slope with relatively low
SM, but decreased crop yield at the bottom. In that regard, our results are similar to the findings of
other studies describing the positive effects of residue incorporation on water balance and crop yield,
especially in narrow-leaf cropping systems in hot and dry environments [11]. Thus, straw amendment
represents an effective method to increase crop yields at the top and the back of slope with relatively
low SM, while it slightly negatively affected the yield at the bottom of the slope with higher SM.
Previous studies have indicated that straw incorporation into deeper soil layers may improve crop
yields, even in the face of global climate change, but potentially slows down cultivation influence,
costs more time, labor, and energy [11,40]. In this study, we only investigated the effects of straw
incorporation into the 0–30 cm soil layer on a consecutively sloping farmland in the Mollisol region.
Further work should therefore focus on the impacts of straw incorporation into the deeper soil layers
on SM, ST, crop yields and profit.

5. Conclusions

Soil temperature, soil moisture, soil nutrients and soil bulk density were changed after straw
amendment. Straw amendment with the improved soil structure effectively prevented low soil
moisture levels under low precipitation conditions and prevented low soil moisture under high
precipitation conditions in the early crop growth phase on the top of the slope. Furthermore,
SA changed soil nutrient cycling and typically decreased AN but increased AP on the top of the
slope. Generally, straw amendment increased both soil temperature and moisture, increased AN,
and decreased AP at the back of the slope. However, straw amendment decreased soil temperature
and decreased AN and AP at the bottom of the slope.

Straw amendment can effectively change soil structure and balance the equilibrium of soil
moisture and temperature in areas with relatively low soil moisture contents on the top and back of the
slope in the Mollisol region of Northeast China, thereby not decreasing maize yields at the top of the
slope, while increasing maize yields on the back of the slope. However, straw amendment decreased
soil moisture and temperature, resulting in reducing soil available nutrients, and typically reduced crop
yields at the bottom of the slope. In order to better manage soil temperature, moisture and nutrients,
slope positions should be fully considered when straw amendment is adopted in sloped fields.
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Abstract: Organic amendments improve general soil conditions and stabilize crop production,
but their effects on the soil hydrothermal regime, root distribution, and their contributions to water
productivity (WP) of maize have not been fully studied. A two-year field experiment was conducted to
investigate the impacts of organic amendments on soil temperature, water storage depletion (SWSD),
root distribution, grain yield, and the WP of summer maize (Zea mays L.) in the Guanzhong Plain of
Northwest China. The control treatment (CO) applied mineral fertilizer without amendments, and the
three amended treatments applied mineral fertilizer with 20 Mg ha−1 of wheat straw (MWS), farmyard
manure (MFM), and bioorganic fertilizer (MBF), respectively. Organic amendments decreased SWSD
compared to CO, and the lowest value was obtained in MBF, followed by MWS and MFM. Meanwhile,
the lowest mean topsoil (0–10 cm) temperature was registered in MWS. Compared to CO, organic
amendments generally improved the root length density (RLD) and root weight density (RWD) of
maize. MBF showed the highest RLD across the whole soil profile, while MWS yielded the greatest
RWD to 20 cm soil depth. Consequently, organic amendments increased grain yield by 9.9–40.3%
and WP by 8.6–47.1% compared to CO, and the best performance was attained in MWS and MBF.
We suggest that MWS and MBF can benefit the maize agriculture in semi-arid regions for higher
yield, and WP through regulating soil hydrothermal conditions and improving root growth.

Keywords: soil temperature; soil water storage depletion; root growth; maize yield; semi-arid region

1. Introduction

The intensification of crop cultivation and livestock leads to a large increase in the production of
straw and animal manure in semi-arid regions of China and elsewhere [1–3]. Recycling crop straw
and animal manure by land application has been regarded as a practical method to improve general
soil conditions and stabilize crop production [4–6]. However, more recently, farmers in the semi-arid
regions of China have used mineral fertilizer instead of traditional organic materials due to low
costs [2,7]. Consequently, mismanagement of crop straw and animal manure not only leads to poor
soil quality and low water productivity [8,9], but also causes adverse environmental consequences,
such as water and air pollution [10,11].

The Guanzhong Plain is one of the most important grain-production areas in the semi-arid
region of China [8,12]. Summer maize (Zea mays L.) is a widely cultivated crop in this area,

Water 2018, 10, 1640; doi:10.3390/w10111640 www.mdpi.com/journal/water188



Water 2018, 10, 1640

with an annual production of 3.4 billion kg of grains (Shaanxi Provincial Bureau of Statistics,
http://www.shaanxitj.gov.cn/). In this region, organic amendments from plant residues or livestock
manure have been used, with the primary goal of improving soil water conditions and crop water
productivity. For instance, Yu et al. [7] showed that a three-year application of ammoniated
straw (ammonification of crop straw through adding urea) improved several aspects of soil quality,
and significantly increased soil water storage and crop water productivity in a summer maize, winter
wheat rotation. Wang et al. [13] confirmed that maize water productivity increased by 3–8% based on
the improvement of grain yield in organic manured soils over four years, although soil water content
decreased in the 50–150 cm soil layer. However, Yang et al. [1] reported that 8-year manure amendments
increased soil water content in the 0–10 cm soil layer compared with the sole application of mineral
fertilizer, while it depressed the crop yield of the wheat-soybean cropping system. The discrepancy in
observed effects may be due to the variations in environmental duration, cropping system, and the
characteristics of applied organic materials. The differences in the compositions of various organic
amendments have different effects on soil water status and crop water productivity by the changes in
soil’s physical, chemical, and biological functions [5,14,15]. Therefore, it is essential to assess the effects
of various organic amendments on soil water conditions and crop water productivity for adjusting the
optimum organic amendment practices to local conditions.

Roots are important organs for plant growth and mediators of associations between the effects of
organic amendments on soils, shoots, and grain yields [16]. Root growth is crucial in optimizing crop
yield and water productivity in semi-arid regions [17,18]. Previous studies have provided important
insights into organic amendments in terms of regulating plant root growth. The nutrients released
from decomposing organic materials play a key role in the penetration and establishment of plant
roots [19–21], which helps the crop to utilize water and nutrients from deeper layers and to maintain
high water productivity under soil water stress conditions [18,22]. The type of applied organic
amendments is also an important factor [14,23]. For example, Gaiotti et al. [23] found that adding
compost from vine-pruning waste strongly stimulated vines’ root development, while compost derived
from cattle manure waste had no significant effect on the root systems. However, the relationships
between root distribution and both yield and water productivity remain key issues of discussion.

This study aims to evaluate the effects of organic amendments on soil hydrothermal conditions
and root growth to ensure the stable increase in grain yield and water productivity of summer
maize. For this purpose, a two-year study was undertaken in the Guanzhong Plain of Northwest
China to evaluate the effects of three common organic amendments (wheat straw, farmyard manure,
and bioorganic fertilizer) on soil temperature, soil water storage depletion, root growth, and their
contributions to grain yield and water productivity of summer maize. We hypothesized that: (i) organic
amendments could alter soil hydrothermal conditions and root growth, and therefore favor yield and
water productivity (WP) increase; (ii) these organic amendments-induced effects would be variable
due to the differences in the types of added organic materials.

2. Materials and Methods

2.1. Study Site

A field experiment was conducted through two consecutive summer maize-growing seasons
(June–October) from 2014 to 2015 in a maize–wheat cropping system. The experimental site is located
at the Key Laboratory of Agricultural Soil and Water Engineering in Arid Area (34◦17′ N, 108◦04′ E,
506 m a.s.l.) in the Guanzhong Plain, a semi-arid region of northwest China. This region has a semi-arid
to sub-humid climate, with 632 mm annual rainfall and 13 ◦C mean annual temperature. The soil at
the site is classified as Eum-Orthic Anthrosols [8] with basic physicochemical properties presented in
Table 1 (sampled on 9 June 2014).
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Table 1. Initial characteristics of the soil sampled in different soil layers in the experimental fields in
June 2014.

Parameters
Depth (cm)

0–20 20–60 60–100

Texture (international system) Clay loam Silty clay loam Silty clay loam
Sand (0.02~2 mm) (g 100 g−1) 37.44 29.44 24.11

Silt (0.002~0.02 mm) (g 100 g−1) 44.01 48.48 54.52
Clay (<0.002 mm) (g 100 g−1) 18.59 23.10 21.37

Bulk density (g cm−3) 1.38 1.58 1.39
Field capacity (cm3 cm−3) 0.33 0.31 0.30
Organic matter (g kg−1) 14.57 10.03 8.04

Total N (g kg−1) 0.92 0.71 0.66
Total P2O5 (g kg−1) 0.58 0.47 0.38
Total K2O (g kg−1) 10.12 9.47 8.67

Soil pH 8.57 8.53 8.36

2.2. Treatments and Crop Management

The experiment was conducted in a randomized complete block design with four treatments
replicated three times in 7.5 m × 4.0 m plots (fixed plot test). Four treatments consisted of a control
(CO) with additions of mineral fertilizer (N:P = 170:170 kg ha−1) without organic matter, and the same
doses of mineral fertilizer along with wheat straw (MWS), farmyard manure (MFM), and bioorganic
fertilizer (MBF). Three types of organic materials were applied in the field at the rate of 20 Mg ha−1

(dry weight). The wheat straw was cut into 2 cm segments. The farmyard manure used was from
a mixture of 80% decomposed sheep manure and 20% soil by weight, following the production
method of local farmers. The bioorganic fertilizer consisted of farmyard manure and microbial agent
(60 kg ha−1, 2 × 108 cfu g−1 living bacteria, supplied by Sino Green Agri-Biotech Company, Beijing,
China). Basic physico-chemical properties of the organic materials are listed in Table 2.

Table 2. Physico-chemical characteristics of the applied organic materials.

Material
Organic Carbon

(g kg−1)
Total N
(g kg−1)

Total P
(g kg−1)

Total K
(g kg−1)

Dry Bulk Density
(g cm−3)

Wheat straw 432.44a 10.84b 1.65b 9.71a 0.074c
Farmyard manure 190.30b 11.63ab 3.02a 6.49b 0.474a

Bioorganic fertilizer 184.19b 12.98a 3.19a 6.27b 0.325b

Note: Different letters in the same column indicate significant differences at the 5% probability level.

Summer maize (Zhengdan 958) was planted manually on 18 June 2014 and 15 June 2015, and was
harvested manually on 15 October 2014 and 13 October 2015. The plant population was approximately
51,892 plant ha−1with a row spacing of 60 cm and a plant spacing of 30 cm. Maize was fertilized with
a uniform dose of 170 kg N ha−1 and 170 kg P2O5 ha−1 in the form of urea (46% N) and diammonium
phosphate (18% N, 46% P2O5). 60% of the mineral fertilizer was applied as a basal fertilizer, and the
remaining 40% was top-dressed at the 12-leaf stage. Before planting, 60% of mineral fertilizer and all
of the organic materials were mixed up with the soils by a moldboard plow to a depth of around 25 cm
as per the treatment. Organic insecticide (15 kg ha−1) was also incorporated into the soil to control
pest insects before sowing. Hand weeding was performed at the 6-leaf stage and 12-leaf stage during
the maize growing seasons. All experimental plots were irrigated using flood irrigation with the same
amount of underground water (75 mm) at 42 days after sowing (DAS). Crop residues were manually
removed after harvest.
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2.3. Sampling and Measurements

Rectangular geothermometers (Jingda Thermal Instruments, Hengshui, China) were installed at
depths of 0, 5, 10 and 20 cm in the middle of each plot. The soil temperature was recorded at 10-day
intervals after sowing, and the values recorded at 8:00, 14:00 and 20:00 were averaged and treated as
mean diurnal soil temperature.

Soil water content was measured gravimetrically at 10 cm intervals, down to 100 cm depth, at the
times of 0, 40, 60, 80, 100 and 120 DAS in 2014 and 2015. Seasonal soil water storage depletion (SWSD)
and evapotranspiration (ET) was determined according to the following equations [7,13]:

SWS = ∑ SWCi × SBDi × SDi, (1)

SWSDj∼j+1 = SWSj − SWSj+1, (2)

ET = P + I + SWSD, (3)

where SWS is the soil water storage in the 0–100 cm soil layer (mm), SWC is soil gravimetric water
content (g g−1), SBD is soil bulk density (g cm−3), SD is soil depth (cm), SWSDj~j+1 is the change in
SWS form stage j (SWSj) to stage j + 1 (SWSj+1) (mm), ET is the evapotranspiration from the sowing
to maturity stage (mm), P is rainfall (mm), and I is irrigation (mm). Water losses to runoff and deep
drainage were assumed to be negligible as no heavy rains or irrigations occurred during the maize
growing seasons in this flat experiment field.

On five sampling occasions during the growing seasons (40, 60, 80, 100, and 120 DAS), soil-root
columns were taken at 10 cm increments to a depth of 100 cm using a root auger (7.3 cm internal
diameter). The columns were randomly collected at three positions located at the planting spot (0 cm),
15 cm to one side (−15 cm) and 15 cm to the opposite side (+15 cm) of three tagged plants in each
plot, and the mean value was used. Roots were gently washed by swirling water through a 400 μm
sieve to remove the surrounding soil. Washed root samples (live root) were scanned with a HP scanjet
8200 scanner and analyzed using Delta-T Scan image analysis software (Delta-T Devices Company,
Cambridge, UK) to determine root length. These root samples were then oven-dried at 75 ◦C to
constant weight, and root dry weight was recorded. The root length (cm) and root weight (g) were
divided by the soil-root core volume (cm3) to calculate root length density (RLD, cm cm−3) and root
weight density (RWD, g cm−3), respectively.

At maturity, the two central rows were manually harvested to determine the aboveground
biomass and grain yields of summer maize (standardized to 12% moisture). Yield components,
including numbers of kernel spike−1, grain weight spike−1 and 100-grain weight were also derived
from measurements on these harvested plants. Water productivity (WP, kg ha−1 mm−1) was calculated
by dividing the grain yield (kg ha−1) by ET (mm).

2.4. Statistical Analysis

All treatment effects were subjected to univariate analysis using the SPSS 17.0 software (SPSS, Inc.,
Chicago, IL, USA). The treatment effects at different time intervals were tested by the analysis of
variances (ANOVA). Significant differences among treatments were separated using least significant
difference (LSD) tests at p < 0.05. The influence of all treatments on soil hydrothermal, maize root, and
yield parameters and their relationships among each other were analyzed by the principal component
analysis (PCA). The RLD and RWD distributions were visualized as two-dimensional graphs generated
using the SURFER 8.0 software package (Golden Software, LLC, Golden, CO, USA).
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3. Results

3.1. Weather Conditions during the Study Period

The precipitation during the maize growing season was 381.3 mm in 2014 and 278.2 mm in 2015,
and this accounted for 56.3% and 46.5% of the annual precipitation, respectively (Figure 1). A large
proportion of precipitation occurred in August and September, compared with the other months of the
vegetative season over the two years. Based on a 30-year (1986–2015) average precipitation (322.1 mm)
during the maize-growing season, 2014 and 2015 can be considered as a wet year and a normal year,
respectively. The trends of average daily temperature were similar during the two maize-growing
seasons. The highest daily mean temperature was 32.3 ◦C and 31.3 ◦C in 2014 and 2015, respectively,
in both cases in July.

 
Figure 1. Daily rainfall, irrigation, and average daily temperature recorded during the summer maize
growing seasons in 2014 and 2015.

3.2. Soil Temperature

The soil temperature trends were similar in the 2014 and 2015 growth periods (Table 3), as shown
by the temporal and spatial variations in daily mean soil temperature under all treatments presented
in Figure 2. Soil temperature at 0, 5, 10 and 20 cm depths followed a downward quadratic curve from
sowing to maturation across all treatments, peaking at 40 DAS (July), following the similar pattern
to the observed changes in air temperatures (Figure 1). Generally, organic amendments resulted in
significant differences in the mean soil temperature at 0–10 cm depth, where the significantly (p < 0.05)
lowest mean soil temperature was registered in MWS among all treatments. Nonetheless, the soil
temperature remained almost invariable among the treatments at 20 cm depth, because it was weakly
affected by solar radiation energy in this layer.

The effect of organic amendments on soil temperature was large at the early growth stages of
maize (0–40 DAS), when the daily mean soil temperatures in MWS at 0, 5, and 10 cm depth were
1.3, 3.2, and 1.9 ◦C lower than those in CO, respectively (p < 0.05) (Figure 2). Conversely, the daily
mean soil temperatures in MFM and MBF at 0 cm depth were 4.0 and 3.7 ◦C higher than those in CO,
respectively (p < 0.05). This was probably due to the dark color of the farmyard manure and bioorganic
fertilizer. The dark color organic materials showed high absorptivity and low reflectivity. However, at
the middle growth stages (40–100 DAS), the full establishment of maize canopy and the spell of hot
weather led to a minimal impact on soil temperature with organic amendments when compared to CO.
At the later growth stages (100–120 DAS), organic amendments increased (p < 0.05) the daily mean soil
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temperatures at 0–10 cm depth by 0.6–1.6 ◦C compared to CO, due to the improvement of topsoil heat
storage with the consecutive decomposition of organic materials, especially in cool conditions.

Table 3. Significance of the effects of organic amendment treatments, year, and their interactions on the
soil and crop parameters.

Parameters
Tests of

Normality
Tests of Homogeneity

of Variances

ANOVA

Y T Y × T

Soil temperature ns ns ns * ns
Soil water storage depletion ns ns * * ns

Root length density ns ns ns ** *
Root weight density ns ns ns ** *

Grain yield ns ns ** ** **
Water productivity ns ns ** ** **

Note: Y, year; T, treatment; ns, not significant. *, significant differences at the 5% probability level; **, significant
differences at the 1% probability level.

 

Figure 2. Effects of the treatments on average soil temperatures at indicated depths during the summer
maize-growing seasons in 2014 and 2015. CO, mineral fertilizer without organic amendments; MWS,
mineral fertilizer with wheat straw; MFM, mineral fertilizer with farmyard manure; MBF, mineral
fertilizer with bioorganic fertilizer. *, p < 0.05.

3.3. Soil Water Depletion

As shown in Figure 3, organic amendments generally reduced the ET in the first 100 cm of the
soil profile from sowing to harvesting over the two maize-growing seasons. More specifically, MBF
significantly decreased the SWSD in the 0–100 cm soil layer by 18.3 and 29.5 mm compared to CO in
2014 and 2015 (p < 0.05), respectively. Meanwhile, MWS and MFM also decreased the SWSD by 0.8 and
4.1 mm in 2014 (p > 0.05) and 24.6 and 15.3 mm in 2015 (p < 0.05) compared to CO, respectively. Notably,
the middle layer (20–60 cm) contributed to the major variations of the SWSD from the entire profile.
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Figure 3. Total soil water storage depletion (SWSD) under indicated treatments from different soil
layers in the 2014 and 2015 growing seasons. The abbreviations of the treatment names are the same
as those described in Figure 2. Means of the SWSD within the same soil layer sharing the different
lowercase letters are significantly different at p < 0.05.

There were clear variations in the SWSD across treatments at different growth stages (Figure 4),
which depended on the intensity and distribution of rainfall and evapotranspiration. At the early
growth stages, the maize plants were small and water depletion mainly resulted from soil evaporation.
MWS and MBF reduced the SWSD compared to CO (p < 0.05) by decreasing soil evaporation loss
in 2014, while these between-treatments differences were negligible in 2015. The reason for this
phenomenon may be related to more replenished rainfall in 2015 (93.6 mm) than in 2014 (42.7 mm)
during this stage. However, crop transpiration was the major pathway for water depletion due to
the fast development of the maize canopy. This was especially true in MWS, which resulted in a
significantly (p < 0.05) higher SWSD due to the best maize growth (Table 4) at 40–80 DAS over the
two-year period. At 80–120 DAS, there was a desirable amount of rainfall in 2014 (224.6 mm) compared
to the less rainfall (91.3 mm) in 2015. Therefore, there were no differences in the SWSD among the
treatments in 2014, while MWS, MFM, and MBF resulted in significantly lower SWSD compared to
CO in 2015 during this period (p < 0.05). The result clearly implied that the positive effects of organic
amendments on SWSD mainly occurred in the early/middle–late growth stages of the dry spell.

Figure 4. The soil water storage depletion (SWSD) in the 0–100 cm layers under indicated treatments
during the different maize growth stages in 2014 and 2015. The abbreviations of the treatment names
are the same as those described in Figure 2. Means of the SWSD within the same growth stage sharing
the different lowercase letters are significantly different at p < 0.05.
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Table 4. Maize grain yield, yield components, aboveground biomass, evapotranspiration (ET),
and water productivity (WP) under indicated treatments in the 2014 and 2015 growing seasons.

Year Treatments
Kernels
Spike−1

Grain Weight
Spike−1 (g)

100-Grain
Weight (g)

Grain Yield
(kg ha−1)

Aboveground
Biomass (kg ha−1)

ET (mm)
WP

(kg ha−1 mm−1)

2014

CO 418.4c 106.4c 24.9c 5626.4d 11013.8b 379.7a 14.8c
MWS 451.2b 136.4a 30.7a 7895.0a 13582.1a 380.5a 20.8a
MFM 443.9bc 112.6bc 25.8c 6184.3c 11177.4b 383.8a 16.1b
MBF 477.6a 117.3b 28.6b 7122.1b 12818.0a 361.4b 19.7a

2015

CO 424.1c 129.1b 29.8c 7204.8c 13434.6b 336.1a 21.4c
MWS 489.4a 150.4a 31.8a 9376.1a 16631.3a 310.7b 30.2a
MFM 461.1b 143.3a 31.4ab 8687.2b 14718.4b 320.9b 27.1b
MBF 491.8a 151.3a 30.7bc 9662.6a 16266.9a 306.6b 31.5a

Note: The abbreviations of the treatment names are the same as those described in Figure 2. Different lowercase
letters within columns in each year indicate significant differences at the 5% probability level.

3.4. Maize Root Systems

3.4.1. Vertical Distribution of RLD and RWD

There was no significant difference between the root densities at maturity in 2014 and 2015
(Table 3). The vertical distributions of RLD and RWD shown in Figures 5 and 6 were the average
results over the two years.

 

Figure 5. Two-dimensional distributions of the mean root-length density in the 0–100 cm layer under
indicated treatments at maturity averaged over two years. The abbreviations of the treatment names
are the same as those described in Figure 2.

The RLD in MBF was the highest among all treatments across all the soil profiles, and the ratio of
the RLD between MBF and CO increased with increasing soil depth, which was 1.3, 3.1, and 20.5 times
in the 0–20, 20–60, and 60–100 cm soil layers, respectively (p < 0.05) (Figure 5). A similar trend was
observed in MFM, with 2.0 and 7.2 times higher RLD than that in CO at 20–60 cm and 60–100 cm
depth, respectively (p < 0.05). However, this increase was only observed at 60–100 cm depth in MWS,
where the RLD was 7.2 times higher in MWS than in CO (p < 0.05).
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Figure 6. Two-dimensional distributions of the mean root-weight density in the 0–100 cm layer under
indicated treatments at maturity averaged over two years. The abbreviations of the treatment names
are the same as those described in Figure 2.

The RWD followed similar patterns to the observed RLD trends across the profile, except for the
0–20 cm depth, where the highest value of RWD occurred in MWS followed by MFM and MBF, and CO
yielded the lowest value (p < 0.05) (Figure 6). At 20–60 cm depth, the RWD in MFM and MBF were
significantly (p < 0.05) higher by 1.7 and 0.5 times than that in CO, respectively. At 60–100 cm depth,
the RWD in MWS, MFM, and MBF were significantly (p < 0.05) higher by 4.4, 4.2, and 7.9 times that in
CO, respectively. As expected, organic amendments improved the ability of the maize root system to
grow down and stretch into the deep layer compared to CO, which was especially true in MBF.

3.4.2. Changes in RLD and RWD with Crop Development

Generally, different organic amendments had a significant impact on the root densities of maize at
various growth stages in 2015 (Figure 7). MBF and MFM had significantly (p < 0.05) greater mean RLD
compared to MWS and CO. This was especially true at 80–120 DAS, when the RLD in MFM and MBF
were 10.8–65.1% significantly (p < 0.05) higher compared to MWS and CO (Figure 7a). Additionally,
MWS also had positive changes in RLD compared to CO, but these changes were only significant
(p < 0.05) at 40 DAS (35.2%).

There were notable between-treatment differences in RWD at 40 DAS and 80–120 DAS, when the
mean RWD in MWS, MFM, and MBF was 106, 83.2, and 47.6% higher than that in CO, respectively
(p < 0.05) (Figure 7b). Moreover, the RWD in MWS was 31.7–60.5% greater than that in other treatments
at 40 DAS (p < 0.05), and these differences became more significant at 100 and 120 DAS.
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Figure 7. The root-length density (RLD) and root-weight density (RWD) under indicated treatments
on different days after sowing during the 2015 growing season. The abbreviations of the treatment
names are the same as those described in Figure 2. Means of the RLD or RWD within the same days
after sowing sharing the different lowercase letters are significantly different at p < 0.05.

3.5. Maize Grain Yield, Yield Components, and WP

The grain yield, yield components, and WP of maize were considerably (p < 0.05) affected by
the organic amendments, and the values were significantly (p < 0.05) higher in 2015 than in 2014
(Tables 3 and 4). Over the two years, organic treatments significantly (p < 0.05) increased grain yield
(9.9–40.3%) and WP (8.6–47.1%) compared to CO, and MWS and MBF generally had the highest values.
Similarly, MWS and MBF also had significantly (p < 0.05) higher aboveground biomass by 10.5–23.8%
compared to CO and MFM. In addition, kernel spike−1, grain weight spike−1 and 100-grain weight in
MWS and MBF were significantly (p < 0.05) higher compared to CO over the two years, while MFM
only had significantly (p < 0.05) higher values relative to CO in 2015.

3.6. Impact Factors for Yield and WP

The PCA of all treatments, soil hydrothermal characteristics, and crop growth parameters
indicated that the first two principal components explained 70.4% of the experimental variance
(Figure 8). Direction and size of the line revealed that a number of yield-related parameters were mainly
associated with MBF and MWS treatments. However, these yield parameters, such as grain yield, WP,
aboveground biomass, kernel spike−1, grain weight spike−1, and 100-grain weight were negatively
related to MFM and CO treatments. Among the soil hydrothermal variables, soil temperature at
100–120 DAS was positively linked to crop yield and WP. The SWSD at 0–40 and 80–120 DAS were
negatively correlated with yield-related parameters, while the SWSD at 40–80 DAS was positively
related with the aforementioned parameters. Additionally, total SWSD from sowing to harvesting at
20–60 cm depth was negatively associated with yield-related parameters.

Among the crop root parameters, the RLD and RWD at 80–120 DAS were significantly related to
grain yield and WP, and significant correlations were also detected between RWD at 60 DAS and both
grain yield and WP (Table 5). The results indicated that root densities significantly affected grain yield
and WP from the middle of the growing seasons onwards. With regard to soil depth, both RLD and
RWD in the 0–20 and 60–100 cm layers at maturity provided a great contribution to crop yield and WP
(Figure 8).
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Figure 8. Principal component analysis (PCA) for various treatments as a function of soil and
crop parameters. Treatment abbreviations are the same as those described in Figure 2. ST0–40 DAS,
ST40–100 DAS, and ST100–120 DAS: soil temperature at 0–40, 40–100, and 100–120 DAS in the 0–10 cm
soil layer; ST0 cm, ST5 cm, and ST10 cm: soil temperature at 0, 5, and 10 cm depth during the whole
maize growth seasons; SWSD0–40 DAS-SWSD100–120 DAS: soil water storage depletion at 0–40, 40–60,
60–80, 80–100, and 100–120 DAS; SWSD0–20 cm, SWSD20–60 cm, and SWSD60–100 cm: soil water storage
depletion from sowing to harvest at 0–20, 20–60, and 60–100 cm depths. RLD0–20 cm, RLD20–60 cm

and RLD60–100 cm: root length density at 0–20, 20–60, and 60–100 cm depths at maturity; RWD0–20 cm,
RWD20–60 cm, and RWD60–100 cm: root weight density at 0–20, 20–60, and 60–100 cm depths at maturity;
ET: evapotranspiration; WP: water productivity.

Table 5. Correlations between both grain yield and WP and root densities measured at different days
after sowing of summer maize in various organic amendment management systems.

Root Densities
Days after Sowing (DAS)

40 60 80 100 120

Grain yield RLD 0.024 0.649 ** 0.506 * 0.584 * 0.577 *
RWD 0.198 0.436 0.808 ** 0.648 ** 0.623 *

WP
RLD −0.062 0.693 ** 0.595 * 0.672 ** 0.568 *
RWD 0.109 0.487 0.818 ** 0.598 * 0.562 *

Note: WP, water productivity; RLD, root length density; RWD, root weight density. *, p < 0.05. **, p < 0.01.

4. Discussions

4.1. Soil Temperature Responses to the Organic Amendments

Soil temperature is an important ecological factor for determining water and nutrient uptake
by crop root systems [24]. Previous studies have shown the beneficial regulating effects of organic
amendments on soil temperature for high soil organic carbon, soil available water content, and soil
water holding capacity [4,25,26]. Consistent with these findings, MWS reduced the maximum soil
temperature and raised the minimum soil temperature, while it significantly reduced the mean soil
temperature at 0–10 cm depth compared to CO in our study (Figure 2). Hence, the practice of MWS
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can help reduce the adverse effects of terminal heat on the summer maize production in semi-arid
regions [27]. By contrast, such beneficial effects did not present themselves in MFM and MBF. Previous
studies on organic amendments have also reported that the incorporation of corn straw residue and
farmyard manure failed to influence soil temperature [6,28]. Inconsistent results obtained here might
be related to the type and characteristics of applied organic materials.

4.2. Soil Water Depletion Responses to the Organic Amendments

Understanding the process of soil water depletion of a cropping system in a semi-arid region helps
maintain a soil hydrological balance and promote crop productivity. Many studies have demonstrated
that adding manure and compost increased the available water content and reduced the soil water
depletion by improving the soil’s physical properties, such as porosity, infiltration, and water retention
capacity [29,30]. Similarly, organic amendments generally decreased the SWSD in our experiment
(Figure 3). The SWSD was significantly low in MBF plots (Figure 3), possibly because the bioorganic
fertilizer with living bacteria strongly and rapidly improved the soil’s physical environment and thus
alleviated soil water stress [13,31]. In addition, MWS and MFM slightly reduced the SWSD compared
with CO in 2014, whereas a significant decrease of SWSD under MWS and MFM occurred in 2015
(Figure 3). One probable reason for this may be the accumulative effects of the continuous application
of organic materials [3], and another reason may be that nutrient management was more evident
during the dry-spell period [20,29].

Furthermore, we observed that the effects of organic amendments on SWSD were mainly
significant in the middle soil layer (20–60 cm) in our study (Figure 3). This phenomenon was
partly consistent with previous studies in similar environments [13,32]. The likely reason for
these effects was that loosened topsoil and good crop-root development affected by adding organic
amendments promoted water storage and water extraction in the middle soil layer [19]. However,
Wiesmeier et al. [33] observed that the application of organic wastes most strongly impacted soil water
content in the topsoil, where organic amendments are mostly mixed by cultivation.

4.3. Maize Root Responses to the Organic Amendments

Organic amendments are important soil management practices affecting plant root growth.
Previous researches have reported the beneficial roles of earthworm compost, green manuring,
and farmyard manure on the penetration and establishment of plant roots [20,23,34]. Consistent
with these findings, organic amendments generally exerted a clear improvement on the RLD and RWD
of maize relative to CO in our experiment (Figures 5–7), because both soil temperature and water,
being substantially influenced by organic amendments, affected plant root growth [17]. By contrast,
Espinosa et al. [35] found that manure incorporation severely impaired the total root biomass of grasses
when organic amendments were applied in clay subsoil to overcome nutrient deficiencies.

Not only did the maize produce a greater root system with organic amendments, but different
types of amendments also had different effectivity on maize root densities—for example, MWS
yielded the highest RWD, but the significantly highest RLD was recorded in MBF (Figures 5–7).
This discrepancy may be attributed to two causes. Firstly, MWS exerted more favorable heat and water
regulation capacities at the early growth stages (Figures 2 and 4), which were beneficial for primary
roots’ development (Figure 7). Normally, a more vigorous rooting system developed at the early growth
stages can give the crop a better chance to survive and grow in semi-arid environments [17], which
could lead to the highest RWD in the ensuing growth stages. Secondly, the high decomposition and
mineralization turnover under MBF [36] could increase the supply of readily-available nutrients [19]
and ultimately promote the development of ‘finer’ roots [21,23] relative to the other treatments,
especially in the deeper layers (Figures 5 and 6). However, the related mechanisms still need to be
explored in further studies.
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4.4. Grain Yield and WP Responses to the Organic Amendments

Organic amendments had significantly beneficial effects on maize grain yield and WP over two
growing seasons (Table 4), and similar findings have also been obtained in other crop species [8,11,20].
It is likely that organic amendments generally promote optimum root physiological function [20],
which is favorable for the efficient utilization of soil water and nutrients [9,37] for higher yield
and WP. Indeed, our results also demonstrated that grain yield and WP had significantly positive
correlations with root densities from the middle of the growing seasons onwards (Table 5). Conversely,
Yang et al. [1] found that the high C/N ratio of organic manure was responsible for its slightly negative
effect on crop production in a wheat-soybean cropping system in loess soil, while Edmeades [38] found
no significant influence of manure on crop production, with adequate fertilization in all plots.

With regard to the type of organic amendments, the maize grain yield and WP were higher under
MWS and MBF than under MFM in both years (Table 4), presumably because they resulted in the
closest optimum soil temperatures and water depletion process for promoting greater root density
and ultimately boosting higher yield and WP (Figure 8) [10,20]. Interestingly, yield and WP were
clearly higher in 2015 (Table 4) with lower cumulative rainfall (Figure 1) than in 2014, which might be
attributed to the closer optimal rainfall distribution in 2015 [39].

5. Conclusions

Organic amendments resulted in a significant improvement in grain yield and WP of summer
maize. Most importantly, MWS and MBF gained significantly higher values compared to MFM.
The advantages under MWS and MBF were attributed not only to the optimized soil temperature in
the top 10 cm layer and water depletion in the middle soil layer, but also to the improved root density.
Overall, both MWS and MBF could be viable management practices used to alleviate production
risks in maize agriculture in semi-arid regions. However, further research in this area is needed,
including detailed analyses on the balance between crop nutrient requirements and the chemical
composition of organic materials, focusing on long-term effects for relevant soil and crop parameters
for sustainable agriculture.
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Abstract: The perturbation in hydraulic networks for irrigation systems is often created when sudden
changes in flow rates occur in the pipes. This is essentially due to the manipulation of hydrants and
depends mainly on the gate closure time. Such a perturbation may lead to a significant pressure
variation that may cause a pipe breakage. In a recent study, computer code simulating unsteady
flow in pressurized irrigation systems—generated by the farmers’ behavior—was developed and
the obtained results led to the introduction of an indicator called the relative pressure variation
(RPV) to evaluate the pressure variation occurring into the system, with respect to the steady-state
pressure. In the present study, two indicators have been set up: The hydrant risk indicator (HRI),
defined as the ratio between the participation of the hydrant in the riskiest configurations and its total
number of participations; and the relative pressure exceedance (RPE), which provides the variation
of the unsteady state pressure with respect to the nominal pressure. The two indicators could help
managers better understand the network behavior with respect to the perturbation by defining the
riskiest hydrants and the potentially affected pipes. The present study was applied to an on-demand
pressurized irrigation system in Southern Italy.

Keywords: pressurized irrigation systems; on-demand operation; perturbation; unsteady flow;
hydrant risk indicator; relative pressure exceedance

1. Introduction

Pressurized irrigation systems have been developed during the last decades with considerable
advantages as compared to open canals. They guarantee better services to the users and a higher
distribution efficiency [1]. On-demand systems are designed to deliver water at the flow rates and
pressures required by on-farm irrigation systems, considering the time, duration, and frequency as
defined by the farmers [2].

In pressurized systems operating on-demand, a group of hydrants operating at the same time is
known as a configuration. Changing from a configuration to another is the main origin of perturbation
in pressurized irrigation systems [3].

Many authors [4,5] have emphasized that improving the performance of existing irrigation
schemes is a critical topic to decrease excessive water use and enhance system efficiency.

To evaluate obstacles, constraints and opportunities, to set up a consistent modernization strategy
and improve the irrigation service to users, Food and Agriculture Organization (FAO) has developed a
methodology called MASSCOTE (mapping system and services for canal operation techniques, [6]).
FAO is currently working with CIHEAM-Bari (Centre International de Hautes Etudes Agronomiques
Méditerranéennes-Mediterranean Agronomic Institute of Bari) to adapt the MASSCOTE approach
to pressurized irrigation systems. This new approach is called MASSPRES, or mapping system and
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services for pressurized irrigation systems. One of the main steps is to map the perturbation. The main
objective of the present study is to define effective indicators that can estimate the unsteady flow effects
in an on-demand pressurized system.

Fluid transient analysis is one of the most challenging and complicated flow problems in the design
and operation of water pipeline systems. Transient flow control has become an essential requirement
for ensuring the safe operation of water pipeline systems [7]. The computer modeling tools for the
hydraulic unsteady flow simulation have been widely used in simple pipeline systems. Little is known
about the behavior of the unsteady flow in complex pipe network systems. This phenomenon could be
analyzed by several numerical methods. One of them is the method of characteristics, which could be
used for very complex systems [8].

In a recent study [3], a user-friendly tool was developed to simulate the unsteady flow in a
pressurized irrigation network using an indicator called relative pressure variation (RPV). In addition,
a specific numerical analysis was carried out to select the appropriate gate-valve closing time to avoid
potential pipe damages.

In the present work, two new indicators have been set up, the hydrant risk indicator (HRI), that
describes the degree of risk of each hydrant on the system by causing pressure waves propagating
through the system pipes, and the relative pressure exceedance (RPE), that represents the variation
of the pressure in the system with respect to the pipe nominal pressure. The latter is interpreted as a
warning signal that a pipe in the system may collapse.

The present study intends to provide both designers and managers with adequate analysis on
the hydraulic behavior of the system under unsteady flow conditions, only generated by the opening
and closing of hydrants (i.e., gate-valves). Other conditions are out of the scope of this work. In this
perspective, the above-mentioned user-friendly tool was updated.

2. Methodology

2.1. Unsteady Flow Assumptions

Possible mechanisms that may significantly affect pressure waveforms include unsteady friction,
cavitation, a number of fluid–structure interaction effects, and viscoelastic behavior of the pipe-wall
material, leakages and blockages. These are usually not included in standard water hammer software
packages and are often hidden in practical systems [9].

The usual assumptions (Reference [10]) have been considered to develop the software code:

• The flow in the pipeline is considered to be one-dimensional with the mean velocity and pressure
values in each section.

• The unsteady friction losses are approximated to be equal to the losses for the steady-state losses.
• The pipes are full of water during all the transient flow and no water column separation

phenomenon occurs.
• The wave speed is considered constant.
• The pipe wall and the liquid behave linearly elastically.

The Euler and the conservation of mass equations are:

dV
dt

+
1
ρ

∂P
∂s

+ g
dz
ds

+
f

2D
V|V| = 0 (1)

a2 ∂V
∂s

+
1
ρ

dP
dt

= 0 (2)

where, g is the gravitational acceleration (ms−2), D (m) is the pipe diameter, V (ms−1) is the mean
velocity, P (Nm−2) is the pressure, z is the pipe elevation (m), f is the Darcy–Weisbach friction factor
and a (ms−1) is the celerity. t (s) and s (m) represent the independent variables.
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The equation includes V and its module for preserving the shear stress force direction on the pipe
wall according to the flow direction.

The characteristic method makes it possible to replace the two partial differential Equation (1) and
Equation (2) with a set of ordinary differential equations. The resulting equations will be expressed in
terms of the piezometric head H (m). These equations are deeply described in any hydraulic textbook
discussing the water hammer phenomenon (e.g., Reference [11]).

It is important to mention that the slope of the characteristic curves on the space–time planes is a
function of V (s, t). This is introduced in the numerical solution procedure as explained hereafter.

C+ :
dV
dt

+
g
a

dH
dt

− g
a

V
dz
ds

+
f

2D
V|V| = 0 only when

ds
dt

= V + a (3)

C− :
dV
dt

− g
a

dH
dt

+
g
a

V
dz
ds

+
f

2D
V|V| = 0 only when

ds
dt

= V − a (4)

The equations ds
dt = V+ a and ds

dt = V− a are the characteristics of the Equation (3) and Equation (4),
respectively. The integration of ( ds

dt = V + a) gives (t = 1
V+a × s + constant), that is represented by the

curve C+. Similarly, for ( ds
dt = V − a), (t = − 1

a−V × s + constant) is determined and represented by the
curve C−, shown in Figure 1.

Figure 1. Characteristic curves on the space–time plane.

2.2. The Numerical Solution for the Ordinary Differential Equations

The characteristic curves can be approximated to straight lines over each single Δt interval. In fact:
(i) Δt may be made as small as one wishes, and (ii) usually a >> V, causing ds

dt to be nearly constant [12].
We seek to find the values of V and H at point Pn. They are calculated based on V and H at the points
C, Le and Ri of the previous time following the characteristic curves C+ and C−. The velocity and the
head at Pn become the known values for the subsequent time calculation, shown in Figure 1.

The characteristic curves passing through Pn intersect the earlier time (t is constant) at the points
L and R. Consequently, the finite difference approximations to Equations (3) and (4) become

C+ :
VP − VL

Δt
+

g
a

HP − HL

Δt
− g

a
VL

dz
ds

+
f

2D
VL|VL| = 0 (5)

C− :
VP − VR

Δt
− g

a
HP − HR

Δt
+

g
a

VR
dz
ds

+
f

2D
VR|VR| = 0 (6)

The last two equations include six unknown terms: VP, HP, VL, HL, VR and HR. In the earlier
time, values of P and V are known only at the points C, Le and Ri. Using linear interpolation, as shown
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in Figure 1, VL, HL, VR and HR are to be expressed as a function of VC, HC, VLe, HLe, VRi and HRi.
In detail, along the C+ characteristic, we assume:

Δx
Δs

=
VL − Vc

VLe − Vc
=

HL − Hc

HLe − Hc
(7)

solving the above equations for VL and HL, we obtain:

VL = Vc + a
Δt
Δs

(VLe − Vc) (8)

HL = Hc + a
Δt
Δs

(HLe − Hc) (9)

An analogous approach can be applied along the C− characteristic. This leads to solving Equation (5)
and Equation (6) simultaneously for VPn and HPn, as follows:

VPn =
1
2
[(VL + VR) +

g
a
(HL − HR) +

g
a

Δt(VL − VR)sin θ− fΔt
2D

(VL|VL|+ VR|VR|)] (10)

HPn =
1
2
[
a
g
(VL − VR) + (HL + HR) + Δt(VL + VR)sin θ− a

g
fΔt
2D

(VL|VL| − VR|VR|) (11)

Usually, the slope term ( dz
ds = sin θ) is small and may be neglected [13].

The complexity of irrigation systems is the non-uniformity of pipe materials and pipe sizes, which
requires a pipe discretization where each elementary section has constant geometrical and physical
properties. Each elementary section is divided into an integer number of elements NSi, with length
Δsi, whose value is calculated, to have the same Δt in all the system [14].

A steady-state simulation is executed for each configuration of hydrants simultaneously operating.
The obtained results (H and V) will constitute the initial conditions for running the transient simulation.
Assuming an instantaneous closure of valves, the computer code calculates the water hammer process
until the simulation time reaches a predefined observation time (Tmax), generally assumed large
enough to reach again the new steady-state flow conditions.

The application of the differential equations assumes the boundary conditions described hereafter.
The variables V and H are indexed with Pi corresponding to the points, one on each side of the
boundary section, which is nearly superposed (Figure 2). For all the other parameters, only the number
of pipes is used as an index to prevent any complication in naming. In both cases of upstream and
downstream end boundaries of the systems, only one point exists following C− and C+, respectively.

2.3. The Boundary Conditions

The boundary conditions at each end of the pipes describe externally imposed conditions on
velocity and/or pressure head. The used and the common ones are examined hereafter.

The potency of the characteristics method is the adequacy of analyzing each boundary and each
conduit section separately along the unsteady flow time occurrence.

The boundary conditions described below were considered.

2.3.1. Reservoir

If a reservoir with constant pressure head H0 is located upstream of the network, then:

HP1 = H0 (12)

2.3.2. Valve

Being located at the downstream end of the pipes, the valve closure is assumed to induce a linear
flow velocity variation at the cross-section according to the following equation:
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VP1 = V0 × (1 − t
Tc

) (13)

where V0 (ms−1) is the initial flow velocity and Tc (s) is the valve closure time.
In the case of a sudden closure (Tc = 0), VP1 becomes equal to zero directly after the

perturbation creation.
A detailed analysis with different gate-valves’ closing time (from Tc = 0 to Tc = 6 s) was carried

out and published in a previous study by the same authors [3]. The sudden closure was considered to
clearly show the effect of the phenomenon.

2.3.3. Internal Boundary Conditions

Junctions with two and three pipes are considered:

1. Two-pipe junction:

A two-pipe junction is shown in Figure 2a.

Figure 2. Boundary conditions at a typical series of (a) two and (b) three pipes junction.

In the case of no external demand, the values of the four unknowns can be found by solving the
set of equations below:

• Following the C+ equation (Equation (5)):

VP1 = (VL1 +
g
a1

HL1 −
f1Δt
2D1

VL1

∣∣VL1

∣∣)− (
g
a1

)HP1 (14)

• Following the C− equation (Equation (6)):

VP2 =

(
VR2 −

g
a2

HR2 −
f2Δt
2D2

VR2

∣∣VR2

∣∣)+ (
g
a2

)HP2 (15)

• The conservation of mass equation:
VP1A1 = VP2A2 (16)

• The energy equation at the points P1 and P2, neglecting the difference in velocity heads and any
local losses:

HP1 = HP2 (17)
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Solving the above system of equations, the head value H at the junction can be calculated
as follows:

HP1 = HP2 =
C3A1 − C1A2

C2A2 + C4A1
(18)

where C1, C2, C3 and C4 are the function of the known values obtained from the earlier time. By means
of a back-substitution, also the flow velocities can be found.

In the case of a series of two pipes with an external constant demand Qdem (m3 s−1) (that is
delivered by one hydrant), a similar system of equations can be used, modifying Equation (16) only,
as follows:

VP1 A1 = VP2 A2 + Qdem (19)

which makes Equation (18) become:

HP1 = HP2 =
C3A1 − C1A2 − Qdem

C2A2 + C4A1
(20)

2. Three-pipe junction

A three-pipe junction is shown in Figure 2b.
In the case of a pipe junction with one inflow and two outflows, the following equations are used

to find the six unknowns:
Pipe 1, C+: VP1 = C1 − C2HP1 (21)

Pipe 2, C−: VP2 = C3 + C4HP2 (22)

Pipe 3, C−: VP3 = C5 + C6HP3 (23)

Conservation of mass : VP1 A1 = VP2A2 + VP3 A3 (24)

The energy balance, neglecting local losses between 1 and 2 : HP1 = HP2 (25)

The energy balance, neglecting local losses between 1 and 3 : HP1 = HP3 (26)

Solving the previous set of equations leads to:

HP1 = HP2 = HP3 =
C1A1 − C3A2 − C5A3

C2A1 + C4A2 + C6A3
(27)

In the case of a three-pipe junction with an outlet, in the previous set of equations, only Equation (24)
has to be modified, as follows:

VP1A1 = VP2A2 + VP3A3 + Qdem (28)

while Equation (27) becomes:

HP1 = HP2 = HP3 =
C1A1 − C3A2 − C5A3 − Qdem

C2A1 + C4A2 + C6A3
(29)

2.4. Calculation Process

In order to define the initial conditions for the unsteady flow analysis, a steady-state simulation
was executed for each configuration. Starting from the upstream reservoir water level, by substituting
the head losses calculated using the Darcy–Weisbach equation, the piezometric elevation (H) and the
velocity (V) are defined in each section of the system.

Starting with the pre-computed H and V (calculated from the steady-state conditions), calculations
of the new values HPn and VPn are carried out for each grid point with an increment of ΔT
(Figure 1). Therefore, new values of H and V are obtained, and they replace the previous ones.
The process continues for the pre-fixed simulation time. The software selects the maximum and the
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minimum pressure occurring at each section through the time of simulation (selection through time).
A second selection through the pipe sections for Pmax and Pmin is performed (selection through space).
The analysis results are tabulated as the maximum and minimum pressure head occurred for each
pipe, which will be the basis of the calculation of the indicators.

As it was mentioned before, in this study Tmax has been chosen to be equal to 30 s, where the
water hammer magnitude variation was no more significant. The calculation process is summarized in
the flow chart of the software (Figure 3).

Figure 3. Computer code flowchart.

2.5. The Hydrant Risk Indicator (HRI)

By analyzing the impacts of different configurations on the hydraulic behavior of the irrigation
system, the hydrant risk indicator evaluates the sensitivity of the network in terms of pressure to each
hydrant manipulation. It is defined as the ratio between the participation of the hydrant in the riskiest
configurations and its total number of participations.

A chosen percentage of the riskiest configurations will yield an upper and lower pressure envelope.
The upper envelope represents the maximum pressure magnitude recorded through all the pipes,
while the lower envelope represents the minimum recorded pressure magnitude values.
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The HRI reflects the potential risk created by each hydrant. Hydrants significantly impacting
the overall performance in terms of pressure are expected to appear more frequently in the
risky configurations.

HRI =
RPN
TPN

(30)

where TPN is the total participation number, and RPN is the risky participation number. A hydrant
will be considered when it is being closed or opened, which is the main reason for the perturbation.

Knowing that the maximum and the minimum pressures are separately treated and presented:

• The HRIPmin indicates the ability of each hydrant to create a negative wave (Pmin). RPN takes
into consideration only the opening mode.

• The HRIPmax indicates the ability of each hydrant to create a positive wave (Pmax). RPN takes into
consideration the closing mode.

It is worth mentioning that the total number of configurations has to be taken to ensure that the
indicator achieves the stabilization stage, as explained hereafter. The developed software does not
identify the configuration as riskiest, it only identifies the probability of risk.

2.6. Relative Pressure Exceedance (RPE)

This numerically represents the pressure variation and the created risk with respect to the nominal
pressure. The RPE was introduced to help both the designer and manager analyze the irrigation
systems operating on-demand and illustrate the weak points of the system where any pipe damage
may occur. The RPE is defined by:

RPE = 100 × Pmax − NP
NP

(31)

The RPE is the relative pressure exceedance (percentage), Pmax (bar) is the maximum pressure
recorded throughout the simulation time at each section, and NP (bar) is the nominal pressure. In the
present study, NP was assumed equal 10 bars for a possible representation of the indicator. The RPE is
presented as 10% equiprobability curves, where each curve represents a probability of occurrence.

The user introduces a percentage in the model that represents an envelope percentage of the
considered risky for the system (depends on the sensitivity of the network and the norms chosen by
the designer and/or the manager). After simulating the different configurations, the model selects
the participation of each hydrant in that envelope and translate it to the indicator called Hydrant
Risk Indicator.

3. The Case Study

The Sinistra Ofanto irrigation scheme, in the province of Foggia (Italy), is divided into seven
irrigation districts (Figure 4). District four, in turn, is subdivided into sectors. The study was performed
for the sector 25. The irrigation network is an on-demand pressurized irrigation system. It consists
of 19 hydrants with a nominal discharge of 10 (L s−1) and an upstream end constant piezometric
elevation of 128 m a.s.l. The NP was equal to 10 bars for all installed pipes, as per the information
obtained from the managers. The layout of sector 25 is reported in Figure 5.

With an irrigation network of 19 hydrants and four possible operating modes for each of them
(open, closed, opening and closing), an enormous number of configurations could be generated,
assuming that the network has been designed as having five hydrants simultaneously open.
The selection of a rather small system fulfills the objective of clarity and simplification of the comparison
between the results, and makes it possible to analyze different configurations of hydrants. Nonetheless,
the code supports large-scale networks and the desired combination of hydrants.
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The transient flow is defined as the transition from one steady flow to another steady flow. To keep
the assumption of having five hydrants simultaneously open, the perturbation in the present study
was created by closing two hydrants and substituting them by opening two new ones.

Figure 4. The Sinistra Ofanto irrigation scheme.

Figure 5. Layout of the network (sector 25).

4. Results and Discussion

4.1. The Uniformity of Random Generated Configurations

The strong variation of the discharges flowing into the network due to the variation in the demand
is the first provoker of perturbation in pressurized irrigation systems. That variation was presented
through different configurations. With a view to having a good representation, the software used a
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random number generator to run different configurations following a uniform distribution function
(having the same possibility of getting one operating mode for each hydrant), as shown in Figure 6.
The reported results refer to the opening/closing of two hydrants, as this situation occurs with a higher
probability compared to the simultaneous opening/closing of three, four or five hydrants, and stronger
waves with respect to the opening/closing of one hydrant do occur.

 

Figure 6. Uniformity distribution of the random number generator (500 hydrant configurations).

4.2. Computation of the Unsteady Flow Pressure Envelopes

In this study, the hydrant closing time Tc = 0 was considered, as it represented the riskiest case
that may happen.

The irrigations system consisted of four layout profiles; only the calculated pressures for the
profile Res-Node 16 are presented in Figure 7. After the perturbation, the maximum and the minimum
pressure waves were recorded along the pipes and presented as 10% equiprobability curves.

Figure 7. Pressure profile (Res-node 16) for 500 configurations, considering the simultaneous opening
and closing of two different hydrants out of five.

Figure 7 shows that the maximum pressure variation for the different steady-state conditions.
At node 16, this was around 0.35 bar (red lines) and increased when moving from the upstream end of
the studied profile to downstream.

It is worth mentioning that the code imposed a constraint of not having the water column
separation, even with the occurrence of low pressure, in line with the assumption mentioned above,
that the pipes were assumed to be full and remained full during the transient flow occurrence, which
enabled the application of the differential equations.
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4.3. Calculation of the HRI

To assess the network response to the different perturbations of configurations, 500 different
configurations were generated and analyzed. The number of configurations was run not only to satisfy
the uniformity test, but also for the stability of the new indicator. In fact, the HRI graph started to take
its final shape at around 350 configurations, where only the real risky hydrants appeared. Once the
values were stabilized, the increase in the number of configurations did not significantly affect the
results (Figures 8–10).

By running 500 configurations for the allocated system, where all nodes were represented,
the contribution of the riskiest hydrants could be easily identified by noticing the extreme irregularities
of the generated graphs (Figure 10). In the presented case, hydrants 14, 15, 16 and 20 could be identified
as risky hydrants, which could generate positive pressure waves.

Figure 8. Hydrant risk indicator (HRI) for 50 configurations.

Figure 9. Hydrant risk indicator (HRI) for 350 configurations.
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Figure 10. Hydrant risk indicator (HRI) for 500 configurations.

The term “risky configuration” could be precisely defined, in this case, as the configuration, which
caused an exceedance of the allowed domain of the variation in pressure set by the manager according
to certain criteria (mainly the system infrastructure).

In these extreme cases, risky hydrants had a high probability to cause either positive or negative
waves. The impacts of such cases could cause serious problems.

4.4. Calculation of the RPE

The RPE provides a very clear idea about the pipes under risk (Pmax influence). The pipes are
considered to be safe when the RPE values are negative, which means that the maximum occurred
pressure does not exceed the nominal pressure. As a value of zero means that the transient pressure is
equal to the nominal pressure, from that value onwards the pipes start being under risk.

In Figure 11, the pipes for the main line (Res-Node 8) were in the safe range (RPE < 0). At the level
of the node 8, which is the entrance of the branch 8–16, the RPE started to take positive values with
less than a 10% probability of occurrence. The zone corresponding to the hydrants from 11 to 13 were
potentially subject to failure with a 10% probability of occurrence. The more distant the section from
the upstream end, the greater the risk of pipe failure. The failure reached its maximum occurrence
probability of 40% (100 − 60%) at the downstream end of the layout profiles (hydrant 16).

Figure 11. Relative pressure exceedance (RPE) for 500 configurations.
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In parallel with the probability of occurrence and the corresponding zones, it is important to
mention the role of the RPE that provides an overview of the exceedance severity.

5. Conclusions

The performance of on-demand pressurized irrigation systems is highly affected by unsteady
flow, which highlights the importance of identifying appropriate indicators to be integrated into the
designing and managing of a pressurized system.

To that end, user-friendly computer code capable of simulating the real operating conditions of
a pressurized irrigation system, and consequently, the unsteady flow through the random opening
and closing of hydrants was developed. The code made it possible to investigate and quantify the
generated effects through two simple indicators developed in the framework of this study (the hydrant
risk indicator, or HRI, and the relative pressure exceedance, or RPE).

Such informative indicators could significantly contribute to more efficient operation management
of on-demand pressurized systems by avoiding highly risky probabilistic configurations. Moreover,
they could be embedded in the designing phase, allowing for a better interpretation of the impacts of
different design alternatives.
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Abstract: This study aimed at achieving an organizational solution for improving the governance
of water and land use and, consequently, improving the supply–demand water balance.
Related modeling applied to diverse scenarios focus on water and land use development in the
Mendoza River basin. A strategic analysis of water organization was performed using causal analysis,
producing a Strategic Map (SM) and designing a Balanced Scorecard (BS). To assess the basin’s water
resources supply and demand, the Water Evaluation and Planning (WEAP) model was applied to
the Administrative Management Units existing in the basin, taking into consideration the water
availability and the granted water rights. The application of the organizational and governance model
to various scenarios referring to 2030 show that by reordering allocations and water use criteria,
implementing a better farm irrigation water management, improving capacity building of existing
human resources, and adopting more adequate hard- and software for dams and canal management,
it will be possible to accommodate demand in 2030 better than at present despite climate change
impacts on demand and supply. In addition, users’ participation will be enhanced.

Keywords: water and land management; water users’ organization; water balance; supply–demand
balance model; organizational analysis; participatory management

1. Introduction

The water governance model currently used in the Mendoza River basin, Argentina (Figure 1),
brings about imbalance and unevenness of management inadequate for an area in full transformation.
Spatio-temporal effects of great intensity and magnitude refer to the limited autonomy and
self-sufficiency of local management organizations, the inadequate distribution and use of water
resources, the separate management of water and land, the impact of territorial, economic,
and productive competitiveness, the degradation of soils, all affecting crops production and causing
poor service to users [1]. The water management model emerged in the nineteenth century, derived
progressively very top–down and technocratic, but functional to the corporate external as well as
internal interests. As a result, hierarchical, highly centralized power of decisions does not comply
with the principle of accountability. Improved control would be feasible through an administrative
decentralization process by watersheds and subareas. The primal social contract for the water
administration in Mendoza implemented by the traditional and conservative elite in 1884, in a time of
great and rapid agricultural expansion, does not fit well in current conditions; besides, it has caused
very negative consequences, difficult to correct, to the territorial–hydrological system. As emblematic
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cases, demonstrating such trends: a) despite having passed a century since then, it still lacks the
implementation of water balances as well as legislative changes facilitating reallocation of water rights;
b) loss of water rights in productive areas because use changes from agricultural to recreational ones,
affecting the functioning of the system as a whole; c) groundwater overexploitation and speculative
use of water resources for more than 40 years, which has caused the loss of the aquifer productivity
and quality; and d) failure to consolidate autonomous water organizations for productive local units,
according to appropriate monitoring processes.

The consequences of this model’s 19th century view, extemporaneous today, affect social,
economic, and productive dimensions for not ensuring efficient administration and satisfaction of
the demand [2]. Appropriate practices for the sustainable management of water in the basin include
real-time water measurement, efficient application of irrigation modules and plans, uniformity in the
application of water, clean production associated with water quality, improved land leveling for better
performance of irrigation, soil mulching to reduce evapotranspiration, use of adequate irrigation flow
rates, monitoring of soil moisture and plant water status, proper design of irrigation units, conservation
of drains, and training of water system operators and users [3,4]. Meanwhile, the main issue is to
implement a governance model that provides for improved participatory management through local
water user organizations.

Figure 1. Mendoza River basin [5].
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It is worthy of notice that, as part of the decentralization process implemented by the end
of the 20th century [6], the Mendoza River Water User Organizations (WUOs) contributed not
only to establishing a new governance, but also to the integrated process of regional development,
namely evidencing that water management is a critical factor in a semiarid region [7]. WUOs had
highly influenced the elaboration of the Land Use Law and the Strategic Development Plan
(SDP), the execution of which required an effective supply–demand water balance implementation,
restructuring of granted rights, respect for basin autonomy, effective representation and participation
of the different water users, and consensual reformulation of the instruments necessary to achieve
integrated water management [8]. In this process, there appears that, in the absence of the State,
community management and associative modes have been efficient in supplying water at a local
scale [9]. Territorial governance is thus a nonexclusive governmental dimension, where public
participation influences decision-making and the social and spatial structure of processes involved [10].
Thus, under high social and public control, land and water governance strategies and integrated
management services are expected to ensure strategic and productive territorial development [11].

The main objective of this paper was the formulation of a participatory organizational model
consistent with current requirements of users, as well as with the water supply–demand balance
modeling, in order to reach an equitable and sustainable water resources availability and use in the
Mendoza River basin. It is foreseen that the organizational governance proposal will contribute
to achieving greater efficiency and effectiveness in the water and land use together with the
implementation of the administrative act when considering different prospective modalities relative to
various context scenarios. Accordingly, objectives include the identification of strategies to promote
the decentralized management of water, namely those referring to the ways in which WUOs may
implement water demand management actions based on present supply–demand water balance issues.

The strategic formulation of the governance model was carried out by defining the organizational
identity through the determination of the mission, vision, values, and strategies of WUOs.
The organizational analysis was developed through the preparation of a strategic map [12] and
the linking of the WUOs through the design of the Integral Scorecard (IS) [13]. Secondly, the available
water resources of the Mendoza River basin [14] were assessed through updated water balance (WB)
studies [15] and the application of the Water Evaluation and Planning model (WEAP) [16]. The latter
tool allows contrasting water supply and demand considering a distribution system marked by
spatial and temporal variability. An adjusted modeling approach [17] was used for different scenarios
according to the peculiarities of the basin relative to each of the basin’s Administrative Management
Units (AMUs) and considering the availability of water and the granted uses [18,19]. Based on the
constitutional law of Mendoza, which previses the water balance and assesses for the reallocation
of rights, three scenarios have been considered in water modeling: i) trend, which is to continue
with the allocation of water without changing the category of agricultural rights in use and with the
current efficiencies; ii) possible, which is to equate the agricultural rights in use and delivery of 100%
of the endowment improving the efficiencies, and iii) contrasted, which is to distribute the water with
100% to all the rights registered whatever the use and improving the efficiencies. For this purpose,
different criteria for irrigation planning were analyzed [20], irrigation requirements and scheduling
were considered [21], and strategies for water management were identified [22].

2. The Study Area

The Mendoza River basin is located in the Andean Central West Region of Argentina, covering an
area of 19,553 km2 with a population of 1,170,000 inhabitants [23]. It includes a densely populated
sector corresponding to the urbanized oasis, an intensive irrigated area, and areas of great natural
value as well as areas with more extensive uses such as units of mountain range, premountain range,
and non irrigated alluvial plains (Figure 1). River flows, namely those aimed at the supply of the urban
and irrigated areas, are regulated by the Potrerillos Dam [24].
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With the aim to achieve a systematized knowledge of the basin with snow-glacial regime, it must
be considered that the main contribution, represented by snowfall, its accumulation–compaction,
and freezing–melting phases, generates direct flows complemented, to a lesser extent, with rainfall
contributions. These flows cause surface runoff, as well as subsurface and groundwater flows
corresponding to the various components of the basin water balance (Figure 2), which must be
assessed in order to obtain a comprehensive knowledge of water supply [14].

 
Figure 2. Main water balance components and physical processes in the Mendoza River basin.

3. Formulation of the Organizational Model

The strategic analysis of water organization was performed using the causal analysis method,
thus considering that such organization is a constituent part of the development of a continuous,
dynamic process. The sequential chart proposed includes several stages and steps corresponding to
the main timings, which have been adapted from the strategic map method [12], to identify, organize,
and describe strategies within the context of the water management model (Table 1).

Table 1. Sequential description of organizational analysis [12].

Stages Steps Description

Organizational identity

Mission Why do we exist?
Vision What do we want to do?
Values What is important to us?

Strategy Our game plan
Organizational analysis Strategic map Translate the strategy
Organizational linkage Balanced scorecard To act, measure, and focus

At this stage, we proceeded to describe stakeholders involved in the proposed water organization,
based on the present situation and envisaging the future one [25]. The required water management
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objectives have also been considered in order to understand the complexities and problems of managing
the Mendoza River basin mainly in terms of making compatible the balance between supply and
demand. At this stage:

• Mission is highlighted as the base of the water governance, the reason for its existence and its
purpose, which is reflected in its activities.

• Vision, in turn, presents an image of the future, the course desired to be adopted and that enables
knowing what is to be accomplished.

• Values allow knowing which aspects are important to water governance and constitute the
reference framework for its image within the community. Values define the set of bases and
principles that regulate water management of the organization and allow the building of the
institutional philosophy [26].

• Strategy is the set of ordered actions that are developed in a dynamic way, according to the
context and the capabilities available to implement them. It describes how a water organization
intends to create values in the organization in relation to the services it offers, as well as to
their implementation. The strategy covers various topics in a simultaneous and complementary
manner, depending on their implementation timings, with operational processes usually being
quicker than those that include the application of innovation processes. It also requires a specific
link between the users and the values proposed to meet their needs [27].

A Strategic Map (SM) presents a causality structure enabling identification of components and
interrelations of the organizational model’s strategy with the aimed processes and results. It also
allows assessing, measuring, and improving the most critical processes leading to their successful
implementation. It makes it possible to conduct a strategic analysis, interpret the development stage
of the strategy, and visualize the connection between tangible and intangible assets. Furthermore,
an SM eases the assessment and selection of strategic options based on quantitative and qualitative
criteria. The strategy’s most critical factor is its efficient implementation, in order to ensure a sustained
creation of value. In turn, this depends on the management of key internal processes, namely
financial, operational, relations with costumers and innovation, and social and regulatory processes.
Strategic maps, therefore, become visualization tools that facilitate the organizational description and
drive the valuation process [13]. SM is thus a tool to measure organizational performance and to
analyze the strategy used. It allows creating value from four different perspectives: a) the financial
perspective, relative to the strategy for growth, profitability, and risk, viewed from the shareholder’s
perspective; b) the customer’s perspective, referring to the strategy to create value and differentiation
from the customer’s viewpoint; c) the process perspective, relative to the strategic priorities of the
different business processes that create satisfaction for clients and shareholders; and d) the learning
and growth perspective, which refers to those intangible assets that are more important to develop
strategies, such as human assets, information capital, and organizational culture.

The resulting SM makes use of all four perspectives described and is an important tool for strategy
control through continuous monitoring. In addition, it allows explaining the strategy hypotheses in
a coherent, integrated, and systemic way [12]. For the purpose of applying the SM method in this
research, we adopted it by including an additional perspective related to water management, similar to
that adopted in the Water Strategic Plan 2020 [28].

The Balanced Scorecard (BS) is a procedure corresponding to a management model of strategic
initiatives. One of its main attributes is controlling financial variables jointly with those related to
intangible assets. Using BS requires that objectives and associated indicators, both financial and
nonfinancial, derive from the water organization’s vision and strategy. For this reason, it is a method to
align trends, business units, human resources, and technological means with the water organization’s
strategy [29]. The BS is generally proposed as an organized process involving different perspectives.
Goals to reach are proposed for each perspective, which are causally related to one another. The model
explaining these relationships is the above-mentioned Strategic Map, which describes the strategy
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hypothesis and raises the connection of the desired results of the strategy with the inducers and their
linkage that will make them possible through relationships in different perspectives [13].

Social conflicts in the irrigated areas are manifested in: territorial transformations without
planning and regulation, poor service to the irrigator, imbalances and inequities in water distribution,
soil, water, and plant degradation, centralization in organizations, affecting territorial, economics,
and productive competitiveness, with lack of profitability and investments in rural areas under
irrigation and exodus of the peasant population to urban areas.

4. Modeling the Supply–Demand Water Balance

4.1. Water Balance Formulation

It is understood as the result of an adjusted model that contrasts water supply and demand at
the level of the Administrative Unit of Management (AMU), considering agro-climatic conditions
influencing irrigation demand and also nonagricultural uses [30], the following:

CWB = GS − GD (1)

where CWB represents the Mendoza River current water balance, GS is the mean Gross Supply from
the river and contributing streams, and GD is the total Gross Demand per AMU, with the total GD per
AMU defined as the sum of water demand per crop type:

GD = Σ (RA × RC × ETc × Ef) (2)

where RA is the registered area having water rights per type of use in the AMU, RC is the reduction
coefficient of water allocation depending upon the category of the granted water rights, ETc is crop
evapotranspiration per type of land use, and Ef is the current global irrigation efficiency.

The AMUs were defined according to the available surface and groundwater sources of supply,
as well as the existent channel network. Complementarily, we considered the catchment and channeling
infrastructure, irrigation performance [31], edaphic conditions [32], and predominant land and water
uses. The distribution system in the Mendoza River basin was analyzed, and existing WUOs were
grouped into different AMUs according to their sources of water supply, the modality of operation of
the system, and homogeneity criteria of management (Figure 3).

The WEAP model (Water Evaluation and Planning) [16] was adopted for calculating the
supply–demand water balance. For the estimation of irrigation efficiency [4], two components were
analyzed: the transport and distribution efficiencies through the canal system, and the irrigation
application efficiencies relative to the farm fields [33]. Field efficiency studies were analyzed and
compared with observed ones, particularly referring to the Mendoza River basin [34,35]. The following
modeling parameters were considered: registered areas, reduction coefficients according to category of
water rights, and average irrigation efficiencies (Table 2).

Table 2. Water rights to irrigation water use and efficiencies. Mendoza River basin.

Categories of Use
Permanent

Water Rights
Temporary

Water Rights
Public Town

Irrigation
Urban Uses

Surface area (ha) 42,147 40,195 3,087 6,498
Allocation reduction coefficient 1 0.8 0.8 1

Farm application efficiency 51.4%
Canal transport efficiency 81.8%

Global efficiency 42.0%
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Figure 3. Administrative Management Units in the Mendoza River basin.

4.2. Water Supply

In assessing surface water resources, we considered the mean supply from river and streams,
in accordance with the provisions of Provincial Laws 386 and 430, which mention it as a reference
value for average flows [36]. The mean water supply from the Mendoza River was obtained from the
study of water volumes recorded at the Guido gauging station, located upstream of the Potrerillos
Reservoir before the exit to the fluvial valley in the pre-mountain massif (Figure 4).

 

Figure 4. Mean daily water use curve and accumulated volume at Potrerillos Dam. (average values for
1 July 2006 to 30 June 2015).
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The series of hydrologic years considered for modeling corresponds to the 2006–2015 period,
which has been considered highly representative, and includes data on precipitation, operation,
and spills. Yearly data of that period varies from rich to poor in terms of flow. In addition, for the same
period, real-time nival and meteorological data from the Horcones and Toscas stations in the High
Cordillera are made available to increase the integral hydrological knowledge of the basin. There is also
information for this period about the operation of the Potrerillos Dam and Reservoir, the stabilization
of management, and the calibration of hydro-mechanical equipment. Average historical volumes were
computed from daily records, the average historical spills were assessed, and the average historical
discharges were estimated with monthly frequencies for the Cipolletti Dam [5]. The operation of
dams and reservoirs is dependent upon weather conditions, service provided by some branch canals,
occurrence of rainfall, or compensatory measures that make the rules of operation be dynamic and
varying from one cycle to other.

An analysis was made of the operations carried out in the modeling period. The recorded
and modeled volumes discharged by the Potrerillos Dam were compared (Figure 5) and the quality
of simulations performed was assessed with the Nash–Sutcliffe modeling efficiency indicator [37],
resulting NSE = 0.82. This coefficient expresses the relative magnitude of the mean square error relative
to the observed data variance. The maximum value is NSE = 1.0, which can only be achieved if there is
a perfect match between all observed and simulated values. The closer the values of NSE are to 1.0,
the better are the estimates of discharges. The obtained NSE value is quite high and therefore indicates
that the simulation model provides confident results. Computations took into consideration the spill
losses (Table 3).

 

Figure 5. Validation of recorded and modeled volumes discharged by the Potrerillos Dam, 2006–2015.

Table 3. Averages spills at Potrerillos Dam, 2006–2015.

Spills (hm3)

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Annual

65.0 94.6 124.9 161.4 182.8 163.3 128.4 96.7 73.6 70.8 57.8 41.4 1260.7

4.3. Water Demand

For estimation of water demand, various indicators of the water use performance were used [38].
Interactions between surface water and groundwater could not be omitted [3]. Demand and
groundwater supply were estimated in a complementary manner for all AMUs considering
groundwater use or a conjunctive use of surface and groundwater. In the case of conjunctive use,
it was taken into account that groundwater pumping was only carried out in those fields equipped
with wells and it was assumed that this pumped water was used to satisfy seasonal deficits due to
scarce supply by the canal system [5].
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Land use in agricultural areas has been characterized adopting representative crops for each
AMU. Irrigation requirements were determined through the Kc-ETo approach that combines the
reference evapotranspiration ETo with a crop coefficient characteristic of each crop [3,39]; net irrigation
demands were computed by considering the local agricultural calendars for each type of crop as
previously tested [40]. The referred WEAP software [16] accepts that the Kc-ETo approach is calculated
externally by the user [41]. Thus, ETo was calculated using the FAO-PM method [39]; crop coefficients
(Kc) and other parameters (e.g., crop phonological dates, soil characteristics) were obtained from
literature [3,39,40] and adjusted to the AMU areas based upon existing field data [34]. For those
computations, available climate data were used and spatially distributed using the method of Thiessen
polygons [42]. These data allowed computing crop evapotranspiration and estimating effective
precipitation, which directly contribute to meet crop demands [43], as well as other useful precipitation
that may influence the efficiency of water use [44]. Spatial information was then obtained with a GIS
tool. Data were used as input to the model built in the WEAP software [35]. It was therefore possible
to characterize and map the main land uses (Figure 6) and water and irrigation requirements for the
Mendoza River basin after aggregating results relative to all AMUs. Thus, the volumetric demand
distribution was assessed for all selected series and AMUs. The procedure was replicated for diverse
hydrologic years in the 2006–2015 period, with inclusion of demand variability depending on each
year’s weather conditions.

Figure 6. Main land uses. Mendoza River basin.

4.4. Supply–Demand Relationships

Supply and demand relationships have been determined for the current situation considering all
granted water rights, the current irrigation efficiency, and the rules of operation of reservoirs, canals,
and diversion dams. To this end, we considered two key indicators for achieving an appropriate
supply–demand balance in the Mendoza River basin—demand dissatisfaction and demand coverage
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(percent of demand covered by the supply)—to estimate the percent guarantee of irrigation water [45],
for which the reference value for the region is 81% [46]. Demand dissatisfaction corresponds to the
difference between the water volume required to meet gross demand and the amount of supply
available to satisfy such demand. This factor also allows determining the missing water volume
(i.e., that cannot be covered by the available supply) [47]. There is also a link to the failure total, which
is the summation of the monthly failures expressed in volume, understanding that a failure occurs
when, in a certain month, supply does not suffice to meet the gross demand. The demand coverage
corresponds to the percentage of gross demand effectively satisfied by the available supply, considering
the monthly coverage for each AMU. It is computed as the difference to 100% of the ratio between
failure and gross demand expressed in percentage. This value is lower than the global annual coverage
because, although annual supply could have been enough to meet annual demand, when performing
a monthly analysis, it became evident that the unevenness of such supply throughout the year results
in months with deficit and others with surplus [22].

The global annual balance is calculated from the summing to the year of the volumes of supplies
and demands. It indicates whether the annual supply–demand balance is deficient, excessive,
or balanced. In turn, the global annual coverage is the percent value of the ratio between annual
supply and annual gross demand. That coverage is limited to 100 percent to take into consideration
that monthly surpluses or deficits are unevenly distributed throughout the year. Deficits for each AMU
are computed monthly and expressed in hm3. The demand dissatisfaction is expressed in terms of
ratios between water volume and area, the latter referring to where water is lacking, and is expressed
in mm during the whole cycle. Another indicator is the percentage of gross demand met by the
available supply, which corresponds to the inverse of the demand dissatisfaction when expressed in
percentage [30].

5. Governance Organization and Forecasted Supply–Demand Balance

5.1. Governance Organizational Model

Mission, vision, values, and strategy are defined for the organizational water management model
in an irrigated area of the Mendoza River basin with high social and environmental dynamics:

Mission: Building up an organizational model for local water management that responds to the
socio-economic requirements of the land and water users of the irrigated area in the Mendoza River
basin, particularly considering the users’ participation through WUOs and AMUs.

Vision: Ensuring sustainable water use and productivity by achieving appropriate water demand
management in a context of climate variability and territorial transformation in the Mendoza
River basin.

Values: Responsibility with the community and the environment; effective participation of
users; technical administrative efficiency in management; transparency in actions and communication;
integrity and equity; commitment to local and territorial development.

Strategy: Achieving proper water administration performance in irrigated management units
in the Mendoza River basin, using an autarchic, technically based organizational model that enables
progressive implementation of training and innovation actions for sustainable use of water resources
in the territory and that contributes to the local development process.

The proposed organizational model refers to an institution of public nature but not state-run,
and with significant alliance with the private sector. Therefore, it must be taken into account that
while for public sector organizations, it is relevant to analyze the system water use and management
performance in order to achieve the defined mission with the highest level of success, for the private
sector organizations, more importance is given to water and land productivity. Considering the
above-mentioned aspects, objectives were grouped in agreement with key organizational dimensions,
and to determine causal connections between objectives and perspectives, that is, cause–effect
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relationships, through building a strategic map of the organizational and governance model for
the Mendoza River basin (Figure 7).

 

Figure 7. Summary of the strategic map of the organizational model for water governance in the
irrigated area of the Mendoza River basin.

Among the most important aspects of the methodological adaptation of the Strategic Map
(SM) and of a Balanced Scorecard (BS), the financial perspective was taken as the basis of the
organizational model because financial and socio-economic variables have a great relevance in
institutional functioning. The following indicators were therefore adopted: (i) financial self-sufficiency,
ratio between the income resulting from water rights fees and the costs of operation, maintenance,
and management of the water system [45]; (ii) performance of channel water allocation, ratio between
effective and predicted recovery of water fees [45]; and (iii) monetary efficiency in water use, computed
as the ratio of costs per volume of water allocated [48]. These indicators are used per every AMU.
The learning and growth perspective is next in importance relating to the implementation of modern
technical management, thus improving the capacity building of human resources and modernizing
the hard- and software of the water system.
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These water management issues definitely support technological innovation and are paramount
to implement and develop both the learning process and the quality of the organizational processes.
In addition, BS was methodically executed around different perspectives whose achievable aims were
proposed. The organizational model that explains those relations in the strategic map helps describe
the strategy’s hypothesis aimed at fully achieving the water management goals.

5.2. Scenarios for Simulation

Forecasted supply–demand water balance alternatives were analyzed for the 2030 horizon.
The Demand Dissatisfaction and Demand Coverage indicators were used. Three future scenarios (Table 4)
were proposed in addition to the current one (Sc0):

• Sc1 – when temporary water rights allow the use of up to 80% of the available water (i.e., RC = 0.80)
• Sc2 – when temporary water rights allow the use of up to 100% of the available water (i.e., RC = 1.0)
• Sc3 – when irrigation aims at satisfaction of the total registered area, including land where irrigation was

previously abandoned

The forecasts on the availability of surface water resources as influenced by climate change
consider a reduction of snowfall of 20% by 2080, and an increase in air temperature of 4 ◦C for the
next century [49]. For modeling purposes, an average reduction rate of snowfall close to 0.31% per
year was adopted [50]. This decrease, together with the increase in temperature, induces a change in
the basin hydrology that, on average and for the projected period of analysis, shall modify the flow
regime and requires adaptability in the use of the water [51,52] because there would be higher flows
in winter and lower ones in summer compared to present [53]. The induced variation of climate and
hydrologic behavior in the context of global climate change [54,55] requires assessing water balance
changes and related impacts on different categories of water rights in terms of area and/or water
allocation. The cultivation of land presently abandoned but that could have water rights was not
considered except for scenario Sc3.

Table 4. Main characteristics of scenarios used for supply–demand water balance modeling, Mendoza
River basin.

Scenarios for the 2030 Horizon
Climate-Change-

Affected Variables
Efficiency of

Water Use
RC of Temporary

Water Rights

Sc0 – Current water use and governance Present condition 51% 0.80

Sc1 – Temporary water rights with
RC = 80%

Reduced snowfall,
higher temperature in

lowlands,
increased

evapotranspiration

59% 0.80

Sc2 – Temporary water rights with
RC = 100% 59% 1.00

Sc3 – Water service to the total
registered area 59% 1.00

Factors commonly taken into account for developing and simulating all scenarios (Table 4) consist
of: (i) an improved irrigation water management providing for a reasonable efficiency of water use of
59% without requiring structural changes in the canal system; (ii) a decrease in mountain snowfall that
would lead to the variation of the river flow regime, thus to adaptation changes in water supply; (iii) an
increase in temperature in the lowlands that likely will cause variable increases in evapotranspiration
and demand for water, depending on the type of water use; (iv) variation in land use, namely referring
to the distribution of areas cropped and urbanized; and (v) changes in management and operation of
the basin water system, mainly relative to the governance issues, improvement of the AMUs, and more
effective participation of users through the respective WUOs.
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5.3. Forecasts for Supply–Demand Water Balance for the 2030 Horizon

The previously defined gross demand, the supply and failure total, the percent coverage
of demand by supply (including total failures), the global supply–demand balance, and global
annual coverage of demand by supply were estimated using WEAP for both agricultural and other
consumptive uses. Results relative to the considered scenarios are presented in Table 5.

Table 5. Comparing results for supply–demand water balance scenarios for the 2030 horizon, Mendoza
River basin.

Scenarios for the 2030
Horizon

Registered
Cropped

Area
(ha)

Gross
Demand

(hm3)

Supply
Total
(hm3)

Failure
Total
(hm3)

Demand
Coverage

(%)

Global
Annual
Balance
(hm3)

Global
Annual

Coverage
(%)

Sc0 – Current water use
and governance 54,720 955.49 1131.05 −34.26 96.4% 175.57 100%

Sc1 – Intermittent water
rights, RC = 0.8 54,720 793.09 1040.47 −4.07 99.5% 247.38 100%

Sc2 – Intermittent water
rights, RC = 1.0 59,342 866.30 1042.79 −5.58 99.4% 176.49 100%

Sc3 – Service to the total
registered area 76,534 1170.44 1049.65 −170.74 85.4% −120.79 86%

The current balance (Sc0) does not include the abandoned old lands, but does take into account
the factors of the current climate and the existing efficiency in the farm, which reaches an average
value of 51.4%. Analyzing the indicators produced when modeling with scenario Sc1 (temporary water
rights and RC = 0.8), it was observed that indicators are generally better than those obtained for the
current condition (Table 5) despite global change-influenced climate and hydrologic variables for the
2030 horizon, resulting in increased demand and more varied water supply. That improvement is likely
due to higher farm application efficiency, 59% vs 51%, and to an optimized operation of reservoirs
and diversion dams, which are expected to contribute to decreasing failures and improving the water
supply distribution service, thus resulting in an increased guarantee of irrigation water availability.

For Sc2 (temporary water rights and RC = 1.0), there is a larger registered cropped area due
to transformation of temporary into permanent water rights. An increase in annual gross demand
of 73.21 hm3 occurs and there is a negligible increase of 1.51 hm3 in the sum of failures, while the
base water supply remains the same. An improved supply is considered due to improvements
in water distribution and global efficiency, which are expected to keep failures, demand coverage,
and global annual coverage at levels similar to Sc1. However, the global annual balance diminishes.
Notwithstanding, analyzed in general, this difference continues to be positive for average years.

The modality Sc3 is for a scenario where the whole of the granted area in the basin is predicted
to have irrigation, thus including all abandoned lands, recently or not. The sum of failures reaches
then a high value of 170.74 hm3, particularly important due to high demand when river runoff is low.
Demand coverage falls to 85% while the gross demand increases about 215 hm3 and the global annual
coverage reaches 86%. But even so, these values are above the regional reference value of the irrigation
water guarantee percentage. Thus, scenario Sc3 requires adopting additional measures not considered
in this study.

6. Conclusive Remarks

A strategic formulation of the organizational model was defined after performing a strategic
analysis of the organization. Designing the strategic map of the organization from the perspective
of users and the community and relating to new perspectives on water management, processes,
learning and knowledge, and finance responded well to objectives. Moreover, in the proposed
organizational and governance model, the effective participation of users was considered as the main
basis for formulating institutional cross-sectoral (horizontal/integral) policies. That participation is
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aimed at concrete decision-making by all stakeholders involved in every circumstance concerning
water management. The result is that the designed SM for the Mendoza River basin is aimed at
supporting sustainable productive development and satisfaction of socio-economic requirements
through an appropriate supply–demand management and adopting volumetric water delivery to
users. The Administrative Units of Management (AMUs) were adopted to manage water at local level,
and the areas of influence of the WUOs were reformulated accordingly.

The evaluation of the water resources of the Mendoza River basin was performed and an analysis
was made of the operations carried out in the modeling period of 2006–2015. The recorded and
modeled volumes at the Potrerillos dam were compared. A high value of 0.82 for the Nash–Sutcliffe
modelling efficiency indicator of goodness of fit was obtained, which allowed considering that the
available supply was confidently assessed. The demand was estimated on basis of previous studies
and used the updated methodology of FAO56 guidelines. The balance supply-demand was computed
with model WEAP. For the modeling period of 2006–2015 three scenarios were tested and compared
with the base one referring to present conditions. It was observed that more requiring scenarios
than present were evaluated positively but not a scenario where irrigated areas would increase much
to include presently abandoned ones. Positive results were obtained due to the new organization
and governance model, which assumed decentralized water management through the AMUs, users’
participation with the Water User Organizations (WUOs), and increased global water efficiency due
to improved water management and canal transport and deliveries through adopting innovative
approaches related to hard- and software, as well as capacity building.
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Abstract: The evolution of water governance and societal perception in large, public irrigation systems
in developing countries has triggered successive waves of reforms since the 1980s. Among them are
Participatory Irrigation Management, Irrigation Management Transfer, Public-Private Partnerships
or Market Instruments. Reforms have generalized the implementation of Water Users Associations
(WUAs) in continuous interaction with a public Irrigation Agency. This paper set out to review
recurrent problems and reported solutions in the governance of irrigated areas in developing countries
and to relate solutions to problems in a case study context. The combination of literature review and
the experience of the authors permitted identification and characterization of eight problems and
eight solutions. A semi-quantitative approach was designed to relate solutions to problems in case
study WUAs. The approach is based on the definition of a generic problem-solution matrix and a
WUA-specific problem vector. The solution vector indicates the adequacy of each solution to a case
study WUA. It can be obtained by multiplying the problem vector with the problem-solution matrix.
Application of this approach to seven case study WUAs demonstrated its potential. Local fine-tuning
of the coefficients defining the problem-solution matrix seems required to draw conclusions effectively
guiding decision-making.

Keywords: reform; Participatory Irrigation Management; Transfer; water users association

1. Introduction

World irrigation development accelerated in the twentieth century, following intense progress in
civil engineering machinery and the push of governments and international development agencies.
Many developing countries—often former colonies—changed their view on irrigation: from support to
colonial agriculture to a national policy for employment and poverty eradication [1]. Between 1970 and
1990, the world area equipped for irrigation increased from 184 to 258 M ha. Irrigation development
continued, and by 1992 the area equipped for irrigation reached 324 M ha [2]. Today the typical
irrigation project in the world is located in Asia (70%), draws from surface water resources (62%), uses
surface irrigation (86%), attains a cropping intensity of 130%, and grows cereals (61%) [3].

Most of these irrigation projects were developed by governmental Irrigation Agencies, which
were in charge of construction and delivering irrigation water. Farmers were rarely consulted during
the phases of irrigation design and maintenance. By the 1980s, the performance of these new irrigation
projects was dissatisfactory [4]. State-owned projects showed financial problems related to the low
irrigation fees and to the difficulties in collecting them [5]. Low operation and management funding
led to unreliable water delivery [6], which in turn precluded fee collection. Vermillion and Sagardoy [5]
identified the lack of managerial accountability of governmental Irrigation Agencies as a critical issue.
Deferred maintenance required cyclical rehabilitation interventions, giving birth to the well-known
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“reform-neglect-rebuild” cycle [1]. These perceptions led to the development and application of several
reform procedures.

By the 1980s, irrigation organizations started seeking new irrigation management models.
Vermillion and Sagardoy [5] reported that Irrigation Management Transfer (IMT) processes were
implemented to involve water users in the governance of irrigated areas. These authors defined
IMT as “the relocation of responsibility and authority for irrigation management from government
agencies to non-governmental organizations”. Garcés-Restrepo et al. [7] reviewed the motivations
leading to IMT processes, and singled out some relevant factors: reduction of costs for the public
sector, improvement of irrigation profitability, recovery of irrigation fees, efficiency and equitability
of water allocation, infrastructure maintenance and settlement of disputes. During IMT processes,
Water Users Associations (WUAs) were identified as a key elements for the new management models,
although other organizations (such as cooperatives or municipalities) have adopted responsibilities in
irrigation operation and management [4]. By 2007, more than 57 countries had embarked on some
type of irrigation sector reform based on IMT [7].

Participatory Irrigation Management (PIM) was introduced as an attitudinal change, often
accompanying the reforms introduced by IMT. According to Poddar et al. [6], PIM refers to users’
involvement in all aspects of irrigation management, and consequently is a subset of the broader
concept of IMT. Kloezen et al. [8] analyzed the successful results of IMT at the Alto Río Lerma irrigation
district in Mexico, and identified the following key traits: a strong organizational base, cooperation
between the public Irrigation Agency and the users, training, and political commitment.

By the end of the 20th century, water markets were promoted as a tool to improve irrigation
governance [9]. Water markets make the opportunity cost of water use explicit, and therefore feed
economic efficiency. According to Meinzen-Dick [10], the implementation of water markets requires
physical infrastructure to mobilize water among users, effective, specific government organizations,
and effective user groups. These requirements were met in Chile, where markets were developed in
the 1990s.

A decade later, Public-Private Partnerships (PPP) were advocated by Prefol et al. [11] as a logical
sequence of the preceding reform efforts. According to these authors, PPP can apply to investment,
regulation, operation and management, and agricultural production. PPP can be formalized as
public contracts or as public service delegations. Trier [12] reviewed PPP experiences in developing
countries. According to this author, private financial contributions can be appropriate for modern
systems with commercial farmers. In the context of subsistence agriculture, management contracts can
be appropriate.

In the last forty years, countries and international developing agencies have promoted different
waves of reforms, counting on a variety of funding arrangements. In general, reforms have focused
more on operation and management than on construction and rehabilitation [1]. Reforms have
followed the four models discussed in the preceding paragraphs (IMT, PIM, water markets and PPP).
The combination of PIM/IMT has so far been the most applied model by far. Meinzen-Dick [10]
reviewed reform organizational models, which she qualified as alleged “panaceas” to denote that
each of them had been proposed to solve all existing governance problems. In her view, solutions
are needed that “fit the local biophysical, social and economic conditions”. This diagnose suggests
that despite all the reported efforts, the problems found in the governance of irrigated areas have not
been solved.

After decades of irrigation reform practice, several hot issues remain in irrigation governance:
Garcés-Restrepo et al. [7] outlined the need for more efficient and equitable water delivery, and
for an endogenous capacity to solve disputes. Kloezen et al. [8] reported on the complex issue of
redeploying the large public staff in the Irrigation Agency following IMT. Yildirim and Çakmak [13]
stated that for sustainable PIM, users need to invest in the construction of the irrigation systems.
Teamsuwan and Satoh [14] recognized that it was easy to create and strengthen WUAs in Thailand,
but anticipated that their sustainability would be problematic. Bhatt [15] reported on several farmers’,
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organizational, systemic and operational issues preventing the success of PIM in India. Ul Hassan [16],
analyzing IMT governance in Asia, reported shortcomings stemming from poor accountability and
transparency in the legal and policy environment. Veldwisch and Mollinga [17] observed that the
local IMT policy in Uzbekistan established WUAs under strong state tutelage. Analyzing IMT
implementation in Indonesia, Suhardiman [18] concluded that the Irrigation Agency and international
donors had common interests in implementing IMT using a business-as-usual approach. As a corollary
of all these hot issues, after reviewing 230 case studies in the literature, Senanayake et al. [19] found it
impossible to conclude about the success or failure of IMT processes, owing to the weaknesses of the
methods used to infer impact and to problems inherent to the available information.

These findings call for a structured approach to the actual problems of irrigation governance in
developing countries and to their solutions. MASSCOTTE [20] is a contribution to the problem-solution
analysis, focusing on large canal systems and on a comprehensive approach to operation modernization.
It is based on a Rapid Appraisal Process systematically covering all aspects of engineering, governance,
maintenance, and operation.

While many developed countries have found a way to reduce the public burden of irrigation
governance, ensuring adequate system maintenance and satisfaction of users’ needs, most developing
countries continue to be trapped in a cycle of successive reforms yielding moderate progress.
Asthana [21] reported disenchantment with irrigation projects in developing countries, quoting
reasons such as environmental issues, displacement, time and cost overruns, inequities and corruption.
According to this author, projects are creating less irrigation potential than planned.

The objectives of this paper are to: (1) critically review the problems and reported solutions in the
governance of irrigated areas in developing countries; and (2) relate solutions to problems in a case
study context, contributing to the creation and utilization of value in irrigated areas. The paper draws
from analyses and examples in the literature and from the experience of the authors.

2. Irrigation Infrastructure: Models for Ownership and Management

For this paper, an irrigation system can be divided in five elements:

• General-purpose, large water works (serving all types of water uses);
• Rural, large water works (delivering water to irrigated areas);
• Rural, small water works (delivering water to farms);
• The hydrant or the WUA canal turnout (separating the public or collective part from a farm); and
• The on-farm irrigation structures.

In this section, different models are discussed for the ownership and the management of these
five elements (see Figure 1 for a chart and acronyms representing different models).

Regarding ownership, there are three basic models: (O1) public delivery networks with private
farms; (O2) public, collective and private ownership; and (O3) collective and private ownership.
Farmers’ organizations (such as a WUA, a cooperative or a municipality) own the collective part of
the system.

Regarding management, the situation is much more complex, with many variants. Most irrigated
areas have started with a model based on a very strong public intervention (M1). IMT processes
led to models M2 and M3, in which users’ associations manage (and often own) rural water works
and the delivery point to farms (the canal turnout or the hydrant). In the most advanced models,
a users’ organization in a developed area can manage private farmers’ irrigation and large (even
general-purpose) water infrastructure (M4 and M5).

Public management is performed by the Irrigation Agency (IA). This generic name corresponds to
a variety of organizations in different countries and irrigated areas. IAs can take the form of Ministries,
River Basin Authorities, Irrigation project authorities or even municipalities. These organizations
operate in the name of the Government. If PPP schemes have been adopted, management can be
performed by companies operating in the name of the Government.
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In this paper, problems and solutions are analyzed for irrigation systems having public and/or
collective infrastructure. This is not the case, for instance, of most groundwater systems and of the
systems composed of individual pumps along a riverbank.

Figure 1. Models for ownership and management of irrigation infrastructure: combination of public,
collective and private intervention.

3. The Time Line of an Irrigation System

Table 1 presents the idealized time line of the development of an irrigation system. The process has
been divided in four phases: planning, implementation, consolidation, and maturity. In a development
context, the duration of the first three phases has been estimated in 3–5 years, 2–4 years and a decade,
respectively. The last phase, maturity, has an undetermined duration. For every phase, three focus areas
have been considered: (1) technical; (2) legal and regulatory; and (3) socioeconomic. Technical issues
have been attributed to the Government, the IA, the WUAs and the farmers. Thirty-two actions have
been identified, leading to the successful completion of the irrigation system timeline.

The need for reform can appear at any point within the time line. However, reform needs are a
common outcome of monitoring and evaluation. Market instruments and PPPs are often planned for
and even introduced in the planning phase of the irrigation system. PIM/IMT can be introduced at
the planning phase but will typically be implemented during the consolidation phase. This may be
planned for (as in Table 1) or may arise with the need for reforms.

The consolidation phase is therefore a critical point in the time line. Problems may appear in
this phase that compromise the maturity of the project and seriously threat its sustainability. In many
projects worldwide, reform has been identified as a critical requirement to consolidate the irrigation
system or to pass from the consolidation phase to the maturity phase. As previously discussed,
the implementation of reforms does not necessarily lead to the consolidation or maturity of an
irrigation system.
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Table 1. Idealized time line of an irrigation system, covering the phases of planning, implementation,
consolidation, and maturity from the technical, legal and regulatory, and socioeconomic perspectives.
A set of 25 actions has been identified and associated to phases and perspectives.
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4. Current Problems

In the following sections, problems precluding the success of the abovementioned reform
models are presented. The list of problems is loosely based on the analysis performed by
Garcés-Restrepo et al. [7] in their Table 14. These authors presented an analysis of world implementation
of IMT, identifying and ranking a set of 19 problems and issues. Ranking was performed according to
the global relevance of each item, although the regional relevance of each problem was also provided.
In this paper, discussion has been extended to all reform models (not just IMT), the number of problems
has been reduced, and additional sources of evidence have been considered. Table 2 presents the eight
current problems, and their correspondence to those identified by Garcés-Restrepo et al. [7]. Instead of
following a relevance ranking, our list of problems follows a functional approach: resistance to
reform, reform framework, construction project, infrastructure, organization, capacities, training,
and cost recovery. Seven of the eight problems correspond to some of the items in the list of
Garcés-Restrepo et al. [7]. The poor conception of the irrigation system project does not correspond to
any of the items in that list.

For each problem below, the first paragraph contains a description based on scientific evidence.
The second paragraph derives from the experience of the authors in irrigation research, engineering,
and international consulting.

4.1. Agency and Government Officials Resist Reform

This is the most frequently identified problem, according to Garcés-Restrepo et al. [7]. Agency and
government resistance to reform ranked first in the list of problems in all regions of the world.
Suhardiman and Giordano [1] realized that policy intervention in government-managed irrigation
systems had not significantly improved performance, and set out to analyze the nature of “irrigation
bureaucracies” and their effect on the outcome of reform. According to these authors, bureaucracies are
actors rather than instruments in reforms, and have their own missions and interests: the “hydraulic
mission”. In application of this mission, the Agency and its officials see their budget and power
legitimized by the role of irrigation infrastructure and water security in national economic development.
Suhardiman and Giordano [1] stated that irrigation bureaucracies created the “reform-neglect-rebuild”
cycle to sustain their autonomy, attracting a continuous flow of development funds. Resistance
reduces the scope of reform to cost recovery, recentralizes rather than decentralizes, and can ultimately
neutralize reforms.

We have identified three additional reasons why Irrigation Agencies resist irrigation system
reform. The first one is that political support to the program is insufficient. Agencies will generally
not be enthusiastic about reform if they fear that the continuity or depth of the reform is not granted.
The second reason is that reforms such as PIM/IMT require new expertise that Agency officials most
likely will not have. The third reason is that reform may be designed to downscale the role, the size,
and the responsibilities of the agency. This may be a threat to the employment and the careers of
Agency officials.
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4.2. Farmers Resist Reform

Bhatt [15] presented a rather negative profile of Indian farmers when confronting PIM. In her
perspective, farmers were suspicious, reluctant to adopt responsibilities and had little knowledge of
technical issues. Farmers did not trust that the WUAs created under PIM reforms would adequately
satisfy their demand for irrigation water. Meinzen-Dick et al. [22] analyzed the factors affecting farmers’
collective action in the management of water resources in India. Several the key factors were intangible
in nature, such as the leadership and social capital. Hu et al. [23] reported that the creation of WUAs
in China in the context of PIM reforms did not necessarily lead to increased farmers’ participation.
Surveys indicated that farmers did not understand the nature, function, and participatory approach
of the WUAs. Yami [24] claimed that the little attention paid to community inputs when building
WUAs in Ethiopia seriously affected their acceptability and effectiveness. Aydogdu et al. [25] analyzed
farmers’ satisfaction with WUAs in the Turkish GAP project. These authors reported on the general
opinion that WUAs failed to perform their duties completely. According to Garcés-Restrepo et al. [7],
Farmers’ resistance to IMT was in the middle of the ranked list of problems. Another item on the list,
the conflicts between farmers and villages, can contribute to the resistance of farmers to IMT.

It is somehow natural that farmers resist: reform always represents a profound change in the
way water is distributed and managed. More importantly, reforms such as PIM/IMT represent a
sociological change that intends to involve users in water management decision-making in countries
or local situations where such tradition does not exit. It is also logical that farmers do not trust a new
management system that is generally imposed by the same IA that failed in creating an atmosphere of
mutual confidence. Knowing that this is a potential problem, the conclusion may be advanced that not
enough was done in many cases to disseminate the reform messages. Most of the references in the
previous paragraph refer to the initial phase of WUA establishment. Not enough energy was used to
let farmers understand the nature of their new responsibilities. On the other hand, expectations of
farmers’ participation are often placed too high. This is particularly true in large irrigation systems,
where day-to-day operations are carried out by technical staff. In such systems, as long as water
services are satisfactory, farmers limit their participation to raise complaints and to participate in
formal institutional meetings.

4.3. Weak Legal and Financial Reform Framework

This heading directly relates to three elements in the list of problems by Garcés-Restrepo et al. [7]
(Table 2): the difficulty for governments to finance IMT, the weak legal framework for IMT, and the fact
that there is no clear/single IMT policy or program. The first step to a sound legal reform framework is
the explicit registration of water rights. When discussing the IMT reform in Mexico, Kloezen et al. [8]
pointed out that the new Water Act established in 1992 did not provide water rights to individual
users, and did not establish allocation rules in the case of water scarcity. However, the Act permitted
the signing of tradable water concession agreements and the utilization of districts’ infrastructure by
private parties. Analyzing water management in India, Poddar et al. [6] stated that since water rights
were not attributed to individuals, reforms based on water markets could not be introduced. However,
as recognized by these authors, explicit, nominal water rights are needed for farmers to invest and
maintain irrigation infrastructure. Regarding the institutional framework, Meinzen-Dick [10] observed
that donors and policy makers would like to apply similar reforms in all contexts, applying the panacea
paradigm. To overcome the failures resulting from this ill approach, she advocated for a polycentric
governance model in which state, collective, and market institutions played a role.

During IMT processes, WUAs have often been established without a proper legislation that
recognizes them as legal entities. In Jordan, for instance, the lack of specific legislation for WUAs led
to cooperatives being used for collective water management. This induced specific problems in water
management. In other cases, the legal framework establishes that WUAs are associations of private
nature, which is contradictory with an association that manages a public good: water. One of the most
successful PIM/IMT programs has been carried in Turkey. From the legal point of view, this program
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was based on an internal regulation of the General Directorate of State Hydraulic Works (DSI) that
allowed the institution to transfer the management of irrigation systems to water users’ organizations
when appropriate. Only recently, a law has been published regulating the whole process.

4.4. Poor Conception of the Construction/Rehabilitation Projects of the Irrigation System

Critical design deficiencies limit irrigation system performance and cannot be exclusively solved
by governance measures. Examples of design shortcomings include selection of incorrect solutions,
errors in the sizing of system structures and use of inadequate technologies. Orstrom [26] pointed out
frequent engineering misconceptions in irrigation projects. The benefit-cost analysis, the area to be
irrigated and the agricultural yields were often overestimated. On the contrary, the recurrent costs of
operation and maintenance were systematically underestimated. This perception is in agreement with
the profile of the irrigation bureaucracies described by Suhardiman and Giordano [1]. While reviewing
the effectiveness of PIM reforms in Cambodia, Asthana [21] stated that competition to get a project
approved can lead to exaggerate the expected benefits and to understate the project costs. Orstrom [26]
and Vos [27] stated that government-managed projects were often too large to be efficient. These large
projects focused on the engineering works, and often left water distribution, maintenance, and farmers’
organization unattended. In the best of cases, as reported by Orstrom [26], government officials would
only describe the main structure of the farmers’ organization. This author described the process of
institution crafting, that she anticipated would become more intense than engineering works in the
decades to come. This approach was later on adopted by the World Bank in their Comprehensive
Development Framework [28]. Ortstrom [26] concluded that farmers must be involved in the physical
and financial design of the irrigation systems, and that they must have decision-making capacity.
These statements were adopted by Vermillion and Sagardoy [5], when declaring that WUAs must be
in the driver’s seat of IMT reforms. This enables users to identify and prioritize options, and to make
financial decisions. This participative approach to infrastructure development was widely accepted in
the 20th century [4,13].

The ex-ante cost-benefit assessment of public projects continues to be optimistic in all types of
projects (not just in irrigation) and in all regions of the world. Large and complex irrigation systems
have proven successful in developed regions or for commercial irrigated agriculture. However, small,
community-targeted projects are currently being designed for developing regions or in contexts of
subsistence farming. In such environments, users’ institutions develop with the project (actions 3, 9,
11, 14 in Table 1), and often do not have enough strength to guide project decisions, particularly at the
time of the initial construction. Rehabilitation projects making part of reform policies often count on
more organized users. Participation in project physical and financial design will greatly facilitate users’
implication in O&M and cost recovery.

4.5. Irrigation Systems Deteriorated

This item was considered relevant in the list by Garcés-Restrepo et al. [7] (Table 2). Vermillion and
Sagardoy [5] described the processes of rapid irrigation system deterioration. The area actually irrigated
decreased in time, as water distribution became undependable. Water misuse induced waterlogging
and salinity problems. System deterioration widened the gap between actual and potential irrigation
performance. This gap is one of the factors triggering the reform of government-managed irrigation
systems [22]. According to Vermillion and Sagardoy, an assessment of the performance gaps is needed
to evaluate the actions required at the irrigation system, taking into account two options: enhancement
or reform [5]. These authors stated that a history of enhancement actions with a continuously widening
gap is a clear sign of the need for reform. They also warned that political feasibility (enhancement)
may override the real needs of the system (reform). Suhardiman and Giordano [1] stated that the
vicious cycle of poor financial and institutional arrangements, deferred maintenance, infrastructure
deterioration and poor performance explains the typical low performance of government-managed
irrigation systems.
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Irrigation system deterioration remains a fundamental problem and is one of the major
reasons for implementing PIM/IMT programs. Insufficient government budget to finance
rehabilitation/modernization projects and the difficulties to borrow from national or international
banks may lead to the transfer of degraded irrigation systems. This creates a challenge for the new
WUAs, which may confront serious operating problems. If irrigation cannot proceed normally, farmers
will have limited financial capacity to contribute to the repayment of investment costs, and therefore
the full cost of the rehabilitation/modernization will have to be covered by the Government. In some
cases, rehabilitation projects have been implemented without establishing WUAs. These are examples
of irrigation system enhancement, in which the need for successive projects will most likely arise again
in the following years.

4.6. Unsuitable WUA Organization Structure

Vermillion and Sagardoy [5] recognized that one of the key drivers for IMT was fostering
managerial accountability in the irrigation sector. According to these authors, these user-driven
organizations needed to incorporate incentives, sanctions, and transparency. After forty years of
practice, it can be stated that PIM/IMT has improved collective water management and empowered
users. In general, the process counted on a transition period characterized by Agency-WUA
cooperation [8]. Veldwisch and Mollinga [17] reported that government control of Uzbek WUAs
continued to be strong even after the transition period, with WUAs implementing state control
over water distribution and agricultural production. According to these authors, WUAs were held
responsible for state production targets, and WUA leaders were appointed by the Government.
In fact, Garcés-Restrepo et al. [7] included the difficulty in holding democratic elections for WUA
leaders in their list of IMT problems. Despite these difficulties, PIM/IMT has resulted in significant
independence of WUAs from their governments after long development periods [15]. Several authors
have analyzed WUA organizational problems hindering PIM implementation in different areas of
the world [15,23–25,29–31]. These authors identified the following additional issues: (1) interference
between WUAs, village governments and agricultural cooperatives; (2) unclear duties and authority of
WUA managers; (3) strong government policies, hindering WUA functionality; (4) marginalization of
rural women in WUA decision-making; and 4) lack of supportive policy and legal WUA regulations.

The case of Turkey demonstrates that several types of organizations can be used in the same
PIM/IMT program if each type is applied taking into consideration the local conditions and the
possibilities to provide adequate supporting services to farmers. Often the problem is that serious
limitations are imposed to WUAs. In some cases, not all farmers benefiting from the irrigation system
are WUA members because association is not mandatory. In other cases, key management functions
are still carried by government agencies. This can imply the operation of key irrigation structures
(pumping stations, canals, dams, etc.) essential for efficient WUA management. As a result, WUAs
have limited responsibility in managing the irrigation system. In some irrigation systems, WUAs are
not authorized to act as contractors for certain rehabilitation works. Finally, WUAs may lack a section
in charge of operation and maintenance or established procedures for internal conflict solving.

4.7. Weak Capacities of WUAs (Technical, Managerial)

Reforms analyzed in this paper have permitted more progress in developed than in developing
environments [6,19]. While this can be attributed to several economic, societal and policy factors,
WUA capacities stem as a major cause. In fact, Garcés and Restrepo [7] listed several WUA training
requirements following IMT. The early success of the Mexican IMT program has been linked to
efforts in increasing the capacities of the emerging WUAs [8]. Part of the problems related to WUA
capacities derive from the continuity of Agency personnel in the newly created WUAs and from
the absence of WUA staff selection procedures [7,8]. Hamada and Samad [4] identified some of the
unfair factors that can appear in PIM areas when WUA capacities are far from optimum: dominance
of upstream and large-scale farmers, low participation of female farmers, failure to collect fees, and
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lack of financial transparency. Bhatt [15] compiled operational problems for PIM implementation in
India, and underlined the importance of financial provisions as drivers for capacities, and lack of
knowledge about tasks such as record-keeping and accounting. Omid et al. [32] reported that Iranian
WUA success relied on WUA capacities for administrative procedures, operation of irrigation facilities
and water fee collection.

At the root of these problems is the absence of professionals to carry out the daily WUA
responsibilities. This is often caused by the insufficiency of the collected irrigation service fees
(ISF) to hire external personnel. Ultimately, this depends on the size and ambition of the WUAs.
In some areas of the world, WUAs are large and can mobilize funds and staff to maximize performance;
in other areas, WUAs are very small and focus on maintaining watercourses. Since small WUAs
cannot afford to hire technical staff, high levels of performance are rarely achievable in small WUAs,
increasing the risk of system deterioration. Limitations in WUA capacities difficult the implementation
of monitoring and evaluation procedures. Most of these problems could be solved with the training of
WUA personnel. However, traditional (classroom) training has proven ineffective in many instances.
On-the-job training in communities of practice stands chances of being effective in this environment.

4.8. Inadequate WUA Cost Recovery

The collection of ISF was identified as a cause for irrigation reform since the first applications
of IMT in Mexico [8]. Several reasons were provided to explain weak fee collection: distance to the
payment offices, need to wait in line, bribing government officials and ditch tenders, and the lack of
consequences. In fact, ISF recovery was one of the major strengths of the Mexican IMT: collection
rates approached 100%, the cost to farmers did not increase, and WUA self-sufficiency increased from
50 to 120%. Even after PIM/IMT, many WUAs remain trapped in a vicious circle of “insufficient
maintenance—downgrading infrastructure—poor performance—low-cost recovery” [11]. Cases of
this vicious circle have been documented in Tunisia and Pakistan [31,33]. WUAs have been reported
to approve deficit budgets to match farmers’ willingness to pay. Governmental subsidies have been
documented after IMT, in cash or in kind [34]. In many countries, WUAs are not allowed by the
Government to apply sanctions to farmers not paying their bills. In some cases, WUAs are exposed
to high inflation rates or to unexpected repairs or investments, and they find it difficult to face the
related expenses [8]. In other cases, problems are created within the WUA, with corruption, fraud
and bribing [5]. According to Hamada and Samad [4], one of the PIM objectives was to stimulate a
more productive and self-reliant irrigated agriculture, which could support reliable, professional water
management. Ounvichit et al. [35], when analyzing an irrigation system in southern Thailand, reported
that explicit economic returns from farming would increase all types of farmers’ participation in WUAs.
Unfortunately, donors and governments often have not focused on economic sustainability when
selecting project proposals. In this sense, the criteria for investment in irrigation systems published by
Orstrom [26] continue to be relevant.

In our view, this is the most serious problem that WUAs face, since it is not possible to operate
permanently under economic deficit. In many cases, it remains unclear if farmers cannot pay or if they
do not want to pay. The subsidies applied to WUAs in many countries are a source of controversy.
In general, subsidies distort the market and create perverse economic effects. However, in some
cases, subsidies can be a solution rather than a problem. Subsidies should be seen in the context
of the public interest in the irrigation project and its infrastructures. In fact, in some countries and
development contexts, subsidies applied to part of the operation and management costs can be a
cost-effective alternative to the public rehabilitation of the whole irrigation system. Of course, this
is not a generalizable solution, but it can be useful in specific cases. Regarding WUA cost recovery,
problems arise when the WUA General Assembly approves lower ISFs than recommended by the
management, when—as in the case of Jordan—WUAs are not entitled to recover water fees from
farmers, when tariff setting is not transparent or when the ISF collection system is not adequate.
The final point in WUA cost recovery is the economic profit from irrigated farming. When farmers
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make relevant benefits WUAs tend to operate satisfactorily. Therefore, securing farmers’ wellbeing is
a way to ensure irrigation system maintenance and smooth operation. Unfortunately, the economic
result of irrigated farming is the responsibility of the Ministry of Agriculture, while PIM/IMT is the
responsibility of the IA. Coordination of efforts between these two institutions is infrequent.

5. Current Solutions

The following sections present eight solutions to the abovementioned problems of water
governance in irrigated areas. These solutions that been proposed, described, and/or experimented
in different contexts. Table 3 presents a classification of the contribution of the identified solutions to
the problems. Each solution addresses several problems with different degrees of contribution. In the
following description of each problem, two paragraphs are also used: a description according to the
scientific literature (readers should note that there is much less literature on solutions than there is on
problems), and the professional experience of the authors of this paper. The order in which solutions
are presented is loosely based on the order in which the related problems were described.

5.1. High-Level Political Commitment

One of the causes for the early case of IMT in Mexico was the high-level political commitment [8].
This was very important in redefining the role of the IA after IMT, and in fostering cooperation between
all actors. Garcés-Restrepo et al. [7] in their assessment of worldwide IMT efforts, identified high-level
political commitment as a key recommendation for on-going programs. According to these authors,
commitment needs to be strong at the highest possible level for a sustained period. They recommended
study tours to irrigation systems with successful reform applications to encourage political support.

The authors agree on the importance of political commitment, and on the need for commitment
at the highest political level. However, experience indicates that this is very difficult to obtain and
sustain. Therefore, reforms are commonly performed under partial commitment conditions.

5.2. Additional Legal Reforms Concerning the WUAs and the Agency

The relation between the Agency and the WUAs is guided by the principle of subsidiarity:
decisions are made at the lowest possible level [7]. The application of PIM/IMT has led to
a reorganization of the Agency focusing on decentralization and downsizing. This implies
withdrawing from the downstream-end levels of the irrigation network (Figure 1), focusing on WUA
capacity-building, regulating the irrigation sector, river hydrology, canal management, and developing
monitoring and evaluation capacities [7]. On the side of the WUAs, reform must ensure that the
WUA roles are clear and sufficient [4], and that farmers enter PIM processes with sufficient clarity and
well-defined responsibilities [32]. These changes must be framed in a supportive policy, regulatory
and legal environment [16], which needs to address all aspects of irrigation governance: financial
transparency, equity in water allocation [4], dispute resolution [15], collective decision-making, equity
in cost allocation, and a mutually beneficial relation with the agency [32]. The establishment of
WUAs requires clarifying responsibilities with parallel rural organizations, such as cooperatives
or villages [23]. These reforms must be complemented by specific provisions to achieve financial
self-sufficiency through planning and effective cost recovery [15]. In some cases reforms also include
the establishment of tradable water rights [8]. In recent years, the need to reform the irrigation
bureaucracies as part of IMT processes has gained importance [18]. This issue transcends irrigation
governance, to address the way donors and government agencies approach development assistance.
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Reforms must explicitly declare WUA or farmer water rights and establish a clear WUA legal
profile (public, private or public-private). The legal scope of WUA activities must also be addressed,
specifying if activities other than water management are allowed for WUAs. On the other hand,
as water governance becomes more hydrologic, explicit, and participative, it is important that WUAs
are represented at the River Basin Organizations in charge of water allocation, emergency response
and environmental management. To do so, WUAs need to be structured in associations or federations
representing their interests at higher organizational levels. It is equally important that the technical
bodies of the WUAs engage in communities of practice at the basin or national levels. This will
ensure the propagation of good practices and innovations in water management. The transition of
low-level water management from the Agency to the WUAs does not automatically generate the
required authority at the WUAs to address conflicts in water management and to ensure ISF recovery.
Legal reforms must address this problematic issue to prevent WUA discredit.

5.3. Flexible, Adaptive Reform Programmes

Effective collective arrangements are one of the keys to success in the self-governance of irrigation
systems [16]. Garcés-Restrepo et al. [7] introduced the need for flexible and adaptive reforms, claiming
for effective awareness campaigns and stakeholder consultations. Local boundaries need to be found
for the responsibilities of both the Agency and the WUA, which need to complement each other in the
new institutional arrangements [18]. Although the PIM/IMT model is well-established, Veldwisch and
Mollinga [17] reported that its application in different areas of the world led to very different results.
These authors addressed the term “institutional bricolage”, coined by Sehring [36] as the “partly
purposeful and partly unintentional process of the combination and transformation of institutional
elements that results in a qualitatively new type of institution”. The need for participation of WUAs
in reform processes is firmly established today. However, the relative importance of the public,
collective or private actors in irrigation system ownership and management is currently open to
discussion. Meinzen-Dick [10] opted for a polycentric combination of each type of institutions after
taking into consideration the strengths of the local institutions and after evaluating the possible
synergies. The success of the early Mexican IMT case has been partially explained by its flexibility and
adaptation to the local scene [8].

The main limitation to the application of this solution is the time required to assess the nature and
characteristics of the local institutions, to consult the stakeholders and to arrive to conclusions about
the institutional, technical, and financial aspects of the required reform. The requirements of the donor
institutions and/or the local governments often put pressure on this phase of the process, resulting in
incomplete assessments and fragile agreements with local stakeholders.

5.4. Rehabilitation/Modernization Programmes

According to Orstrom [26], users need to participate in the design of an infrastructure producing
localized benefits, Conversely, they also have to contribute with their own resources, so that the public
decision on investment should only be taken if users contribute both to the project design and funding.
There is a general agreement on the need for rehabilitation/modernization, as related to the reform
process. However, there have been different experiences on the relative timing of the reform and the
rehabilitation/modernization. Kloezen et al. [8] reported how, in the successful Mexican IMT case,
farmers believed that rehabilitation/modernization should have been performed prior to transference.
However, the Agency did not engage in construction projects before transfer. Shortly afterwards,
WUAs bought heavy construction machinery using ISFs. Farmers often express fear that IMT will imply
full WUA responsibility and financial liability for rehabilitation/modernization. The commitment of
the Agency to get technically and financially involved in these projects after IMT has facilitated the
transfer process [5]. In Turkey, for instance, modernization/rehabilitation projects in transferred
WUAs are assessed, guided and funded by the Agency (DSI) [37]. Incremental infrastructure
improvement has been advocated as a continuous process of rehabilitation/modernization, opposed
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to the complete reconstruction of the irrigation system following a few decades of operation [5].
At the on-farm level, traditional surface irrigation systems have been replaced in some projects
by sprinkler and drip irrigation systems, following high expectations on the applicability of these
new systems [38]. The recent recognition of irrigation management as a key factor in improving
irrigation performance has often reduced attention on the importance of updating the irrigation
structures [39]. In fact, the combination of management and structural improvements constitutes a
complete rehabilitation/modernization project.

The experience of the authors indicates that rehabilitation/modernization projects in developing
regions often focus on the construction aspects and fail to explore the relation of the infrastructure
with the natural resources and the farming systems. A wide margin for improvement exists in the
adaptation of construction projects to local conditions. Aspects such as hydraulics and structural
analysis receive much more attention than agricultural systems, on-farm irrigation systems, drainage,
salinity, irrigation organization and operation and management.

5.5. Capacity-Building (WUAs, Agency and Government Officials)

Reform constitutes a new game in irrigation management, for which none of the actors have the
required capacities. The change in the roles of the government officials, the Agency and the WUAs
requires new capacities. Moreover, at the onset of reform, the public sector does not have the capacities
required to train the WUAs [7]. The largest deficit in training appears at the WUAs, which need to
build technical, financial, administrative, extension, agribusiness and marketing capacities ex-novo and
in a short time [7,24]. A common solution is to organize training from the public sector for the leaders
and the personnel of some of the new WUAs. In some cases, capacity-building programs have been
extended to farmers.

Public budgets for capacity-building are always shorter than required. Infrastructure continues
to find a more effective access to public funding than training does. Capacity-building programs
have to beat the additional problem of focusing on small groups distributed throughout the complete
irrigated area. Therefore, many projects resort to training trainers or WUA managers. An additional
problem is that rural communities are not fit for standard training, and require long “on-the-job”
capacity-building programs. Such programs could be developed in cooperation with nearby projects,
promoting peer-to-peer, informal training. An evolution of the currently used capacity-building tools
is required, since all actors seem to be dissatisfied with the current costs and results.

5.6. Monitoring and Evaluation at the WUAs

The importance of monitoring and evaluation in irrigated agriculture was first outlined in the
1980s with the aims of assessing the impact on the project beneficiaries (income, employment, quality of
life) [40]. Vermillion and Sagardoy [5] structured the concept in the context of IMT. These authors issued
a set of recommendations that – two decades later – continue to be critical for success. Among them,
the importance of selecting a reduced number of information-efficient key indicators, the need to
combine top- and bottom-directed monitoring, and the benefits of periodic reporting of monitoring
and evaluation information to WUA governance bodies. Several monitoring and evaluation tools have
been proposed in the last decades for irrigated areas, focusing on database technologies [41,42], remote
sensing applications [43] and other information technologies.

An efficient, sufficiently funded monitoring and evaluation system should be able to provide
real-time detection of the operational, financial and management problems of the WUA. The abundance
of monitoring and evaluation tools for irrigated areas is in contrast with the low level of implementation
of these procedures. In fact, examples of systematic monitoring and evaluation efforts in WUAs are
not numerous, particularly in development contexts.
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5.7. External Support

External support is understood as personnel other than water users that contribute to perform
the activities attributed to the WUA. These personnel can be hired by the WUA, can belong to an
irrigation services company hired by the WUA or can belong to a firm participating in a PPP process.
The importance of counting on sufficient ISF collection to hire WUA personnel was recognized
by Orstrom [26], and later stated by Vermillion and Sagardoy [5]. These authors introduced the
concept when describing IMT: farmers are not supposed to implement the service previously lent by
the Agency. External services can cover a range of professional capacities, such as technical, legal,
accounting, engineering, or communication. The goal of external support is to implement WUA
policies. In the context of PPP, operation and management have been recognized as crucial tasks for
external support [11].

WUAs established in developed regions have already gone a long way in securing external
support. The last decade has seen the hiring of engineers (and other professionals) by WUAs to assist
them during the process of rehabilitation and modernization. Later, these professionals have led
the operation and management of modern infrastructure. In developing regions, the process is only
incipient, and irrigation professionals are more frequent in the Public Administration than they are
in the WUAs. The lack of professionals in the WUAs makes communication with the Government,
the Agency, and service providers difficult. A key aspect in the hiring of professionals is the relation
between the WUA budget and the cost of a professional. The minimum WUA size (in hectares)
required to hire a professional changes with the local development level. The Federation of several
local WUAs can help attain the minimum required WUA size.

5.8. Benefit from Farming and Participation

When analyzing the literature, the reform of irrigation systems is often perceived by authors
as dissociated from the agricultural systems that these supply. Some authors have recognized the
importance of linking irrigation and agriculture. For instance, when analyzing the sustainability
of WUAs in Thailand, Ounvichit et al. [35] signaled that explicit economic returns from irrigated
agriculture would have farmers participate in WUAs and to support their activities. Similar opinions
were cast by Hamada and Samad [4] when listing the requisites for sustainable PIM processes: farmers
must receive tangible benefits from using water. A similar principle was expressed by Ul Hassan [16]
when addressing water users: the benefits of governance and management must exceed the cost.

While this is a common-sense principle, it can explain several experiences lived by the authors
when analyzing irrigation projects in developing regions. Inactivity by farmers is often associated
to non-profitable crops, governmental or non-governmental subsidies in the form of food or
commodities, or completely deteriorated irrigation/drainage structures or soil fertility. Conversely,
the existence of a profitable economic model – leading families beyond subsistence—often constitutes
a sufficient incentive to establish a vigorous WUA. This issue is linked to the conception of the
rehabilitation/modernization programs: the new WUA infrastructure needs to be designed for
agricultural success in family farming, company farming or both. Unspecific irrigation system designs,
not paying attention to the final purpose of irrigation water delivery (creating wealth through farming)
are bound to meet relevant sustainability problems. WUAs can also contribute to farmers’ benefits by
promoting the creation of cooperatives, the cultivation of market-oriented crops and the establishment
of companies providing irrigation services.

6. A Case Study Approach to Problems and Solutions in Irrigation Governance

Seven case studies are described in this section. These involve different types of WUAs and
different degrees of success in performance and service to the farmers and to the public interest.
The case studies are in seven countries located in four continents. Two of these countries are included
in the list of Low-Income Developing Countries produced by the International Monetary Fund [44]

249



Water 2018, 10, 1118

(Cameroon and the Kyrgyz Republic). Three countries are included in the list of Emerging Market
Economies (Chile, Georgia, and Jordan). Finally, two advanced economies are included (Portugal
and Spain). Even in advanced economies, irrigation systems are deeply related to rural development.
Therefore, the seven case studies provide insights of different rural development contexts and different
types of reforms. In the following sections, case studies are presented in country alphabetical order.
The name of the specific WUAs has been omitted.

6.1. Cameroon

The WUA makes part of an irrigated area supplied by a 35-year old canal with a capacity of
14 m3/s. Water is abstracted from a reservoir essentially used for hydropower. The original project
included irrigation in both riverbanks, covering eleven thousand hectares of public land. However, the
currently irrigated area only extends to six hundred hectares. The project focuses on rice production,
with family farms of about 0.5 ha. Water governance is complex, with several Ministries and public
bodies implied in the project at different levels. Government officials do not have experience in
planning or managing irrigated agriculture. An additional level of complexity is introduced by the
ethnic profile of the farmers, which leads to different approaches to farming. Very few locals have
capacities in irrigated agriculture. The project area has received intense migrations from Cameroon
and from neighboring countries. This has exponentially increased the population of the local capital
city in the last decade. The current population exceeds three hundred thousand inhabitants, which
are exposed to relevant food security problems. This is the most problematic case study in this paper,
with serious difficulties in the approach of the Agency and the Government, in the reform framework,
infrastructure and in the capacities and organization of the WUA, which is far from recovering the
operation and management costs. Discussions are currently being held with international funding
agencies to identify the most adequate solutions to this complex case.

6.2. Chile

This WUA, located in the arid coastal north of Chile, is reasonably organized, and has relevant
capacities to maintain and improve its irrigation infrastructure. It integrates mining companies
(the largest water right holders in the area) in addition to farmers. The WUA organizational model is
well developed, participative and offers guarantees to members, although its small size constitutes
a relevant challenge. During the recent liberalization of water in Chile (1998–2005), perpetual water
rights were assigned. These rights are not coupled to land tenure, leading to an active water market.
Mining companies have recently bought water rights to profit from the high price of copper ore.
Farmers selling water rights go out of business because local aridity requires irrigation for any
agribusiness operation. In general, farmers have very good knowledge of their production system, and
grow fruits and fresh produce for international markets. A few negative aspects can be highlighted.
For instance, several legal and organizational aspects could be strengthened. The absence of an IA
guiding and organizing local WUAs, and managing large hydrologic systems is resulting in poor
coordination and poor hydrological planning. In an area where water rights exceed renewable water
resources by far, this is a critical issue, one that could eventually lead to water bankruptcy.

6.3. Georgia

The case study makes part of a thirty thousand hectare irrigation system is managed by LLC
Georgian Amelioration, a public agency acting as the IA. The irrigated area is currently experiencing
a rehabilitation process. After decades of abandonment and migration to the nearby capital city,
not much social capital remains: an aged society is in place, with little interest in irrigation. In fact,
irrigation is currently performed in less than 10% of the system area. Past attempts to constitute WUAs
have failed. LLC has a bureaucratic approach, characterized by slow administrative progress. There is
a strong need for success of the WUA model, and complete remodeling of the public governance.
The sustainability of the area is seriously threatened by the lack of a profitable agricultural model,
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compatible with the local social traits. This may be a typical case of Public Administration failure,
leading to PIM/IMT. However, the process is not adequately grounded, and success seems very
unlikely in the current circumstances. The combination of a bottom-up, credible project for local
agricultural production and a concessional model for infrastructure development could reverse the
current trends, accelerating the process and counting with local support.

6.4. Jordan

The cooperative performing the WUA role is in the Jordan Valley. It covers an irrigable area
of 1026 ha, with 254 farm units frequently using localized irrigation. The cooperative is part of
a government PIM/IMT program whereby several irrigation systems were transferred to farmers
between 2001 and 2010. By 2012, 18 water cooperatives were established, covering some 20,000 ha
(60% of the irrigated area of the country). The irrigation transfer process started with a technical
report by Jordan Valley Authority (JVA, the IA) regarding the condition of the irrigation system to
be transferred and following the training of leaders and staff. WUAs in Jordan are registered as
independent financial and administrative cooperatives (under cooperative law and by laws) and are
under the umbrella of the Jordan Cooperative Corporation (JCC). JCC provides a variety of supporting
services: training in accounting matters, auditing, and some scattered monitoring. JVA intends to
move WUAs under its oversight, but so far this has not taken place. Farmers in the JVA are mostly
producers of fruit trees and vegetables, exporting to Europe and Gulf countries. Most of the farmers
are middle to old age and have performed relevant investments in greenhouses and farm reservoirs.
Lack of network rehabilitation and water scarcity limit farmers’ satisfaction. The cooperative has
promoted some training activities for the farmers that were widely appreciated. Fruitful cooperation
exists between JVA and the cooperative. Neither the Cooperative nor its members have water rights,
and this the general case in Jordan. Members pay very low fees to JVA, covering only a fraction of the
actual operation and management costs. The cooperative is heavily subsidized by JVA, resulting in
low independence. Less than 50% of the farmers covered by the irrigation network are members of the
cooperative, since this is not mandatory to have access to water. The irrigation infrastructure is more
than 60 years old, and maintenance is poor. The Government is aware of the unsustainable financial
situation, but a strong increase of water fees would not be socially acceptable. Cooperatives are
demoralized by their scarce level of autonomy. Unless urgent actions are taken, the survival of this
system will remain linked to the continuity of the subsidies to the cooperatives.

6.5. Kyrgyz Republic

The WUA is in Fergana, in a traditional irrigation scheme characterized by large irrigation water
supply and very small WUAs. The irrigation system was the target of a USAID project on WUA
development. Therefore, farmers and the IA officers are aware of the theory and have moderate
interest on the practice: farmers do not believe in the WUA model. Infrastructure maintenance
is delayed by organizational problems, and by factors such as the lack of construction materials.
The combination of poor water management and poor infrastructure maintenance results in poor
water service. When this is combined with an aged farmer’s community, the result is abandonment
of irrigation practice and emigration to nearby cities. There is currently no perspective for a modern,
profitable farming system based on irrigation. Under these conditions, the sustainability of the area is
seriously threatened. The Government could eventually attract an international donor for irrigation
rehabilitation / modernization and PIM/IMT. The abundance of irrigation water brings no guarantee
to the sustainability of the irrigation system. Local change should start by the farming systems and the
institutional arrangements for water management.

6.6. Portugal

The irrigation system involves a hundred and ten thousand hectares of new irrigated land in
the Alentejo region. The main canal supplies water to WUAs and large farms. The case study WUA
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involves farmers of all sizes. The project is managed by a public company, EDIA, acting as the IA.
EDIA has well-trained directive and technical personnel, and performs design, tendering, supervision,
and management of all infrastructure: from source to farm. The project is based on the irrigation of
Mediterranean crops: 50% olive, 25% cereals, 25% horticulture. Under this project, WUAs were quickly
formed and federated. In general, the case study WUA is a success story. Success is only partial, for
there are a few partial negative aspects, related to the WUA organization structure and capacities.
Despite the public nature of EDIA, it effectively responds to users’ needs, and promotes efficiency in
water management and profitability in farming.

6.7. Spain

The case study WUA is in a PPP irrigation development in the north of the country. The large
presence in Spain of multinational urban water utility companies and the control of national debt by
the European Union have facilitated the development of this model in Spain. In fact, two PPP irrigation
projects are on-going, exceeding fifty thousand hectares each. In both cases, the PPP is developing new
irrigated land. These two projects show large organizational differences. One of the key positive aspects
of these projects is that the WUA remains in the hands of farmers, as required by the Spanish water law.
The technical bodies of the WUA and the IA are provided by the company (or group of companies)
running the PPP for the local authorities. These companies build and operate the project under a
concessional model, similar to well-known examples (highways). On the negative side, the PPP model
can generate large costs that the public system and/or the farmers cannot afford. In fact, companies
carry more overheads and taxes, as compared to direct action by public authorities. The expansion of
the PPP model is limited by the low cost of WUA management operations, since WUAs benefit from
their deep knowledge of the local environment and from their non-profit nature. Political interference
can always be a key negative factor in irrigation PPPs. The two on-going projects in Spain show
relevant differences in economic and managerial performance. In the long run, convergence between
irrigation and urban water seems to be the goal for multinational water utility corporations. This
perspective could count on the support of some political leaders.

7. From Problems to Solutions: A Semi-Quantitative Approach

A semi-quantitative approach was developed to assess the potential contribution of each solution
to the documented problems (Table 3). Quantitative marks were used for this purpose, ranging from 0
to 5 (where 0 implies that a particular solution does not contribute to the solution of a problem, and
5 implies that the solution is very relevant to this problem). Table 3 constitutes the problem-solution,
or M matrix. The numerical values of the coefficients of M presented in Table 3 are not aimed to be
universal. They correspond to the appreciation of the authors, and we believe that different persons
would end up with different coefficients. The same can be said of the region of the world where the
matrix is to be applied: different matrices would probably apply to different regions. The application
of the proposed semi-quantitative approach to an irrigated area should start with the stakeholders’
discussion of the matrix coefficients in the local context.

Table 3 presents two additional indicators:

Difficulty of the Problem : DPi = 5 − ∑j Mij

ns
(1)

Power of the Solution : PSj =
∑i Mij

np
(2)

where i is the sub index for problems, j is the sub index for solutions, and np and ns are the number of
problems and solutions respectively. In this case, np = ns = 8. DPi and PSj can range between 0 and 5.

According to Table 3, the most difficult problems were: the poor conception of the
construction/rehabilitation projects of the irrigation system, and the resistance to reform by the
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Agency and Government officials. The reason for this classification is that a few solutions can address
these problems with moderate or high contributions. Conversely, the most powerful solutions were:
farmers benefiting from participation and farming, additional reforms, and monitoring and evaluation.
These solutions intensely contribute to a wide number of problems. The authors did not assign a value
of zero to any matrix element. They considered that each of the identified solutions could have a
positive influence of each problem, even if this influence was very small.

The next step is to assess the Intensity of the Problems of a given WUA using a scale of integer
numbers also ranging from 0 to 5, where 0 indicates that the problem has the lowest local importance,
and 5 indicates maximum local importance. These scores constitute the problem vector (P):

P = (p1, p2, p3, p4, p5, p6, p7, p8) (3)

Table 4 presents the elements of the problem vectors for the case study WUAs. For convenience,
problem vectors are presented for each WUA as table columns. Again, the authors attributed non-zero
values to each problem of the case study WUAs. The intensity of the problems in each area can be
estimated by adding the elements of the problem vectors. Case study areas in Cameroon, Georgia,
Kyrgyz Republic, and Jordan (in this order), ranked high in the list. On the other hand, case study
areas in the most developed countries (Chile, Spain, and Portugal) presented relatively low problems.
The most intense problems in the study case areas were the unsuitable organization structure and the
capacities of the WUAs.

Table 4. Intensity of the problems in each of the case study WUAs. Problems were assessed by the
authors in a scale from 0 to 5, with 5 expressing the highest problem intensity.

Problems
Case Study WUAs

Cameroon Chile Georgia Jordan Kyrgyzstan Portugal Spain

Agency and government officials
resist reform 5 1 2 4 5 1 1

Farmers resist reform 2 2 5 1 1 1 3
Weak legal and financial

reform framework 5 4 2 5 5 1 1

Poor conception of the
construction/rehabilitation

projects of the irrigation system
3 1 4 3 3 1 2

Irrigation systems deteriorated 4 1 4 4 4 1 1
Unsuitable WUA

organization structure 5 3 5 5 5 2 2

Weak capacities of WUAs
(technical, managerial) 5 3 5 2 5 2 2

Inadequate WUA cost recovery 5 2 5 5 3 1 2

The pre-solution vector (S′) can be obtained as:

S′ = P × M (4)

where operator * is matrix multiplication. The pre-solution vector can be expressed as:

S′ =
(
s′1, s′2, s′3, s′4, s′5, s′6, s′7, s′8

)
(5)

Elements of the pre-solution vector represent the contribution of the solutions to the problems of
each case study WUA. Elements take integer numbers ranging between 0 and 8 × 52. The solution
vector (S) is obtained by standardizing S′ so that its elements are real numbers ranging from min

i
(pi)

to max
i

(pi). This ensures that for a given case study area the elements of the solution vector use the
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same range of values as the problem vector. Following this approach, element j of the solution vector
can be obtained as:

sj = min
i
(pi) +

(
s′ j − min

j

(
s′ j

))
(

max
j

(
s′ j

)− min
j

(
s′ j

))
(

max
i

(pi)− min
i
(pi)

)
(6)

The higher the value of sj, the more this solution can contribute to address the problems of the
case study WUA.

The results of the application of the semi-quantitative approach to the case study WUAs are
presented in Table 5. For convenience, solution vectors are presented for each WUA as table columns.
Because of the procedure described in Equation (6), the intensity of the solutions in each area follows the
same order as the problems. The most intensely recommended solutions were: users benefiting from
farming and participation, additional reforms concerning the WUA and the Agency, and Monitoring
and Evaluation of the WUAs.

Table 5. Contribution of the solutions to the problems of each case study WUA, as estimated using
the proposed semi-quantitative approach. Contributions are expressed in a scale from 0 to 5, with 5
expressing the highest contribution intensity.

Solutions
Case Study WUAs

Cameroon Chile Georgia Jordan Kyrgyzstan Portugal Spain

High-level political commitment 4 2 2 3 4 1 1
Additional legal reforms concerning the

WUAs and the Agency 5 4 4 5 5 2 2

Flexible, adaptive reform programs 3 2 3 3 3 1 2
Rehabilitation/modernization programs 2 1 4 1 1 1 2
Capacity-building (WUAs, Agency and

Government officials) 3 2 3 1 2 1 2

Monitoring and Evaluation at the WUAs 4 2 5 3 4 2 3
External support 3 2 4 2 3 2 2

Benefit from farming and participation 5 4 5 4 4 2 3

A detailed discussion of the solutions is presented for the case study in Jordan, which is in the
middle of the ranking list for the intensity of its problems. According to the proposed methodology,
the solution contributing most to the identified problems is to perform additional reforms in the WUAs
and the Agency. Additional reforms should address the cooperative nature of the users association,
the close relation to the JVA, and the low-cost recovery. A new legislative framework is required
to create a specific WUA legal entity, to separate the WUA from the Agency, and to attain WUA
financial security. The next identified solution by intensity is to increase the benefit of water users
from farming and participation. While farmers export most of their products, participation in the
cooperative is not sufficiently beneficial for them (only half of the farmers participate and pay fees).
The next priorities include political commitment, flexible, adaptive reforms, and monitoring and
evaluation. Solutions to the Jordan case study did not prioritize rehabilitation and modernization,
capacity-building or external support.

The proposed methodology has provided insight on the governance problems and solutions
of the seven case study areas. However, shortcomings can be expected when it is applied to
specific areas. A key shortcoming is related to the relative timing of the problems and the solutions.
Discussions among the authors of this paper evidenced that the contribution of the solutions to the
problems depends on when problems appear, and solutions are planned in a given irrigation system.
For instance, we attributed a contribution of 3 points to rehabilitation/modernization programs when
addressing the problem of poor conception of the construction/rehabilitation projects. If this problem
was detected during the first years of project implementation, rehabilitation/modernization could
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have a small contribution. If—on the contrary—at the time of the analysis the poorly conceived
project had been in operation for decades, the contribution of rehabilitation/modernization would
be at the maximum level. Consequently, results would be more accurate if the exercise was
applied to WUAs sharing the same timing of problems and solutions. The problems with the
timing of problems and solutions can be illustrated by the case study in Spain, where the solution
“rehabilitation/modernization programs” obtained 2 points. This is a low mark, but the solution makes
no sense in a system largely under construction. This solution received the same mark as other, clearly
more suited solutions, such as capacity-building of the WUAs or flexible and adaptive PPP processes.

Finally, the results of the proposed semi-quantitative approach need to be carefully interpreted
and screened for unexpected results, which can appear in all proposed solutions. This methodology
must be seen as a source of insight and a way to integrate and structure stakeholders’ discussions.
In fact, a participative approach should be used to elaborate the problem-solution matrix and the
problem vectors, as well as to discuss and interpret the solution vectors. The assessment of the solutions
for each case study area can be used as a starting point to discuss the prioritization of public reforms
and WUA developments.

8. Conclusions

The critical review the problems and reported solutions in the governance of irrigated areas in
developing countries permitted elaboration of a list of eight problems and eight solutions. The elements
of the list were produced from the evidence in the literature and the experience of the authors.
Dozens of scientific and technical papers were analyzed from the 1980s onwards, and their conclusions
were analyzed from the scientific, technological, managerial, and engineering experience of the authors.
We recognize that a different set of authors could have produced a different structure of problems
and solutions. However, we believe that the elements of our lists would constitute the pillars of the
findings of different authors.

We have presented a semi-quantitative approach to relate solutions to problems in a case study
context. Seven case study WUAs were analyzed from seven countries in four continents. The approach
is based on the calculation of a solution vector for each case study area by multiplying a problem vector
with a problem-solution matrix. The method rests upon the quantification of problems, solutions, and
their interactions using a 0–5-point scale.

Our analysis has shown the usefulness of this concept, which seems particularly adequate in the
context of stakeholders’ discussions. The solution vectors provide insight on the adequacy of policy,
infrastructure and organizational solutions contributing to improved irrigation governance. A local
fine-tuning of the coefficients defining the problem vector and the problem-solution matrix seems
required to draw conclusions effectively guiding decision-making. The approach seems particularly
suited for WUAs having similar timing between the identified problems and solutions. Finally,
variability in the problems of the analyzed WUAs is required to obtain variability in the solutions,
facilitating policy development or prioritization.
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Abstract: As a well-built, distributed hydrological model, the Soil and Water Assessment Tool (SWAT)
has rarely been evaluated at small spatial and short temporal scales. This study evaluated crop growth
(specifically, the leaf area index and shoot dry matter) and daily evapotranspiration at the hydrological
response unit (HRU) scale, and SWAT2009 was modified to accurately simulate crop growth processes
and major hydrological processes. The parameters of the modified SWAT2009 model were calibrated
using data on maize for seed from 5 HRUs and validated using data from 7 HRUs. The results show
that daily evapotranspiration, shoot dry matter and leaf area index estimates from the modified
SWAT2009 model were satisfactory at the HRU level, and the RMSE values associated with daily
evapotranspiration, shoot dry matter, and leaf area index were reduced by 17.0%, 1.6%, and 71.2%,
compared with SWAT2009. Thus, the influences of various optimal management practices on the
hydrology of agricultural watersheds can be effectively assessed using the modified model.

Keywords: calibration; irrigation district; evapotranspiration; crop growth; validation

1. Introduction

An irrigation district is a composite ecosystem with anthropogenic and natural elements [1].
In an irrigation district, the processes of artificial irrigation and evapotranspiration are critical for
water resource management and are important in the hydrological cycle. To understand and analyse
watershed processes and interactions, assess management scenarios, test research hypotheses, and
evaluate the influence of changing irrigation [2], a coupled hydro-agronomic model is needed.

Numerous agricultural watershed models, such as the Agricultural Non-Point Source (AGNPS)
model [3] and Soil and Water Assessment Tool (SWAT) [4,5], have been used to support water quality
management, water resource analysis, and soil erosion assessment in agricultural watersheds. Among
these models, SWAT is one of the best for the long-term simulation of watersheds dominated by
agricultural land use. For example, SWAT has been used to evaluate the influence of irrigation
diversion on river flow [4,6–9], to simulate climate change and the associated effects under various
scenarios [10,11], to calculate nutrient and sediment yields [12], and to estimate the water balance [13].
SWAT can be effectively calibrated, by comparing the sediment yield and/or simulated surface runoff
and nutrient concentrations in runoff to observations at the outlets of watersheds at the subbasin
level or at large spatial scales [7,14–18]. The modified SWAT model was developed to improve the
simulation of particular watershed processes. Additionally, the modified version includes enhanced
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flow predictions (including interflow and percolation, as well as hydraulic conductivity), the evaluation
of phosphorus derived from bank erosion in the upper soil layers, organic nitrogen losses, fast
percolation, a groundwater dynamics sub-model, amended dynamic functions for crop growth, and
channel and drainage losses [12,19–27].

Many studies of runoff hydrological processes have been performed using the SWAT model,
but crop growth dynamics (represented by metrics such as shoot dry matter and the leaf area index)
and evapotranspiration (ETc) are more significant than rainfall–runoff processes in irrigation districts.
Notably, additional studies must be performed in irrigation districts. First, ETc simulations have
yielded satisfactory results at the field spatial scale and the daily temporal scale. Many studies have
described the dual crop coefficients of many crops, such as cotton, winter wheat, maize, sorghum
and soybean [28–33]. In SWAT, studies have used satellite-estimated monthly evapotranspiration
values to calibrate the ETc parameters at the subbasin scale [34–37], daily lysimeter evapotranspiration
values to test the ETc parameters at the subbasin scale [38]. The weekly or daily temporal scales and
hydrological response unit (HRU) spatial scales of such studies are coarse. Existing research has shown
that SWAT generally underestimates daily and monthly ETc. In addition, automatic irrigation in
SWAT can be improved to accommodate limited irrigation scheduling strategies by adding parameters
that allow irrigation levels to be set as a percentage of ETc. Some studies have mentioned potential
flaws in SWAT’s automatic irrigation capabilities to simulate real irrigation conditions. At present,
the irrigation trigger factor of the soil moisture content method is not reported as the percentage
of plant water demand option, but as soil water, which is easily ignored [38–40]. Data availability
at the daily scale is often limited in hydrological modelling. Notably, more attention should focus
on evapotranspiration in various irrigation domains and the validation and calibration of model
parameters in combined distributed hydrological models (e.g., SWAT) and dual crop coefficient models
(e.g., SIMDualKc). Second, the irrigation quota is limited to the field capacity, and the excess water
above the field capacity is returned to the source and is not taken into account in the calculation of the
daily soil water balance. In fact, the irrigation quota is always larger than the field capacity, and such a
constraint is not suitable for surface irrigation and flooding irrigation. Additionally, various irrigation
schedules should be considered in different irrigation domains, and SWAT should be used for various
applications, instead of creating a “unified optimum irrigation schedule”, developing methods for
“auto-irrigation”, etc., to accurately describe the cyclic processes involved in regional irrigation. Third,
while many studies have assessed the crop water productivity index on the basin scale [41,42] and
yield predictions on the HRU scale [43], crop growth dynamics have rarely been evaluated at small
scales. Four, the leaf area index (LAI) curve is determined via linear regression after leaf senescence,
but this method is not suitable for irrigated crops, LAI follow and have logistic relationships with
climatic and soil variables [44].

The objectives of this paper are as follows: (1) to modify SWAT and improve its ability to model
crop growth parameters (shoot dry matter and LAI) and daily evapotranspiration; (2) to conduct a
sensitivity analysis of the modified model and identify the parameters that strongly influence estimates
of crop growth and ETc; and (3) to calibrate and validate the parameters of LAI, shoot dry matter, and
evapotranspiration in the modified model at small spatial (the HRU level) and temporal (daily) scales.

2. Materials and Methods

2.1. Study Area

The Yinke experimental site is located in an artificial oasis in the central Hei River Basin of
Northwest China (Figure 1). The elevation of the basin ranges from 1456 to 1600 m, and the basin
encompasses a total irrigation area of 18.65 km2 (Figure 1). The irrigation water supply is conveyed by
the Yinke Canal [45], which is located adjacent to the Hei River and forms part of the irrigation system
that connects the southwest region to the northeast region. In 2012, the main cultivated crop was
maize (84.13%). Other land cover types included forestry (0.18%), pasture (0.82%), water (0.69%), and
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residential land (14.18%). The climate is cold, and the arid region receives a mean annual precipitation
of 125 mm. The reference evapotranspiration in the area is 1972 mm. additionally, the mean annual
temperature is 6.7 ◦C, and the temperature difference between winter and summer is large. The soil
texture is mainly homogeneous sandy loam with a gravelly bottom layer.

Figure 1. Location of the Yinke irrigation district.

2.2. Field Experiment

Sixteen points that represent different branch canals and soil types were arranged in the irrigation
district, and 17 points that represent typical ditches were arranged in the second rural canal (Figure 1).
Maize for seed was the crop chosen for the experiment (local variety name: series 13).

At each monitoring point of the second rural canal, a field soil moisture measurement instrument
(TRIME-PICO IPH T3/44) was installed to monitor the soil water profile within each 0.2–0.4 m layer
at 15-day intervals. At each monitoring point of different branch, oven drying method was used
to monitor the soil water profile at 15-day intervals. The LAI and shoot dry matter were included
in the crop growth observations. The assessments of LAI and biomass were conducted at 15-day
intervals. The application ratios of fertilizer were 180 kg/ha for N and 150 kg/ha for P, which were
implemented based on local fertilizer management practices [46]. An eddy covariance (EC) instrument
was established to measure the latent heat flux at 100◦24′37′ ′ E 38◦51′25′ ′ N and an elevation of 1519 m.
The raw EC data were collected at a sampling frequency of 10 Hz, and they were processed using the
post-processing software EdiRe [47].

2.3. Model Description

2.3.1. SIMDualKc Model

The SIMDualKc model calculates daily crop evapotranspiration by considering soil evaporation
and crop transpiration components according to the water balance and the dual coefficient method.
The SIMDualKc software application was developed over a range of cultural practices and to provide
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ETc information for use in irrigation scheduling and hydrologic water balances [48]. The actual crop
evapotranspiration in the model can be computed as follows:

ETc = (KsKcb + Ke)ET0 (1)

where Ks is the water stress coefficient, Ke is the soil evaporation coefficient, and Kcb is the basal crop
coefficient. Additionally, ET0 is the reference evapotranspiration (mm/d) [49].

The SIMDualKc model, described in the companion paper, was developed to compute crop
ETc using many recent refinements [50]. The SIMDualKc model calibration procedure involves the
adjustment of standard soil parameters (e.g., readily evaporable water REW, total evaporable water
TEW, and the depth of the surface soil layer Ze) and crop parameters (e.g., Kcb and the depletion
fraction p) to minimize the differences between observed and estimated ETc values [29].

2.3.2. SWAT Model

SWAT is a temporally continuous, physically-based, and spatially semi-distributed model [51].
A‘watershed can be categorized into multiple sub-watersheds that can be further divided into particular
land/soil utilization characteristic units or HRUs. The water balance of each HRU is based on four
volumes of storage, including storage in the soil profile (0–2 m), snow, deep aquifers (>20 m), and
shallow aquifers (typically 2–20 m). Chemical loadings, flow generation and the sediment yield were
calculated in each HRU, and the resulting loads were routed via ponds, channels, and/or reservoirs to
the watershed outlet. The soil profile was further divided into multiple layers with different soil water
processes, such as evaporation, infiltration, percolation, lateral flow and plant uptake.

A storage routing method is used in the soil percolation module of SWAT to simulate flow in
every soil layer in the root zone. Crop evapotranspiration is simulated as a function of root depth, LAI,
and potential evapotranspiration [52].

Crop evapotranspiration (ETc) can be determined using the Penman-Monteith method, and the
surface runoff from daily rainfall was estimated using the modified Soil Conservation Service (SCS)
curve number [51].

The distributed modelling was carried out through a coupling of modified SWAT2009 and
SIMDualKc model (Figure 2). Measured data (Soil water, daily crop evapotranspiration by EC) in
the second rural canal were used to calibrate and validate the SIMDualKc model, measured data
(Soil water, crop data) in different branch canals and daily crop evapotranspiration calculated by the
SIMDualKc model were used for analysis performance of the modified SWAT2009.

 

Figure 2. Schematic diagram of the coupling modified SWAT2009 and SIMDualKc model.
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2.3.3. Sensitivity Analysis

The key of SWAT model is the selection of hydrological model parameters. At present,
the optimization of SWAT model parameters can be divided into manual adjustment and automatic
adjustment. Manual calibration parameters require certain calibration experience of hydrologists,
which requires a long working time. Due to the large influence of human interference factors on
the model, there is no good evaluation standard. SWAT-CUP can conduct sensitivity analysis,
uncertainty analysis and parameter automatic rate determination for the output results of SWAT2009.
To assess the parameters that affect crop growth and ETc based on daily values, the LH-OAT
(Latin Hypercube-One-factor-At-a-Time) method was used in the study, through the LH-OAT,
the dominant parameters were determined and a reduction of the number of model parameters
was performed [53,54]. The parameters which have influences on crop growth and ETc were used for
sensitivity analysis are presented in Section 3.3.1.

2.4. SWAT Input Data

Three basic files are required to divide the basin into HRUs and subbasins: a digital elevation
model (DEM), a soil map and a land use/land cover map. The topographic characteristics (the drainage
network, slope length, slope, the number of subbasins and the delimited watersheds) were generated
from the DEM of the Hei River Basin (30 × 30 m grid size). The soil and land use data were based on soil
distribution maps and crop data obtained from the online portal of the Ecological and Environmental
Science Data Centre of Western China. In total, 137 HRUs and 13 subbasins were delineated in
the study area (Figure 3). The weather input data, which included minimum and maximum daily
air temperatures, relative humidity, wind speed and solar radiation, were obtained from Zhangye
meteorological station. This station which is located at 100◦25′48′ ′ E 38◦55′48′ ′ N and an elevation of
1470 m. Irrigation scheduling was shown in Table 1 for different branch canals, it is reflected in the
SWAT input file by setting the *.mgt files of 13 subbasins separately. The results of the specific settings
and process were shown in Figure 3. Current farm management strategies, such as planting and tillage
scheduling and harvesting and fertilization practices, were used as inputs to the model.

Figure 3. Model input data and multiple validation data.

Table 1. Irrigation quota/irrigation scheduling in the Yingke irrigation district.

Brach Canals The Second Rural Canal

Sub Basin
Irrigation Quota

(mm)
Sub Basin

Irrigation Quota
(mm)

Irrigation Time
(Month/Day)

Irrigation Water
(mm)

1 786 8 652 5/26 120
2 786 9 885 6/22 180
3 748 10 861 7/21 160
4 858 11 634 8/13 150
5 1375 12 861
6 1415 13 1176
7 652
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2.5. Modification of the Model

Since excess irrigation is returned to the source of irrigation instead of being considered in the
surface runoff calculations and daily soil water balance calculations, the original version of SWAT2009
could not be used to simulate agricultural irrigation practices [55]. The linear decreasing LAI curve
after senescence could underestimate ETc. Thus, the following modifications were included in the
source code of the modified version of SWAT to include the excess water, as previously noted in the
soil water balance and LAI growth calculations:

1. The maximum amount of water used was in accordance with the depth of irrigation water
used in every HRU, as specified by the irrigation operation scheme, rather than the amount of water
in the soil profile based on the field capacity by Farida et al. [56]. This modification can be expressed
as follows:

Original version: vmm = sol_sumfc

Modified version: vmm = irr_amt

where vmm refers to the maximum amount of water used (mm); irr_amt refers to the depth of irrigation
water used in each HRU (mm), as specified by the user; and sol_sumfc refers to the amount of water in
the soil profile at field capacity (mm).

2. LAI values had subsequent effects on ETc estimation by Gary Marek et al. (2016) [38]. The LAI
curve after senescence was originally linear, but it should be represented using a logistic growth curve
for irrigated crop. This modification can be expressed as follows:

Original version:

LAI =
LAImx(

1 − f rphu,sen

)2 ·
(

1 − f rphu

)2
, f rphu ≥ f rphu,sen (2)

Modified version:

LAI =
LAImx(

1 + a· exp
(

1 + b· f rphu

)) , f rphu ≥ f rphu,sen (3)

where a and b are empirical parameters, LAI is the leaf area index on a given day, LAImx is the maximum
leaf area index, frphu is the fraction of potential heat units accumulated by a plant on a given day during
the growing season, and frphu,sen is the fraction of the growing season (PHU) in which senescence is the
dominant growth process.

2.6. Model Performance

Three statistical methods and time series plots were used to assess the performance of SWAT and
SIMDualKc according to the data. The five statistical criteria used to assess the effectiveness of the
validation and calibration results were as follows: (i) the Nash-Sutcliffe efficiency (NSE); (ii) the root
mean squared error (RMSE); and (iii) the coefficient of determination (R2). The calibration objectives
for LAI, shoot dry matter, and ETc were to minimize the RMSE and maximize the R2 and NSE values.

3. Results

3.1. Calibration and Validation of the SIMDualKc Model

3.1.1. Calibration of the SIMDualKc Model

The model simulations were initiated using a table of Kcb values; p and soil evaporation parameter
values were those recommended by Allen et al. [49]; and the initial Ze, TEW and REW values of 0.1 m,
28 mm and 8 mm, respectively, were used for silt-loam soils. The suggested initial values of ap and bp,
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which are deep percolation parameters, were 370 and −0.0173, respectively [57]. The soil parameters
was provided in Table 2, and the irrigation schedule was shown in Table 1 for the second rural canal.

The results of comparing the observed and simulated values of available soil water (ASW) based
on the calibration data sets of maize for seed are presented in Figure 4. The figure shows that the
ASW dynamics were well simulated, and there was no apparent bias in the estimation. The calibrated
values of Kcbini and p exhibited good agreement with those proposed by Allen et al. [49], and the
calibrated values of Kcbmid were slightly smaller than those of Allen et al. [49] and Duan et al. [58].
These differences were likely caused by crop and application differences, as this crop was planted for
seed and was sent to local companies who buy from the farmers. The reference values discussed above
are presented in Table 3.

Table 2. Selected soil parameters and values used in SIMDualKc model.

Depth
(mm)

Bulk Density
(g/cm3)

Clay Content
(% Soil Mass)

Silt Content
(% Soil Mass)

Sand Content
(% Soil Mass)

0–200 1.46 13.88 51.17 34.96
200–800 1.48 15.19 50.45 34.36

800–1400 1.57 16.59 50.26 33.16

Table 3. Initial and calibrated values of the crop and soil parameters appropriate for maize for
seed: crop coefficients, depletion fractions under conditions of no stress, soil evaporation and deep
percolation parameters.

Initial Values Calibrated Values

Crop coefficients

Kcbini 0.15 0.15
Kcbdev 0.15–1.2 0.15–0.95
Kcbmid 1.2 0.95
Kcbend 0.35 0.35

Depletion fractions

Pini 0.5 0.5
Pdev 0.5 0.5
Pmid 0.5 0.5
Pend 0.5 0.5

Soil evaporation

REW (mm) 8 10
TEW (mm) 28 34

Ze (m) 0.1 0.15

Deep percolation

ap 370 366
bp −0.0173 −0.065

Figure 4. Comparison between simulated and observed available soil water of maize for seed.
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The results show that the regression coefficient was less than 1.0, indicating that the data
plotted slightly below the 1:1 line of the observed data. The coefficient of determination was 0.88,
indicating that most of the variance could be explained by the model. The RMSE reached 20.52 mm,
representing approximately 6.7% of the total available water (TAW). Additionally, the NSE value was
0.65. The statistical test values of determining coefficient, regression coefficient and intercept are 9.98,
0.52, and 1.14, respectively, with t-test (t0.05 = 2.131, n = 15). The results suggest that the SIMDualKc
model effectively accounted for the variation in the observed ASW and accurately predicted the ASW
value of maize for seed.

3.1.2. Validation of the SIMDualKc Model

The results of comparing the observed and simulated ETc values are presented in Figure 5.
The coefficient of determination was 0.79, indicating that most of the variance could be explained by
the model. The RMSE reached 1.01 mm/d, and the NSE value was 0.56. The statistical test values of
determining coefficient, regression coefficient and intercept are 15.55, 11.53, and 8.09, respectively, with
t-test (t0.05 = 1.996, n = 67). The results show that there are some schematic errors in the model that can
reducing ETc predictive power. The observed value ETc is the water consumption calculated by the
energy balance of the eddy-related system, while the SIMDuaIKc model calculates the ETc based on
the water balance formula. Results of previous research indicate that the ETc calculated by the vorticity
correlation system is lower than that calculated by the water balance formula [59], the comparison of
ETc at different scales may be the main reason of schematic errors.

Figure 5. Comparison between the simulated and observed ETc values of maize for seed.

3.2. SWAT2009 vs. Modified SWAT

3.2.1. Water Balance

After calibrating and validating SWAT2009 and modified SWAT2009 independently, the irrigation
quota of different SWAT versions is shown in Figure 6a, and there were larger differences between
SWAT 2009 and modified SWAT2009 versions, the differences ranging from 0–430 mm. the modification
of Equation (1) could increase the irrigation water in the soil, and more percolation in the water cycle.
In the Figure 6b, there were some differences between modified SWAT2009 and original SWAT2009
versions, and the differences ranged from 46–68 mm. The total evapotranspiration ranged from
540–580 mm of modified SWAT2009, the other is 492–519 mm. Yongyong Zhang et al. (2016) showed
that evapotranspiration of seed maize is 545 mm during the growing season [60]. The results is similar
with the results of modified SWAT2009 versions. The modification of Equation (2) could increase
evapotranspiration, especially after peak LAI was reached. In the Figure 6c, there were larger difference
between modified SWAT2009 and original SWAT2009 versions, and the differences ranged from −42 to
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401 mm. the variation of percolation is similar with the variation of irrigation quota. In the Figure 6d,
there were some differences in the senescence stage, the ASW decline rate of modified SWAT2009
was faster than that of original SWAT2009. Therefore, there was a different water balance between
modified SWAT2009 and original SWAT2009 versions.

 

Figure 6. Water balance element of different SWAT versions. ((a) irrigation quota; (b) evapotranspiration;
(c) perolation; and (d) available soil water).

3.2.2. Difference of Model Performance

Crop growth (specifically, the leaf area index and shoot dry matter) and daily evapotranspiration
were used to test the SWAT2009 model at the hydrological response unit (HRU) scale, the comparisons
between the estimated and measured values of ASW, shoot dry matter, LAI and estimated daily ETc

values using SIMDualKc, SWAT2009, and the modified SWAT model exhibited large differences.
The daily ETc results exhibited some differences between the observed data and values simulated

using SIMDualKc, SWAT2009, and the modified SWAT model. The less differences were observed
for the shoot dry matter and ASW based on SWAT2009 and the modified SWAT2009 model (Table 4).
These observations suggest that the parameters values of shoot dry matter and ASW used in the
calculation process are nearly equal.

Large differences were observed between SWAT2009 and the modified SWAT model (Figure 7).
The largest difference occurred during the leaf senescence stage, when the statistical parameters
were much lower than those in the modified SWAT model (Table 4). In SWAT2009, the RMSE is 1.84
and the NSE is negative. These differences are because of the linear LAI functions used in the leaf
senescence stage.

Based on this comparison between SWAT2009 and the modified SWAT model, the largest
improvement was associated with LAI, followed by the ETc and available soil water, the values
of shoot dry matter were nearly equal in both models.
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Table 4. Comparison between SWAT2009 and the modified SWAT2009 model.

Parameter Version R2 RMSE NSE

Available soil water
SWAT2009 0.71 18.30 0.70

Modified SWAT2009 0.80 15.98 0.77

Evapotranspiration SWAT2009 0.35 2.41 0.31

Modified SWAT2009 0.53 2.00 0.52

Shoot dry matter SWAT2009 0.89 2.64 0.85

Modified SWAT2009 0.89 2.60 0.86

LAI
SWAT2009 0.15 1.84 −1.12

Modified SWAT2009 0.84 0.53 0.82

The units of available water content, evapotranspiration, shoot dry matter, and LAI are mm, mm/d, t/ha, and
none, respectively.

Figure 7. Variations in the LAI based on the original and modified SWAT models.

3.3. Modified SWAT Model Calibration and Validation

3.3.1. Sensitivity Analysis

During the process of simulating LAI using the SWAT model, a sensitivity analysis was performed
with the observed data. The results indicated that BLAI, LAI, LAIMX2, and LAIMX1 were the primary
parameters in the mgt, crop, sol, gw, and rte input files used in the SWAT model (Table 5). Additionally,
LAI development depended on the accumulation of plant heat units and the environmental stress
indexes. Thus, the shape coefficients are very important for obtaining accurate LAI development
curves [55]. In the process of simulating shoot dry matter, BIO_E, T_OPT, and T_BASE were the
primary parameters (Table 6). Biomass production was coupled with the radiation-use efficiency
(BIO_E) and intercepted, photosynthetically active radiation [55]. The higher the BIO_E value is, the
more biomass can be produced [26]. In the process of simulating daily ETc, SOL_K, ESCO and GSI
were the primary parameters (Table 7). ESCO is an important parameter used to estimate unsaturated
soil evaporation [61], and GSI is a significant parameter used to calculate rc in the Penman-Monteith
equation [49]. Additionally, ESCO is the soil evaporation compensation factor, which affects all the
water balance components [62].
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Table 5. Global sensitivities of the parameters that affect the leaf area index.

Parameter a t-Value b p-Value c Initial Value Calibrated Value

FRGRW2 1.67 0.09 0.5 0.71
FRGEW1 4.27 <0.01 0.15 0.05

BLAI 9.79 <0.01 6 5.14
DLAI 12.42 <0.01 0.7 0.67

LAIMX2 18.17 <0.01 0.95 0.77
LAIMX1 20.11 <0.01 0.05 0.01

a Parameter definitions can be found in the theoretical documentation of SWAT [63]. b The t-value indicates
parameter sensitivity; the larger the t-value is, the more sensitive the model output is to the parameter. c The p-value
indicates the significance of the t-value; the smaller the p-value is, the less chance that a parameter has of being
falsely identified as sensitive.

Table 6. Global sensitivities of the parameters that affect shoot dry matter.

Parameter a t-Value b p-Value c Initial Value Calibrated Value

HVSTI 0.88 0.38 — —
USLE_C 1.61 0.11 0.5 0.26

EXT_COEF 1.68 0.09 0.5 0.78
BIO_E 7.15 <0.01 39 28.85
T_OPT 10.58 <0.01 25 23.68
T_BASE 12.36 <0.01 8 12.26

a Parameter definitions can be found in the theoretical documentation of SWAT [63]. b The t-value indicates
parameter sensitivity; the larger the t-value is, the more sensitive the model output is to the parameter. c The p-value
indicates the significance of the t-value; the smaller the p-value is, the less chance that a parameter has of being
falsely identified as sensitive.

Table 7. Global sensitivities of the parameters that affect daily evapotranspiration.

Parameter a t-Value b p-Value c Initial Values Calibrated Values

ALPHA_BF 0.14 0.89 — —
GWQMN 0.14 0.89 — —
SOL_BD 0.22 0.83 — —

SOL_ZMX 0.31 0.76 — —
CH_N2 0.33 0.74 — —

GW_REVAP 0.38 0.70 — —
CO2HI 0.41 0.68 — —
CH_K2 0.57 0.57 — —

GW_DELAY 0.67 0.50 — —
SOL_AWC_B 0.82 0.41 — —

CN2 0.82 0.41 — —
CANMX 0.86 0.39 — —

SOL_AWC_C 1.39 0.17 0.25 0.20
ALPHA_BNK 1.58 0.11 0.5 0.42

EPCO 1.8 0.07 0.1 0.69
SOL_AWC_D 2.11 0.04 0.18 0.21

SOL_K 5.63 <0.01 20 30
ESCO 3.37 <0.01 0.1 0.57
GSI 23.93 <0.01 0.007 0.01

a Parameter definitions can be found in the theoretical documentation of SWAT [63]. b The t-value indicates
parameter sensitivity; the larger the t-value is, the more sensitive the model output is to the parameter. c The p-value
indicates the significance of the t-value; the smaller the p-value is, the less chance that a parameter has of being
falsely identified as sensitive.
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3.3.2. LAI Calibration and Validation

Only those parameters with the highest sensitivities were considered in the calibration process.
Table 5 shows the initial values and calibrated values of each parameter considered in the
calibration process.

Regional monitoring stations were distributed over 16 HRUs, of which four HRUs were sparsely
planted with vegetables (greenhouse crops). Hence, they were not considered in this study. Calibration
and validation were performed sequentially [54]. The LAI data from HRU-1, HRU-18, HRU-24,
HRU-30, and HRU-58 were adopted for calibration, and the LAI data from HRU-68, HRU-82, HRU-99,
HRU-100, HRU-104, HRU-115, and HRU-118 were used for validation.

The calibration and validation curves and statistical parameters are shown in Figure 8 and Table 8,
respectively. In the calibration phase, the coefficient of determination ranged from 0.90 to 0.98, the NSE
ranged from 0.72 to 0.93, and the RMSE ranged from 0.32 to 0.98. In the validation phase, the coefficient
of determination ranged from 0.90 to 0.97, the NSE ranged from 0.22 to 0.89, and the RMSE ranged from
0.41 to 0.95. The simulated and measured LAI values in the calibration and validation phases exhibited
good agreement, and the simulated results effectively described the growth process represented by the
LAI of maize for seed.

Figure 8. Typical variations in simulated and measured LAI values ((a) values for calibration;
and (b) values for validation; DAP is day after planting).
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Table 8. Statistical parameters related to the simulation of LAI in the calibration and validation phases.

HRU R2 RMSE NSE

Calibration

1 0.94 0.32 0.93
18 0.96 0.54 0.80
24 0.85 0.71 0.75
30 0.81 0.98 0.72
58 0.89 0.42 0.89

Validation

68 0.96 0.95 0.22
82 0.88 0.51 0.84
99 0.81 0.71 0.42
100 0.84 0.53 0.77
104 0.94 0.41 0.89
115 0.94 0.45 0.88
118 0.85 0.54 0.69

3.3.3. Calibration and Validation of Shoot Dry Matter

The default values and adjusted values of each parameter considered in the calibration process
are presented in Table 6. The calibrated and validated HRUs were the same as those used in the process
of LAI calibration and validation. The calibration and validation curves and statistical parameters are
shown in Figure 9 and Table 9.

 

Figure 9. Typical variations in simulated and measured values of shoot dry matter ((a) values for
calibration; and (b) values for validation; DAP is day after planting).

In the calibration phase, the coefficient of determination between the simulated and measured
values of shoot dry matter ranged from 0.92 to 1.0, the NSE ranged from 0.66 to 0.97, and the RMSE
ranged from 1.64 to 5.97 t/ha. In the validation phase, the coefficient of determination ranged from 0.92
to 0.99, the NSE ranged from 0.75 to 0.94, and the RMSE ranged from 1.14 to 2.91 t/ha. The measured
values were consistently less than simulated values for the validation period, the inaccuracy of shoot
dry matter estimation might also be caused by the errors in response to soil water stress in the
cumulative temperature model.
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Table 9. Statistical parameters related to shoot dry matter in the calibration and validation phases.

HRU R2 RMSE (t/ha) NSE

Calibration

1 0.90 2.89 0.78
18 0.85 3.58 0.77
24 0.93 5.07 0.68
30 0.98 1.64 0.94
58 0.97 5.97 0.66

Validation

68 0.91 2.55 0.81
82 0.85 2.91 0.78
99 0.93 2.17 0.88

100 0.95 1.14 0.94
104 0.98 2.65 0.87
115 0.98 2.45 0.75
118 0.93 3.19 0.84

3.3.4. ETc Calibration and Validation

The default values and adjusted values of each parameter considered in the calibration process
are presented in Table 7. The HRUs used for calibration and validation were the same as those used
in the process of LAI calibration and validation. The calibration and validation curves and statistical
parameters are presented in Figures 10 and 11 and Table 10.

Figure 10. Variations in ETc simulated using SIMDualKc and SWAT ((a) HRU-1; (b) HRU-18;
(c) HRU-24; (d) HRU-30; and (e) HRU-58, which are used for calibration; DAP is day after planting).
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Figure 11. Variations in ETc simulated using SIMDualKc and SWAT ((a) HRU-68; (b) HRU-82;
(c) HRU-99; (d) HRU-100; (e) HRU-104; (f) HRU-115; and (g) HRU-118, which are used for validation;
DAP is day after planting).

During the calibration phase, the coefficient of determination between the SIMDualKc and SWAT
simulations ranged from 0.62 to 0.86, the NSE ranged from 0.33 to 0.70, and the RMSE ranged from
1.52 to 2.40 mm/d. Additionally, in the validation phase, the coefficient of determination between the
SIMDualKc and SWAT simulations ranged from 0.70 to 0.80, the NSE ranged from 0.48 to 0.62, and the
RMSE ranged from 1.69 to 2.19 mm/d. The ETc values simulated by SWAT and SIMDualKc exhibited
good agreement in the calibration and validation phases. Marek et al. (2016) showed that The NSE
value could reach 0.7 in the validation period [38], the inaccuracy of ETc estimation might also stem
from the errors in the soil water stress function and pre-set GSI.
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Table 10. Statistical parameters related to ETc in the calibration and validation phases.

Phase HRU R2 RMSE (mm/d) NSE

Calibration

1 0.71 1.79 0.65
18 0.74 1.52 0.70
24 0.51 2.07 0.51
30 0.39 2.40 0.33
58 0.42 2.20 0.41

Validation

68 0.59 1.69 0.58
82 0.52 1.91 0.52
99 0.49 2.19 0.48

100 0.64 1.80 0.62
104 0.52 2.03 0.50
115 0.51 2.07 0.50
118 0.49 2.16 0.48

3.3.5. Available Soil Water Test

Results showed that the simulated and observed available soil water are in agreement at all
observation points (Figure 12). The determination coefficients ranged from 0.56 to 0.96, the regression
coefficient ranged from 0.76 to 1.02, RMSE ranged from 7.36 to 25.46 mm, and the average NSE was
0.59, thus indicating that the model explained only a relatively small fraction of observed variance.

 

Figure 12. Simulated and measured available soil water.

4. Discussion

4.1. Crop Growth Dynamics

The typical LAI growth patterns (HRU-1) used in the original and modified SWAT models are
shown in Figure 7, which illustrates considerable differences in the senescence stage. Since the
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original SWAT model uses a linear attenuation formula to simulate the LAI, it reflects the dynamics
of plant growth under natural conditions but not for agricultural cultivated crops. The parameters
were established using empirically fitted functions, although the LAI growth-related modules were
modified for the senescence phase. Therefore, the growth mechanism of the leaf area was not
properly represented. The LAI can influence the radiation-use efficiency, which influences the
production of biomass because the shape coefficients are flexible in the optimal LAI curves [55].
When senescence is the major growth process, other shape coefficients can be used to modify the LAI
growth sub-module [26]. Notably, the modified sub-module did not consider the effects of nitrogen
stresses on leaf senescence. Thus, this process should be added in subsequent studies [14].

The calculation of shoot dry matter in SWAT is based on empirical formulas. Specifically, biomass
production is calculated using Beer’s law [64], which can assess the proportion of shoots to the total
crop biomass. The fraction of roots in the total biomass varies from 0.40 in the emergence stage to 0.20
at maturity. Biomass production can be affected by the light extinction coefficient (K), the biomass
fraction, and the radiation-use efficiency.

Cabelguenne et al. divided the entire period of crop development into various physiological
stages to improve the simulation results and assess differences in water stress between phenological
stages [14]. Similarly, future versions of SWAT should consider additional processes related to crop
growth to enhance the simulation of crop yields and the yield response to irrigation management.

4.2. Evapotranspiration

According to Figure 11, the ETc values simulated using SWAT and SIMDualKc are not identical.
ET0 is the foundation for the calculations of ETc. Slight deviations between ET0 in SWAT and
SIMDualKc occur because SWAT uses alfalfa as a reference crop, whereas SIMDualKc ET0 uses
grass. For grass, rs equals 70 m s−1, and the reference crop height is 0.12 m. For alfalfa, rs is 100 m s−1,
and the reference height is 0.40 m. The input radiation in SWAT was iteratively increased in each
subbasin until the value of ET0 in SWAT matched the value of ET0 in SIMDualKc to correct these
differences. Generally, ETc in SIMDualKc is different from ETc in SWAT for three potential reasons.

First, one hypothetical conditions are used in SWAT. One condition states that evaporation will
decrease firstly if the soil water availability is insufficient (Appendix A, Equation (A1)). The water stress
unit (wstrs) in SWAT2009 uses the ratio of the actual and maximum plant transpiration (Appendix A,
Equation (A2)), an overestimated value of actual plant transpiration will lead to no or little water
stress, and the associated material and water cycles are affected.

Second, the LAI can affect evapotranspiration when the Penman-Monteith method is used
(Appendix A, Equations (A3) and (A4)). In this case, LAI decreases linearly in the senescence stage,
potentially leading to underestimated values of ETc. Gary Marek et al. (2016) also showed that SWAT
generally underestimated ETc at both the daily and monthly levels [38].

Third, the module that represents agricultural irrigation management in the SWAT model is
relatively simple. The effects of irrigation and precipitation on crop transpiration are not effectively
reflected in SWAT. Nonetheless, this issue can be resolved in the SIMDualKc model by the daily water
balance of the topsoil layer [49]. Although there is inherent uncertainty involved in using this approach,
the SWAT model eliminates some of the uncertainty by establishing an upper irrigation limit based on
the soil water content.

4.3. Soil Water

In SWAT2009, soil moisture is simulated using the method of layered infiltration, and the model
calculates actual crop evapotranspiration based on the available water in different soil layers. The water
stress coefficient is then calculated based on the ratio of actual to potential crop evapotranspiration,
and this coefficient restricts crop production.

SWAT2009 assumes that water stress occurs when the content of available soil water decreases to
ASW/4 (Appendix A, Equation (A5)). Allen et al. and Luo et al. used 0.55 as the threshold value of
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soil water stress instead of 0.25 [26,49]. Water extraction decreases below this threshold, despite the
differences between crop and soil types. Nonetheless, the soil water holding capacity is varied, based
on the different crop and soil types. The water stress coefficient calculated by Equation (A5) uses an
exponential formula. There are many applications of the water stress coefficient from FAO56 using
the ratio of total and readily available water [49], and from Feddes et al. (1978) considering the effects
of water potential on the uptake rate to be multiplicative [65]. The water stress coefficient formula of
SWAT should accept more tests for irrigation crops.

5. Conclusions

The highest sensitivity parameters are FRGRW2, FRGEW1, BLAI, DLAI, LAImx2, and LAImx1
for the leaf area index, EXT_COEF, BIO_E, T_OPT, and T_BASE for the shoot dry matter, EPCO,
SOL_AWC_D, SOL_K, ESCO, and GSI for daily evapotranspiration.

The modified version of the SWAT model exhibits better performance on the daily
evapotranspiration, shoot dry matter, and leaf area index at the daily temporal scale and the HRU
spatial scale.

Based on the performance statistics of modified SWAT model, there may be errors related to water
stress functions in shoot dry matter and ETc estimation, and the most important thing is that the stress
factor cannot be well reflected into the crop growth. Therefore, users should be aware of the response
of crop growth to soil moisture movement.
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Appendix A

See Equations (A1)–(A5):

if(pet < es_ max + ep_ max)then
es_ max = pet × es_ max/(es_ max + ep_ max)

if(pet_ day < es_ max + ep_ max)then
es_max = petday − ep_ max

(A1)

where ep_max is the maximum transpiration, es_max is the maximum evaporation, pet_day is the
potential evapotranspiration, and pet is the amount of pet_day remaining after the water stored in the
canopy evaporates.

The water stress unit (wstrs) in SWAT2009 is as follows:

wstrs = 1 − Etact/Et (A2)

where Et is the maximum plant transpiration on a given day and Etact is the actual plant
evapotranspiration. The plant transpiration rate and wstrs range from 0.0 to 1.0 when wstrs equals 0.0.

rc =
r1

0.5·LAI
(A3)

λETc =
Δ·Rnet + ρ·γ·VPD

ra

Δ + γ·
(

1 + rc
ra

) (A4)
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where ETc is the daily evapotranspiration (mm d−1), Δ is the slope of the saturation vapour
pressure-temperature curve (kPa ◦C−1), ρ is the air density (kg m−3), γ is the psychrometric constant
(kPa ◦C−1), VPD is the vapour pressure deficit (kPa), ra is the atmospheric resistance (s m−1), rc is the
canopy resistance (s m−1), and rl is the minimum effective stomatal resistance of a single leaf (s m−1).

SWAT2009 assumes that water stress occurs when the available soil water content decreases
to ASW/4:

reduc = exp
[

5
(

1
4

SWl
ASWl

− 1
)]

when SWl ≤ 1
4

ASWl (A5)

where SWl refers to the volumetric soil water content above the wilting point, reduc is the water uptake
reduction factor, l is the number of soil layers, and ASW is the available soil water.
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Abstract: The dry drainage system (DDS) is an alternative technique for controlling salinization.
To quantify its role in soil salinity control, a five-year field observation from 2007 to 2011 was
completed in a 2900 ha experimental plot in Yonglian Experimental Station, Hetao Irrigation District,
China. Results showed that the groundwater table depth in the fallow areas quickly responded to the
lateral recharge from the surrounding croplands during irrigation events. The groundwater electrical
conductivity (GEC) of fallow areas increased from 5 mS·cm−1 to 15 mS·cm−1, whereas the GEC
below croplands produced small fluctuations. The analysis of water and salt balance showed that
the excess water that moved to fallow was roughly four times that moved by an artificial drainage
system and with 7.7 times the corresponding salt. The fallow areas act as a drainage repository to
receive excess water and salt from surrounding irrigated croplands. Slight salt accumulation occurred
in irrigated croplands and salts accumulated, with an accelerating trend over the final two years.
The evaporation capability weakened, partly due to the salt crust in the topsoil, and the decrease in
soil permeability in the soil column, which was almost impermeable to water. Using halophytes may
be an effective method to remove salts that have accumulated in fallow areas, having great economic
and ecological value. A DDS may be effective and sustainable in situations where the fallow areas
can sustain an upward capillary flux from planted halophytes.

Keywords: dry drainage system; water and salt balance; groundwater; evaporation; salinity

1. Introduction

Salinization is a long-standing problem that has threatened crop production and food security
in many arid and semi-arid regions, and has impeded sustainable irrigation over the past 2000
years. Salt accumulation has played a significant role in the abandonment of settlements
and in the breakdown of ancient civilizations throughout history [1–5]. The overall loss from
groundwater-associated and irrigation-induced salinity in the world was estimated to be $27.3 USD
billion/year [6,7]. To alleviate the impact of soil salinity, various technical measures and strategies have
been developed since the early 1900s. Irrigation systems can be sustainable if excess salt and drainage
water are adequately removed from the subsoil [8]. Many soil-related problems could be minimized by
installing various types of drainage ditches. An artificial drainage system (ADS) is a popular method
used to drain salt away from the root zone by deliberate flood irrigation events [9–13]. However,
conventional drainage methods produce seemingly intractable economic [14] and environmental
problems [9–12,15–17].

The dry drainage system (DDS) is a technique that was first proposed in 1992 for areas with a
shallow groundwater table depth (GTD), high evaporation, and intensive irrigation [18]. In the DDS
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operating process, a part of the land that is generally low-lying is permanently or seasonally fallowed
to act as a sink for excess water and salts from neighboring irrigated croplands. The GTD in irrigated
croplands rises along with the irrigation events, whereas that in the fallow area falls with the aid of
evaporation. This produces a hydraulic gradient that induces lateral groundwater migration flow
from the croplands to the fallow area. Thus, the excess salt is eventually transported to the fallow
areas. As the fallow area is not irrigated and the evaporation in the salinity-hazard area is generally
strong, the DDS continuously functions. The salt balance in the irrigated areas can be maintained
providing the fallow areas are large enough to evaporate the excess water. The DDS does not need
extra investment in the operation and maintenance, and can mitigate various potential environmental
concerns compared with ADS, including degrading water quality, destroying wetlands, and increasing
drain outfall erosion [9,15,18–20].

Previous studies have discussed and tested the effects of DDSs on soil salinity control, for example,
the key design technology of the DDS and studies based on field-scale numerical simulations [9,11].
These technologies have contributed to the sustainability of the agro-ecosystem by helping to maintain
the water and salt balance in the root zone of irrigated croplands, controlling soil salinity and
minimizing environmental threats [12,15,20–22]. The long-term effectiveness of the DDS in the Hetao
Irrigation District (HID), China, has been studied by various methods (e.g., remote sensing, field
experiments, and conceptual/numerical models) [15,19,21–24]. However, previous studies mainly
investigated surface salinity dynamics and did not measure the salt accumulation in the soil profile,
especially below the root zone [9,11]. The effects of salt accumulation in fallow areas on the evaporation
rate and the sustainability of the DDS are still unclear [9,11,15]. Therefore, the main objective of this
study was to quantify the capability of the DDS via the salt balance in specific monitoring wells
and to investigate and discuss the sustainability of DDSs on soil salinity control with a five-year
field observation. Based on the five-year archived data, the soil salt content (SSC) was measured
in the vertical profiles of irrigated and fallow areas, and we analyzed the dynamic change in GTD,
groundwater electrical conductivity (GEC), and SSC. We evaluated the effectiveness and sustainability
of DDS in the HID, and propose some suggestions for improving the DDS.

2. Materials and Methods

2.1. Brief Description of the HID and YES

The observations were performed at the Yonglian Experimental Station (YES) (Figure 1a) in the
mid-HID, upper Yellow River basin (40◦19′–41◦20′ N, 106◦10′–109◦30′ E; Figure 1b), located in the Inner
Mongolia Autonomous Region, China (Figure 1c). The area totaled 2900 ha, which included 71.4%
irrigated cropland, 17.9% fallowed areas, 9.7% villages, and 1.0% water bodies (detected by Landsat
5 images, date: 1 August 2007 and 30 July 2009). There were four blocks of fallow areas that were
randomly distributed, 10 blocks of inhabited areas, and three water bodies. Sunflower and various
melon seeds accounted for half of the cropland areas, as the HID is the largest sunflower-growing
region in China [25,26]. The predominant soil was silt loam, and the soil texture was comprised of
sand (8.91–16.69%), silt (52.32–70.57%), and clay (13.72–35.66%). The bulk density ranged from 1.35 to
1.51 g·cm−3, differing with the soil profile [25].
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Figure 1. Location of the Hetao Irrigation District (HID) and the observation field: (a) observation area;
(b) HID; (c) China.

The mean annual potential evapotranspiration was as high as 2200 mm (Φ20 cm evaporation
pan), while the average precipitation was only 170 mm annually, mostly (63–70%) during the monsoon
season (June to September) (Figure 2). The hydrometeorological data (2007–2011, hourly meteorological
data, e.g., P (precipitation), air temperature, the wind speed at a 2 m height above the ground surface,
radiation, and relative humidity) were automatically recorded by the meteorological station, and the
mean monthly air temperature together with the relative humidity are shown in Figure 3.
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Figure 2. Distribution of the monthly average rainfall and evaporation from 2007 to 2011.

 

Figure 3. Distribution of the monthly maximum and minimum temperature and average values of
temperature and relative humidity from 2007 to 2011.

2.2. Observations and Data Collection Design

The irrigation and artificial drainage water amounts were measured daily at the inlet and several
control points with flowmeters. Eleven flowmeter-installed positions (FIP) were set up along the inlet
irrigation and drainage canals (Figure 1, left). The local farmer irrigated the crop with water from the
Yellow River by flood (surface) irrigation. The drainage water amount for the observation field was
calculated by sectioning according to the controlled areas for each flowmeter with the percentage of
the irrigation areas on both sides of the drainage ditches. Observation wells were installed to monitor
the groundwater variation, and the wells were placed perpendicular to the water flow. The four wells
were chosen to calculate the water/salt balance and to analyze the amount of dry drainage water of
the DDS with the distributed locations and cover areas of the fallow area (well 8 and well 10 located in
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the north fallow, well 12 in middle, and well 11 in the south fallow, the areas of which were 90, 110,
135, and 105 ha, respectively). Well 9 represented irrigated cropland in the north for the comparison
of dynamics with fallow areas in the analysis of water and salt transport and salt accumulation in
the DDS.

GTD and the corresponding electrical conductivity (EC at 25 ◦C) were monitored every five
days and once per day during an irrigation event. The water samples (e.g., irrigation water, drainage
water, and groundwater) were collected in 550 mL clean polyethylene bottles. Soil samples were taken
by hand auguring near the observation well at depths of 0–10 cm, 10–30 cm, 30–50 cm, 50–70 cm,
70–100 cm, and 100–140 cm. Soil moisture was determined using a regular gravimetric method
(oven-dry) and measured every 10 days. The EC1:5 of the soil water extract and the EC of the
water samples were measured using a digital conductivity meter (DDSJ-308A, Leici, Yidian Co., Ltd.,
Shanghai, China), and the SSC was measured using a drying method.

The water EC (mS·cm−1) was converted to total dissolved solids (TDS, g·L−1) using the empirical
formula developed from laboratory testing as follows [21,27]:

TDS (g·L−1) = 0.69EC (mS·cm−1) (1)

where 0.69 is an empirical coefficient calibrated by water samples from local groundwater and
surface water.

2.3. Conceptual Model Description

The amount of lateral water migration from irrigated to fallow areas is represented by the dry
drainage depth, which was estimated from the water and salt balance in the fallow areas. The water
and salt balance was then calculated from the amount of water measured in the inlet and the outlet,
and their corresponding salinities. For each fallow block (i), regarded as a balanced unit of soil water
and groundwater, the water balance was calculated using the following [15,28]:

Ddi = Ei + ΔS + μΔH − P, (2)

where Ddi (mm) is defined as the dry drainage depth for the fallow area (block i, dimensionless), using
the wells that were located in the fallow area for presenting the blocks of wells 8, 10, 11, and 12 for
calculation in each fallow; ΔS (mm) and μΔH (mm) are the storage capacity change in the soil water
and in the groundwater, respectively, with the corresponding time interval from the first irrigation
event in May to the autumn irrigation in October every year, which are estimated from the dynamics
of soil water content and GTD; μ is the specific yield, measured by the local hydrological bureau with
a dimensionless value of 0.033 [15,28]; P is the precipitation of the corresponding time interval (mm),
where the daily P is collected from the field meteorological station (self-recording); and Ei (mm) is
the total evapotranspiration of the fallow area, which was calculated using the Penman-Monteith
equation and the corresponding crop coefficient. As there was no irrigation event in the fallow area,
Ei (mm) was mainly due to the groundwater evaporation. We used Block i to verify the result of
Ei. The groundwater evaporation was calculated for each block using the empirical equation in
Equation (5) as follows [29]:

C = Eg/ε0, (3)

C = f (H) = 0.3356 − 0.2929 lnH (4)

Eg = (0.3356 − 0.2929 ln Hi)ε0 (5)

where C is the groundwater evaporation coefficient defined by the ratio of the evaporation from the
free water surface to the evaporative intensity of the groundwater, as shown in Equation (3); Eg is
the evaporative intensity of the groundwater (mm); and ε0 is the evaporation from the surface of free
water (mm). C is a function of the GTD for the same soil, which was silt loam in the study area, as
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shown in Equation (4), where Hi is the average GTD for the calculation block (i) with the corresponding
period (m).

3. Results and Discussion

3.1. Dynamics of GTD and GEC in the DDS

The fluctuations in GTD from May 2007 to December 2011 in the four fallow blocks are shown
in Figure 4a, represented by wells 8, 10, 11, and 12, respectively. The average GTD was about 1.6 m
during the growing season in the observation area, varying from 2.8 m in February up to the soil
surface (less than 0.5 m) in November. The dynamics of the GTD for the four fallow wells fluctuated
periodically with the irrigation events from the surrounding cropland. The lateral migration process
of groundwater between irrigated and fallow areas was obvious and intense, particularly during the
autumn irrigation period, where the duration usually ranged from mid-October to early December.
Autumn irrigation was a flood (surface) irrigation event for all cropland in the fallow period, and the
irrigation amount was almost two to four times the other irrigation events during the crop growth
stages, which were not full irrigations and depended on the water demand of different crop types.
Irrigation in May was mainly for sunflower seeding, winter wheat, and melon pre-irrigation, whereas
irrigation from June to September was for maize and various pastures.

For a closer examination of the dynamics of the GEC between the irrigated and fallow areas, the
GEC from 2007 to 2011 in four fallow blocks is shown in Figure 4b, which indicates that the GEC of
the fallow areas always experienced considerable fluctuations following the irrigation events of the
surrounding irrigated cropland. The greatest variations in EC ranged from 3.5 mS·cm−1 to more than
10 mS·cm−1. The maximum and minimum values occurred before and after the autumn irrigation,
respectively. The dynamics of the GEC were relatively stable during the crop growing stage.

We chose the dynamics of well 9, which was located in irrigated cropland (Figure 5b), and the
abovementioned four fallow wells during the autumn irrigation period for a specific description for one
month from 14 October to 14 November 2007. Autumn irrigation commenced on October 14 for well 9
and the GTD rose steeply from 2.3 m to the soil surface about two days later, before decreasing to 1.5 m
with redistribution and drainage (Figure 5b). The GEC below the irrigated croplands fluctuated with an
initial slight decrease, reaching the lowest value of 0.9 mS·cm−1, and finally exceeding the initial value,
with little change around the value of 1.5 mS·cm−1. The whole process of GEC below the irrigated
croplands varied minimally, showing a trend of slight increase due to the deep percolation and the
salt in the root zone leaching out continuously with the end of redistribution. Notably, the GTD in the
fallow areas quickly responded to the irrigation from the surrounding cropland without being directly
recharged by irrigation (Figure 5a,c–e). The GTD increased in a straight line more slowly compared
with the cropland (well 9), and varied from 2.5 m to the soil surface along with the progressive
groundwater lateral migration recharge. The increasing process was sustained until the freezing
process began, which was different from the croplands. The GEC below the fallow area experienced
different variation trends with different initial values, irrigation times, and fallow locations. The GEC
below well 8, which was located in the village and adjacent to a road, was not like the other fallow
wells located in the middle fallow areas. Well 8 had a decreasing trend and large variations during the
final autumn irrigation period (Figure 5a). The other fallow wells continuously increased between
the autumn irrigation period, especially for well 10, which increased from 5 mS·cm−1 to 15 mS·cm−1

(Figure 5c). Well 12 demonstrated the same increasing trend to 2.8 mS·cm−1. Well 11 fluctuated with
an initial slight increase, reaching a value of 8 mS·cm−1, and finally showing a decreasing trend with
redistribution and drainage (Figure 5d).
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Figure 4. The fluctuation of the groundwater table depth (GTD) and groundwater electrical
conductivity (GEC) in the fallowed area between 2007 and 2011: (a) GTD dynamics and (b) GEC
dynamics. The dashed line represents the average value of four fallow wells (well 8, well 10, well 11,
and well 12) and one irrigated well (well 9).

Another interesting finding was the process of increase in GTD, which presented some differences
between irrigated and fallow areas. The increase in GTD below the fallow areas decreased for 10 days
after the autumn irrigation event, and then displayed a slightly decreasing trend toward the soil
surface, whereas the GEC sharply increased with the end of the water redistribution. The GTD reached
the soil surface after two days and 15 days of autumn irrigation in the irrigated croplands and the
fallow areas, respectively. During the increase in the GTD below the fallow areas, the salts that had
accumulated in the fallow soil profile began to dissolve until the lateral groundwater recharge reached
equilibrium. This means that a steeply increasing process for the GEC below the fallow areas occurred.
However, the GEC finally decreased if the initial value was larger than the lateral migration flowing
water. So, as shown in Figure 5a,d, the dynamic trend depends on the initial value, the location,
and distance, and the irrigation management. The salt also drained away from the soil profile of the
irrigated and fallow areas during the irrigation and drainage processes. This means that the salt in the
soil profile redistributed under the two processes, making room for its storage and accumulation in
the next crop growth stage.
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Figure 5. The GTD and GEC variation in the fallow and irrigated area during autumn irrigation: (a)
well 8, (b) well 9, (c) well 10, (d) well 11, and (e) well 12.

As we compared the processes of water diversion and the dynamics of GTD, the fallow areas
produced good responses to the irrigation events of the surrounding croplands, and the GTD rose near
the ground surface with the recharge of the groundwater transverse flow from cropland irrigation.
However, this process had little salt leaching function; the salt accumulation in the observed areas
is shown in detail in Table 1. As Table 1 shows, the salt accumulation in the soil profile had an
increasing trend from 2007 to 2011. The croplands (we use superscript 1 to represent the Location
line of Table 1) have different increasing trends during five years. The dynamic change in GTD in
fallow areas indicates that the process of lateral groundwater migration from the irrigation croplands
recharges the fallow area continuously and increases the salt content simultaneously.
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Table 1. Different average values in salt profile (%; 2011 minus 2007).

Location
Soil Profile (cm)

Average
0–10 10–30 30–50 50–70 70–100 100–140

Well 1 1 0.06 −0.01 −0.02 0.03 0.32 0.32 0.07
Well 2 1 0.06 0.07 0.08 0.11 0.18 0.04 0.09
Well 3 1 0.13 0.05 0.02 −0.05 0.02 −0.04 0.03
Well 4 1 0.05 0.09 0.02 0.07 0.15 −0.05 0.06
Well 5 1 0.19 0.01 0.16 0.13 0.24 0.20 0.15
Well 6 1 0.04 0.03 0.02 0.07 0.09 0.03 0.04
Well 7 1 0.02 0.02 0.05 0.11 0.12 0.07 0.06
Well 8 2 −0.44 −0.28 −0.06 0.10 0.06 0.06 −0.09
Well 9 1 0.01 0.05 0.10 0.08 0.05 0.08 0.06

Well 10 2 0.85 0.10 0.13 0.12 0.12 0.17 0.25
Well 11 2 0.01 0.17 0.03 0.08 0.12 0.13 0.09
Well 12 2 0.04 −0.03 −0.03 −0.03 −0.05 −0.04 −0.02

Note:1 in the table represents croplands and 2 represents fallow lands.

3.2. Inter-Exchanges of Water Transport of the DDS

The computed water transport of the DDS for each fallow block from May to October over
the five-year analysis is shown in Table 2. The computed items in the conceptual model included
the changes in soil and groundwater storage, the evapotranspiration in the fallow areas, and the
precipitation. The computed period was between May (the first irrigation event) and October (the
autumn irrigation) each year. We found that the storage changes in the soil water content and the
groundwater during every irrigation event presented considerably variations between each block and
time. The former and latter varied from −128 mm to 2 mm and −75 mm to 165 mm, respectively.
The comprehensive results together ranged from −109 mm for well 11 in 2011 to 128 mm for well
12 in 2008. Evapotranspiration from the fallow areas of each block was as high as 751 mm during
the five-year ongoing data collection, and the lowest degree of evaporation, occurring in well 8 in
2011, was 216 mm. The precipitation was also different: precipitation in 2008 reached twice the annual
average. The dry drainage depth was unstable, varying from 60 mm to 557 mm. The average water
transport by the DDS for each block varied between 170 mm and 422 mm, demonstrating strong
spatio-temporal variability.

The relations between storage change, evaporation, and rainfall and dry drainage depth are
displayed in Table 2. All the computed items had positive correlations with the dry drainage depth
during the various processes, especially the evapotranspiration in fallow areas, which determined
the capability of the DDS in a given block or district. The rainfall and storage changes had weak
correlations due to the different soil properties, GTD, soil quality, and the crop type. The synthesis of
these numerous factors exerted a considerable influence on the capability of the DDS. The precipitation
was discontinuous and heavy intensity rainfall was uncommon. Thus, it may not percolate to the
deep soil profile or recharge the groundwater considering the high evaporation rate, so its effect on
the DDS was not obvious. In general, the capability of the DDS was relative to a variety of influential
factors, such as water table depth and size, the ratio of fallow to irrigated area, the crop species, and
the distribution of the fallow lands in the landscape. It was difficult to regularly obtain generalized
results and uniform reference criteria for the DDS, so the evaluation should depend on a typical and
specific block or district with distinct management strategies.
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Table 2. Dry drainage depth from the four fallow blocks (2007–2011).

Location Year ΔS (mm) μΔH (mm) Ei (mm) P (mm) Ddi (mm) Average (mm)

Well 8

2007 −38 119 339 140 280

170
2008 −7 80 431 314 190
2009 −93 75 261 92 152
2010 −95 120 319 174 170
2011 −101 19 216 74 60

Well 10

2007 −59 122 473 140 396

388
2008 1 23 752 314 462
2009 −95 109 634 92 557
2010 −30 29 433 174 258
2011 −55 −22 419 74 268

Well 11

2007 −11 43 493 140 385

422
2008 −12 30 751 314 455
2009 −128 139 625 92 545
2010 −16 −7 545 174 348
2011 −38 −71 563 74 380

Well 12

2007 −28 25 327 140 184

248
2008 2 126 459 314 273
2009 −103 63 349 92 218
2010 −5 99 340 174 260
2011 −117 165 330 74 304

Note: ΔS (mm) and μΔH (mm) are the storage capacity changes in the soil water and in the groundwater, respectively;
Ei is the total evapotranspiration of the fallow area, block i (mm); and P is the precipitation within the calculation
period (mm).

The distribution type and location of the fallow areas exerted strong influences on the dry drainage
depth. The fallow area where well 8 was located is situated in the margin of a village and adjacent
to a road; it had the lowest drainage depth among the four blocks. The evaporation rate was mostly
constricted by the hard road surface and the varieties of buildings. Observation wells 10 and 11 were
located in the center of fallow areas, and the capability of the DDS here was greater than in the other
blocks. This indicated that the distribution pattern of the fallow areas was a critical aspect when
designing the DDS. However, the DDS is more likely to need a larger drainage area than artificial
drainage, especially for subsurface drainage. Thus, whether land is a limiting factor for agricultural
applications and for the long-term economic profit of the DDS should be evaluated. The dry drainage
depth was one of the main factors for designing the ratio of irrigated to fallow lands for creating a sink
area that also depended on other influencing factors mentioned above.

3.3. Water and Salt Balance

The five-year observations of water and salt balance are shown in Table 3. The application of
irrigation water had little difference over the five years, and reached over 1000 × 104 m3, except in
2008, when it only reached 856 × 104 m3. The main reason for this was that a substantial precipitation
event of 314 mm occurred, which was roughly twice the multi-year average precipitation. The dry
drainage water amount was obtained from the multiplication of the DDS depth and block areas,
ranging from 199 × 104 m3 (2011) to 296 × 104 m3 (2009). The amount of water transported from
irrigated croplands to fallow areas was 1258 × 104 m3 over the five years, which was 4.3 times that
which was moved by ADS. The TDS values of the irrigation and drainage water were 0.5 g·L−1 and
1.2 g·L−1, respectively, and the groundwater TDS ranged from 1.6 g·L−1 to 2.43 g·L−1. The salt
imported with the irrigation ranged from 4366 t to 7657 t over the five years, and the sum of the
imported salt was 33,013 t. The effects of the DDS and the artificial drainage were multiplied by the
corresponding salinities of the groundwater and the drainage water, respectively. The corresponding
salt movement by the DDS was, on average, 7.7 times that of the artificial drainage, with values of
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27,472 t and 3575 t, respectively, and it was as high as 10 times in 2008 and 2010. The residual salt in
the irrigated croplands varied over the five-year period according to the balance analysis. In the first
three years, salt balance was well maintained. However, over the final two years, more than 30% of
the imported salt was left inside the irrigated areas. Considering the 4.9% salt being desalinated from
the irrigated croplands according to the five-year balance results, the DDS had an obvious function in
maintaining the salt balance of the croplands. The salt balance for quantifying the effectiveness of the
DDS was 27,472 t over the five-year timespan.

Table 3. Five-year water and salt balance of the observation field.

Balance Item 2007 2008 2009 2010 2011 2007–2011

Irrigation (104 m3) 1320 856 1382 1151 1418 6127
Dry drainage water (104 m3) 266 282 296 215 199 1258

Artificial drainage water (104 m3) 73 43 69 30 78 293
Irrigation water salinity (g/L) 0.54 0.51 0.47 0.64 0.54
Groundwater salinity (g/L) 2.30 2.43 2.24 2.18 1.60

Drainage water salinity (g/L) 1.20 1.20 1.25 1.28 1.20

Imported salt with irrigation (ton) 7128 4366 6495 7367 7657 33,013
Dry drainage salt (ton) 6118 6853 6630 4687 3184 27,472

Artificial drainage salt (ton) 876 516 863 384 936 3575
Residual salt in the irrigated area (ton) 134 −3003 −998 2296 3537 1966

Residual salt in the irrigated area (kg/ha) 65 −1450 −482 1109 1708 950
Residual ratio 1.9% −68.8% −15.4% 31.2% 46.2% −4.9%

Figures 6 and 7 show the SSC of the soil profile between 0 and 140 cm in the fallow areas and
the irrigated croplands, respectively. The SSC increased over the five years, both in the irrigated and
fallow lands, and the dynamic change in salt in the fallow areas had similar trends in the 140 cm soil
profiles, as all the soil layers had almost equivalent increases, except in the topsoil. The soil salinity
of the fallow areas increased four times and the deep soil profile had different degrees of increase
(Figure 6). Well 8 was located in the margin of a road, and it had a thick and compact soil profile, so that
upward salt movement was difficult, and salt mainly accumulated in the deep soil. Well 10 was located
in the middle of the fallowed region; the salt accumulated in the topsoil more obviously. However,
a variation in the increasing degree of SSC occurred in the irrigated croplands; this may have been
decided by the different crop types and the irrigation plans (especially autumn irrigation). Figure 7
shows the dynamic change in two different seasons’ salt profiles. The irrigated cropland had slight
salinity accumulations in the seeding and harvest periods. We concluded, by referring to Table 3, that
the residual salt concentration in the irrigated areas was about 950 kg·ha−1. The SSC in the irrigated
area reached a balanced state under the drainage effects of the DDS; with other drainage methods, the
salinity in the soil profile did not reach this threshold salinity for crops [17]. Table 1 also shows that,
although the distribution of SSC was maintained at an appropriate degree, the salinization areas did
not increase in the irrigated croplands, but the areas of moderate salinization increased, mostly in the
fallow regions. Sunflower, the main economic crop species, is salt tolerant and exhibited a moderate
sensitivity to salt. Residual salt in the irrigated areas gradually increased, which was partly due to the
intensification of agriculture and massive land reclamation. Farmers irrigated fallow lands with the
same scheme as used with irrigated croplands for salt leaching a few years after land reclamation, even
though no crops were planted. The quantity of the fallow areas declined steeply with the government
management strategy encouraging farmer activities in the reclamation of low-lying natural ponds or
natural patches. With a lack of effective and timely management irrigation and drainage measures,
more sediment is deposited in the drainage canal bed. Without an adequate outlet to remove leaching
salts from irrigation districts, the excess water and salt remain and accumulate in the soil profile and
the groundwater.

290



Water 2019, 11, 111

  

Figure 6. Soil salt content (SSC) profile in the fallowed areas (Left: Well 8; Right: Well 10).

  

Figure 7. Soil salt content (SSC) profile in the irrigated cropland, well 9 (Left: 26 April; Right: 26 July).

3.4. Effectiveness and Sustainability of a Dry Drainage System

One of the most important aspects for operating a DDS is the frequent and intense transverse
flow of water from irrigated croplands to fallow regions [22]. The main concern with the management
of fallow areas in a DDS is how to increase, or at least maintain, the evaporation rate from the bare
soil surface and how to improve the efficiency of salt removal to accommodate large-scale intensive
agriculture in the future [11]. A DDS would satisfy the water and salt balance demands, which also
depend on the acreage of the irrigation district, the hydrogeological and climatic conditions, the ratio
of fallow to irrigated croplands, and their distribution pattern [9,11,12,15,21,30]. The ratio of irrigated
to fallow areas is a critical aspect for public policy makers when designing a DDS. In previous studies,
it varied from 1 to 15, with many variations in influencing factors [9,11,18]. In this study, the ratio is
about four. We deem that DDS is effective if the evaporation rates in the fallow areas exceed the lateral
migration of water from the croplands. The average volume of transported water from the four blocks
was 307 mm during the five-year observation, which was less than the evaporation of 453 mm in the
fallow areas, which means that the current ratio could be higher.

To improve the capability of a DDS, a shallow GTD is often adopted. In the HID, natural patches
maintain the DDS function, with its distribution regions usually being 30 cm lower than the adjacent
croplands [21]. A study in San Joaquin Valley, California, U.S.A., proposed a 30-cm-deep excavation
of a depression for achieving only the necessary evaporation flux from the groundwater in fallow
areas [11]. However, the appropriate GTD should balance the ecological water demand of crops and
vegetation, bare soil evaporation, and salt accumulation in the soil profile. This means that an optimum
GTD is critical for leaching practices [9,12] and for agro-ecosystem sustainability [17]. An optimum
depth of 1.4–2 m for tamarisk in natural patches obtained a desalination rate of 45–100% compared
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with the initial salinity. However, 26–48% of bare soil evaporation was reduced [21,22]. Therefore,
a suitable GTD helps balance crop growth, regional ecology, and the DDS function.

The fallow areas not only act as an evaporation sink, but also as a salt repository. Water and soluble
salts transport upward through capillary action that causes salt capping on the topsoil, deterioration of
soil hydraulic properties, and ecological degradation in natural patches [9,21,31,32]. The driving force
for capillary rise that is caused by a gradient of vapor pressure near the soil surface decreases since
the soil profile is plugged by imported salts, which significantly impacts evaporation in the fallow
areas [32,33]. As the salts continuously accumulated in the fallow areas (Table 1), the effectiveness of
DDS may be questionable. Therefore, suitable management measures, such as excavation, tillage, or
others, are required for maintaining a DDS’s capability. This needs additional costs (i.e., earthwork and
machinery expenses) [11]. Recent studies showed that planting halophytes and salt-tolerant crops help
mitigate the adverse effects of salt accumulation on soil permeability and porosity in fallow soil [34].
In the HID, natural patches distributed around the croplands, which grow varieties of halophytes, also
promote the hydraulic gradient through root water uptake [19,21–23].

To summarize, we propose the following for the effective and sustainable use of a DDS. Firstly,
intensive irrigation in accordance with leaching requirements (LR), about 0.2 in the local area, and
sufficient fallow with an optimal distribution pattern for the DDS, are required to achieve a uniform
distribution of salt accumulation. Secondly, a relatively shallow GTD must be carefully selected that
satisfies both the LR and the balance as a valuable resource for plant root uptake of water in irrigation
croplands with high evaporation rates at fallow [9,11,34]. Thirdly, suitable management measures,
such as tillage, excavation, and cultivation with halophytes, are required to sustain the operation of
the DDS.

4. Conclusions

The DDS is a potential approach for controlling soil salinity induced by irrigation, and can
contribute to attaining and sustaining the salt balance in irrigated lands with insufficient ADS. The GTD
in the fallow areas quickly responded to the lateral recharge from the surrounding croplands. The GEC
of the fallow areas increased from 5 mS·cm−1 to 15 mS·cm−1, the excess water moving to the fallow
lands was roughly four times greater than that moved by an ADS, and it contained 7.7 times more salts.
The DDS played a more important role compared to ADS in draining excess water and salt in terms of
many impact factors, including environmental and economic factors, and long-term interests. However,
a slight salt accumulation occurred in the irrigated croplands and the SSC greatly increased in the fallow
land. It is necessary to pay attention to the effectiveness and sustainability of the DDS in the long-term
operation, and management practices must be applied to fallow areas, including groundwater table
management and land use planning. From an aggregated perspective, more large-scale experiments,
observations, and simulations should be performed on the DDS, including adequate demonstrations
of both theoretical and practical concepts in multi-scale field tests in future research. The effectiveness
and sustainability of DDSs need to be substantially evaluated by a co-operative effort with different
expert disciplines in the fields of hydrology, agronomy, physiology, soil, and genomic science before
engineering applications are introduced. Then, this alternative method for controlling soil salinity will
be economical and more practical.
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Abbreviations

EC electrical conductivity (mS·cm−1)
GEC groundwater EC (mS·cm−1)
TDS total dissolved solids (g·L−1)
P precipitation (mm)
DDS dry drainage system
YES Yonglian Experimental Station
HID Hetao Irrigation District
ADS artificial drainage system
FIP flowmeter-installed position
GTD groundwater table depth
SSC soil salt content
LR leaching requirement
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Abstract: Experimentally characterizing evapotranspiration (ET) in different biomes around the
world is an issue of interest for different areas of science. ET in natural areas of the Brazilian Pampa
biome has still not been assessed. In this study, the actual ET (ETact) obtained from eddy covariance
measurements over two sites of the Pampa biome was analyzed. The objective was to evaluate the
energy partition and seasonal variability of the actual ET of the Pampa biome. Results showed that
the latent heat flux was the dominant component in available energy in both the autumn–winter
(AW) and spring–summer (SS) periods. Evapotranspiration of the Pampa biome showed strong
seasonality, with highest ET rates in the SS period. During the study period, approximately 65% of
the net radiation was used for the evapotranspiration process in the Pampa biome. The annual mean
ET rate was 2.45 mm d−1. ET did not show to vary significantly between sites, with daily values
very similar in both sites. The water availability in the Pampa biome was not a limiting factor for ET,
which resulted in a small difference between the reference ET and the actual ET. These results are
helpful in achieving a better understanding of the temporal pattern of ET in relation to the landscape
of the Pampa biome and its meteorological, soil, and vegetation characteristics.

Keywords: actual evapotranspiration; Pampa biome; eddy covariance; evaporative fraction;
hysteresis loops

1. Introduction

Many experimental studies have been carried out to quantify the evapotranspiration (ET) of
different ecosystems and biomes around the world using the eddy covariance (EC) methodology,
which is main methodology employed to estimate actual ET from site micrometeorological
measurements [1,2]. However, the Pampa biome, characteristic of southern Brazil and part of Argentina
and Uruguay, is still not well characterized using that methodology or the quantification of ET and
its relationship with environmental variables. In southern Brazil, the Pampa biome presents mostly
grassland vegetation interspersed with gallery forests [3]. It is a complex biome, which has different
vegetation, among which the most representative is fields dominated by grasses. Related studies are
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lacking and the only recent one refers to characterizing the actual ET of Tifton 85 Bermudagrass as
affected by the frequency of cuttings [4].

Although the flora of the Pampa biome totals more than 3000 species, it is dominated by about
450 species of forage grasses and more than 150 species of legumes. The development of this flora is
due to the different effects associated with latitude, altitude, and soil fertility. Thus, the Pampa biome
presents unique characteristics in terms of vegetation/grass cover [5]. This plant diversity among the
species characteristic of the biome’s vegetation is what determines the vegetation growth capacity in
the seasons of the year, thus defining the balance of the annual production of forage.

Human activities have converted or degraded many areas of this biome [6]. The main use of this
region is cattle raising, with a variation of the animal load between the seasons [7]. As a biome that
faces fragility of soil, flora, and fauna, sustainable land use in the Brazilian Pampa is only possible if
economic activities are adequately conditioned by the soil and environment capacities and adaptations
of its plant and animal communities, as well as the related dynamic conditions throughout the biome.
It is therefore essential to improve knowledge of vegetation changes due to anthropogenic and/or
climatic causes.

In this study, estimates of actual evapotranspiration (ETact) of natural vegetation of the Pampa
biome using the eddy covariance methodology [1,2] were analyzed for two sites in southern
Brazil—Santa Maria (SMA) and Pedras Altas (PAS)—located about 300 km from each other. Both sites
are within the Pampa and have quite similar vegetation and climate. Their selection owed mainly
to differences in soil hydraulic characteristics, with SMA having deep soil with a high water
holding capacity and PAS having shallow sandy and stony soil with a small water holding capacity.
These differences allowed us to capture the influences of soil characteristics on evapotranspiration
fluxes and, thus, on the behavior of actual ET throughout the year.

Only a few eddy covariance studies exist for comparison of evapotranspiration in natural pastures.
In Arizona, United States, Krishnan et al. [8] obtained daily values varying from 2.8 to 3.6 mm d−1.
Hu et al. [9] showed annual variations of ET of up to 4 mm d−1 in a pasture in Inner Mongolia.
Trepekli et al. [10], for a coastal grassland in the Mediterranean climate of Greece, reported maximum
ET of 8.2 mm d−1 in the period of the highest air temperature (summer), while ET values were
negligible in winter. Rajan et al. [11] reported that ET was strongly affected by on-site water availability
in a managed pasture in the Southern Great Plains, Texas, United States.

In Brazil, evapotranspiration in some different ecosystems has been characterized using eddy
covariance data, for example, in the Amazon rainforest [12–14], in the Pantanal biome [15], and in the
Cerrado biome [16,17]. However, these ecosystems are in the tropical region, where the seasonality is
dominated by precipitation rates. Differently, the Pampa biome is in the subtropical climate, where the
seasonality is dominated by solar radiation and presents regular precipitation rates. Therefore, in this
study, we intend to answer the following scientific questions about ET in the Pampa biome: (i) How is
the partition of energy in the surface? (ii) Which are the physical processes determining the evaporative
fraction? (iii) What is the seasonal variation of ET? (iv) What is the relation between actual and reference
ET? (v) What is the form of the hysteresis between ET and meteorological variables on a daily timescale?

2. Materials and Methods

The study period was from 1 September 2014 to 1 September 2016 for two sites in the Pampa
biome in the State of Rio Grande do Sul (RS), Brazil: Santa Maria (SMA) and Pedras Altas (PAS).
This period was divided into subperiods that comprised autumn–winter (AW) and spring–summer
(SS). The AW period refers to the months of April–September and SS to the months of October–March.

2.1. Site Description

The experimental site of SMA—29◦43′27.502” S; 53◦45′36.097” W; 88-m elevation—is located in
the experimental area of the Federal University of Santa Maria, covering 24 ha of natural vegetation
characteristic of the Pampa biome, near the city of Santa Maria (Figure 1). The experimental area is part
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of the International Long Term Ecological Research (ILTER) network. The vegetation in the study area,
used as pasture for beef cattle, mainly consists of native grasses with a predominance of Andropogon
lateralis, Axonopus affinis, Paspalum notatum, and Aristida laevis [18]. This composition is uniformly
distributed in the study area [19]. Some studies have already been carried out in this experimental site
with objectives focused on the study of the morphogenesis of native species [20,21]. The regional soil
type is locally known as a “Planossolo Háplico Eutrofico” according to the exploratory map of soils of
RS state [22]. These soils have high fertility and high water retention capacity. The physical properties
of the soil in SMA are described in Table 1, representing a deep silt–clay–loam soil. According to the
classification of Köppen [23], the climate belongs to the Cfa group, defined as temperate humid with a
hot summer.

Figure 1. Location of study areas in the Pampa biome—Santa Maria (SMA) and Pedras Altas
(PAS)—with the respective wind rose for the study period.

The second site, PAS—31◦43.556′ S; 53◦32.036′ W; 395-m elevation—is located on a private
farm near the city of Pedras Altas (Figure 1). As with the Santa Maria site, there is no evidence
that the area was used for another type of management than livestock. Both sites are situated
within similar vegetation physiognomies in the Pampa, with a great diversity of grass species [24].
The phytophysiognomy of the PAS has double extract with predominance of creeping species,
mainly stoloniferous and rhizomatous species, and also includes Axonopus affinis, Paspalum notatun,
Aeristida laevis, and Iriantus angustifolium. The soil consists of Neosols and Cambisols [22], with rocky
outcrops. The soil textural characteristics described in Table 1 correspond to a shallow sandy-loam soil.
The climate also belongs to the Cfa classification.

The footprint of the EC was calculated using the software EddyPro® according to the methodology
proposed by Kljun et al. [25]. The fetch analysis indicated that about 90% of the flux originated within
a circle with a radius of 115 m for SMA and 90 m for PAS. At both sites, there were no obstacles within
the footprint area. Wind in the SMA was predominantly eastern (46%), with its maximum intensity
reaching 9 m s−1. The wind direction at the PAS was southeast (approximately 27%), with maximum
intensity for the period reaching 11 m s−1.
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Table 1. Physical properties of the soil at the experimental sites in the SMA and PAS sites in
southern Brazil.

Depth *
(cm)

Sand
(%)

Clay
(%)

Silt
(%)

Field Capacity θFC

(m3 m−3)

Permanent Wilting
Point θWP

(m3 m−3)

Macroporosity
(m3 m−3)

Microporosity
(m3 m−3)

Santa Maria

05 47.12 16.90 35.97 0.34 0.12 0.10 0.36
10 42.85 20.09 37.05 0.31 0.11 0.12 0.33
25 40.03 22.61 37.36 0.24 0.12 0.13 0.35
45 34.36 32.70 32.94 0.35 0.13 0.13 0.37
75 26.47 43.71 29.82 0.41 0.21 0.12 0.42

100 28.81 40.06 31.13 0.41 0.16 0.08 0.42
110 17.45 34.28 48.27 0.40 0.26 0.05 0.40
125 17.74 27.95 54.31 0.37 0.25 0.08 0.41
145 14.94 30.65 54.41 0.42 0.17 0.05 0.43

Pedras Altas

05 59.30 0.81 39.89 0.31 0.03 0.12 0.32
15 58.11 0.90 40.98 0.26 0.03 0.13 0.28
30 56.33 1.01 42.66 0.23 0.04 0.16 0.24
50 54.35 1.18 44.45 0.23 0.05 0.16 0.24

* Soil depths refer to the horizons not affected by saturation water.

2.2. Meteorological and Flux Measurements

The experimental data for both sites were obtained with flux towers. In Santa Maria, the
sensor set included a 3D sonic anemometer (Wind Master Pro; Gill Instruments, Hampshire,
UK), measuring wind and air temperature components, and a gas analyzer (LI7500, LI-COR Inc.,
Lincoln, NE, USA), measuring the H2O/CO2 concentration at 3-m height sampled at a 10-Hz frequency
from 1 September 2014 to 15 June 2016. After this period, the gas analyzer and the anemometer were
replaced by the sensor Integrated CO2 and H2O Open-Path Gas Analyzer and a 3D Sonic Anemometer
(IRGASON, Campbell Scientific Inc., Logan, UT, USA). At the Pedras Altas site, the same variables
were obtained using a sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA) and an
open path infrared gas analyzer (LI7500, LI-COR Inc., Lincoln, NE, USA), set at the height of 2.5 m for
the entire period.

Atmospheric variables were measured at both sites with the following sensors placed at 3-m height:
air temperature and relative humidity (RH) with a thermo-hygrometer (HMP155, Vaisala, Finland),
and precipitation with a rainfall sensor (TR525USW, Texas Electronics, Dallas, TX, USA). At the
Santa Maria site, net radiation and short-wave incident radiation sensors (CNR4, Kipp & Zonen,
Delft, The Netherlands) were used. At Pedras Altas, measurements of short-wave incident radiation
(Li 200S Pyranometer—LI-COR, Lincoln, NE, USA) and net radiation (CNR2—Campbell Scientific
Inc., Logan, UT, USA) were performed. At both sites, soil heat flux was measured with soil heat plates
(HFP01, Hukseflux Thermal Sensors B.V., Delft, The Netherlands) placed at 0.10-m depth and soil
water content was measured using water content reflectometers (CS 616, Campbell Scientific Inc.,
Logan, UT, USA) at a depth of 0.10 m.

2.3. Flux Data Processing and Gap Filling

The eddy covariance method was used in the high-frequency data (10 Hz) for the determination of
the sensible heat flux (H) and latent heat flux (LE) over 30-min block average using EddyPro® software
version 6.1 (Li-Cor, Lincoln, NE, USA). The configurations used were double rotation and correction for
the effects of density [26], and the high frequency spectral correction was based on the mathematical
formulations to model the attenuations due to the instrumental configuration [27]. High and low-pass
filter corrections followed the methodology of Moncrieff et al. [28] and Moncrieff et al. [29], respectively.
Flux quality tests followed the Mauder and Foken [30] methodology. Angle of attack correction
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for wind components was used according to the Nakai and Shimoyama [31] methodology. Finally,
for statistical analysis, spikes removal followed the method of Vickers and Mahrt [32].

In postprocessing, LE and H data for periods that showed physically inconsistent and during
precipitation events (and up to 60 min after the event) were discarded. The inconsistency referred
to LE values < −40 W m−2 or > 650 W m−2 at SMA and LE < −200 W m−2 or > 650 W m−2 at
PAS; H values < −60 W m−2 or > 300 W m−2 at SMA and H < −100 W m−2 or > 300 W m−2 at PAS.
After data filtering, which also included malfunctioning periods, the total LE data gap was 30% at both
sites and the total H data gap was 19% at SMA and 30% at PAS.

The energy balance closely followed the Foken et al. [33] methodology. With this methodology,
the residual between the available energy (Rn − G) and the energy used for turbulent processes
(H + LE) was partitioned between LE and H using the experimental Bowen ratio (β = H/LE) for
each site.

Gaps in LE and H data were filled using the method proposed by Reichstein et al. [34] with
the REddyProc package. In order to complete the missing data of the meteorological variables used
in the gap-fill method, data of air temperature, relative humidity, precipitation, and solar radiation
collected by the automatic stations of the National Institute of Meteorology (INMET) were used. For the
SMA site, the nearest INMET station is approximately 4 km from the flux tower (29.72◦ W, 53.72◦ S,
103-m elevation). The nearest INMET station to the PAS site is located in the city of Bagé, 67 km away
(at the position: 31.34◦ W, 54.01◦ S, 226-m elevation).

2.4. Evapotranspiration

The actual evapotranspiration of the Pampa biome (ETact) was estimated from the mean LE in
W m−2, measured with the EC method, thus resulting in

ETact =
LE

Lvρw
(1000)(Δt) (1)

where Lv is the latent heat of vaporization (2.45 × 106 J kg−1), ρw is the water density (998 kg m−3),
and Δt is the time scale used in the analysis (the same time scale of LE average). To obtain daily ET
(mm d−1), the Δt was 86400 s, and to obtain hourly ET (mm h−1), Δt was 3600 s.

The daily reference evapotranspiration, ETo (mm d−1), was computed with the FAO-PM
equation [35], defined as

ET0 =

(
0.408Δ(Rn − G) + γ 900

T+273 u2(es − ea)

(Δ + γ(1 + 0.34u2))

)
(2)

where Rn is the net radiation flux density at the crop surface (MJ m−2 d−1), G is the soil heat flux
density (MJ m−2 d−1), T is the air temperature at 2-m height (◦C), u2 is the wind speed at 2-m height
(m s−1), es is the saturation vapor pressure (kPa), ea is the actual vapor pressure (kPa), Δ is the slope of
the vapor pressure curve (kPa ◦C−1), and γ is the psychometric constant (kPa ◦C−1). The wind speed
at 2-m velocity was estimated using the Allen et al. [35] methodology applied to the measured data.

3. Results and Discussion

3.1. Atmosphere and Soils

The daily variation of the meteorological variables is shown in Figure 2. The incident short-wave
or global radiation, Rg, presented strong seasonality. On average, Rg in the SS period was 51% and
56% higher than in the AW period in the SMA and PAS sites, respectively. For the entire study period,
the mean value for Rg was 173.8 and 182.1 W m−2 for SMA and PAS, respectively. Mean values of
air temperature were 19.3 and 17.1 ◦C, which were close to the climatological normal values (18.8 ◦C
for SMA and 17.9 ◦C for PAS) [36]. Comparing AW and SS periods, the air temperature presents
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a well-defined seasonal variation, with daily minimum close to 4 ◦C in the AW season and a daily
maximum of 30 ◦C in the SS period for both sites.
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Figure 2. Daily values of meteorological variables: (a) Global Radiation—Rg (W m−2), (b) Air
Temperature—Temp (◦C), (c) Relative Humidity—RH (%), and (d) Vapor Pressure Deficit—VPD
(kPa). The hatched areas indicate the autumn–winter (AW) periods.

The RH of the air presented great variability throughout the year, without characterizing a
seasonal pattern, and with daily mean values ranging from 43% to 100% in SMA and from 48% to 98%
for PAS. The mean values of RH were 82% for both sites. The vapor pressure deficit (VPD), defined by
the difference between the saturation and actual vapor pressure, ranged from 0 to 2.58 kPa per day.
Its dynamics showed a pattern similar to that of air temperature in both sites. On average, for the
entire period, the VPD value for the SMA site was greater than for PAS.

Figure 3 shows daily accumulated precipitation, Prec (mm), and soil water content, θ (m3 m−3).
The precipitation was generally well distributed throughout the year and the total values were
similar for each site in different years. For the 2014/2015 year (September 2014 to September 2015),
the precipitation was 1922 mm at SMA and 1753 mm at PAS, and in 2015/2016, it was 2050 mm at SMA
and 1788 mm at PAS. These values were greater than the climatological average for both sites, 1300 mm
for PAS and 1617 mm for SMA. The high precipitation values in the study period, especially 2015/2016,
were due to the El Niño phenomenon [37], which tends to increase precipitation in southern Brazil.
For the AW and SS periods, the accumulated precipitation was 1085.6–1020 mm and 489–1377 mm
for SMA and 1105–901 mm and 433.2–1102 mm for PAS, respectively, in 2014/2015–2015/2016.
Although the highest cumulative precipitation occurred in the SS period for both sites, the maximum
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daily precipitation occurred in winter for PAS, 122 mm on 19 July 2015, and in spring for SMA, 126 mm
on 7 October 2015.

The mean for soil water content was approximately 60% higher in the SMA site than at the PAS
site because the soil at SMA is a clay loam soil and thus has a higher water holding capacity than
at PAS, where the soil is a shallow sandy loam soil with rocky outcrops, thus having a small water
holding capacity. On days when precipitation occurred, the mean values of θ reached 0.35 m3 m−3 for
both sites. The PAS site showed greater variability of θ throughout the year.
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Figure 3. Daily accumulated precipitation, Prec (mm d−1), and volumetric soil moisture at 0.1-m depth,
θ (m3 m−3), for (a) SMA and (b) PAS. The bar plot represents accumulated daily precipitation and the
lines represents θ. The hatched areas indicate the AW periods. Observations were not performed from
September 2014 to January 2015 at SMA.

3.2. Energy Balance Closure

The relationship between the available energy (Rn − G) and the turbulent heat fluxes (H + LE)
was used as an indicator of the accuracy of the energy fluxes, H and LE [38]. This relationship (Figure 4)
was obtained with the experimental data but excluded periods when turbulent fluxes were gap filled.
The slope of the linear regression was 0.75 for SMA and 0.72 for PAS, representing an underestimation
of approximately 25% of the available energy by the turbulent fluxes.

Most studies in the literature have shown a nonclosure of the energy balance of around
10%–30% [39–43], which is typically related to the underestimation of the turbulent fluxes measured
by the eddy covariance method. Aubinet et al. [39] reported that an energy imbalance is expected
since, in the accounting of the results, not all the exchanges and processes involved are considered.
According to Foken et al. [44], the phenomenon of nonclosure of the energy balance on the surface is
not an eddy covariance method problem but a problem related to the heterogeneity of the terrain and
its influence on turbulent exchanges. They suggest that sensible and latent heat fluxes can be corrected
by using the Bowen’s ratio under the assumption that the scalar similarity is fulfilled. This technique
was followed in this work and the turbulent fluxes, H and LE, were corrected after partitioning the
residuals of the energy balance using the Bowen’s ratio.
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Figure 4. Scatterplots of the half-hour energy balance closure: the available energy (Rn − G) vs.
turbulent heat fluxes (H + LE) at (a) SMA and (b) PAS. The solid blue line represents the linear fit of
the data. For reference, the 1:1 line is also shown (dashed black line).

3.3. Energy and Water Availability in the Pampa Biome

The partition of the net radiation, Rn, between H (heat fraction, HF = H/Rn) and LE
(evaporative fraction, EF = LE/Rn) is shown in Figure 5. Both sites presented a significant difference in
the daily values of fractions HF and EF. In general, EF values were greater than HF. EF presented a
more significant seasonal variation and EF decreased during the AW period, with minimums between
May and August and higher values between September and October, the period of plant growth
(increase in biomass production) in the Pampa [45]. Moreover, in the AW season, HF and EF presented
greater daily variability, while in the SS period, that variability was small. The magnitude of the
difference between HF and EF was higher during SS periods, as influenced by the water and energy
availability, with increasing EF values.
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Figure 5. Six-day average of the evaporative fraction (EF = LE/Rn) and heat fraction (HF = H/Rn)
for (a) SMA and (b) PAS from September 2014 to September 2016. The hatched areas refer to the
AW periods.

The evaporative fraction in the year 2014/2015 was 0.69 for the PAS site and 0.66 for the SMA site.
In the year 2015/2016, these values decreased by 8% and 11% in the PAS and SMA sites, respectively.
The annual mean evaporative fraction for the total study period was 0.64 and 0.66 for the SMA
and PAS sites, respectively (Table 2). Therefore, approximately 65% of the Rn was used for the
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evapotranspiration process in the Pampa biome. In pasture vegetation near the Mediterranean coast,
Trepekli et al. [10] found that 67% of the available energy was transformed into LE during the growing
season and 20% during the vegetation senescence period.

Table 2 presents the values of the evaporative fraction in other Brazilian biomes. Da Rocha et al. [13],
in the Amazon rainforest, and Sanches et al. [15], in Pantanal, obtained average annual values for
the evaporative fraction of about 25% and 30%, respectively, higher when compared to Pampa.
Cabral et al. [17] found for Cerrado an annual mean EF similar to the results obtained in this study.
Diferently, Giambelluca et al. [16] obtained EF values of 27% for Cerrado Denso and 39% for the Campo
Cerrado lower than Pampa.

Table 2. Annual mean of evaporative fraction (EF) of various Brazilian biomes.

Biome EF = LE/Rn Reference

Pampa 0.66 This study, PAS site
Pampa 0.64 This study, SMA site

Amazon rainforest 0.86 Da Rocha et al. [13]
Pantanal 0.80 Sanches et al. [15]
Cerrado 0.68 Cabral et al. [17]

Cerrado Denso (CD) 0.48 Giambelluca et al. [16]
Campo Cerrado (CC) 0.40 Giambelluca et al. [16]

The evaporative fraction can be characterized into two main evapotranspiration regimes as
proposed by Seneviratne et al. [46]: soil water limited or energy limited. The reduction of soil water
content influences the evaporative fraction because when theta is low, the extraction of water by
the roots faces additional resistances and the rate of water extraction results are smaller than the
potential (not stressed) ET rate [4,35]. In other words, soil moisture provides a first-order control on
land–atmosphere exchanges when it is limiting. Figure 6 shows the relationship between soil water
content (θ) at 0.10-m depth and the evaporative fraction for our sites. The results did not show any
peculiar relationship that could help identify those two ET regimes, so a specific analysis was required.
From the experimentally measured field capacity (θFC) and permanent wilting point (θWP), the average
values for these parameters for 0.1 m were θFC = 0.35 and 0.26 m3 m−3, respectively, for SMA and
PAS, and θWP = 0.17 and 0.04 m3 m−3 for SMA and PAS, respectively. Shuttleworth [47] defined
the critical soil water content (θCRIT) distinguishing those two evapotranspiration regimes (water or
energy limited ET) as a typical value of 50%–80% of θFC. We assumed θCRIT as 65% of θFC (a mean
value between 50% and 80%), thus resulting in θCRIT values of 0.23 and 0.17 m3 m−3 for SMA and
PAS, respectively.

EF reached a maximum value EFmax = 0.93 for θ = 0.33 m3 m−3 in 2014/2015 and of EFmax = 0.88
for θ = 0.29 m3 m−3 in 2015/2016 at the SMA site. For the PAS site, the maximum EFs were EFmax = 0.88
for θ = 0.24 m3 m−3 in 2014/2015 and of EFmax = 0.83 for θ = 0.31 m3 m−3 in 2015/2016. These values
of θ for the maximum EF were between θCRIT and θFC at both the SMA and PAS sites for 2014/2015.
However, for PAS in 2015/2016, the value of θ for EFmax exceeded the values of field capacity. At the
SMA site, for both years of study, ET regimes were energy limited, corresponding to values of soil
water content above the critical value, θCRIT. In other words, the evaporative fraction was independent
of the soil water content and the ET process was controlled by the available energy. At the PAS site,
where the soil had a smaller soil water holding capacity and the soil water content remained lower than
at SMA, the ET regimes were not well defined. During the two years of analysis, a greater dependence
on the soil water content was observed, but values of θ higher than θCRIT were observed, namely,
for EFmax, due to the large and frequent precipitation observed. These results demonstrated that the
energy partitioning response to precipitation was more important at the PAS site because its soil had a
low water holding capacity.
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Figure 6. Evaporative fraction, EF, vs. soil water content, θ (m3 m−3), for (a) SMA and (b) PAS.
Gray rectangles indicate the position of values of θCRIT (critical soil water content), θFC (experimentally
measured field capacity), and θWP (permanent wilting point).

The analysis of the limiting factors, as well as the partitioning of the available energy in the
turbulent fluxes, is of essential importance for the modeling of these surface processes. Bagley et al. [48]
pointed out that the variables influencing the surface flux partition may change seasonally, depending
on the local vegetation conditions. It could also be noticed from our results that the soil and climate
behavior were influenced by seasonality, which also affected the partitioning of the turbulent flux.
Gokmen et al. [49] emphasized that the overestimation of ET usually occurs in the hydrological regime
where water availability is the limiting factor. Although the relationship between soil water content and
evapotranspiration depends on soil type, vegetation type, and vegetation adaptation to dryness [50],
the role of soil water content near the surface is significant.

3.4. Evapotranspiration Variability in the Pampa Biome

The ETact averages for the entire period at the SMA and PAS sites, 2.36 ± 1.4 and
2.56 ± 1.7 mm d−1, respectively, were very similar. Assuming the average of both sites, the Brazilian
Pampa biome presented a mean annual ETact of 2.45 mm d−1. The daily ETact values ranged from
close to 0 to almost 7.1 mm d−1 at both sites, with the lowest values in the AW period and the highest
values in the SS period (Figure 7), coinciding with the seasonal behavior of global radiation (Figure 2a).

The daily ETact decreased dramatically on cloudy days and subsequently increased sharply.
On average, the ETact in PAS was around 8% greater than in SMA (Table 3). This may be influenced by
the lower wind speed and lower Rg in SMA, as described in Section 2.1 [51]. The mean ETact values
during the AW period at the SMA and PAS sites were, respectively, 50% and 38% of the mean ETact in
the SS period.

Between July and September 2015, higher values for ETact were observed at the SMA site.
By separately analyzing the environmental variables for these days, we observed that high VPD,
low relative humidity of the air, high wind intensity reaching 4.7 m s−1, and a high air temperature of
about 30 ◦C did occur (Figure 2). These atypical days of high ETact values during AW were characterized
by the “north wind phenomenon”, corresponding to the occurrence of hot and humid wind coming
from Amazonia and which intensifies near Santa Maria due to its particular topography [52].
For pasture land near the Mediterranean coast, Trepekli et al. [10] reported maximum values for
ETact of 8.2 mm d−1 in summer, the value of which is 15% greater than those found in our study.
Those authors also reported that the values obtained for ETact greater than 8 mm d−1 were the highest
ET rates previously reported in comparable study areas. These values occurred due to advection flows
from the sea. However, negligible values for ETact were found in winter.
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Figure 7. Seasonal variability of actual daily evapotranspiration (ETact) at SMA and PAS sites from
September 2014 to September 2016. The hatched areas refer to the AW periods.

Table 3. Daily mean of actual evapotranspiration, ETact (mm d−1), and reference evapotranspiration,
ETo (mm d−1), for the Pampa biome sites of Santa Maria and Pedras Altas relative to various periods.

Period Site ETact (mm d−1) ETo (mm d−1)

Autumn and Winter, AW
Santa Maria 1.58 1.93
Pedras Altas 1.42 1.73

Spring and Summer, SS Santa Maria 3.15 3.83
Pedras Altas 3.68 3.74

Annual
2014/2015

Santa Maria 2.56 2.89
Pedras Altas 2.60 2.72

2015/2016
Santa Maria 2.16 2.79
Pedras Altas 2.49 2.82

Two-year period Santa Maria 2.36 2.84
Pedras Altas 2.56 2.76

There was a small difference between annual ETact average values for the SMA and PAS
sites (Table 3), approximately 2% and 13% in the years 2014/2015 and 2015/2016, respectively.
These differences may be associated with the precipitation and the soil characteristics of each site.
Figure 3 shows higher soil moisture for the SMA site because the soil water storage was larger there
than at PAS. Annual ETact at the PAS site represented 54% and 51% of the annual precipitation for
2014/2015 and 2015/2016, respectively. Differently, at the SMA site, ETact represented 48% of the
precipitation for 2014/2015, while for 2015/2016, this percentage was reduced to 39%. On average,
the actual ETact represented 44% of the observed precipitation for SMA and 53% for PAS in the two
years of study. Therefore, the average annual ETact in the Pampa biome (898 mm year−1) represented
48% of the accumulated precipitation (1878 mm year−1). Krishnan et al. [8] reported a study in a
semiarid pasture in North America where precipitation explained more than 80% of the variance in
annual evapotranspiration. Paoloni et al. [53] found on the Argentina Pampa an accumulated annual
ETact of 1220 mm year−1, around 35% greater than in the Brazilian Pampa. For other Brazilians biomes,
Goulart et al. [54] reported a cumulative ET of 1337.5 mm year−1 for the Pantanal, Shuttleworth [55]
obtained annual ET of 1393 mm year−1 for the Amazon forest, and Almeida [56] reported 1350 mm
year−1 for the Atlantic Forest biome. Da Rocha et al. [13], studying the Amazonia region, reported daily
values of 3.96 mm d−1 in the dry season and 3.18 mm d−1 in the wet season. Therefore, the Brazilian
Pampa biome presents a smaller annual ET than most Brazilian biomes (Table 2) but with greater
seasonality. Furthermore, Giambelluca et al. [16] reported small seasonal variability for Cerrado Denso
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(CD) and Campo Cerrado (CC) vegetation in the central region of Brazil, with a variation of around
1–1.5 mm d−1. The annual mean was 2.25 and 1.91 mm d−1 for ET in CD and CC, respectively. Thus,
the ETact in the Pampa biome was greater and had higher seasonality than both Cerrado biomes in
central Brazil.

Daily mean ETact and ETo exhibited a similar seasonal pattern for both sites in the Pampa
biome in southern Brazil. Different from ETact, ETo was greater (around 3%) in SMA than at
PAS (Table 3). On average, ETact represented 83% of the ETo for the SMA site and about 92% for
PAS (Table 3). These high values of the ratio of ETact/ETo indicate that the Pampa has high water
availability, since natural grass has an ET rate close to the ideal grass crop assumed as a reference
crop. Daily maximum ETo values were 8 and 7.2 mm d−1 for the SMA and PAS sites, respectively.
The greatest differences between ETact and ETo occurred by March 2016 in SMA and by early 2015
in PAS, which were observed in transitional periods between climate seasons, likely due to greater
thermal amplitude and higher net radiation that occurred during those periods.

ETact was significantly correlated with ETo at both sites analyzed (Figure 8). The Pearson
correlation coefficient (r) relating ETact and ETo at the SMA and PAS sites was 0.92 and 0.95, respectively.
These results suggest that ETo was a good indicator of ETact in the Pampa biome because soil water
availability did not restrict ETact, the values of which were close to ETo. This indicates that the seasonal
variability of ETact was determined by atmospheric forcing, mainly, Rn and VPD. The lowest values
of ETact and ETo were observed during the AW period, whereas the opposite was observed in the SS
period, then associated with a greater variability of differences between ETact and ETo. The higher
correlation between ETact and ETo was observed at the PAS site, which is coherent with the previous
analysis about the energy and water availability in Section 3.4.
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Figure 8. Scatterplots of daily ETact and ETo for (a) SMA and (b) PAS. The black dots are for the AW
period and the gray dots are for the SS period. The solid blue line represents the linear fit of all data.
For reference, the 1:1 line is also shown (dashed black line).

3.5. Hysteretic Relations between ETact and Meteorological Variables

The concept of hysteresis is related to the ability of a system to absorb and recover from
disturbances. Hysteresis can therefore be defined as the dependence of a variable response not only on
the value of a variable driving but also on its past history [57]. Hysteretic relations were also found
between the diurnal variation in evapotranspiration and vapor pressure deficit.

Here, hysteresis loops clockwise in the relationships between ETact and vapor pressure deficit
(VPD) and air temperature (Temp) were observed in the average daily cycles of 2014/2015 and
2015/2016 (Figure 9), respectively. No hysteretic loops were observed for both sites in ETact
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relations with the net radiation; instead, a better ETact correlation with this variable was observed.
Zheng et al. [58] also reported hysteresis loops on air temperature and VPD relationships with ETact.
Likewise, they did not observe an ET hysteresis response to the net radiation variability.
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Figure 9. Hysteretic loops relating actual ETact and VPD (top panels) and air temperature
(bottom panels) for SMA (left panels) and PAS (right panels) for different years. The arrows indicate
the direction of the hysteresis effect—morning with a solid arrow and afternoon with a dashed arrow.
Gray rectangles indicate the timing (hour) when maximum ET occurs. White rectangles indicate the
inversion timing (hour) of the ET signal.

ETact values during the night were around zero and were removed from the hysteresis
curves. Frequently, the latent heat flux was negative at night in the sites analyzed, indicating dew
formation [40]. At night, ETact values showed slight variations, but at the beginning of the morning,
the ETact values increased rapidly and peaked at approximately 12:30 to 1:30 p.m. (local time).

For both sites, ETact increased as soon as VPD increased in the morning. ETact decreased with
the reduction of VPD in the afternoon. A similar behavior was observed by Zheng et al. [58] and
Ahrends et al. [59]. The increase in ETact in the morning and a subsequent decrease in the afternoon may
be directly related to the available energy and the soil water content available to the plants. The opening
and/or closing of the stomata may contribute to the appearance of hysteresis. Previous studies
have found that stomata responded differently to changes in environmental factors during stomatal
control processes, with greater stomatal conductance in the morning [60,61], indicating higher surface
conductance and, therefore, a higher evapotranspiration rate compared to the afternoon. Summarizing,
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stomatal control affects canopy transpiration and avoids excessive water loss on days when the vapor
pressure deficit is greater.

The hysteresis loops between ETact and air temperature for SMA and PAS sites were similar
to those found between ETact and VPD. The maximum ETact for the year 2014/2015 occurred with
the air temperature 1 ◦C higher than in the year 2015/2016, for both sites. Also, for the 2015/2016,
the hysteresis loops shifted to the right side, representing ETact that were small in the morning and
greater in the afternoon. In 2015/2016, ETact in the morning was higher for the same air temperature
when compared to the year 2014/2015, which agreed with the fact that the average air temperature
was then higher. The climatic conditions of the sites controlled the evaporative rate. Thus, in Pedras
Altas, the occurrence of stronger winds favored evapotranspiration.

Regarding the intensity of response of ETact to the meteorological variables, we can conclude that
the hysteresis was weaker in ETact–Temperature relations when compared to the ETact–VPD relation.
The intensity of the hysteresis could be measured through the area formed by the hysteresis loops
(normalizing both axes). Thus, the highest areas obtained were in the ETact–VPD ratios for the Pedras
Altas site, averaging 7% of the difference between sites. The values obtained for the areas are presented
in Table 4. For ETact–Temperature relations, the areas had close values for both sites. The largest
difference, approximately 8.3%, occurred in hysteresis loops in the ETact–VPD relationship for the
Santa Maria site between the years 2014/2015 and 2015/2016. In this way, we can conclude that for the
Pampa biome, the ETact responded more strongly to the VPD than to temperature, with a hysteresis
mean area 74% larger than that relative to the ETact–Temperature relationship.

Table 4. Normalized area of hysteresis between ETact and VPD and air temperature for SMA and PAS
for different years. The average is represented by mean ± standard deviation.

Site 2014/2015 2015/2016

ETact–VPD
SMA 0.0764 0.0833
PAS 0.0876 0.0842

Average 0.0829 ± 0.0047

ETact–Temperature
SMA 0.0220 0.0229
PAS 0.0228 0.0197

Average 0.0218 ± 0.0015

4. Conclusions

The evapotranspiration over the Brazilian Pampa biome was assessed at two sites where
observations were performed using eddy covariance. The results allowed us to find answers to
various scientific questions:

(i) How is the partition of energy in the surface?
During the study period, approximately 65% of the available energy was used for

evapotranspiration in the Pampa biome. Although there were significant differences in the soil
moisture conditions between the sites analyzed, there was no apparent distinction in the energy
partition. The latent heat flux was the main energy balance component in both the AW and SS
periods. While the latent heat flux presented strong seasonality, the sensible heat flux presented a low
amplitude through the year. In general, the energy balance components were higher in the SS period
than during AW.

(ii) Which are the physical processes determining the evaporative fraction?
In the analyzed sites of the Pampa biome, both soil moisture and available energy were not

identified as limiting factors for evapotranspiration. Although the vegetation of both sites was
composed of the same species and the soil properties were different, the high water availability
in both sites did not affect the energy partition.

(iii) What is the seasonal variability of ETact?
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The Pampa biome presented strong seasonality of evapotranspiration, with the highest
evapotranspiration rates in the SS period, where the vegetation was in active growth and, therefore,
had higher biomass production. Even in periods when there was less biomass production of the
vegetation in the Pampa, during AW, evapotranspiration corresponded to a high fraction of the
available energy. The annual mean of ETact was 2.45 mm d−1. Daily values of ETact were very similar
between sites.

(iv) What is the relation of the actual to the reference ET?
The water availability in the Pampa biome was not a limiting factor for ETact since LE was the

principal fraction of net radiation, which resulted in few differences between the reference ET and the
actual ET. These conditions allowed ETo to be used as an indicator of ET in the Pampa biome. ETact was
higher in PAS, while ETo was higher in SMA. These differences were not fully clarified in this study,
but it could be hypothesized that this behavior related to differences in soil water dynamics influencing
ETact. It is also assumed that those differences are likely associated with vegetation biophysical control,
such as canopy surface conductance and canopy structure, which needs to be further investigated.

(v) What is the relationship between ETact and meteorological variables on a daily timescale?
The ETact responded linearly to the net radiation but showed hysteresis when related to VPD

and air temperature, with similar values for both sites, although responding more strongly to VPD.
Clockwise hysteresis loops were observed relative to both variables.

This first study on evapotranspiration of the Pampa biome provides some understanding of
the processes and driving forces and factors influencing ET variability. Further studies are required
for other areas where ecosystems are differently affected by grazing or by agricultural systems, as
well as where vegetation may be influenced by elevation, namely, relative to lowlands. In addition,
relating biome ET studies with crop ET studies may also aid in understanding the complexity of
these processes.

Summarizing, the Pampa biome is a complex ecosystem where the processes of
surface–atmosphere interaction are dependent on weather, climate, soil, and vegetation. In this way,
the preservation of this biome is essential for the maintenance of climate, animal, and plant species, as
well as local culture.
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Abstract: Water, energy and food are essential resources for economic development and social
well-being. Framing integrated policies that improve their efficient use requires understanding the
interdependencies in the water–energy–food (WEF) nexus. Stakeholder involvement in this process
is crucial to represent multiple perspectives, ensure political legitimacy and promote dialogue. In this
research, we develop and apply a participatory modelling approach to identify the main interlinkages
within the WEF nexus in Andalusia, as a starting point to developing a system dynamic model at a
later stage. The application of fuzzy cognitive mapping enabled us to gain knowledge on the WEF
nexus according to opinions from 14 decision-makers, as well as contributing to raising awareness and
building consensus among stakeholders. Results show that climate change and water availability are
key drivers in the WEF nexus in Andalusia. Other variables with significant interlinkages within the
WEF nexus are food production, irrigated agriculture, energy cost, socio-economic factors, irrigation
water use, environmental conservation, and farm performance indicators. The scenario analysis
reveals the interdependencies among nexus sectors and the existence of unanticipated effects when
changing variables in the system, which need to be considered to design integrated policies.

Keywords: water–energy–food nexus; policy-making; stakeholder engagement; fuzzy cognitive
maps; Spain; Andalusia

1. Introduction

Sustainable resource management requires a nexus approach in decision-making that considers
trade-offs and synergies across sectors. Water availability and use influence the food and energy
sectors and, simultaneously, are influenced by them. Hence, these cross-sectoral connections need
to be considered to promote efficiency in the use of resources [1]. The international community
increasingly perceives the water–energy–food nexus (WEF) as an overarching concept to address these
complex and interconnected resource management challenges [1–3]. This WEF nexus is particularly
relevant because expected socio-economic development and climate change will increase pressure on
resources and drive conflicts between the different sectors over the coming decades [2,4]. Nevertheless,
some studies show the existence of policy incoherence in the WEF nexus throughout the world [5].
Understanding the interlinkages in the WEF nexus is crucial for framing integrated policies that
improve the natural environment, upon which economic development and social well-being depend.
To that end, increasing attention is devoted to developing conceptual and methodological frameworks
to describe the interlinkages in the nexus as well as to guide decision-makers in applying the WEF
nexus approach. Over recent years, many global studies can be cited [1,2,6]. In addition, since targeted
action is required to address local challenges, examples also exist of specific applications of WEF nexus
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assessments at the river basin level [7–9]. These frameworks offer valuable insights into the nexus
interconnections that can help to identify conflicts and explore solutions.

Stakeholder engagement is crucial to obtaining relevant bottom-up information, representing
multiple perspectives and overcoming governance obstacles. A multi-stakeholder approach is used
in the ongoing EU Horizon 2020 project SIM4NEXUS (sustainable integrated management for the
nexus of water–land–food–energy–climate for a resource-efficient Europe), which aims to bridge the
knowledge gap and develop innovative tools to support policy decision-making in the nexus under
climate change conditions. Building on stakeholder knowledge and complexity science modelling,
SIM4NEXUS develops system dynamic models (SDM) and serious games for 12 different case studies
(from global to regional scales) in order to evaluate nexus-compliant policies [10].

This article focusses on stakeholder engagement for the case study of Andalusia (Spain) within
the SIM4NEXUS project. Policy incoherence across sectors in this region has resulted in increasing
conflicts among WEF nexus sectors that have negatively affected resource sustainability [11–13]. Major
pressures on water due to farming intensification and urbanization, over-allocation of water resources
and inadequate consideration of the linkages between water saving technologies and energy use have
led to environmental degradation [14,15].

Most previous studies with reference to the nexus in Andalusia partially examine the WEF
nexus considering two-sector interrelationships; in particular, water and energy or water and
agriculture [16,17]. Nevertheless, full comprehension of the interdependencies in the WEF nexus
in the region is crucial to avoid unexpected effects and to design effective nexus-compliant strategies.
This can only be achieved with the involvement of decision-makers in the process, to ensure integration
of multiple perspectives, political legitimacy, as well as consensus building [18].

Participatory modelling with stakeholders has been increasingly applied over the last years to
share knowledge and improve understanding of a system. Voinov and Bousquet [19] review the state of
the art on stakeholder engagement and discuss the main methodologies applied to engage stakeholders
in resource and environmental modelling, among them Bayesian networks (BN) [20], Agent-based
models (ABM) [21] and fuzzy cognitive mapping (FCM) [22]. In a recent paper, Voinov et al. [23]
review the progress made in applying participatory modelling in environmental decision-making and
stress the need to develop comprehensive guidelines to select the best-suited methodology—among
the wide range of existing tools and techniques—depending on the modelling objectives as well as the
participants involved. In this regard, several frameworks have been proposed to support the process
and to achieve the successful participation of stakeholders in conceptual modelling by, among others,
Argent et al. [24], Basco-Carrera et al. [25], Gray et al. [26] and Halbe et al. [27].

Among the participatory modelling methodologies, in this study we select FCM because it
focusses on knowledge share and stakeholder involvement [28] and allows for interactions and
feedbacks between variables (while other methodologies such as BN are based on unidirectional
connections). FCM has proven to be very useful in a variety of domains, as emphasized by
Papageorgiou and Salmeron [29] in a review of recent applications of this approach. In the
environmental field, FCMs have been used to support watershed ecosystems management [30–34],
landscape modelling [35,36], forest management [37], farming systems analysis [38], fisheries
management [39], bioethanol production from biowaste [40], and intrusion of mining into
landscape [41]. FCMs have been also applied to assess climate change impacts and effects of adaptation
measures [42,43]. Nevertheless, examples of the implementation of FCMs to the WEF nexus are
scarce [44].

Therefore, in this research, we apply FCM to identify the main interconnections within the
WEF nexus in Andalusia according to stakeholders’ perceptions. Likewise, our work seeks to raise
awareness and build consensus for the WEF nexus among the different stakeholders. In addition,
the outcome of this study enables the validation of a conceptual model on the WEF nexus in Andalusia,
which is a crucial step to developing an SDM at a later stage.
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The article is structured as follows: Section 2 presents a brief description of the FCM methodology,
the case study region, stakeholders’ participation, the data collection and analysis process; Section 3
summarizes the main results obtained from the analysis of the maps and the simulation of scenarios;
Section 4 presents the discussion of results; Section 5 includes the main conclusions of the research.

2. Materials and Methods

2.1. Fuzzy Cognitive Maps

Fuzzy cognitive maps (FCMs) represent the behaviour of complex systems based on people’s
perceptions. FCMs are based on cognitive maps that are graphical representations of causal
relationships among variables in a system. These variables can be quantifiable (e.g., temperatures) or
not (e.g., water policy). The direction of the causal relationship is represented with signed arrowheads.
A positive sign represents a direct causal relationship (a rise in variable A will increase variable
B), while a negative sign shows an inverse relationship (a rise in variable A will reduce variable B).
Axelrod [45] was the first to use binary cognitive maps to elicit people’s perceptions of a system.
As causality is uncertain, Kosko [22] extended the binary causal relationships (0 or 1) by introducing
fuzziness in cognitive maps, allowing for in-between states [−1 to 1]. Each interrelation between two
variables vi and vj is assigned a weight wij that takes a value between −1 and 1: wij > 0 indicates
a positive causal relationship, meaning that an increase (decrease) in the value of vi leads to an
increase (decrease) in the value of vj (the higher the weight the stronger the causal relationship); wij < 0
determines a negative causal relationship, where an increase (decrease) in the value of vi drives to a
decrease (increase) on the value of vj; wij = 0 depicts no causality between vi and vj [46].

FCM builds on stakeholder understanding and experience of the system. The knowledge
elicitation process to develop the FCMs can be performed from questionnaires, by literature review,
from data or from interviews where participants individually or in groups develop a map [47].
The number of stakeholders engaged in the process varies widely among FCM works from, for example,
seven considered by Solana-Gutierrez et al. [33] to 188 stakeholders considered by Reckien [42].

FCMs are represented in the matrix form E = [wij], where variable vi is placed on the vertical
axis and variable vj on the horizontal axis. The causal relationship between two variables (wij) is
indicated in the matrix (range from −1 to 1 as mentioned before). Aggregation of individual maps to
create the group or social map enables the combination of multiple knowledge sources and helps in
understanding complex systems [47,48]. To that end, variables from individual maps are subjectively
grouped into broader concepts. Based on these concepts, individual matrices are augmented and
condensed through matrix aggregation to create the group matrix [47].

The structure of FCMs can be analysed through matrix indices from graph theory [49]:

• Density (D) provides information on the connectivity of the maps. This index is estimated as
the relationship between the number of connections and the maximum number of possible
connections between the map’s variables:

D =
C

N(N − 1)
(1)

where D is the density of the map, C is the total number of connections and N is the number
of variables.

• Outdegree (od) represents the total strength of connections outflowing from the variable. The index
is calculated as the horizontal summation of a variable’s absolute values:

od(vi) =
N

∑
k=1

wik (2)

where od(vi) is the outdegree of variable vi and wik represents the weight in rows.
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• Indegree (id) computes the total strength of connections inflowing to the variable. The index is
estimated as the vertical summation of a variable’s absolute values:

id(vi) =
N

∑
k=1

wki (3)

where id(vi) is the indegree of variable vi and wki represents the weight in columns.
• Centrality (c) of a variable shows the cumulative strength of connections of this variable to other

variables. The index is calculated as the sum of the variable’s indegree and outdegree:

ci = td (vi) = od(vi) + id(vi) (4)

where ci is the centrality of the variable vi, td (vi) is the total degree of the variable vi, od(vi) is the
outdegree of variable vi and id(vi) is the indegree of variable vi.

The variables within a map can be classified into different types according to their outdegree
and indegree: Transmitter variables (positive outdegree and zero indegree) are considered drivers
of the system, receiver variables (zero outdegree and positive indegree) are dependent variables
and ordinary variables (both zero outdegree and indegree) are means. The relationship between the
number of receiver and transmitter variables (R/T) is an index of complexity of the system. A high
number of receiver variables means that many results can emerge from the system. In contrast, many
transmitter variables reflect numerous forcing functions, suggesting that causal relationships are poorly
developed [46,47].

The system’s behaviour can be analysed through scenario simulation [46] following a two-step
process: First, the initial value for each of the vector’s elements, also called activation level, is multiplied
with the adjacency matrix to create a new vector. The activation level takes a value ranging between 0
and 1: 0 implies that the variable does not exist in the system in a specific iteration, while 1 means
that the variable is present to its full extent. In-between values depict intermediate activation levels.
After assigning the activation level (equals 1 for all the variables), the converted vector is iteratively
multiplied by the adjacency matrix. The state value of each variable vi in a subsequent iteration is
determined by its value in the previous iteration and the value of all the interconnected variables [46].

A(k+1)
i = f

⎛
⎜⎜⎜⎜⎜⎜⎝

Ak
i +

N

∑
j 
= i
j = 1

Ak
j ∗ wji

⎞
⎟⎟⎟⎟⎟⎟⎠

(5)

where A(k+1)
i is the value of the variable vi at the simulation step k + 1, Ak

i is the value of variable vi at
step k, Ak

j is the value of variable vj at step k, wji is the weight of the interrelation between variable vj
and variable vi and f is the activation function.

To keep results within the interval [0, 1], a logistic function is used:

f (x) =
1

1 + e−x (6)

where x is the value of A(k)
i in the equilibrium point.

After a number of iterations, the system can achieve steady state equilibrium (the state value of
each variable vi converges over a number of iterations), move towards a limit cycle (only some values
are repeated) or show a chaotic pattern (different values in each iteration) [22].
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Second, simulation scenarios are run following the same procedure but, in this case, the activation
levels of the variables defining the scenario remain the same during the iterations [22]. Results from
simulation scenarios are presented as a relative change to the steady state. Alternative simulation
scenarios allow for exploring the behaviour of the system and understanding its complex interrelations.

2.2. Study Region

Andalusia is a region located in the south of Spain (Figure 1). It is the most populous Spanish
region with 8.4 million inhabitants (18.0% of the national population) and the second largest region
with 87,600 km2 (17.3% of the total national area). The strong agricultural sector (5.1% of GDP in 2016)
has turned the region into one of the major fruit and vegetable suppliers to the European market.
The industrial sector is mainly based on agricultural and consumer goods (17.0% of GDP in 2016) and
the services sector, which dominates the regional economy (76.9% of GDP in 2016), depending heavily
on tourism [50].

Figure 1. Location of Andalusia and main land uses. Source: Own elaboration.

Andalusia has approximately 4.4 million ha of utilised agricultural area (UAA), accounting for
roughly 18.7% of the national total. Of the total UAA, one million ha are irrigated; i.e., 29.3% of
the total irrigated land in Spain [51]. Irrigation is mainly used for olives, cereals, industrial crops,
fruits and vegetables. This area is concentrated in the Guadalquivir river basin, which amounts to
approximately 86% of the total irrigated land in Andalusia. The regional agricultural potential heavily
relies on irrigated agriculture, which accounts for more than 80% of total water withdrawals, generates
more than 64% of production in Andalusia, represents 67% of farm income and is responsible for 63%
of agricultural employment [52].

The variability of available water owing to differences in precipitation, along with high demand,
has created a delicate water balance in the different river basins in Andalusia. Over recent years,
both the National and the Regional Administrations have developed different actions to save water in
the agricultural sector [53,54]. Implementation of different irrigation plans have resulted in short-term
water savings but might lead to an increase in water demand in the medium term. This is due to the
increased interest in high value crops due to higher water supply guarantees and better quality of
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irrigation systems, but also due to decoupled payments of the Common Agricultural Policy (CAP)
that encourage agricultural production adaptation to market [11,55].

Beyond the impact on water and food production, the irrigation plans led to an increase in
energy consumption in the agricultural sector because of the replacement of open channels and surface
irrigation systems with pressurised systems. The higher energy needs and system maintenance costs
combined with the energy market liberalisation in 2008 drove up irrigation costs [56,57]. Thus, energy
has become the key irrigation driver; when energy requirements are high, farmers tend to apply deficit
irrigation even having water available [58].

2.3. Stakeholders’ Participation

Stakeholders from the water, food and energy sectors in Andalusia were identified through an
online investigation and snowball sampling [59]. The selection criteria were to gather experts from
the different nexus sectors both at the public and private levels. Therefore, 14 representatives from
the regional administration, professional organisations, NGOs and research centres and universities
were selected and contacted. The number of stakeholders engaged brought together a broad range of
perspectives needed to interpret the interlinkages in the nexus.

As a preliminary step, we conducted phone or face-to-face semi-structured interviews with
the selected stakeholders. Seven guiding questions served to get a preliminary understanding of
stakeholders’ views on major nexus challenges in Andalusia. The guiding questions were sent via
email to the stakeholders before the interview. The semi-structured interviews lasted for approximately
45 min to one hour.

A one-day workshop held in the Regional Government of Agriculture, Fishing and Rural
Development in Seville in October 2017 brought together the stakeholders. The portion of the workshop
dedicated to stakeholders’ participation consisted of two sessions: (1) Individual mapping and (2)
discussion of policy objectives. After explaining cognitive maps using an example, each participant
was asked to build a cognitive map to respond to the question: What are the main interlinkages in
the water–energy–food nexus in Andalusia? Participants were free to select the map variables to
represent their perspectives without restraint. The magnitudes of the causal relationships between
the variables were weighted with a value between −1 and +1. As a result of the first session of
the workshop, 11 individual maps built by six representatives from the regional administration,
two professional organisations, one NGO and two research centres were obtained. Figure 2 shows one
of those individual maps, illustrating the type of information provided by workshop’s participants.
Three stakeholders either left early or arrived late so that they missed the section that was dedicated to
individual map drawing.

After the individual mapping, a round-table discussion during the second half of the workshop
offered insights into main nexus challenges in Andalusia. According to these challenges, the group
discussion enabled the description of two policy objectives and the corresponding measures to achieve
each of them. This valuable information constituted the base for the scenario simulation in this article.
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Figure 2. Example of an individual map drawn by stakeholders. Boxes represent the variables identified
by the stakeholder. Arrows depict the cause–effect relationship between variables. Number values
represent the strength of the causal relationship, where the sign depicts a positive (+) or negative (−)
causal relationship and the value between 0 and 1 represents the magnitude.

2.4. Data Processing and Analysis

The eleven individual maps built by stakeholders represented the raw data to develop the
FCM. The first step in the data processing was to list all variables included in the individual maps
and to relate them to the nexus sectors. As stakeholders used different words to define the same
concept, we harmonised variable terminology (e.g., crop intensification, production intensification
and agricultural intensification were harmonised as “intensification of agricultural production”).
Less-repeated variables were aggregated into broader categories according to similarities (e.g., plagues
and exotic species were merged in the variable “plagues”) and the names of the variables were
standardised across maps. This subjective aggregation condensed 206 variables into 35 standardised
variables facilitating the understanding and the analysis of the maps.

Using the standardised variables, we converted each individual map into a matrix. When a causal
relationship between two variables was identified by the stakeholder, the same strength of influence
provided in the individual map (ranging between −1 and 1) was coded in the matrix (weight wij).
When no causal relationship was given in the individual map, zero was used. Once the individual
maps were converted into matrices, all those individual matrices were augmented and merged into
a single aggregated matrix to deliver the group map. The connection values between two specific
variables were summed and averaged over the total number of individual maps. In the aggregated
map, contradictory relationships between two given variables in different individual maps (opposite
sign) decrease the causal relationship, while consensus on interlinkages (same sign) strengthens the
causal relationship.

2.5. Scenario Analysis

The group matrix is used to run alternative simulation scenarios with the FCMapper software [60].
The definition of scenarios built on the policy objectives identified by stakeholders during the workshop
as mentioned before:

• Scenario 1: Climate change mitigation

319



Water 2018, 10, 664

Stakeholders highlighted climate change as one of the major challenges in the WEF nexus. To
address this challenge, the reduction in diffuse emissions is established as a major target. Some of
the measures proposed to achieve this objective were to promote efficient agricultural machinery and
good agricultural practices (carbon capture, reduction of tillage, precision agriculture, use of sensors,
smart agriculture), reduce methane emissions and enhance renewable energies.

Based on this information, we simulated a first scenario considering an improvement in
agricultural practices (variable "farming practices" set to 1) and an increase in the use of renewable
energies (variable "use of renewable energies" set to 1).

• Scenario 2: Sustainable water resources management

Water availability is another key factor in the WEF nexus, especially for irrigated agriculture,
which is by far the largest water user in Andalusia. Stakeholders considered that a reduction in
water demand for irrigation is crucial to promote sustainable resource management. To that end, they
proposed improvements in water infrastructures and management, as well as measures to reduce
diffuse pollution.

According to this information, the second scenario simulated the improvement of water
infrastructures (variable “water infrastructures” set to 1) and water quality (variable “water quality”
set to 1).

3. Results

3.1. FCM Outcomes

The 11 individual maps drawn by stakeholders comprised 206 variables that, after data processing,
were aggregated into 35 variables. Individual maps included an average number of 19 variables, which
when grouped resulted in 14 variables on average. Most mentioned variables were climate change
(climate change aggregates the variables climate, temperature, precipitation, extreme events, droughts
and floods) and water availability, which were presented in all of the 11 maps, followed by energy cost
and food production depicted in ten and nine maps, respectively.

Table 1 summarises calculated matrix indices for the individual maps (average values) and of the
group map. The average number of connections was 25, leading to an average density index of 0.03.
The group map gathered all of the variables and had a higher number of connections (C = 209) and
density index (D = 0.17). The larger number of connections led to a lower number of transmitter and
receiver variables in the group map, where most variables were ordinary. Therefore, the complexity
index is higher in the individual maps than in the group map.

Table 1. Individual and group map indices (mean and standard deviation).

Index Individual Maps Group Map

Number of maps 11 1
Number of variables (N) 14 ± 2.72 35

Number of connections (C) 25 ± 9.40 209
C/N 1.81 ± 0.59 5.97

Density 0.03 ± 0.02 0.17
Number of transmitter variables (T) 2.55 ± 2.21 2

Number of receiver variables (R) 2.64 ± 2.01 1
Number of ordinary variables 8.82 ± 2.93 32

Complexity (R/T) 1.27 ± 1.57 0.5

Source: Own elaboration.

Figure 3 visualises the group map, where circles symbolise concepts of the system and lines
reflect causal relationships between concepts (the group map was represented using the Pajek software
(http://mrvar.fdv.uni-lj.si/pajek/)). The colour of the circle refers to the different sectors, while the
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size reflects the centrality of the variable within the system. The most central variables were water
availability, climate change, food production, irrigated agriculture, energy cost, socio-economic factors
(socio-economic factors aggregates economic development, job generation, GDP growth, equitable
distribution of wealth, change in the structure of land ownership, population settlement), irrigation
water use, environmental conservation, and farm performance indicators (farm performance indicators
aggregate farm income, profitability, competitiveness and sustainability, insurances costs, infrastructure
modernisation).

Figure 3. Visual representation of the group map. Circles represent the variables of the system, colours
refer to the nexus sector (blue for water, red for energy, green for agriculture, yellow for climate, pink
for socioeconomic aspects, brown for land, grey for environment and black for policies and governance)
and size depicts centrality. Solid grey lines depict positive casual relationships while dotted red lines
illustrate negative causal relationships. Source: Own elaboration.

As highlighted in Figure 4, most of the variables were ordinary; only policies and governance
and water infrastructures were exclusively transmitter variables, while cattle raising was an entirely
receiver variable. Among the most important variables in the map, climate change, water availability
and energy cost had the highest outdegree, meaning that those variables were highly influencing
other variables. In contrast, variables with the highest indegree, and therefore significantly affected by
other variables, were food production, socio-economic factors, irrigated agriculture, environmental
conservation and farm performance indicators.

Figure 5 visualizes the interconnections among the most central variables in the group map. As
observed, the variables climate change, water availability and food production are highly connected
to other variables, while farm performance indicators and environmental conservation have fewer
connections but bear greater weights. Food production can be distinguished by the height number of
incoming connections, which determines its high indegree. Looking at the type of interrelationship,
the importance of energy cost and climate change are highlighted by the number of negative
outgoing connections.
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Figure 4. Importance of variables in the group fuzzy cognitive mapping (FCM) according to their
centrality, represented as the sum of the outdegree and indegree. Source: Own elaboration.

Figure 5. Visual representation of a subset of the group map. The nine variables with centrality higher
than 1 are represented. Grey solid lines for positive and red dotted lines for negative connections.
Source: Own elaboration.

3.2. Scenario Simulations

Figure 6 represents the results from the steady state calculation (obtained after 20 iterations) for
all of the variables derived from the group FCM. The variables with the highest initial value were
farm performance indicators, food production, irrigation water use and energy cost which suggest that
these variables significantly influence the WEF nexus in the current situation. In contrast, the variable
with the lowest initial value was water availability, which reflects the high pressure on water resources
in Andalusia.
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Figure 6. Steady state. Source: Own elaboration.

As shown in Figure 7, results from the climate change scenario (Scenario 1) highlight that an
improvement in farming practices and the promotion of renewable energy use trigger a reduction in
greenhouse gas (GHG) emissions and contribute to tackling climate change. Significant effects are also
observed in the variables soil erosion and environmental conservation. Food production and farm
performance indicators are also positively affected as a result of better farming practices. A negative
relative change in one variable does not always imply a negative impact on the system, as can be
observed for the variables climate change, GHG emissions, and soil erosion.

Figure 7. Climate change mitigation scenario simulation (absolute change from steady state). Source:
Own elaboration.
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With regards to the sustainable water management scenario (Scenario 2), as observed in Figure 8,
the improvement in water infrastructures and water quality would have a positive effect on water
availability and, thus, on irrigated agriculture and food production. Consequently, farm performance
indicators would be positively affected. Nevertheless, these measures would imply a rise in energy
costs as well as further environmental deterioration.

Figure 8. Sustainable water management scenario simulation (absolute change from steady state).
Source: Own elaboration.

4. Discussion

Matrix indices from individual maps highlighted that stakeholders perceived the nexus as a
highly complex system, having more receiver than transmitter variables. These findings contrast with
other FMC studies that, overall, show more transmitter variables than receivers [47]. Notwithstanding
this, in the group map, the number of these types of variables was reduced because of the increase in
the number of connections. The group map presented a higher density index but lower complexity [32].
Therefore, while individual maps provided valuable information on the diversity of opinions among
stakeholders, the group or social map offers a more comprehensive vision of the nexus [39].

Stakeholders agreed that climate change and water availability are key factors in the WEF nexus,
as all of the maps considered them. These variables had also the highest centrality in the aggregated
map, influencing significantly the behaviour of the system as drivers (highest outdegree), but also
as receiver variables (highest indegree). This implies that any change in these variables (e.g., policy
measure) will have a significant impact throughout the system. Food production, irrigated agriculture,
environmental conservation, and farm performance indicators are also central in the system due
mainly to their high indegree, suggesting that these variables are very sensitive to any intervention
in the system. Energy cost highlighted by its outdegree and high number of negative connections,
which means that changes in energy policy would have relevant impacts on the water and food sectors.
Other studies in Mediterranean areas find similar nexus interlinkages [16].
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The simulation scenarios analysed in this study addressed the policy objectives proposed by
stakeholders, which are climate change and water availability. The stakeholder priorities were
consistent with the results derived from the group model, where these variables were highlighted as
being the most central variables and the most important drivers in the WEF nexus.

The climate change scenario illustrates that the improvement of farming practices and the
promotion of renewable energies effectively lead to a reduction of GHG emissions. Better farming
practices also contribute to reducing soil erosion and improving water quality, which in turn positively
influences environmental conservation. Boosting renewable energies increases energy production and
energy efficiency but negatively affects irrigated agriculture. This is due to the competition for water
use between irrigated agriculture and energy production, mainly hydropower. Despite the negative
effect on irrigated agriculture, food production is positively affected owing to the improvement of
agricultural practices and, correspondingly, farm performance indicators increase.

The sustainable water management scenario demonstrates that the improvement of water
infrastructure management and the reduction of water pollution leads to an increase in water
availability, which in turn causes an increase in irrigation water use [15]. A negative impact on
environmental conservation is also observed in this scenario. This implies that the measures to
improve sustainable water management have an opposite effect than the one intended and, therefore,
do not represent an appropriate policy option to be implemented.

The combination of both scenarios reinforces the impacts derived from each one. This is because,
in this case, the measures analysed are complementary. Farming practices from Scenario 1 also have a
positive effect on water management, as stakeholders consider that good farming practices reduce
water use in agriculture.

The application of the FCM approach presents numerous advantages but also a number of
disadvantages. FCMs enable systems modelling with limited data, including both quantitative and
qualitative variables, whilst considering feedback relationships between concepts [37]. Furthermore,
this methodology encourages stakeholder discussion, facilitates their involvement in the modelling
process and increases reliance on the model [30]. Nevertheless, the outcome from the FCM model
needs to be interpreted in relative terms (no absolute changes in variables can be provided). Another
important drawback is the absence of temporal dimension in the model [37].

Notwithstanding this, outcomes from the FCMs provide the foundations for developing a SDM at
a later stage allowing quantitative impact assessment of detailed policy scenarios in the medium- and
long term. In particular, the variables and interlinkages identified within the WEF nexus will serve
to develop the structure of the SDM. Scenario simulations contribute to improve knowledge on the
system behaviour and facilitate the definition of policy scenarios.

5. Conclusions

In this research, we performed a participatory approach to gain insights of the WEF nexus in
Andalusia. Through the application of the FCM methodology, we involved decision-makers in the
identification of the main nexus interlinkages, while promoting discussion and consensus building
among stakeholders from different sectors. Furthermore, the exploitation of FCM model dynamics
enabled the analysis of different scenarios to improve our knowledge on the system behaviour.

Stakeholders agreed that climate change and water availability are the main drivers in the WEF
nexus. Other variables with significant roles in building interlinkages in the nexus were energy cost,
food production, irrigated agriculture, socio-economic factors, irrigation water use, environmental
conservation and farm performance indicators.

The scenario analysis demonstrates the interdependencies among nexus sectors and the existence
of unanticipated effects when changing variables in the system. Although results from scenarios only
show relative variable changes, they allow improved analysis of the stakeholders’ perceptions on the
WEF nexus and contribute to improving understanding of the system’s dynamics.
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The participatory approach performed in this research enabled the development of a conceptual
model of the WEF nexus in Andalusia which is suitable for the stakeholders that will support the
nexus assessment. Outcomes from this research are being used in the development of an SDM to
quantitatively assess the impact of nexus-compliant policies in Andalusia in the medium and long term.
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Abstract: Interactions among nitrogen (N) management and water resources quality are complex and
enhanced in transboundary river basins. This is the case of Tagus River, which is an important river
flowing from Spain to Portugal in the Iberian Peninsula. The aim was to provide a N assessment
review along the Tagus River Basin regarding mostly agriculture, livestock, and urban activities.
To estimate reactive nitrogen (Nr) load into surface waters, emission factor approaches were applied.
Nr pressures are much higher in Spain than in Portugal (~13 times), which is mostly because of
livestock intensification. Some policy and technical measures have been defined aiming at solving
this problem. Main policy responses were the designation of Nitrate Vulnerable and Sensitive Zones,
according to European Union (EU) directives. Nitrate Vulnerable Zone comprise approximately one
third of both territories. On the contrary, Sensitive Zones are more extended in Spain, attaining 60%
of the watershed, against only 30% in Portugal. Technical measures comprised advanced urban and
industrial wastewater treatment that was designed to remove N compounds before discharge in
the water bodies. Given this assessment, Tagus River Basin sustainability can only be guaranteed
through load inputs reductions and effective transnational management processes of water flows.

Keywords: agriculture; impact; measures; nitrogen; Sensitive Zones; Tagus River Basin;
Vulnerable Zones

1. Introduction

The European Nitrogen Assessment [1] estimated that around 80% of European freshwaters
exceed the nitrogen threshold for high risk to biodiversity and human health. Nitrogen can reach
surface waters from point sources, which include municipal wastewater treatment plants and industrial
discharges, and diffuse sources, including agricultural runoff of fertilizers and animal wastes, as well
as atmospheric deposition. While point sources are relatively simple to regulate since they tend to
be a continuous input over time, entering the water body at a specific location, diffuse sources are
difficult to quantify and regulate because transport is via hydrologic flow paths and by wet and dry
deposition [2].

Agriculture is recognized as a major diffuse source of water pollution [3]. While N fixation,
atmospheric deposition and the application of treated sewage sludge can all be important; typically,
the major nutrient inputs to agricultural land are from mineral fertilizers and organic manure from
livestock [4]. European Union (EU) is a large food supplier and fertilizers are essential to sustain
production [5]. High amounts of N are applied in natural and mineral fertilizers as compared to plant
requirements, thus creating N surpluses [3,6]. The magnitude of these surpluses reflects the potential
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for detrimental impacts on the environment, including upon water quality. N leaching from arable
fields to groundwater and surface water contributes to stream N loadings [7–9]. N leaching depends
on several factors, primarily fertilization level, type, and timing of fertilizer application; the method of
their application to the soil; properties of soils, types of crops and their fertilizer requirements; method
of cultivation and agronomic practices; and, the level of animal production [6,10].

While farms represent the smallest operational units at which agricultural management decisions
are taken and determining the fluxes of N that are associated with agriculture [11], regional watersheds
or river basins, composed of a mosaic of interacting natural, semi-natural, agricultural, and urban
landscapes, are the most convenient units at which to describe, but also to manage, the anthropogenic
alteration of the N cycle [12,13]. Apart from land use, climatic conditions also have a crucial impact on
the intensity and quantity of N leaching at his level [14]. Although certain catchment processes can
attenuate much of the nutrient surplus, a significant proportion can still be transported to freshwater,
and hence termed an emission. Apart from such reactive nitrogen losses, livestock production and
cities metabolism are other sources of N emissions into water bodies [15].

The climatic characteristics play an essential role in the flow regime and influence land uses
and water management practices within the basins, both directly and indirectly, being crucial for
nutrient transformations and transport [16]. There are several studies regarding water quality in
river basins using different methodologies including monitoring, simple mass balance methods,
and mathematical modelling (e.g., [17–22]). Nevertheless, river basins in the Mediterranean regions
show some particularities that are associated with the semi-arid climatic conditions. In this region,
N dynamics has been shown to be substantially affected by flow regulation infrastructures and changes
in flow-paths that are related to irrigation facilities [23]. Lassaletta et al. presented an overall N budget
in the basin and detailed N calculations in different sub-catchments, within the Ebro River catchment
(NE Spain), and hypothesized that agricultural and water management practices had a major influence
on N retention [24].

An additional challenge that increases the complexity of Nr control is the transboundary nature of
water pollution [25,26]. This is a critical issue in the western part of Iberian Peninsula, where Portugal
and Spain share five international watercourses. Indeed, roughly 60% of Portuguese surface waters
income from Spain and Tagus River is crucial in that regard, being the longest one. It connects the
regions of both countries capitals, Madrid (Spain) and Lisbon (Portugal), being a driving force of
social welfare and biodiversity. However, Tagus River Basin is also an outstanding example of water
management constraints. An increasing water stress and flow diversion to southern basins are among
the most significant ones [27,28]. Besides, although a more consistent delivery of minimum flows has
been prescribed in the 2008 amendment of Albufeira Convention, it is doubtful if it is in accordance
with ecological requirements of Tagus River. Moreover, both Tagus River Basin Management Plans that
were issued in 2015 did not directly address N fate at transboundary level [29]. All of those evidences
demand an urgent N assessment at Tagus River Basin scale.

Water resources contamination by intensive agriculture practices and urban wastewaters fostered
EU legislative initiatives, respectively Nitrates Directive (91/676/EEC), Groundwater Directive
(2006/118/EC), and Urban Wastewater Treatment Directive (91/271/EEC). The first two directives
Directive intends to guarantee that nitrates concentration in groundwater remain below a threshold of
50 mg L−1, supporting a low N agriculture footprint. In turn, urban wastewater treatment directive
is aiming at avoiding eutrophication processes and imposing stringent limits regarding nitrogen
and phosphorus content in urban discharges, thus requiring the use of advanced processes for their
removal. Despite these top-down initiatives that are led by governmental agencies, both point and
diffuse N pressures remain very significant in European watercourses, according to most recent Tagus
River Basin Management Plans [29].

Mathematical modeling contributes more in-depth knowledge regarding complex processes in
water management and related N fluxes [30–32]. The quality of primary data and fit for purpose
are the main aspects in model selection and a compromise may be necessary when considering
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the available time and data. In some cases, experience based analysis and elementary models
with few parameters may provide useful information for decision-making purposes in river basin
management [33]. A similar approach is used by IPPC (Intergovernmental Panel on Climate Change),
2006 (tier 1), namely for N leaching quantification from manure and soils.

Although there are some articles that are focusing on the environmental issues of individual
Mediterranean River basins, and publications summarizing hydrogeochemical and nutrient conditions,
a transboundary approach was missing. Thus, aiming at understanding main N transboundary
pressures and gap identification, this study provides the first assessment of Nr pressures and responses
comprising Portuguese and Spanish Tagus River Basins. First, a general characterization of the Tagus
River Basin is presented. Then, the main socio-economic drivers, as well as the anthropogenic pressures
in the Tagus River Basin, are identified. The water quality status and the environmental consequences
resulting from these conditions are described too. Key policy measures are discussed and sectorial loads
are addressed using an emission factor approach. Finally, gaps are identified and recommendations
for a better integration of N and water resources management are indicated.

2. The Case of the Tagus River Basin

2.1. General Caracterization

Tagus river spring is located in the Albarracín hills in Spain, at a height of 1593 m above sea level.
It then flows 1102 km down through Spain and Portugal connecting Madrid and Lisbon on its way
to the Atlantic Ocean where it forms one the world’s largest estuaries with 320 km2 (Figure 1) [34].
This river flows between the latitudes 40◦19′28” N and 38◦55′17” N, and the longitudes 1◦41′26” O
and 9◦00′38” O. In Spain, the Tagus Basin holds six main tributaries: Jarama, Alberche, Tietar, Alagon,
Guadiela, and Almonte rivers. In Portugal, it receives six tributaries too: Erges, Pônsul, Ocreza, Sever,
Zêzere, and Sorraia rivers, being the last two the most important ones due to the size of their river
basins (4980 and 7520 km2, respectively), totaling around 50% of the Portuguese basin area [34].

Figure 1. Tagus River Basin in the Iberian Peninsula (built with QGIS) [34,35].

The Tagus River Basin presents an area of 80,500 km2. Roughly two-thirds of the catchment are
Spanish territory (69%), the remaining one-third is Portuguese (31%) [34]. The climate is temperate
Mediterranean, with a dry period of two months for July and August. The average annual temperature
varies between 7.4 ◦C (in areas further north and higher altitude) and 16.9 ◦C (in estuary area), and the
annual rainfall is between 2744 mm (in the northern part of the region and at an altitude of more than
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1300 m) and the 524 mm (in the south, near the coast). In wet years, the annual rainfall is about 130% of
the precipitation at normal year, while in dry year, this only reaches about 70% of normal precipitation.
The annual potential evapotranspiration varies between around 500 mm in areas further north and the
higher altitude, while the higher values, at around 800 mm, are found on the South side of the river
basin district. The Thornthwaite climate classification shows great variability, ranging from climate
super-wet to sub-humid dry (C1). In natural regime, the average discharge is 600 m3 s−1 and the total
volume per year is on average 19 km3, with 66% being generated in the Spanish basin and 34% in the
Portuguese basin. At present, approximately nine million people live in the basin, which contains the
capital cities of both countries. The river is highly regulated with a large number of dams, creating a
total storage capacity of nearly 14 km3, of which 80% in Spain. Installed hydropower potential amounts
to 3300 MW and the mean annual power production is approximately 5000 GWH. In the Portuguese
territory, there are almost 2150 dams, providing a theoretical useful storage capacity of about 2.5 km3.
Most were built for hydropower production, but given the characteristics of hydrological variability,
the volumes of water stored in reservoirs add some resilience under scarcity periods [34–36].

The Spanish Tagus Basin attains almost twice the Portuguese Tagus Basin area and number of
inhabitants (Table 1). Cultivated area of temporary crops in the Spanish Tagus River Basin is four
times larger than that of Portugal [37]. In terms of water demand, 80% of the water use is related
to agricultural needs and the 20% remaining for drinking-water production, since both Madrid and
Lisbon use the Tagus River Basin as the source of their water supply. Water abstractions for agriculture
purposes attain 1929 hm3 y−1 and urban water supply reaches 741 hm3 y−1 in the Spanish Tagus
River Basin [34]. In Portugal, Tagus water is strongly demanded for the irrigation (~1173 hm3 y−1)
of intensive rice paddies, orchards and arable crops area (1482 km2), and for drinking water supply
(~392 hm3 y−1). It should be pointed that Lisbon drinking water is abstracted from a reservoir that
is located in a Portuguese Tagus tributary, Zêzere River. Table 1 shows the Tagus River Basin main
dimensions and land use characteristics [34,35,37,38].

Table 1. Tagus River and land use characteristics.

Countries
Drainage

Area (km2)
River Length

(km)
Total Population

(106)
Field Crops

(106 ha)
Trees and

Vines (106 ha)
Forests
(106 ha)

Pastures
(106 ha)

Portugal 25.026 275 3.5 0.4 0.2 0.7 0.008
Spain 55.781 827 7 1.6 0.2 1.25 0.05
Total 80.807 1102 10.5 2 0.4 1.95 0.06

Note: Weighted average according to River Basin area information [34,35,37,38].

2.2. Socio Economic Drivers and Pressures

Economic activities and most of the population in the Tagus River Basin are concentrated in the
Madrid and Lisbon areas. In clear contrast to the urbanized areas, the remaining part of the Tagus
River Basin is dominated by the use of water for extensive agriculture. Yet, the availability of these
resources is disputed by the more productive irrigated agriculture in the Segura River basin that is
close to the Mediterranean coastline, and which is connected to the Tagus by a water transfer channel.
Indeed, part of the Tagus flow in upper Spain is diverted to the Segura basin for irrigation and food
production. This is a main threat on river Tagus sustainability and a very complex pressure to manage,
namely during drought events [39].

2.2.1. Portuguese Tagus Basin

Looking to all of the Portuguese hydrographic regions distribution, a stronger concentration
of economic activities point out Tagus Basin as hosting more than 55% of the product, activity, and
investment, and almost 50% of the existing establishments and employment in Portugal. This is the
largest Portuguese basin representing 31% of the mainland area, 39% of the population, 48% of the
employment, and 57% of the production [40].
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The urban sector in Tagus Basin is responsible for an annual water consumption of about
297 million m3 (46% of the mainland’s total), with an average per capita around 205 L d−1,
when considering both resident and a strong influx of non-permanent population. Inside the Tagus
Basin, Lisbon is the region with the highest household income (40,090 € y−1). Despite the highest
household income in the context of the eight hydrographic regions (1st place in 8) and representing
about 39% of the mainland’s population, it includes regions of great social fragility [34,40].

In 2012, the agricultural sector represented only 1.1% of Gross Value Added (GVA) (a productivity
metric that measures the contribution to an economy of an individual producer, industry, sector,
or region) and 2.3% of the employment in Tagus Basin, placing the region in the last position in terms
of economic relevance. However, about 40% of the region’s total area is dedicated to agriculture,
corresponding to 11.221 km2 of utilized agricultural area (UAA). The irrigated area counts 148.148 ha
(13% of the utilized agricultural area), with around 25,000 farms, corresponding to smaller but more
productive farms (for 46% of irrigated GVA only 20% of annual work unit-AWU) than average in the
mainland. Economic indicators show that irrigation activity in this region is of much less intensive
labor: 0.19 AWU ha−1 when compared to 0.30 AWU ha−1 in mainland, and much more productive:
per unit area (144% mainland’s mean), per unit work (233% of the mainland’s mean), and per unit
of m3 of used water (134% of the mainland’s mean). The 25,000 mentioned above consume close to
1.173 million m3 y−1 of water (about 34% of total irrigation consumption in the mainland), making the
intensity of water use in the agricultural sector higher than in mainland average: mainly per farms
(201% of the mainland’s values), but per irrigated area unit too (108% of the mainland’s consumption
per ha), although as seen before water productivity is also higher than mainland’s average (134%).
Investments in irrigation infrastructure have contributed to improved water storage and distribution
capacity, as well as to promote and use precise irrigation technologies, while playing an increasing role
to reduce environmental pressures and to adapt to climate change [34,40].

In 2012, industry represented 14% of GVA and 11.5% of employment in Tagus Basin, placing it in
the second position in terms of economic relevance. Tagus is the most important industrial basin of the
country, with a weight that remained at 36% along the analysed years (2007–2012), with corresponding
pressures into the river basin. The annual “product” of energy sector represents about 2% of the
Gross Domestic Product (GDP) (a monetary measure of all the finished goods and services produced
in a specific time period) of the country. During 2007–2012, this sector registered a strong activity
expansion, in contrast with the dominant depressive trajectory, which was reflected in a GVA increase
of 19% (annual average of 3.8%) supported by the increase in both turnover (more 38%) and number
of establishments (plus 20% between 2008 and 2012). The importance of Tagus Basin in the “energy”
sector is distinctly marked in economic terms: it has an overwhelming weight representing between
80% and 90% of GVA and employment volume, placing third in the ranking of the hydrographic
regions in terms of hydroelectric power generation, with an average of 12% of the total in 2010–2014.
It should be noted that the productivity levels in the use of water and the intensity of its use are
qualitatively below the national average [34,40].

In 2012, the tourism sector represented 3.5% of GVA and 8% of employment in Tagus Basin,
placing it in the fifth position in terms of economic relevance. Tourism and recreation is associated to
various activities related to nature, landscape, and rural areas, linked to historical heritage or cultural
and sporting events. Lisbon and surrounding areas plays an increasing role as a tourist attraction and
the whole coastline is conducive to new activities.

Aquaculture production that is directly attributable to Tagus Basin has been increasing (274 tonnes
in 2011 as compared to 509 tonnes in 2014). About 50% of aquaculture production is an extensive regime,
corresponding to less significant pollutant loads as compared to the intensive and semi-intensive
regimens [40].
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2.2.2. Spanish Tagus Basin

In the Spanish side of Tagus Basin, the densely populated Madrid metropolitan area
(6,271,000 inhabitants) has the greatest impact in the region. Here, we find most of the urban water
uses, and also the two irrigated areas that are involved in the assessed water transfers [35,39,41].
Madrid registered a population grown by almost 1.5 million people within the last 15 years, from
5,022,000 inhabitants in 1996 to 6,458,000 inhabitants in 2010, at an average annual rate of 2.04%.
Population density has also risen from 625 to 805 inhabitants km−2. The attracting power of the
Madrid area is explained by the rapid economic growth at an average rate of 3.3% until the end of
2007 [39,41]. Even accounting for three years of economic decline after 2007, GDP per capita had a
positive growth rate and increased from EUR 19 755 in 1996 to EUR 23 636 in 2010. In fact, GDP have a
mean increased rate around 3% every year resulting in a total GDP growth rate around 60% between
1995 and 2010 (Figure 2). The GVA of Madrid community represents 89% of the total basin Gross Value
Added [41]. The main engine of growth up to 2007 was the construction sector but the service sector
also grew, and is actually still growing more than average, with a current share of circa four fifths of
the regional GDP. Agriculture has never been an important source of growth and its contribution to
the overall added value is declining, representing less than 0.6% of GDP (Figure 2). The other potential
water user, the manufacturing industry, has being shrinking for more than a decade and its output is
nowadays 10% lower than in 2000. The share of the overall regional production has been consequently
declining (from nearly 15% in 1995) to less than 9% in 2010 [39].

Figure 2. Total Gross Domestic Product (GDP) growth and sectorial evolution, total GDP growth
variation rate between the sixteen analysed years and average GDP annual growth rate in Spanish
Tagus Basin (1995–2010), chained indexes (2000 = 100) [39].

Economic growth in Madrid was led by the services sector, which explains more than 60% of
the total economic growth and 93% of employment generation in the area for the period 1995–2010.
The provision of the necessary inputs (such as water) to this sector has laid the foundations to generate
most of the economic and employment growth. Agriculture, which is the sector from which water
rights are exchanged from, has a minor importance for employment (0.4% of total employment in the
region in 2010 and even decreasing during the period 1995–2010), and output (0.1% of total GDP in
2010, also decreasing). Given the low quality of the soils in the Madrid area, agriculture is a receding
activity, and, in some areas, water allowances are higher than the effective demand for irrigation
water [39]. Allowing for transfers of water rights from agricultural to urban uses may allow for using
use water resources that are not being effectively used in the present.
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3. Simplified Nitrogen Assessment

3.1. Datasets

Nitrogen data from the ecological potential and status of surface waters in Tagus Basin was
obtained mostly from the last River Basin Management Plans reports. In Portugal, these plans were
reported by the Portuguese Environment Agency (“Agência Portuguesa do Ambiente”, APA) [34],
while in Spain, they were reported by the Spanish Hydraulic Administration (“Confederación
Hidráulica del Tajo”, CHT) [35]. Datasets about monitoring stations and reservoirs in Tagus Basin,
regarding total N and NO3

− concentrations were obtained from CHT [42] for Spain and from SNIRH,
a National Water Resources Information System [43], for Portugal. Portuguese geographic files used
in QGis were taken mostly from SNIAmb data (National Environmental Information System) of
Portuguese authorities [44]. Spanish maps were adapted through the online GeoPortal (access portal
to geographic information of Spain), which uses IDEE data (Infraestrutura de Datos Espaciales de
España) of Spanish authorities [45].

Potential N loads in Tagus River Basin were estimate using available emissions factors, datasets,
and statistics that were published in Decree-laws. Agriculture diffuse N loads to surface waters were
estimated according to land use information from the Corine Land Cover [37] and emission factors of
agriculture practices [46] (Table 2).

Table 2. Nitrogen export coefficients, according to agriculture practices.

Sources Sub-Categories Emission Factors (kg Nr ha−1 y−1) Ref.

Agriculture practices
Temporary rainfed crops, irrigated crops and rice paddies 5.0

[46]Vineyards, orchards, olive grooves 2.7
Permanent grassland 1.5

N loads originated by livestock production were based on the Portuguese agricultural census
that was carried out by the Portuguese national statistics institution (INE) [47] and on the Spanish
CHT data, based on the Impress II data of Corine Land Cover and livestock facilities inventories [35].
Excretion factors and correspondence normal head were taken from the Decree-Law 214/2008 of 10
November (republic diary number 218) and Ordinance 259/2012 of 28 August (republic diary number
166), both in force in Portugal.

For the urban sector, per capita N discharge factors used were the ones reported by Johnes [33]
regarding urban Wastewater Treatment Plants with biological secondary processes and on-site
anaerobic septic tanks: 2.14 and 2.49 kg N y−1, respectively. An additional removal efficiency of
86% was considered if the advanced biological processes are implemented [48].

3.2. State and Impacts: Water quality status in Tagus River Basin

Nitrates are considered in Water Framework Directive Annex VIII [29], and they belong to
physico-chemical parameters that are required for an integrative ecological status assessment. Figure 3
shows surface waters ecological potential along Tagus River Basin and the two N monitoring
points used.

In the Spanish part of Tagus watershed, 63% of rivers and 71% of lakes present Good ecological
status, 31% of rivers and 29% of lakes present Moderate status, and 6% of rivers display Poor status.
Concerning the ecological potential, 59% of the artificial/heavily modified water bodies display Good
or Higher status, 35% Moderate status, and 2% Poor status (4% remain unknown). For groundwater
bodies, 75% are classified with Good Global status and 25% have Less than Good [35]. Concerning the
Portuguese part (including the west side), 53% of surface water bodies have Good ecological status,
26% Moderate status, and 21% Poor status. As for the ecological potential of artificial/heavily modified
water bodies, 14% present Good status, 46% Moderate status, and 27% Poor status (13% remain
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unknown). For groundwater bodies, 90% are classified with Good Global status and 10% have Poor
classification [34].

Figure 3. Surface waters ecological potential and status along Tagus watershed reported in 2015.
N monitoring stations: (1) “Valada do Tejo” (code: 19E/02); and (2) “Monte Fidalgo – Cedillo”
(code: 16L/02) (built with QGIS) [34,35].

3.3. Nitrogen Loads in Tagus River Basin

3.3.1. Livestock

N loads derived from livestock activity were estimated from the average amount of nutrients
that were excreted annually by “normal head” for each animal species and after having the normal
head numbers per specie and per parish (only parishes with 50% or more of land within the Tagus
Basin were considered), total N load was estimated based on the average amount of total N that was
excreted annually by normal head. Calculations taking account that the N loads emitted by manure
vary according to the animal category, species, nutritional habits, and weight of the animal, along with
manure management characteristics [49]. An average concentration of 25 g N kg−1 in manure was
considered [50]. Finally, to determine N leaching into water bodies, after manure deposition in the
soil, an approach consisting in export taxes was used. These taxes range from a mean for N around
10–17% considered by different authors [33,51,52]. It was assumed that 17% of the N load reaches the
water bodies of the river basin where the livestock farm is located, and already take into account the
percentage of manure that is applied on land after storage losses [33]. In Portugal, around 9% of the
total holdings with livestock have manure storage facilities, while in Spain, this percentage is almost
four times higher (~44%) [53].

3.3.2. Agriculture

The methodology that was used to estimate N loads from agriculture was based on emission
factors for each land use classes, corresponding to the diffuse N load that will be transported through
the surface runoff from the drainage area for each water body. Identification and spatial distribution
of land use classes in the Tagus Basin were determined using the land use map [37], which allowed
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for the use of a geographic information system (QGIS) to define the exact percentage of each land use
classes. Then, N export coefficients [46] were applied to these percentages of land.

3.3.3. Urban

The approach used to determine the rejected N loads was based on removal coefficients, according
to Wastewater Treatment Plants performance. Most of these urban treatments existing in the Tagus
Basin have secondary treatment only (80%). The more advanced treatment has also disinfection or a
N removal step. Tagus Basin has about 14% of this treatment degree. Urban wastewater discharges
without treatment were considered to be 8% in Portugal and 4% in Spain [54]. Annual N load at the
international border between Spain and Portugal was estimated based on the “Monte Fidalgo–Cedillo”
reservoir (Figure 3) monitoring between 2010 and 2015 and considering an annual average flow of
210 m3 s−1 at “Monte da Vinha”, which is a hydrometric station located too on the border between
Portugal and Spain [42,43].

3.3.4. Intersectorial Assessment

As mentioned previously, N pressure to surface waters derives mostly from agriculture and urban
settlements in the Portuguese Tagus River Basin. On the contrary, in the Spanish Tagus River Basin,
the main challenge is potential livestock emissions: estimated N load into Spanish Tagus river is
~242 kt y−1, which is much higher (~13 times) than Portuguese discharge, only ~18 kt y−1. The main
contributor to N losses in Portugal is agriculture (Figure 4), while in Spain, it is livestock, which is
more than 50 times higher than in Portugal. N pressures in urban and agriculture sectors in Spain
are higher than in Portugal too. Riverine export from Spain to Portugal (14 kt y−1) is slightly smaller
than the total N load discharged from the three main sectors in Portugal (18 kt y−1). However, only
3 kt y−1 is discharged into the estuary (Figure 4). The estimates of potential N loads from different
sectors contribute to set up a simplified N mass balance along Tagus River Basin, which is depicted
in Figure 4.

Figure 4. Estimated potential N loads (kt y−1) into Tagus River Basin surface waters per sector
(livestock, agriculture, and urban), pressure at the Spain/Portugal border, and the discharge at the
Tagus River estuary, in Atlantic Ocean for 2009–2015 [34,35,37,42,43,54].

This integrated N assessment of Tagus River Basin confirms the presence of significant challenges
in both countries, Portugal and Spain. However, their magnitude is different. Agriculture, livestock
and urban sectors discharge higher N loads in Spanish Tagus than in the Portuguese Tagus. Livestock
is the most important sector, but, while Portuguese reports a livestock density of 1.1 ha−1 per hectare,
Spain reports values that are ten times higher, 11.4 units ha−1 [35] that is spread along a higher area,
leading to a global livestock load that is ~120 times higher than in Portugal [35,47]. Thus, when
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considering the same N exports coefficients in both countries, one could expect water body’s quality
to be the worst in Spain. However, this is not the case. One reason may be the type of livestock
holdings and the number of manure storage facilities that are much higher (~4 times) in Spain than in
Portugal [53]. Good manure management practices and effective wastewater treatment may support
Spain’s good ecological quality status (Figure 3). In terms of agricultural N loads, the difference in crop
area in both of the countries explains the higher magnitude in Spain, e.g., for temporary crops. Finally,
regarding the urban sector, it could be expected that Spain displayed a higher N load than Portugal
because of a higher population (Table 2). This effect is attenuated by an increased N removal that is
imposed by an extensive Sensitive Zone designation, which aims at a significant pressure reduction
from Wastewater Treatment Plants loads.

Regarding N loads pattern in Portugal in 2014 [55] and when compared with the values that were
estimated in the present work, it is possible to identify an important livestock load increase (~2.5 to
4.2 kt y−1), while agriculture had a slight rise only (~6.5 to 7 kt y−1) and the urban sector a significant
shrinkage (~12.9 to 6.7 kt y−1). In fact, according to Portuguese National Statistics [47,56], animal
production in 2015 increased in all sectors (meat, eggs, milk, and processed dairy products). Production
of livestock meat increased by 5.0% in 2015, a general trend extended to all livestock species. Not so
pronounced, but with a similar trend too, is the N net balance in the soil with 100,000 tonnes of N
in 2015, which is equivalent to 27 kg N ha−1 of agricultural area (26 kg N ha−1 in 2014) [56]. When
compared to 2014, N net balance increased by 4.6%. This evolution was justified by the increase of
2.3% N incorporation in soil when compared to 2014 (more than 7.2 thousand tonnes of N), in particular
due to the incorporation of manure in the soil (more 2.6%). On the other hand, in 2015, the N removal
from the soil by agricultural crops, fodder, and pasture increased by 1.6% (more 2.8 thousand tonnes
of N) [47,56]. Between the two periods, total Nr pressure in Tagus River Basin decreased substantially
in Portugal (22 to 18 kt y−1). Several reasons can contribute to such a decrease, but data reliability is
not very conclusive. Nevertheless, a main reason could be the gradual improvement of wastewater
treatment services [34].

3.4. Total Nitrogen, Nitrate Fate and Transboundary Pressures

A downward trend of the Total N concentration was observed in Portuguese-Spanish border
at “Monte Fidalgo” monitoring station from 2013, although there was an increase in NO3

− N
concentration in 2015, probably from agricultural activities intensification. Between 2010 and 2015,
the total N concentration was always higher in the monitoring station “Valada do Tejo” than in the
upstream station (Figure 5B). In 2015, total N concentration dropped significantly below the detection
limit that was reported by CHT, which is 2 mg L−1 for total N and 2.5 mg L−1 for nitrates [35].
Until 2012, nitrate concentration in “Valada do Tejo” was smaller than “Monte Fidalgo” (Figure 5A).
In 2013, it remained the same for both stations, and, since then, “Monte Fidalgo” recorded values
below the other station with significance differences in 2015. In order to assess transboundary impacts,
average total N and NO3

− concentrations in the two N monitoring points of Tagus River Basin are
displayed in Figure 5.

Water quality monitoring in Tagus mainstream shows a biased pattern. For the study years,
“Valada do Tejo” has higher N concentration than upstream “Monte Fidalgo”, but the same did
not happen with NO3

− concentration, being more expressive in 2011 and 2012, possibly because
the intensive agriculture that occurs at Valada Zone (Figure 5). As a rule, N concentration in the
Portuguese-Spanish border of Tagus is around 1 mg L−1, which is probably due to the contribution
of Tagus tributaries near the border causing a dilution effect (e.g., Alburrel, Aurela and Salor
streams) and to the N consumption in Alcántara and Cedillo [57]. Annual riverine export monitored
in Spain-Portugal border is still high (14 kt y−1) (average 2010–2015), an amount similar to the
N discharged downstream by Portuguese agriculture, livestock, and urban sectors (~18 kt y−1).
The difference in source discharges and transport at border and final input at coast attains 94% in
Spain and 91% in Portugal and in total for the entire Tagus Basin is 99%. In Denmark, the national
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average N retention in groundwater and surface water accounts to 72% from source to coast. Biological
reaction may be the reason, as several reservoirs exist along Tagus River: higher hydraulic residence
times and warmer climate with excess carbon could fuel denitrification in the surface waters. These
results show that the monitoring gaps in Tagus Basin are quite important regarding N fluxes, thus
hindering a comprehensive calibration of any phenomenological model. Better information on water
quality coupled with surface and groundwater fluxes quantification, besides biological activity and
atmospheric emissions, are necessary. In addition, N fate in Tejo estuary could be also meaningful to
induce anoxia in coastal areas, but the issue has not been addressed yet.

Figure 5. Average NO3
– (A) and total N (B) concentration (mg L−1) in Tagus River Basin between

2010 and 2015. (Monitoring stations: code: (19E/02)—“Valada do Tejo”; code: (16L/02)—“Monte
Fidalgo”) [42,43].

4. Policy Measures

Despite the fact that Tagus is an international basin, each country issued its own Management
Plans in 2015 and not an international one, as foreseen by Water Framework Directive in its article 13(2).
Even so, the Programme of Measures foreseen in both Tagus River Basin Management Plans comprises
a set of initiatives that are related with N issues [34,35]. Among them are agriculture best practices
and further wastewater treatment upgrade for nutrient removal. The 2016–2021 planning cycle is
expected to spend 229 M€ for Programme of Measures implementation in Portuguese Tagus River
Basin Management Plans, including 174 M€ specifically for sanitation and pollutants removal [58].
To achieve a decrease of diffuse and point sources in Spanish Tagus River Basin for the same planning
cycle will require a higher investment in N control than in Portugal, 1.452 M€ [35].

Besides the initiatives that were encompassed in Tagus River Basin Management Plans, an effective
cooperation between Portugal and Spain is necessary in accordance to Albufeira Convention goals.
Although a joint co-management is difficult, some steps could be implemented, such as, for example,
joint best agricultural management practices for the entire Peninsula, including the appropriate measures
for the edafo-climatic common regions. In the Programme of Measures definition, a cost-effectiveness
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analysis will be advisable in order to find the best upstream-downstream measures [59]. Joint monitoring
systems would be a step ahead for achieving water quality compromises [60], as well as a common
interpretation of the EU Directives. Above all, transparency and a far-reaching coherence regarding the
policies in Tagus transboundary river basin is required in order to prevent negative trade-offs [61].

4.1. Nitrogen and Water Resources Protection Policies: Protected Areas

Nitrates Directive (91/676/EEC) and Urban Wastewater Treatment Directive (91/271/EEC) are
central EU legal tools embedding anticipative water management policies. In Portugal, the first
legal initiative on groundwater protection was issued in 1997, with the release of Decree-Law
235/1997 of 3 September (republic diary number 203). Ground waters with more than 50 mg L−1

of nitrate concentration are considered to be Vulnerable Zones [62]. Tagus Nitrate Vulnerable Zone
was implemented only in 2004 through the publication of Ordinance 1100/2004 of September 3
(republic diary number 208). This Nitrate Vulnerable Zone covers ~36% of river watershed and is the
largest one in the country, with a total area of 2416.86 km2. The other Nitrate Vulnerable Zone was
Estremoz-Cano issued in 2010 through the publication of Ordinance 164/2010 of March 16 (republic
diary number 52) and attains 207.1 km2. In both cases, an intensive agricultural activity is present,
namely maize, tomato, and rice [62]. Despite such measures, from 2012 to 2015, more than 50% of
monitoring data stations recorded a nitrate concentration average value of 36 mg L−1 and less than
25% recorded an average value of 44 mg L−1 in aquifer (0–5 m) of Tagus Vulnerable Zone. In the
karst aquifer of the Estremoz-Cano Vulnerable Zone, more than 50% stations registered an average of
37.5 mg L−1 during the same period and less than 25% registered an average of 12.5 mg L−1 [34,62].
In Spain, 7 Vulnerable Zones that spread 31% of Tagus watershed area (17,064 km2) are in force [35,63].
Vulnerable Zone effectiveness is controlled by 46 network stations. From 2008 to 2014, five groundwater
bodies presented at least a representative point of analysis above 50 mg L−1. This accounts for 50% of
total groundwater bodies [35,63].

Regarding Sensitive Zones in terms of nutrients and eutrophication risks, only in 2008 the
first zones were designated in Portuguese Tagus: Pracana and Maranhão reservoirs and associated
watersheds, covering 13% of the Tagus River Basin (Figure 6) [34]. On the contrary, a stronger policy
was adopted in Spain, namely downstream Madrid region: 53 Sensitive Zones were identified that
influence areas to a sum total of 32 815 km2 (60% of the river watershed) require biological N removal
in wastewater treatment plants [63]. Vulnerable and Sensitive Zones along the Tagus River watershed
are shown in Figure 6.

Portuguese water authorities are concerned with nitrate concentration in the Tagus Vulnerable
Zone [62]. Regarding the Estremoz-Cano Vulnerable Zone, the Action Program, which was issued by
Portugal in Ordinance 259/2012 of 28 August, may induce a water quality improvement in the next
10 years [62]. On the other hand, Vulnerable Zone in Spain Tagus does not go through this problem
despite some records of nitrate contamination [35]. The effectiveness of the designation of large
Sensitive area in Spain (53 zones) seems evident by the water ecological status in the Spanish Tagus
River Basin [63]. This is a good result that deserves further considerations because other European
countries apply environmental protection policies with similar results. For instance, the whole
Denmark territory is designated as a Nitrate Vulnerable Zone, and due to the application of stringent
wastewater treatment removal (N and P) over all of its territory, Denmark was not required to identify
Sensitive Zones for the purposes of the Directive [29,64]. The good water status goal has been
achieved in Spain, despite a highly regulated water flow regime in Tagus headwaters, namely the
aforementioned water abstractions towards Segura and Jucar river basins (Figure 3) [65]. Such water
transfers to adjacent river basins from upstream Tagus River Basin supported strong debates over pros
and cons, confronting the agricultural needs in Spanish southeast zones with nature conservancy goals
in Tagus River Basin, including in Portugal [66].
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Figure 6. Nitrogen Vulnerable [A] and Sensitive [B] Zones in the Portuguese and Spanish sides of
the Tagus River Basin (built with QGIS) [34,35,44,45]. Numbers correspond to Portuguese Tagus
sections of Vulnerable (1-Tagus; 2-Estremoz-Cano) and Sensitive (3-Pracana reservoir; 4-Maranhão
reservoir) Zones.

4.2. Best Management Practices

The Water Framework Directive [29] and its daughter Directives recognize the urgent need to
adopt specific measures against the contamination of water by individual pollutants or a group of
pollutants that present a significant risk to the quality of water. There are some useful tools and
techniques that can be used by farmers, technicians or government entities to improve their knowledge
and mitigate this problem on Tagus Basin.

One of them is the use of mathematical models to assess the fate of N in the soil–crop environment
from the field to the watershed scales. The Root Zone Water Quality Model (RZWQM) [67–69] was
already successfully used at the field scale in some areas of the Tagus basin. The model simulates
N transformations, uptake, and transport in the soil–crop systems, making it possible to evaluate
field measured soil hydraulic properties and to predict N related variables for different boundary
conditions (irrigation and fertilization) with a good accuracy. Thus, through scenario analysis, the best
management practices that were protecting surface and groundwater quality can be selected. As for
every process based mathematical model, each time that RZWQM is used in a new soil–crop system,
it has to be calibrated. Despite this, it is essential to first have a good estimation of the water balance
components (evapotranspiration, leaching, and soil water storage) before applying the model [68].

Researchers of the Marine Research Institute, an ecological modelling center in Portugal, have
demonstrated that salt marshes vegetation could be a great attenuator of the effects of N enrichment in
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several coastal systems, like in the Tagus estuary, and used as a measure of the system susceptibility to
nutrient enrichment [70]. Their model results show that after phytoplankton, salt marsh plants have
the highest productivity in the estuary. The model also suggests that the Tagus estuarine sediments act
as a source of ammonium to the water column, but that its diffusion flux is minimized by the growth
of salt marsh plants. So, the ammonium diffused to the water is reduced by about 15% in the Tagus
salt marsh sediments.

Not only models can be a useful tool for N control. Probability maps, showing that the nitrate
concentrations exceed a legal threshold value in any location of the aquifer, can be used to assess risk of
groundwater quality degradation from intensive agricultural activity in aquifer. The DK (Disjunctive
Kriging) technique is an example of that mapping type. These kinds of tools are very useful for the
decision-makers because they can reinforce the implementation of agri-environmental measures in
Vulnerable Zones, so as to ensure good compliance with the Nitrate and Groundwater Directives in
the EU zone [71].

5. Conclusions

Nitrogen pollution from agriculture, livestock, and urban discharges is a key environmental
pressure on the Tagus River Basin. Nitrogen load in Spain is ≈13 times higher than in Portugal, being
the livestock sector the major input. Nitrogen concentration in the Spanish Tagus River is low, but
the input to Portugal is significant (14 kt y−1), accounting for approximately the same amount as the
total sectorial load in the Portuguese region (18 kt y−1). However, reported water quality status was
slightly better in Spain than in Portugal. Around 67% of natural surface waters (63% of rivers and 71%
of lakes) showed good ecological status, while for Portugal, this status accounted for only 53%. Gaps
in monitoring hinder the construction of a comprehensive mass balance at basin level and foster data
uncertainties that hinder an integrated water resources management.

The main policy responses to N pressures are related to the designation of water resources
protection areas in both countries. In Spain, Sensitive Zones attained 60% of Tagus River Basin area,
while in Portugal, these are limited to 13% of the basin. Vulnerable Zones attain near 30% of the
territory in both countries, but the enlargement of these zones could be beneficial in terms of water
quality in both counties. Iberian countries administration of their own Tagus water resources is
driven most by water security reasons and not by benefits sharing in water and agriculture related
activities. Stronger collaboration was though by Water Framework Directive aiming at a shared effort
to attain environmental objectives for transboundary waters. The adoption of Best Management
Practices built under a common strategy, would help to control and mitigate the nitrate problems in the
Peninsula. A joint systematic information exchange and interaction will lead to a better transboundary
N management and water resources protection in the Iberian Peninsula.

The simplified methodology presented in this paper allowed for analyzing and characterizing the
current state of the Tagus Basin and understand the main driving forces and responses. Nevertheless,
for a more comprehensive analysis of the N processes and dynamics at the basin level, a process-based
model is being developed and will be presented in a near future.
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Abstract: Drought class transitions over a sector of Eastern Europe were modeled using log-linear
models. These drought class transitions were computed from time series of two widely used
multiscale drought indices, the Standardized Preipitation Evapotranspiration Index (SPEI) and the
Standardized Precipitation Index (SPI), with temporal scales of 6 and 12 months for 15 points selected
from a grid over the Prut basin in Romania over a period of 112 years (1902–2014). The modeling also
took into account the impact of North Atlantic Oscillation (NAO), exploring the potential influence
of this large-scale atmospheric driver on the climate of the Prut region. To assess the probability of
transition among different drought classes we computed their odds and the corresponding confidence
intervals. To evaluate the predictive capabilities of the modeling, skill scores were computed and
used for comparison against benchmark models, namely using persistence forecasts or modeling
without the influence of the NAO index. The main results indicate that the log-linear modeling
performs consistently better than the persistence forecast, and the highest improvements obtained
in the skill scores with the introduction of the NAO predictor in the modeling are obtained when
modeling the extended winter months of the SPEI6 and SPI12. The improvements are however not
impressive, ranging between 4.7 and 6.8 for the SPEI6 and between 4.1 and 10.1 for the SPI12, in terms
of the Heidke skill score.

Keywords: drought classes; Standardized Precipitation and Evapotranspiration Index (SPEI);
Standardized Precipitation Index (SPI); North Atlantic Oscillation (NAO); log-linear
modeling; persistence

1. Introduction

The social, environmental and economic impacts of drought, as well as its features, have been
studied in numerous studies [1–7]. Since 1950, a positive tendency of drought patterns has been
observed over some regions of the globe [8–10], in part due to global warming [11]. Within the
European context, the positive drought trends seem to be particularly acute in the Mediterranean
area [10,12,13], where increased dryness [14–16] and temperature is more notorious [6,17]. As shown
in a recent study by Dumitrescu et al. [18] covering all of Romania over the period 1961–2013, the most
striking results concern the number of summer days, which has increased by 95% in of the considered
stations, while an increase in the duration of warm spells of 83% has been observed in the same stations.
In a paper by Spinoni et al. [19], the drought events in the last five decades in the Carpathian region
(ranging from the Czech Republic to Serbia, encompassing Slovakia, Poland, Hungary, Ukraine, and
Romania) were analyzed. The most intense droughts took place in 1990, 2000, and 2003, followed
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by other 10 notable events. In general, for that region, the drought frequency is slightly increasing,
however, the rise has not been confirmed by significance tests [19].

Under the current global warming process [17], in the next decades an increase in the frequency,
duration, and affected area of drought events in the drought-prone areas like the Mediterranean is
expected [11,16,20–22]. The Carpathian region shows a dual behavior, as in the past it was reported as
being generally affected by increasingly frequent and severe droughts [19] and, according to future
drought projections, more extreme changes are expected in the Carpathian Mountains than in the
surrounding regions. Besides the regional differences, seasonal differences are also expected, with more
frequent droughts in spring and summer and a stronger decrease of winter droughts [23]. Changes
in the agriculture forest sector in Romania have been shown to be directly affected by the weather
and climatic conditions [24,25], as recognized within the Romanian National Climate Change Strategy
(2013–2020), in its adaptation component [26]. In particular, drought is a major cause of unexpected
crop failure [27–29]. Future changes of climatic conditions in Romania will drive additional changes
in crop production in the region [24,25,30] and the sector is expected to continue to be affected in the
future [30,31]. Therefore, for countries and stakeholders considering the implementation of appropriate
preparedness and mitigation measures, it becomes increasingly important to develop robust early
warning systems [3,32]. However, under the current state of the art, it is extremely challenging to
forecast the early stages of a drought, as well as its expected conclusion, particularly in the middle
latitudes [33]. Nevertheless, considering that droughts evolve slowly, it is increasingly feasible to
release a timely prediction allowing for some measures to be adopted to mitigate the effects of the
drought [32,34,35]. In this context, drought predictions at a monthly scale can be beneficial so that
resource managers and water users can prepare for the occurrence of various stages of a drought,
including onset, duration, or conclusion.

The assessment of drought severity can be achieved with a number of indices developed for
that purpose, such as the Palmer Drought Severity Index (PDSI) [36], and the MedPDSI [37,38], etc.
In recent years, it has been shown that the use of multi-scalar drought indices is quite useful, including
the Standardized Precipitation Index (SPI) [39] and the Standardized Precipitation Evapotranspiration
Index (SPEI) [40]. In this study, the SPI and SPEI were the chosen indices because of their multi-scalar
nature that allows assessing drought impacts, for different time scales, on soil moisture, snowpack,
reservoir storage, groundwater, and stream-flow [39,40]. Although droughts are mostly controlled
by the temporal variability of precipitation, in a context of global warming, the temperature variable
may play an increasing role in drought assessments, and therefore the SPEI was also considered.
Thus, while the SPI is computed only based on precipitation, the SPEI is sensitive to changes in the
evaporation demand (caused by temperature fluctuations and trends) because it considers the effect of
potential evapotranspiration (PET) on drought severity [10,40].

On the other hand, atmospheric circulation plays a major role in terms of precipitation occurrence
but also on its frequent inhibition of precipitation leading to drought on different time and spatial
scales (e.g., [41,42]). The main features of the atmospheric circulation for the European region are
captured by a set of large-scale patterns (and corresponding indices) that are usually computed at the
monthly/seasonal temporal scales [43]: the North Atlantic Oscillation (NAO), the East-Atlantic (EA)
pattern, the Scandinavian (SCAND) pattern, and the East-Atlantic Western Russia (EAWR) pattern.
The temporal indices associated to these patterns are freely available at the National Centers for
Environmental Prediction (NCEP) website. It is now well established that the main pattern controlling
wet and dry rainfall regimes over Western Europe is the NAO mode [44–46]. However, this effect
extends to the eastern part of the Mediterranean. In fact, when the NAO is in its positive phase (i.e.,
NAO+), winter storms coming from the Atlantic are deflected northward, resulting in wet winters over
the northern part of Europe, dry winters over the southern and eastern part of Europe [47,48], and
also lower-than-average temperatures [45]. Thus, the NAO+ regime is associated to below-average
precipitation over most southern and central European regions and higher-than average values in
Northern Europe [45–48]. In contrast, when the NAO is in its negative phase (i.e., NAO−) storm
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tracks are shifted southwards, promoting wet and mild winters over the southern and eastern parts of
Europe and dry winters over the northern part of Europe [45–48].

The region focused on this study is the Prut River basin in Eastern Europe (Figure 1). The Prut
River source is located in the Carpathian Mountains, Ukraine, and runs into the Danube River.
It is circa 1000 km long, and its catchment area is 27,540 km2. The basin of the Prut River, being a
transboundary basin, is located in the territory of three countries: 28% in Moldova; 33% in Ukraine; and
39% in Romania (Figure 1). The Romanian territory is divided by the Carpathian Mountains into two
groups of regions: the intra-Carpathian regions and extra-Carpathian regions. The extra-Carpathian
regions cover the southern, eastern, and southeastern parts of Romania, while areas located inside the
mountain chain and those located westward from the mountains are considered the intra-Carpathian
regions (Figure 1). The Carpathian Mountains form an orographic border which imposes a separation
between the regions influenced by mild oceanic (south and west) and continental (north and east)
climates. In the last 20 years, a shift from oceanic to continental climate can be seen, especially in the
Romanian part of the Carpathians [19]. The extra-Carpathian regions (delimited area in Figure 1),
which include most of the Prut basin, are more often influenced by southern tropical or eastern
continental air masses [49]. The maximum flow of the Prut River is recorded during the beginning of
the warm season, often in early April due to the significant quantities of precipitation overlapping
with snowmelt, and manifests itself as spring–summer floods [50]. Although the Prut watershed
has a relatively low water stress under present climate, a more detailed assessment is needed of this
basin since its watershed has been exposed to landscape changes that may increase the runoff and
reduce reservoir capacity [51]. Corduneanu et al. [50] studied the Prut river flow recordings during the
period 1978–2012 and noticed that two extremely severe droughts occurred, one spanning from 1982
to 1988 and more recently another that began in 2011 and continued until the end of 2012. In addition,
Croitoru et al. [49] studied the spatiotemporal distribution of aridity indices based on temperature
and precipitation in the extra-Carpathian region of Romania and found that the southeastern region,
including the Prut basin, are most vulnerable to semi-aridity, especially during the warm period of
the year.

Figure 1. Map of Romania indicating the 15 grid points (from the Climatic Research Unit (CRU)
database) covering the study area (delimited by a red line) and showing the Carpathians Mountains as
well as the extra-Carpathian region [45] delimited here by a yellow line.
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In terms of the influence of climate variability, Tomozeiu et al. [52] found a significant association
between Romania’s precipitation variability in the winter months and large-scale circulation patterns,
such as the NAO and the blocking phenomenon in the Atlantic-European sector. Bojariu and Giorgi [5]
observed fine-scale features of the NAO precipitation signal over the Iberian, Scandinavian, Alpine,
Balkan, and Carpathian regions, demonstrating the important role played by the topographic forcing
in modulating the large-scale NAO variability over Europe. Additionally, a decreasing trend in winter
precipitation was discovered, especially in the extra-Carpathian region, during the last two decades of
the 20th century, likely related with an intensification of the NAO+ and a decrease in the frequency of
blocking especially after 1980. The winter NAO signal was found by other authors to be stronger in the
extra-Carpathian regions, as result of the orographic force on the atmospheric flow in the Carpathian
Mountains [53]. Moreover, regions in Central and Eastern Europe were identified as having a source
of NAO-related predictability [53], which results from the positive correlation present in the month of
November between the thermal anomalies and the NAO index. This source of predictability might be
used to predict the onset of the NAO in the following winter [53].

Several approaches to the have been proposed for the forecasting of droughts on a monthly
basis, namely statistical, physical-based techniques, or hybrid techniques. Examples of those hybrid
approaches which conjugate statistics and physical-based techniques are the works by Mishra et al. [54]
and Kim and Valdes [55], which use respectively a hybrid stochastic and neural network model and
the later conjugates wavelet transforms and neural networks for a nonlinear model. However, other
examples are the model combination of the wavelet and fuzzy logic models used in Ozger et al. [56] and
the adaptive neuro-fuzzy inference used in Bacanli et al. [57]. Among the techniques used for drought
forecasting, statistical models are chosen many times, since they are simple to implement, do not have
a high computational burden, and produce useful predictions [58]. There are a variety of statistical
methodologies available which can be applied for the intended purpose, namely autoregressive
integrated moving average (ARIMA)-type approaches [59,60], artificial neural network (ANN)
models [61,62] or even other types of stochastic and probability models, such as Markov chains [63],
log-linear models [64,65], and others [66,67]. A thorough discussion on various methodologies used for
drought modeling and prediction showing the limitations and advantages of each modeling/technique
was done by Mishra and Singh [58].

One approach often used to include useful information related to climate dynamics in drought
forecasting models considers (as covariates) atmospheric–oceanic monthly or seasonal anomaly indices.
Some examples of this type of approach include the use of ANN models and time series of drought
indices, including the NAO index as a covariate [68], or the use of probabilistic models resulting from
evaluating conditional probabilities of future SPI classes based on current SPI and NAO classes [67].

The combined effects of the NAO index and SPI time series’ information have been well explored
in the context of Portuguese drought predictability, specifically to predict drought class transitions
some months in advance based on the SPI of the previous months [57,58,62]. These models, which are
three-dimensional log-linear, rely exclusively on probabilities of transition between states and are fitted
to drought class transitions counts separately for the NAO+ and NAO− phases. Taking into account
the NAO state in the current month, the most probable drought class transition for the next month and
their confidence intervals are computed. This approach has proved its usefulness in predicting the SPI
drought class one or two months in advance [64,65,69].

Considering the challenges in climate change, and the reported NAO influence on precipitation
and, consequently, on drought occurrence in Romania and the Prut basin, the aim of this work is to
assess the predictability of drought at a monthly scale for the Prut basin, with the objective of providing
drought warnings for agricultural management. For this purpose, the same log-linear models are used
fitted to drought indicators, the SPI, and for the first time also to SPEI class transitions, under the
influence of the NAO index.

Additionally, we aim to go a step further from previous studies using log-linear models [64,65,69],
identifying the predictors that can better predict changes of drought classes one or two months in
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advance, namely with the use of a four-month NAO average as a predictor instead of the single lagged
NAO value as in a previous study [65]. An analysis of the extended winter months (November–May)
and the complete annual period was performed, as well a study of the use of different SPI (SPEI)
drought class intervals, aiming at a better assessment of the Prut basin climate. Finally, with the aim of
improving the study, the frequency of severe and extreme droughts and also wet events in three periods
with similar numbers of years were statistically compared using an analysis of variance technique.

2. Data and Methods

2.1. Standardized Drought Indicators and the NAO

The climatic data used in this study were retrieved from the 0.5 × 0.5 gridded resolution CRU
(Climatic Research Unit) time-series (TS) 3.23 produced by the Climatic Research Unit (CRU) at the
University of East Anglia. The CRU TS 3.23 variables used for SPI and SPEI computation were monthly
precipitation and mean temperature, for the period January 1901–December 2014, located over the
Prut basin (Romania, Ukraine and Moldavia) (Figure 1). Details regarding this dataset are available at
the CRU high-resolution gridded database (https://crudata.uea.ac.uk/cru/data/hrg/).

The choice of the baseline period relative to which standardized drought indicators are calculated
is a key factor [23]. If a shorter period (e.g., 30 years) characterized by frequent and severe droughts
is used as a baseline, this may impinge influence on the indicator’s trend over the entire period [23].
This study focuses on class transitions over a long-term period, so we decided to use the entire period
(1901–2014) as the baseline, thus ensuring more robust comparisons. Moreover, drought is different
from other natural disasters and takes place when a significant deviation from the normal hydrologic
conditions of an area occurs [36]. Thus, using as a baseline the past decades for estimating droughts
over the years 1901–2014 might be problematic, as the last decades have shown an intensification of
drought events relative to the beginning of the century, which might be unrealistic.

Moreover, the long-term period range, from 1901 to 2014, is considered an important pre-requisite
since the log-linear modeling approach benefits from using long and recent data to better parameterize
the models. Six- and twelve-month time-scales of both SPI and SPEI (SPI6, SPEI6, SPI12 and
SPEI12) were computed from precipitation and temperature time series correspondent to the 15 grid
points shown in Figure 1. The use of these two time-scales relies on the fact that each one
reflects the accumulated drought conditions of longer or shorter periods. Specifically, the 12-month
time scale is able to identify long-term dry and wet periods, being more representative of the
impacts of drought on the hydrologic regimes [70]. In contrast, shorter time scales are useful to
detect agricultural droughts [25], reflecting a better change of class instead of its persistence [70].
We would, however, like to highlight that the terms “short-term accumulation periods” and “long-term
accumulation periods” in SPI/SPEI drought indicators here refer to meteorological droughts, as they
use meteorological inputs and not, for example, soil moisture (agricultural drought), or low flow data
(hydrological droughts).

For the SPI computation, the gamma distribution was used to model precipitation and for the
SPEI, Penman–Monteith’s PET was used, as well as the log-logistic distribution to model the water
deficit (D) [40].

The categories usually used to classify drought, and wetness classes are presented in Table 1.
However, to avoid problems in the model fitting [64] caused by too many class transitions with value
zero, several classes were grouped. We have considered a total of four classes in our modeling analysis
as in recent studies [65] albeit not necessarily exactly defined in the same way. Thus, a new unique
wetness class grouping all the wetness categories was included, since our main focus in this study
was drought prediction. The normal and the near-normal drought classes are grouped together,
since, being near-normal, the first category of drought has low impacts, and therefore we do not find
necessary to distinguish a single class for it. Lastly, both the severe and extreme drought classes are
grouped due to the number of transitions attributable to the extremely severe drought classes, since
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they occur considerably less frequently than the other classes. It must be noted that the number of
classes and their arrangement in different works reflect, to a certain extent, the different frequency of
these classes. Therefore, we are confident that the classification presented herein is more balanced for
modeling purposes and may respond better to the climate features of the Prut basin.

Table 1. Drought and wetness classes of the Standardized Precipitation Index/Standardized
Precipitation Evapotranspiration Index (Adopted from Mckee et al. [39]).

Code Classes SPI/SPEI Interval

ew Extreme wetness [2, +∞[
sw Severe wetness [1.5, 2[
mw Moderate wetness [1, 1.5[

n Normal [−1, 1[
md Moderate drought [−1.5, −1[
sd Severe drought [−2, −1.5[
ed Extreme drought ]−∞, −2[

The monthly drought classes’ time series were categorized considering the limits defined in
Table 2 reflecting the modifications described before, relative to both SPI and SPEI time series with 6-
and 12-month time scales.

Table 2. Drought and wetness classes of SPI/SPEI for modeling purposes (modified from
Mckee et al. [39]).

Code Classes SPI/SPEI Interval

1 Wet [1, +∞[
2 Normal/Near-Normal [−1, 1[
3 Moderate [−1.5, −1[
4 Severe/Extreme ]−∞, −1.5[

To cover the full period of available precipitation data (1901–2014), an extended historical record
(starting in 1864) of a station-based NAO was computed for this study. This long NAO dataset relies
upon the difference of normalized Sea Level Pressure (SLP) between Lisbon (Portugal) and Reykjavik
(Iceland) and overcomes the problem of the available National Centers for Environmental Prediction
(NCEP) Climate Prediction Center monthly NAO, which only dates back to 1950.

2.2. Correlations between SPEI/SPI and NAO

As a preliminary step, a simple correlation analysis was performed to evaluate the association
between the SPEI (SPI) and the NAO index monthly time series for each time scale and grid point
(Table 3). The correlations with other large-scale indices like the EAWR and EA patterns influencing
Central and Eastern Europe were also tested, and the highest correlations were always obtained
with the NAO. Besides that, different NAO averages and lags with the SPI/SPEI were tested.
For SPEI6/SPI6, the maximum inverse correlation was obtained with the NAO index average of
the last four months, i.e., the NAO value at month t considered for the modeling is the simple
four-month average ((NAO_(t − 3) + NAO_(t − 2) + NAO_(t − 1) + NAO_t)/4). If that NAO > 0,
then the NAO state is assigned positive (NAO+), otherwise it is considered negative (NAO−). For the
SPEI12/SPI12, the maximum inverse correlation is obtained also with the last four-month average
but with a lag of 1 month, i.e., with (NAO_ (t − 4) + NAO_(t − 3) + NAO_(t − 2) + NAO_(t − 1))/4.
This correlation between the SPEI/SPI and the NAO was computed twice considering initially all
the months of the year and afterward only the winter and spring months from November to May,
commonly called the extended winter months. The analysis for the extended winter months was
performed taking into account that the impact of the NAO pattern in Southern Europe is usually
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better defined in this time of the year. The inverse correlation between the SPEI (SPI) and the NAO
considering all the months of the year is, on average, lower by approximately 0.08.

Table 3. Correlation between the SPEI (SPI) with 6- and 12-month time scales and the North Atlantic
Oscillation (NAO) average of the last 4 months, considering only the extended winter months
(November–May). The highest inverse correlation values are highlighted in bold.

Grid Point Latitude Longitude
Correlation

SPEI6 SPEI12 SPI6 SPI12

1 48.25 25.25 −0.30 −0.27 −0.31 −0.29
2 48.25 26.25 −0.28 −0.25 −0.29 −0.27
3 48.25 27.25 −0.30 −0.28 −0.30 −0.29
4 47.75 26.25 −0.28 −0.25 −0.28 −0.26
5 47.75 27.25 −0.30 −0.28 −0.31 −0.30
6 47.25 27.25 −0.29 −0.27 −0.29 −0.28
7 47.25 28.25 −0.34 −0.34 −0.32 −0.33
8 46.75 27.75 −0.32 −0.32 −0.30 −0.30
9 46.75 28.75 −0.37 −0.36 −0.34 −0.34
10 46.25 27.75 −0.35 −0.34 −0.33 −0.32
11 46.25 28.75 −0.38 −0.37 −0.35 −0.33
12 45.75 27.75 −0.36 −0.34 −0.33 −0.32
13 45.75 28.75 −0.38 −0.35 −0.34 −0.32
14 45.25 28.25 −0.38 −0.35 −0.35 −0.33
15 45.25 28.75 −0.39 −0.35 −0.35 −0.32

Average −0.34 −0.31 −0.32 −0.31
Minimum −0.39 −0.37 −0.35 −0.34
Maximum −0.28 −0.25 −0.28 −0.26

As can be observed in Table 3, the correlations values between NAO and SPEI (or SPI) in the Prut
basin range in the interval [−0.39, −0.25], and the use of different drought indices does not provide
added information, as no significant differences (for either time scale 6 or 12) can be observed between
results attained with SPEI and SPI. Moreover, all the correlation values presented in Table 3 were found
to be statistically different from zero at a 5% level.

2.3. Modeling

The number of two-step monthly transitions between drought classes was counted separately
for NAO+ and NAO−, evaluated at the current month (t), to form two three-dimensional (4 × 4 × 4)
contingency tables [65] with N = 64 cells each. The referred contingency NAO− and NAO+ tables
present three categories and four levels each, respectively the drought class at months t − 1, t, and t + 1,
and drought classes 1, 2, 3, and 4, previously defined in Table 2. Contingency tables for the SPEI6 and
SPEI12 are presented in Tables 4 and 5. On the other hand, SPI contingency tables, which are similar,
are not shown for the sake of simplicity.

Log-linear modeling inputs correspond to the number of times that in each month the drought
class i was followed by the drought class j in the following month and then by the drought class k in
the month after that (two-step transitions) called the observed frequencies. The model computes the
expected frequencies.

Modeling more than two step transitions with log-linear models is very difficult since we will get
too many observed frequencies equal to zero, which brings fitting problems [71]. On the other hand,
separately modeling the negative and positive phase of the NAO leads to simpler models, with fewer
parameters and therefore easier adjustment.
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Table 4. Counts of two consecutive transitions between drought classes of SPEI6 (t − 1 → t → t + 1) for
NAO− and NAO+.

NAO  
Drought Class  

Month t + 1 
Drought Class 

Month t + 1 
Drought Class

Month t + 1 
Drought Class  

Month t + 1 
1 2 3 4 

Drought 
Class 

Month t – 1 

Drought Class  
Month t 

Drought Class 
Month t 

Drought Class 
Month t 

Drought Class  
Month t 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
1 52 3 0 0 39 43 0 0 0 3 0 0 0 1 0 0 
2 41 49 0 0 21 246 7 1 1 25 9 1 0 7 7 3 
3 0 2 0 0 0 19 5 10 0 1 7 2 0 0 5 2 
4 0 1 0 0 0 6 5 1 0 2 4 4 0 0 0 4 

NAO+ 
Drought Class  

Month t + 1 
Drought Class 

Month t + 1 
Drought Class 

Month t + 1 
Drought Class  

Month t + 1 
1 2 3 4 

Drought 
Class 

Month t – 1 

Drought Class  
Month t 

Drought Class 
Month t 

Drought Class 
Month t 

Drought Class  
Month t 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
1 27 1 0 0 19 42 0 0 0 1 1 0 0 0 0 0 
2 17 37 0 0 15 293 19 1 0 35 16 3 0 7 12 6 
3 0 1 0 0 0 33 16 6 0 2 7 6 0 0 10 9 
4 0 1 0 0 0 17 6 9 0 1 6 6 0 0 1 13 

Table 5. Counts of two consecutive transitions between drought classes of SPEI12 (t − 1 → t → t + 1)
for NAO− and NAO+.

NAO  
Drought Class  

Month t + 1 
Drought Class 

Month t + 1 
Drought Class

Month t + 1 
Drought Class  

Month t + 1 
1 2 3 4 

Drought 
Class 

Month t – 1 

Drought Class  
Month t 

Drought Class 
Month t 

Drought Class 
Month t 

Drought Class  
Month t 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
1 71 7 0 0 31 30 0 0 0 0 0 0 0 0 0 0 
2 28 26 0 0 10 297 8 0 0 32 7 0 0 2 6 2 
3 0 1 0 0 0 15 8 1 0 6 6 2 0 0 6 5 
4 0 0 0 0 0 4 8 0 0 1 3 8 0 0 0 20 

NAO+ 
Drought class  

Month t + 1 
Drought Class 

Month t + 1 
Drought Class 

Month t + 1 
Drought Class  

Month t + 1 
1 2 3 4 

Drought 
Class 

Month t  1 

Drought Class  
Month t 

Drought Class 
Month t 

Drought Class 
Month t 

Drought Class  
Month t 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
1 44 4 0 0 23 33 0 0 0 0 0 0 0 0 0 0 
2 26 34 0 0 10 323 12 0 0 19 19 0 0 2 7 2 
3 0 2 0 0 0 28 13 1 0 1 10 4 0 0 5 13 
4 0 0 0 0 0 4 5 7 0 0 3 7 0 0 2 29 

Contingency Tables 4 and 5 show that the most frequent drought transitions correspond to a
persistent condition which implies the maintenance of the previous drought classes, whereas the
change of class is much less frequent. When comparing the SPEI6 with the SPEI12, we can see that
the persistence increases and the transitions that imply the change of class decrease a bit for the
SPEI12, which is related with the larger accumulation period implicit for 12 months that highlights
the tendency for drought class maintenance. In addition, when comparing the negative and positive
NAO tables, we can verify that the transitions involving drought class 1 (wet) are in general larger
in number for the NAO− than for the NAO+. The opposite occurs with respect to drought classes
3 and 4 (moderate and severe/extreme), which is justified by the fact that NAO+ is associated with

355



Water 2018, 10, 65

below-average precipitation over Southern and Central Europe and in Mediterranean regions, and the
NAO− with above-average precipitation also in the same regions [45].

Quasi-association (QA) log-linear models [71] have been shown that they are the ones that better
fit to similar three-dimensional contingency tables [64,65]. Thus, QA log-linear models were also
herein used to fit the observed frequencies for NAO− and NAO+ and for each grid point. After the
model fitting, ratios between expected transition frequencies (odds) are computed. Odds specify
the proportion between the probabilities of transition to one state over another, and its values range
between 0 and +∞ [71]. Here, odds represent the number of times that it is more, less, or equally
probable that the occurrence of a drought class transition takes place over another. For these odds,
confidence intervals associated with a probability 1 − α = 0.95 are computed. Odds confidence
intervals, besides reflecting the sampling variability of the observed drought transitions internal
to each time series, also indicate if given odds are significantly different from 1. For obtaining the
most probable class transition for the following month (t + 1), the odds for the three closest class
transitions are computed, as well as their confidence intervals. The most probable transition is chosen.
Technical details on QA log-linear model fitting, odds, and its confidence intervals can be found in
Moreira et al. [65].

The modeling described above was done considering initially all the months of the year and then
only the extended winter months (November–May). This distinction was performed with the aim
of evaluating if there is any improvement in the predictions when considering the extended winter
months since the magnitude of their correlation coefficient is higher.

2.4. Model Performance

The model performance was assessed using two statistical measures which account for the total
number of agreements within the total number of months, namely the proportion correct (PC) and the
Heidke skill score (HSS) [72,73]. The HSS measures the percentage of improvement of the forecast over
a random prediction and ranges in [−∞, 1]. Negative or null values indicate that the model prediction
is at the most as good as a random forecast, while a perfect forecast obtains a HSS of 1.

The PC and HSS of the persistence were also calculated, i.e., considering that the predicted
drought class for the following month (t + 1) equals the drought class that was in the preceding
month (t). Then, the fractional improvement of the log-linear modeling forecast over the persistence
forecast, (the latter considered as a reference), was computed. The persistence forecast is often used
as a reference in measuring the degree of skill of forecasts produced by other methods, especially
for short-term predictions, and reflects the tendency for the pre-existing weather conditions to be
maintained, i.e., the occurrence of a specific event at a given time is more probable if that same event
has occurred in the immediately preceding time period.

Moreover, the performance of the modeling divided in NAO− and NAO+ was compared to the
modeling without the NAO influence.

3. Results and Discussion

3.1. Drought Class Analysis

The temporal evolution of the original drought and wetness classes for the study period is shown
in Figure 2 (SPEI6) and Figure 3 (SPEI12), considering the classification proposed by McKee et al. [39]
with seven categories (Table 1). In these graphs, the statistical mode is considered since we are
working with categorical variables (the SPEI classes) and the mode retrieves the most frequent
drought or wetness class in that month within the 15 grid points that constitute the Prut basin
(Figure 1). Consequently, the retrieval of the statistical mode results in a single class for each month
and, as expected, most of the months were categorized as ‘normal’ as can be seen by the dense green
line in Figures 2 and 3.
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Figure 2. Most frequent classes by month for SPI6 and SPEI6.
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Figure 3. Most frequent classes by month for the SPI12 and SPEI12.

When comparing the SPI6 with the SPEI6 (Figure 2), it is evident that the SPEI6 identifies slightly
more severe and extreme droughts than the SPI6. The same seems to happen for severe and extreme
wetness conditions. Regarding the temporal 12-month time scale (Figure 3), the same is true but the
difference between both is slighter.
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The full period range 1901–2014 (114 years) of available data was divided into four similar length
sub-periods of 28–29 years each: the first sub-period was from 1901 to 1930; the second sub-period
was from 1931 to 1958; the third sub-period was from 1959 to 1986, and the fourth sub-period was
from 1987 to 2014. For each of the 15 grid points and 4 sub-periods, the number of times each class
occurred was computed and the mean values compared between sub-periods. This division into
four equal/similar sub-periods is done in order to obtain a reliable comparison of the drought class
occurrences between sub-periods and because four is the minimum number of points necessary to
find a curvature and its counter-curve and so to find an eventual cyclicity in drought class frequency.
The analysis focused only on the sum of severe and extreme drought (classes sd + ed) and the sum of
severe and extreme wetness classes (classes sw + ew) as these extreme classes are the ones with higher
socio-economic impacts. The choice of joining classes sw and ew (and also classes sd and ed) results
from the fact that the most extreme classes have only a few cases for the analyzed period and joining
both classes will allow for a more robust analysis. Figure 4 presents the mean values of the occurrences
for these sums of classes by the sub-period obtained for the SPEI6 (left) and the SPEI12 (right).

 

Figure 4. Mean frequencies of the 15 grid points for the occurrence of severe and extreme drought (red
column) and severe and extreme wetness (blue column) in each sub-period for the SPEI6 and SPEI12.

Regarding the evolution of severe and extreme droughts (classes sd + ed), Figure 4 reveals an
increase from the first to the second sub-period, followed by a decrease in the third sub-period and
again an intense increase in the fourth sub-period. Concerning equivalent performance of severe and
extreme wetness events (classes sw + ew) the behavior is different, showing an increase tendency from
the first to the third sub-periods followed by a decrease in the fourth sub-period. Moreover, these
distinct behaviors are similar for both the SPEI6 and SPEI12. To elucidate if the differences between the
four sub-periods are statistically significant, a simple one-way analysis of variance (ANOVA) followed
by a multiple comparison Turkey test [74] with a confidence level α = 0.05, was performed for each
case (classes sd + ed and classes sw + ew, for both SPEI6 and SPE12).
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Results for classes sd + ed of SPEI6 show that the increases in the number of severe and extreme
drought occurrences from the first to second, first to fourth, and third to fourth sub-periods are
statistically significant, as well as the decrease in number from the second to the third sub-periods.
Between the first and the third and between the second and the fourth sub-periods, the differences are
nonsignificant. With respect to the SPEI12, all changes between sub-periods are statistically significant,
i.e., all the increases and decreases in the number of severe and extreme drought occurrences are
statistically significant. These results point to an overall increase from the first to the fourth sub-periods
but also to a strong multi-decadal evolution with possible cyclicity of the severe and extreme drought
frequency in the Prut basin. In particular, if we restrict ourselves to the last 50–60 years (corresponding
to the third and fourth sub-periods) the notorious rise from the third to the fourth sub-period is
corroborated by several studies that reveal significant positive trends in drought frequency, severity,
and duration for the Mediterranean and Carpathian region [6,7,19]. However, when using a longer
span period, a study regarding Portugal also agrees with the hypothesis that severe and extreme
droughts may present a cyclic component with the duration ranging from 26 to 30 years [75].

Concerning the number of severe and extreme wetness events (classes sw + ew) for SPEI6, ANOVA
results reveal a statistical significance between all the sub-periods except between the second and the
fourth. For the SPEI12, the exceptions (nonsignificant differences) occur between the first and the
fourth and the second and the fourth sub-periods. Therefore, these finds point to a significant increase
in severe and extreme wetness events from the first period to the third and then a significant decrease
in the last sub-period. Apart from some minor differences, the results obtained for the SPI are similar
to those attained for SPEI and are not presented for the sake of simplicity.

3.2. Prediction Analysis

A comparison between the observed the SPEI6 (or SPEI12) drought class at month t + 1 (from now
on denoted as OBS) and the prediction using the modeling with and without the NAO influence (from
now on denoted respectively as PRED and PRED_NAO) was performed for each grid point (Figure 1,
Table 3). In order illustrate the prediction made for each grid point, an example is presented in Tables 6
and 7 for two distinct temporal periods. In those tables the comparison between the observed SPEI6
(or SPEI12) drought class at month t + 1 (OBS), and the prediction using the modeling with and
without the NAO influence (PRED and PRED_NAO) for a chosen grid point is shown for two periods,
respectively from January 2012 to June 2013 (Table 6) and the extended winter months between 2011
and 2013 (Table 7). The observed SPEI6 (SPEI12) drought class at months t − 1 and t, as well as the
average NAO value for the last four months considered in the modeling are also shown. It should
be noted that the period selected for the comparison refers to a period with several class changes
involving all four drought classes. When two drought classes are equally probable, then the predicted
drought class is identified for instance as “1 or 2”, indicating that the transition probabilities into either
class 1 or class 2 are similar. The cells in Tables 6 and 7 are highlighted in grey when the predictions do
not match the observations.

360



Water 2018, 10, 65

T
a

b
le

6
.

Th
e

SP
EI

6
an

d
SP

EI
12

:C
om

pa
ri

so
n

be
tw

ee
n

ob
se

rv
ed

(O
BS

)a
nd

pr
ed

ic
te

d
dr

ou
gh

tc
la

ss
tr

an
si

ti
on

s
(w

it
h

an
d

w
it

ho
ut

th
e

N
A

O
in

flu
en

ce
,“

PR
ED

”
an

d
“P

R
ED

_N
A

O
”,

re
sp

ec
ti

ve
ly

)f
or

gr
id

po
in

t1
3

(T
ab

le
3)

du
ri

ng
th

e
pe

ri
od

fr
om

Ja
nu

ar
y

20
12

to
Ju

ne
20

13
.

S
P

E
I6

D
a
te

N
A

O
4
-M

o
n

th
A

v
e
ra

g
e

D
ro

u
g

h
t

C
la

ss
a
t

D
ro

u
g

h
t

C
la

ss
a
t

M
o

n
th

t
+

1
S

P
E

I1
2

D
a
te

N
A

O
4
-M

o
n

th
A

v
e
ra

g
e

D
ro

u
g

h
t

C
la

ss
a
t

D
ro

u
g

h
t

C
la

ss
a
t

M
o

n
th

t
+

1

M
o

n
th

t
−

1
M

o
n

th
t

O
B

S
P

R
E

D
P

R
E

D
_
N

A
O

M
o

n
th

t
−

1
M

o
n

th
t

O
B

S
P

R
E

D
P

R
E

D
_
N

A
O

Ja
n-

12
2.

09
4

4
2

4
3

or
4

Ja
n-

12
1.

25
4

4
4

4
4

Fe
b-

12
1.

86
4

2
2

2
2

Fe
b-

12
2.

09
4

4
2

4
4

M
ar

-1
2

1.
82

2
2

2
2

2
M

ar
-1

2
1.

86
4

2
2

2
2

A
pr

-1
2

2.
08

2
2

2
2

2
A

pr
-1

2
1.

82
2

2
3

2
2

M
ay

-1
2

0.
69

2
2

2
2

2
M

ay
-1

2
2.

08
2

3
2

2
or

3
2

or
3

Ju
n-

12
−0

.0
3

2
2

4
2

2
Ju

n-
12

0.
69

3
2

4
2

2
Ju

l-
12

−1
.0

0
2

4
3

4
3

or
4

Ju
l-

12
−0

.0
3

2
4

3
3

or
4

3
or

4
A

ug
-1

2
−1

.7
7

4
3

4
2

3
or

4
A

ug
-1

2
−1

.0
0

4
3

4
2

or
3

3
or

4
Se

p-
12

−1
.2

9
3

4
4

3
or

4
3

or
4

Se
p-

12
−1

.7
7

3
4

4
3

or
4

3
or

4
O

ct
-1

2
−1

.4
4

4
4

3
4

3
or

4
O

ct
-1

2
−1

.2
9

4
4

4
4

4
N

ov
-1

2
−1

.6
0

4
3

2
2

3
or

4
N

ov
-1

2
−1

.4
4

4
4

3
4

4
D

ec
-1

2
−1

.5
5

3
2

1
2

2
D

ec
-1

2
−1

.6
0

4
3

2
2

or
3

3
or

4
Ja

n-
13

−1
.2

9
2

1
1

1
1

Ja
n-

13
−1

.5
5

3
2

2
2

2
Fe

b-
13

−0
.6

6
1

1
1

1
or

2
1

or
2

Fe
b-

13
−1

.2
9

2
2

2
2

2
M

ar
-1

3
0.

08
1

1
2

1
or

2
1

or
2

M
ar

-1
3

−0
.6

6
2

2
1

2
2

A
br

-1
3

−0
.5

8
1

2
2

2
2

A
pr

-1
3

0.
08

2
1

2
1

1
or

2
M

ay
-1

3
−0

.7
3

2
2

2
2

2
M

ay
-1

3
−0

.5
8

1
2

2
2

2
Ju

n-
13

−0
.6

9
2

2
2

2
2

Ju
n-

13
−0

.7
3

2
2

2
2

2

T
a

b
le

7
.

T
he

SP
E

I6
an

d
SP

E
I1

2:
C

om
p

ar
is

on
be

tw
ee

n
ob

se
rv

ed
(O

B
S)

an
d

p
re

d
ic

te
d

d
ro

u
gh

t
cl

as
s

tr
an

si
ti

on
s

(“
P

R
E

D
”

an
d

“P
R

E
D

_N
A

O
”)

fo
r

gr
id

p
oi

nt
13

(T
ab

le
3)

du
ri

ng
th

e
pe

ri
od

s
N

ov
em

be
r

20
11

to
M

ay
20

12
,N

ov
em

be
r

20
12

to
M

ay
20

13
,a

nd
N

ov
em

be
r

20
13

to
D

ec
em

be
r

20
13

.

S
P

E
I6

D
a
te

N
A

O
4
-M

o
n

th
A

v
e
ra

g
e

D
ro

u
g

h
t

C
la

ss
a
t

D
ro

u
g

h
t

C
la

ss
a
t

M
o

n
th

t
+

1
S

P
E

I1
2

D
a
te

N
A

O
4
-M

o
n

th
A

v
e
ra

g
e

D
ro

u
g

h
t

C
la

ss
a
t

D
ro

u
g

h
t

C
la

ss
a
t

M
o

n
th

t
+

1

M
o

n
th

t
−

1
M

o
n

th
t

O
B

S
P

R
E

D
P

R
E

D
_
N

A
O

M
o

n
th

t
−

1
M

o
n

th
t

O
B

S
P

R
E

D
P

R
E

D
_
N

A
O

N
ov

-1
1

0.
21

4
4

4
4

3
or

4
N

ov
-1

1
−0

.5
5

3
3

4
3

3
or

4
D

ec
-1

1
1.

25
4

4
4

4
3

or
4

D
ec

-1
1

0.
21

3
4

4
3

or
4

3
or

4
Ja

n-
12

2.
09

4
4

2
4

3
or

4
Ja

n-
12

1.
25

4
4

4
4

4
Fe

b-
12

1.
86

4
2

2
2

2
Fe

b-
12

2.
09

4
4

2
4

4
M

ar
-1

2
1.

82
2

2
2

2
2

M
ar

-1
2

1.
86

4
2

2
2

2
A

pr
-1

2
2.

08
2

2
2

2
2

A
pr

-1
2

1.
82

2
2

3
2

2
M

ay
-1

2
0.

69
2

2
2

2
2

M
ay

-1
2

2.
08

2
3

2
2

or
3

2
or

3
N

ov
-1

2
−1

.6
0

4
3

2
2

2
or

3
N

ov
-1

2
−1

.4
4

4
4

3
4

4
D

ec
-1

2
−1

.5
5

3
2

1
2

2
D

ec
-1

2
−1

.6
0

4
3

2
3

or
4

2
or

3
Ja

n-
13

−1
.2

9
2

1
1

1
1

Ja
n-

13
−1

.5
5

3
2

2
2

2

361



Water 2018, 10, 65

T
a

b
le

7
.

C
on

t.

S
P

E
I6

D
a
te

N
A

O
4
-M

o
n

th
A

v
e
ra

g
e

D
ro

u
g

h
t

C
la

ss
a
t

D
ro

u
g

h
t

C
la

ss
a
t

M
o

n
th

t
+

1
S

P
E

I1
2

D
a
te

N
A

O
4
-M

o
n

th
A

v
e
ra

g
e

D
ro

u
g

h
t

C
la

ss
a
t

D
ro

u
g

h
t

C
la

ss
a
t

M
o

n
th

t
+

1

M
o

n
th

t
−

1
M

o
n

th
t

O
B

S
P

R
E

D
P

R
E

D
_
N

A
O

M
o

n
th

t
−

1
M

o
n

th
t

O
B

S
P

R
E

D
P

R
E

D
_
N

A
O

Fe
b-

13
−0

.6
6

1
1

1
1

or
2

1
or

2
Fe

b-
13

−1
.2

9
2

2
2

2
2

M
ar

-1
3

0.
08

1
1

2
1

or
2

1
or

2
M

ar
-1

3
−0

.6
6

2
2

1
2

2
A

pr
-1

3
−0

.5
8

1
2

2
2

2
A

pr
-1

3
0.

08
2

1
2

3
or

4
3

or
4

M
ay

-1
3

−0
.7

3
2

2
2

2
2

M
ay

-1
3

−0
.5

8
1

2
2

2
2

N
ov

-1
3

0.
94

2
2

2
2

2
N

ov
-1

3
1.

38
2

2
2

2
2

D
ec

-1
3

0.
32

2
2

2
2

2
D

ec
-1

3
0.

94
2

2
2

2
2

T
a

b
le

8
.

Pr
op

or
tio

n
co

rr
ec

t(
PC

)a
nd

H
ei

dk
e

sk
ill

sc
or

e
(H

SS
)(

%
)f

or
th

e
SP

EI
6

an
d

SP
EI

12
m

od
el

in
g

in
th

e
ex

te
nd

ed
w

in
te

r
m

on
th

s
fo

r
PR

ED
(1

)a
nd

its
fr

ac
tio

na
l

im
pr

ov
em

en
to

ve
r

th
e

pe
rs

is
te

nc
e

fo
re

ca
st

;f
or

PR
E

D
_N

A
O

(2
)a

nd
it

s
fr

ac
ti

on
al

im
pr

ov
em

en
to

ve
r

th
e

pe
rs

is
te

nc
e

fo
re

ca
st

;a
nd

fo
r

th
e

d
iff

er
en

ce
be

tw
ee

n
bo

th
m

od
el

in
g

ap
pr

oa
ch

es
.

G
ri

d
P

o
in

t

S
P

E
I6

S
P

E
I1

2

P
R

E
D

(1
)

P
e
rs

is
te

n
ce

P
R

E
D

_
N

A
O

(2
)

P
e
rs

is
te

n
ce

D
if

fe
re

n
ce

:
(2

)−
(1

)
P

R
E

D
(1

)
P

e
rs

is
te

n
ce

P
R

E
D

_
N

A
O

(2
)

P
e
rs

is
te

n
ce

D
if

fe
re

n
ce

:
(2

)−
(1

)

P
C

H
S

S
P

C
H

S
S

P
C

H
S

S
P

C
H

S
S

P
C

H
S

S
P

C
H

S
S

P
C

H
S

S
P

C
H

S
S

P
C

H
S

S
P

C
H

S
S

1
75

.4
45

.6
31

.9
20

.8
78

.0
51

.5
39

.2
29

.5
2.

6
6.

0
77

.7
58

.1
12

.1
9.

8
83

.0
68

.0
32

.2
31

.1
5.

3
9.

9
2

78
.5

54
.8

40
.2

32
.3

78
.8

56
.7

40
.9

35
.1

0.
3

1.
9

79
.2

60
.6

13
.3

11
.5

82
.0

66
.1

25
.0

23
.7

2.
8

5.
5

3
76

.4
48

.2
30

.0
19

.3
79

.0
54

.0
37

.9
28

.4
2.

6
5.

8
78

.5
59

.8
13

.8
11

.4
79

.9
61

.9
19

.5
15

.9
1.

4
2.

1
4

76
.8

50
.5

31
.7

21
.5

78
.6

54
.1

37
.5

27
.5

1.
8

3.
6

82
.2

66
.1

20
.6

18
.1

83
.7

69
.2

26
.9

25
.7

1.
5

3.
1

5
76

.5
52

.4
23

.4
18

.2
80

.2
59

.2
35

.1
29

.9
3.

7
6.

8
83

.5
68

.2
21

.8
19

.6
83

.8
68

.8
23

.2
21

.1
0.

3
0.

6
6

79
.2

57
.1

32
.2

26
.2

81
.7

62
.5

40
.2

35
.4

2.
5

5.
4

82
.8

68
.0

11
.8

11
.7

87
.4

75
.6

35
.3

32
.6

4.
6

7.
6

7
78

.0
54

.3
33

.3
25

.5
79

.7
58

.3
38

.8
32

.3
1.

8
4.

0
82

.6
67

.2
20

.5
18

.7
82

.2
66

.2
18

.7
16

.4
−0

.4
−1

.0
8

80
.6

58
.5

40
.3

33
.0

80
.8

59
.8

37
.9

31
.9

0.
2

1.
3

82
.5

65
.9

20
.3

18
.5

85
.1

71
.1

32
.0

30
.8

2.
6

5.
2

9
78

.3
56

.6
28

.1
22

.8
81

.7
62

.9
39

.4
34

.1
3.

4
6.

3
84

.8
68

.9
23

.2
19

.8
87

.5
73

.9
36

.8
32

.9
2.

7
5.

0
1
0

76
.7

50
.7

32
.8

23
.9

78
.3

55
.8

37
.5

31
.8

1.
6

5.
1

84
.3

69
.4

30
.9

26
.8

83
.0

68
.4

25
.3

24
.6

−1
.3

−1
.0

1
1

78
.2

53
.5

30
.0

22
.6

79
.5

57
.0

34
.2

28
.3

1.
3

3.
5

81
.7

64
.5

17
.8

15
.3

82
.6

66
.5

21
.8

20
.1

0.
9

2.
0

1
2

80
.6

60
.6

41
.9

35
.0

82
.6

64
.8

47
.9

41
.9

2.
0

4.
2

86
.8

72
.6

36
.8

31
.8

85
.6

70
.8

30
.7

27
.4

−1
.2

−1
.8

1
3

76
.9

52
.4

25
.0

19
.8

79
.4

57
.8

33
.2

28
.8

2.
5

5.
4

81
.6

62
.8

19
.1

15
.7

84
.4

68
.9

31
.5

29
.4

2.
8

6.
1

1
4

77
.4

52
.1

35
.8

26
.7

80
.2

56
.4

43
.6

33
.4

2.
8

4.
3

82
.4

64
.5

20
.2

16
.5

83
.1

66
.9

23
.7

22
.2

0.
7

2.
4

1
5

76
.7

52
.2

25
.4

19
.5

79
.8

58
.8

35
.2

30
.8

3.
1

6.
6

80
.7

61
.4

25
.6

19
.8

82
.6

66
.5

33
.0

30
.4

1.
9

5.
1

M
e
a
n

77
.7

53
.3

32
.1

24
.5

79
.9

58
.0

38
.6

31
.9

2.
1

4.
7

82
.1

65
.2

20
.5

17
.7

83
.7

68
.6

27
.7

25
.6

1.
6

3.
4

M
a
x

80
.6

60
.6

41
.9

35
.0

82
.6

64
.8

47
.9

41
.9

3.
7

6.
8

82
.1

65
.2

20
.5

17
.7

83
.7

68
.6

27
.7

25
.6

1.
6

3.
4

M
in

75
.4

45
.6

23
.4

18
.2

78
.0

51
.5

33
.2

27
.5

0.
2

1.
3

86
.8

72
.6

36
.8

31
.8

87
.5

75
.6

36
.8

32
.9

5.
3

9.
9

362



Water 2018, 10, 65

From the analysis of these tables, it may be observed that the modeling performs very well in
predicting the maintenance of the drought classes, but not particularly well when a change of class
occurs (decrease or increase of the drought class category) breaking with the drought class established
in the preceding two months. Furthermore, for the example shown in Tables 6 and 7, we can see that it
seems more difficult to predict a class decrease or increase when using the SPEI12 than the SPEI6, likely
due to the SPEI6 having quicker response to the variability of precipitation in periods with frequent
changes of drought classes. Besides that, when comparing Tables 6 and 7, some decrease in the number
of disagreements is perceived for the case that considers the modeling restricted to the extended winter
months: this probably due to the slightly higher magnitude of the correlations between NAO and
SPEI for the wetter months. Finally, the agreements between the predictions and observations are a
little higher when the “PRED_NAO” modeling is used instead of just “PRED”, for both the SPEI6 and
SPEI12, indicating that some cases of class change could be better predicted with the “PRED_NAO”,
namely those with negative NAO. Results for the other grid points can present some variability, but the
overall behavior will not show significant differences. This analysis was repeated for all the grid points
in Figure 1 and the results were aggregated.

To assess the performance of the log-linear modeling influenced by the NAO comparative to
modeling without that influence and the percentage of improvement of both modeling over the
persistence forecast, the proportion correct (PC) and Heidke skill score (HSS) were computed for the
entire period of the time series as explained in Section 2.3. The results corresponding to the SPEI6
and the SPEI12 modeling of the extended winter months are shown in Table 8, respectively. For the
SPI6 and SPI12, as well as for the modeling of all the months of the year, only the mean, maximum,
and minimum values are presented instead of the results per grid point (Tables 9–11) for the sake
of simplicity.

To better visualize the performance of the log-linear modeling without and with the NAO
influence, graphical representations of the PC and HSS skill score results are presented in Figures 5–8.
In those figures, it is shown for the SPEI6 (SPI6) (above) and SPEI12 (SPI12) (bellow) the PC (left) and
HSS (right) the improvement of the “PRED_NAO” over the “PRED” forecast, corresponding to the
difference between both. In some cases, there is no improvement in certain grid points, indeed there is
a decrease.

The information given in Tables 8–11 allows us to conclude that the log-linear modeling performs
consistently better than the persistence forecast, indicating that the model can predict more accurately
than the simple maintenance of the drought class of the preceding month, that is, a considerable
number of class changes are well predicted.

Table 9. Mean, maximum and minimum of the PC and HSS skill scores (%) for the SPI6 (above) and
SPI12 (below) for the extended winter months.

SPI6
PRED (1) Persistence PRED_NAO (2) Persistence Difference: (2)–(1)

PC HSS PC HSS PC HSS PC HSS PC HSS

Mean 80.2 55.1 36.7 27.9 80.8 57.2 38.7 31.3 0.6 2.1
Max 82.8 58.4 41.0 33.1 82.0 59.5 44.1 34.7 2.4 5.2
Min 77.8 49.6 26.7 19.6 78.6 54.8 32.5 26.6 −1.3 −0.6

SPI12
PRED (1) Persistence PRED_NAO (2) Persistence Difference: (2)–(1)

PC HSS PC HSS PC HSS PC HSS PC HSS

Mean 82.4 63.8 16.0 13.3 84.4 67.9 25.9 23.2 2.1 4.1
Max 85.3 69.0 27.1 22.2 86.1 70.4 35.1 31.7 5.4 10.1
Min 79.8 58.9 5.5 1.3 81.0 61.7 18.6 17.3 0.3 0.7
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Table 10. As in Table 9 but relative to all months and SPEI6 (above) and SPEI12 (below).

SPEI6
PRED (1) Persistence PRED_NAO (2) Persistence Difference: (2)–(1)

PC HSS PC HSS PC HSS PC HSS PC HSS

Mean 78.7 54.8 33.5 25.7 79.1 56.0 34.2 27.2 0.3 1.2
Max 82.5 62.7 41.3 33.9 81.1 60.6 41.9 34.5 2.5 6.4
Min 75.4 44.8 24.9 17.1 76.4 51.2 24.7 18.9 −2.5 −4.9

SPEI12
PRED (1) Persistence PRED_NAO (2) Persistence Difference: (2)–(1)

PC HSS PC HSS PC HSS PC HSS PC HSS

Mean 81.6 64.0 18.2 15.5 82.6 65.9 22.5 20.0 1.0 1.9
Max 83.8 68.2 29.2 25.6 84.3 69.6 26.5 23.0 2.5 5.2
Min 79.5 60.6 7.6 6.1 80.9 62.8 16.9 15.7 −0.6 −1.2

Table 11. As in Table 9 but relative to all months and SPI6 (above) and SPI12 (below).

SPI6
PRED (1) Persistence PRED_NAO (2) Persistence Difference: (2)–(1)

PC HSS PC HSS PC HSS PC HSS PC HSS

Mean 79.0 52.0 34.0 24.3 80.2 54.5 37.8 28.3 1.2 2.5
Max 81.6 57.1 41.2 32.2 82.8 60.0 45.0 37.0 5.0 9.2
Min 75.3 44.0 23.4 13.6 78.5 48.5 32.0 20.8 −0.6 −2.0

SPI12
PRED (1) Persistence PRED_NAO (2) Persistence Difference: (2)–(1)

PC HSS PC HSS PC HSS PC HSS PC HSS

Mean 81.8 62.3 19.0 15.6 82.4 63.4 21.6 18.8 0.6 1.1
Max 84.6 66.8 25.8 21.2 85.2 69.1 34.1 29.4 4.0 6.1
Min 79.4 57.7 7.3 6.2 80.4 59.6 15.7 14.7 −1.6 −1.9

 

Figure 5. PC and HSS improvement (%) considering the influence of NAO on the SPEI6 and SPEI12
modeling for the extended winter months for each of the 15 grid points.

364



Water 2018, 10, 65

 

Figure 6. PC and HSS improvement (%) considering the influence of NAO on the SPI6 and SPI12
modeling for the extended winter months for each of the 15 grid points.

 

Figure 7. PC and HSS improvement (%) considering the influence of NAO on the SPEI6 and SPEI12
modeling for all months for each of the 15 grid points.
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Figure 8. PC and HSS improvement (%) considering the influence of NAO on the SPI6 and SPI12
modeling for all months for each of the 15 grid points.

Furthermore, better overall performances are obtained when the modeling is applied to the
12-month time scale (average range PC: 82–84; HSS: 62–69), in contrast with the 6-month time scale
(average range PC: 77–80; HSS: 52–58) (Tables 8–11, Figures 5–8). This is likely to be related to the less
frequent change of classes within the 12-month time scale and favors the ability of easily identifying
capturing the behavior of changes in drought classes in the preceding months.

When the modeling is restricted only to the extended winter months instead of all months of
the year, higher skill scores are obtained in most of the cases (Figure 5 vs. Figure 7, Figure 6 vs.
Figure 8), the increase being however not very expressive (Table 8 vs. Table 10, Table 9 vs. Table 11).
The relatively small increase of the correlation coefficient between the SPEI (SPI) and the NAO when
considering only the extended winter months over all the months of the year may justify these small
gains in the skill scores.

Concerning the introduction of the NAO predictor in the modeling, the highest improvements
obtained in the skill scores with the “PRED_NAO” are obtained when modeling the extended winter
months of the SPEI6 and SPI12 (Figures 5 and 6). Those improvements are however not impressive,
which may be due to the low correlations between the SPEI (SPEI) and the NAO index (Table 3).
They range between 0.2 and 3.7 (PC) and between 4.7 and 6.8 (HSS) for the SPEI6, and between 0.3 and
5.4 (PC) and between 4.1 and 10.1 (HSS) for the SPI12 (Tables 8 and 9, Figures 5 and 6). For the other
cases, there are several grid points for which there is no improvement, i.e., the inclusion of the NAO
influence does not bring any benefit. This situation may be justified by the fact that when modeling the
drought classes transitions separately (NAO+ and NAO−), the accuracy of the prediction is somewhat
diminished in comparison with modeling without the NAO because the data is divided into two
groups with about half of the observations each. This accuracy reduction is not strongly compensated
by the relatively low correlations, resulting in minor improvements of the predictions with the model
“PRED_NAO” and occurs mainly for the transitions that imply a jump of 2 or 3 in the drought category,
for which there are fewer observations.
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Regarding the SPEI versus SPI comparison, no significant differences in terms of performance are
found, since sometimes better performances are obtained for the SPEI, but the opposite also occurs
(Figure 5 vs. Figure 6, Figure 7 vs. Figure 8).

The same modeling was applied to data from Portugal [63], however, there are several differences
between both studies that do not allow a true comparison. First, just the SPI6 and SPI12 for all months
of the year were modeled. Then, the NAO value considered in the PRED_NAO was not the mean
of the four months before, but the value at the month t − l, where l is the lag that maximizes the
correlation between the SPI and NAO. The skill scores obtained in that study are a little higher than
the ones obtained herein, and the improvements in the predictions brought by the NAO introduction
are also a bit larger, which is in agreement with the higher correlations between the SPI and the NAO
for Portugal.

4. Conclusions

Monthly predictability of the SPEI and SPI drought classes under the influence of NAO was
studied for the Prut basin using three-dimensional log-linear models, which are probabilistic models
that learn from the preceding two months with the aim of predicting the drought class in the following
month. These models have the ability to predict the persistence of the drought classes and some
class changes that may be captured in the preceding two months. However, when a sudden change
of class occurs (decrease or increase), it becomes particularly difficult to predict it, even when the
NAO phase influencing the transition is known. Some reasons for that may be related to the not
sufficiently high correlations between the SPEI (SPEI) and the NAO, for the Prut basin. However, some
improvements in the predictions are obtained by the NAO introduction in the modeling, mainly when
applied to the SPEI6 and the SPI12 and only to the extended winter months. Nevertheless, the overall
performances of the log-linear modeling are good. Consequently, it can be concluded that the log-linear
modeling has good performance skills when predicting the drought class one month ahead based on
the information of drought classes of the two previous months. Nevertheless, this method presents the
fragility of failing to predict many class transitions, which are different than the classes in the previous
two months.

With respect to the drought class analysis the full study period was divided into four sub-periods
of similar lengths. The findings, corroborated by other studies for the Mediterranean region, point to
an overall increase in drought frequency from the first to the fourth sub-period but also to a strong
multi-decadal evolution, with possible cyclicity of severe and extreme drought frequency in the Prut
basin. In particular, for the last 50–60 years, the increment is very pronounced. Concerning the number
of severe and extreme wetness events, the findings point to a significant increase from the first period
to the third, and then a significant decrease in the last sub-period.

We believe that a methodology which can predict drought classes a few months in advance will
beneficiate stakeholders, farmers, and also insurance companies so they are able to react accordingly
and take proper action plans. In this sense, even with the mentioned limitations, we think the presented
methodology can be part of an early warning system aiming to inform water users (especially farmers)
in their water management decisions.

Acknowledgments: This work was partially supported by the projects IMDROFLOOD—Improving Drought and
Flood Early Warning, Forecasting and Mitigation using real-time hydroclimatic indicators (WaterJPI/0004/2014)
and project UID/MAT/00297/2013 (Centro de Matemática e Aplicações), both funded by funded by Fundação
para a Ciência e a Tecnologia, Portugal (FCT). Ana Russo thanks also FCT by the Post-Doc research grant
SFRH/BPD/99757/2014.

Author Contributions: E.M. conceived the work, performed the drought class calculations, analyzed the data,
and wrote the paper; A.R. calculated the drought indicators, contributed to the materials and wrote the paper;
and R.M.T. conceived the work, contributed to the materials, analyzed the data and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

367



Water 2018, 10, 65

References

1. Lloyd-Hughes, B.; Saunders, M.A. Drought climatology for Europe. Int. J. Climatol. 2002, 22, 1571–1592.
[CrossRef]

2. Bordi, I.; Fraedrich, K.; Sutera, A. Observed drought and wetness trends in Europe: An update. Hydrol. Earth
Syst. Sci. 2009, 13, 1519–1530. [CrossRef]

3. Pereira, L.S.; Cordery, I.; Iacovides, I. Coping with Water Scarcity, Addressing the Challenges; Springer: Berlin,
Germany, 2009.

4. Mishra, A.; Singh, V. A review of drought concepts. J. Hydrol. 2010, 391, 202–216. [CrossRef]
5. Vogt, J.V.; Barbosa, P.; Hofer, B.; Magni, D.; De Jager, A.; Singleton, A.; Horion, S.; Sepulcre, G.; Micale, F.;

Sokolova, E.; et al. Developing a European drought observatory for monitoring, assessing and forecasting
droughts across the European continent. In AGU Fall Meeting Abstracts 1; NH24A-07; American Geophysical
Union: Washington, DC, USA, 2011.

6. Spinoni, J.; Naumann, G.; Vogt, J.; Barbosa, P. European drought climatologies and trends based on a
multi-indicator approach. Glob. Planet. Chang. 2015, 127, 50–57. [CrossRef]

7. Spinoni, J.; Naumann, G.; Vogt, J.; Barbosa, P. The biggest drought events in Europe from 1950 to 2012.
J. Hydrol. Reg. Stud. 2015, 3, 509–524. [CrossRef]

8. Dai, A. Drought under global warming: A review. WIREs Clim. Chang. Adv. Rev. 2011, 2, 45–65. [CrossRef]
9. Spinoni, J.; Naumann, G.; Carrao, H.; Barbosa, P.; Vogt, J. World drought frequency, duration, and severity

for 1951–2010. Int. J. Climatol. 2014, 34, 2792–2804. [CrossRef]
10. Vicente-Serrano, S.; Lopez-Moreno, J.; Beguería, S.; Lorenzo-Lacruz, J.; Sanchez-Lorenzo, A.; García-Ruiz, J.;

Azorin-Molina, C.; Morán-Tejeda, E.; Revuelto, J.; Trigo, R.; et al. Evidence of increasing drought severity
caused by temperature rise in southern Europe. Environ. Res. Lett. 2014, 9, 044001. [CrossRef]

11. Trenberth, K.E.; Dai, A.; Van der Schrier, G.; Jones, P.D.; Barichivich, J.; Briffa, K.R.; Sheffield, J. Global
warming and changes in drought. Nat. Clim. Chang. 2014, 4, 17–22. [CrossRef]

12. Briffa, K.R.; Van der Schrier, G.; Jonesa, P.D. Wet and dry summers in Europe since 1750: Evidence of
increasing drought. Int. J. Climatol. 2009, 29, 1894–1905. [CrossRef]

13. Paltineanu, C.; Mihailescu, I.F.; Prefac, Z.; Dragota, C.; Vasenciuc, F.; Claudia, N. Combining the standardized
precipitation index and climatic water deficit in characterizing droughts: A case study in Romania.
Theor. Appl. Climatol. 2009, 97, 219–233. [CrossRef]

14. Sousa, P.M.; Trigo, R.M.; Aizpurua, P.; Nieto, R.; Gimeno, L.; Garcia Herrera, R. Trends and extremes of
drought indices throughout the 20th century in the Mediterranean. Nat. Hazards Earth Syst. Sci. 2011, 11,
33–51. [CrossRef]

15. Hoerling, M.; Eischeid, J.; Perlwitz, J.; Quan, X.; Zhang, T.; Pegion, P. On the Increased Frequency of
Mediterranean Drought. J. Clim. 2012, 25, 2146–2161. [CrossRef]

16. Spinoni, J.; Naumann, G.; Vogt, J. Pan-European seasonal trends and recent changes of drought frequency
and severity. Glob. Planet. Chang. 2017, 148, 113–130. [CrossRef]

17. Intergovernmental Panel on Climate Change (IPCC). Climate Change 2014, Synthesis Report, WMO
and UNEP, Geneva. Available online: https://www.ipcc.ch/pdf/assessment-report/ar5/syr/SYR_AR5_
FINAL_full_wcover.pdf (accessed on 10 January 2018).

18. Dumitrescu, A.; Bojariu, R.; Birsan, M.; Marin, L.; Manea, A. Recent climatic changes in Romania from
observational data (1961–2013). Theor. Appl. Climatol. 2015, 122, 111–119. [CrossRef]

19. Spinoni, J.; Antofie, T.; Barbosa, P.; Bihari, Z.; Lakatos, M.; Szalai, S.; Szentimrey, T.; Vogt, J. An overview of
drought events in the Carpathian Region in 1961–2010. Adv. Sci. Res. 2013, 10, 21–32. [CrossRef]

20. Wang, Q.; Wu, J.; Lei, T.; He, B.; Wu, Z.; Liu, M.; Mo, X.; Geng, G.; Li, X.; Zhou, H.; et al. Temporal-spatial
characteristics of severe drought events and their impact on agriculture on a global scale. Quat. Int. 2014,
349, 10–21. [CrossRef]

21. Trenberth, K.E. Changes in precipitation with climate change. Clim. Res. 2011, 47, 123–138. [CrossRef]
22. Trenberth, K.E.; Fasullo, J.T.; Shepherd, T.G. Attribution of climate extreme events. Nat. Clim. Chang. 2015, 5,

725–730. [CrossRef]
23. Spinoni, J.; Vogt, J.V.; Naumann, G.; Barbosa, P.; Dosio, A. Will drought events become more frequent and

severe in Europe? Int. J. Climatol. 2017. [CrossRef]

368



Water 2018, 10, 65

24. Cuculeanu, V.; Marica, A.; Simota, C. Climate change impact on agricultural crops and adaptation options in
Romania. Clim. Res. 1999, 12, 153–160. [CrossRef]

25. Marica, A.C.; Busuioc, A. The potential of climate change on the main components of water balance relating
to maize crop. Romanian J. Meteorol. 2004, 6, 50–57.

26. Romanian National Climate Change Strategy (2013–2020), Adaptation Component, Report. Available online:
http://climate-adapt.eea.europa.eu/countries-regions/countries/romania (accessed on 10 January 2018).

27. Falco, S.D.; Adinolfi, F.; Bozzola, M.; Capitanio, F. Crop Insurance as a Strategy for Adapting to Climate
Change. J. Agric. Econ. 2014, 65, 485–504. [CrossRef]

28. Lesk, C.; Rowhani, P.; Ramankutty, N. Influence of extreme weather disasters on global crop production.
Nature 2016, 529, 84–87. [CrossRef] [PubMed]

29. Ontel, I.; Vladut, A. Impact of drought on the productivity of agricultural crops within the Oltenia Plain,
Romania. Geogr. Pannonica 2015, 19, 9–19. [CrossRef]

30. Kang, Y.; Khan, S.; Ma, X. Climate change impacts on crop yield, crop water productivity and food
security—A review. Prog. Nat. Sci. 2009, 19, 1665–1674. [CrossRef]

31. Nguyen, T.; Mula, L.; Cortignani, R.; Seddaiu, G.; Dono, G.; Virdis, S.G.P.; Pasqui, M.; Roggero, P.P.
Perceptions of Present and Future Climate Change Impacts on Water Availability for Agricultural Systems
in the Western Mediterranean Region. Water 2016, 8, 523. [CrossRef]

32. Pozzi, W.; Sheffield, J.; Stefanski, R.; Cripe, D.; Pulwarty, R.; Vogt, J.V.; Heim, R., Jr.; Brewer, M.J.; Svoboda, M.;
Westerhoff, R. Toward global drought early warning capability: Expanding international cooperation for
the development of a framework for monitoring and forecasting. Am. Meteorol. Soc. 2013, 94, 776–785.
[CrossRef]

33. National Drought Mitigation Center (NDMC): What is Drought? Available online: http://drought.unl.edu/
DroughtBasics/WhatisDrought.aspx (accessed on 10 January 2018).

34. Pulwarty, R.S.; Sivakumar, M. Information systems in a changing climate: Early warnings and drought risk
management. Weather Clim. Extremes 2014, 3, 14–21. [CrossRef]

35. Turco, M.; Ceglar, A.; Prodhomme, C.; Soret, A.; Toreti, A.; Doblas-Reyes, F. Summer drought predictability
over Europe: Empirical versus dynamical forecasts. Environ. Res. Lett. 2017, 12, 084006. [CrossRef]

36. Palmer, W.C. Meteorological Drought; US Department of Commerce: Washington, DC, USA, 1965.
37. Pereira, L.S.; Rosa, R.D.; Paulo, A.A. Testing a modification of the Palmer drought severity index for

Mediterranean environments. In Methods and Tools for Drought Analysis and Management; Rossi, G., Vega, T.,
Bonaccorso, B., Eds.; Springer: Dordrecht, The Netherlands, 2007; pp. 149–167.

38. Martins, D.S.; Raziei, T.; Paulo, A.A.; Pereira, L.S. Spatial and temporal variability of precipitation and
drought in Portugal. Nat. Hazards Earth Syst. Sci. 2012, 12, 1493–1501. [CrossRef]

39. McKee, T.B.; Doesken, N.J.; Kleist, J. Drought monitoring with multiple time scales. In Proceedings of the
9th Conference on Applied Climatology, Dallas, TX, USA, 15–20 January 1995; pp. 233–236.

40. Vicente-Serrano, S.M.; Beguería, S.; López-Moreno, J.I. A multi-scalar drought index sensitive to global
warming: The Standardized Precipitation Evapotranspiration Index—SPEI. J. Clim. 2010, 23, 1696–1718.
[CrossRef]

41. Vautard, R. Multiple weather regimes over the North Atlantic: Analysis of precursors and successors.
Mon. Weather Rev. 1990, 118, 2056–2081. [CrossRef]

42. Trigo, R.; DaCamara, C. Circulation weather types and their influence on the precipitation regime in Portugal.
Int. J. Climatol. 2000, 20, 1559–1581. [CrossRef]

43. Trigo, R.M.; Valente, M.A.; Trigo, I.F.; Miranda, P.M.; Ramos, A.M.; Paredes, D.; García-Herrera, R. North
Atlantic wind and cyclone trends and their impact in the European precipitation and Atlantic significant
wave height. Ann. N. Y. Acad. Sci. 2008, 1146, 212–234. [CrossRef] [PubMed]

44. Hurrell, J.W. Decadal trends in the North Atlantic Oscillation: Regional temperatures and precipitation.
Science 1995, 269, 676–679. [CrossRef] [PubMed]

45. Trigo, R.; Osborn, T.; Corte-Real, J. The North Atlantic Oscillation influence on Europe: Climate impacts and
associated physical mechanisms. Clim. Res. 2002, 20, 9–17. [CrossRef]

46. Cleary, D.M.; Wynn, J.G.; Ionita, M.; Forray, F.L.; Onac, B.P. Evidence of long-term NAO influence on
East-Central Europe winter precipitation from a guano-derived δ15N record. Sci. Rep. 2017, 7, 14095.
[CrossRef] [PubMed]

369



Water 2018, 10, 65

47. Busuioc, A.; Von Storch, H. Changes in the winter precipitation in Romania and its relation to the large-scale
circulation. Tellus 1996, 48, 538–552. [CrossRef]

48. Croitoru, A.; Piticar, A.; Imbroane, A.; Burada, D. Spatiotemporal distribution of aridity indices based on
temperature and precipitation in the extra-Carpathian regions of Romania. Theor. Appl. Climatol. 2013, 112,
597–607. [CrossRef]

49. Corduneanu, F.; Bucur, D.; Cimpeanu, S.M.; Apostol, I.C.; Strugariu, A. Hazards resulting from hydrological
extremes in the upstream catchment of the Prut River. Water Resour. 2016, 43, 42–47. [CrossRef]

50. Bojariu, R. Prut River Basin. Available online: http://imdroflood.csic.es/wp-content/uploads/2016/09/
Bojariu.pdf (accessed on 31 July 2017).

51. Tomozeiu, R.; Stefan, S.; Busuioc, A. Winter precipitation variability and large-scale circulation patterns in
Romania. Theor. Appl. Climatol. 2005, 81, 193–201. [CrossRef]

52. Bojariu, R.; Giorgi, F. The North Atlantic Oscillation signal in a regional climate simulation for the European
region. Tellus A 2005, 57, 641–653. [CrossRef]

53. Bojariu, B.; Paliu, D. North Atlantic Oscillation Projection on Romanian Climate Fluctuations in the Cold
Season. In Detecting and Modelling Regional Climate Change; Springer: Berlin, Germany, 2001; pp. 345–356.

54. Mishra, A.; Desai, V.; Singh, V. Drought forecasting using a hybrid stochastic and neural network model.
J. Hydrol. Eng. 2007, 12, 626–638. [CrossRef]

55. Kim, T.; Valdes, J.B. Nonlinear model for drought forecasting based on a conjunction of wavelet transforms
and neural networks. J. Hydrol. Eng. 2003, 8, 319–328. [CrossRef]

56. Ozger, M.; Mishra, A.; Singh, V. Long lead time drought forecasting using a wavelet and fuzzy logic
combination model: A case study in Texas. J. Hydrometeorol. 2012, 13, 284–297. [CrossRef]

57. Bacanli, U.; Firat, M.; Dikbas, F. Adaptive neuro-fuzzy inference system for drought forecasting.
Stoch. Environ. Res. Risk Assess. 2009, 23, 1143–1154. [CrossRef]

58. Mishra, A.; Singh, V. Drought modeling—A review. J. Hydrol. 2011, 403, 157–175. [CrossRef]
59. Mishra, A.; Desai, V. Drought forecasting using stochastic models. Stoch. Environ. Res. Risk Assess. 2005, 19,

326–339. [CrossRef]
60. Han, P.; Wang, P.; Zhang, S.; Zhu, D. Drought forecasting based on the remote sensing data using ARIMA

models. Math. Comput. Model. 2010, 51, 1398–1403. [CrossRef]
61. Mishra, A.; Desai, V. Drought forecasting using feed-forward recursive neural network. Ecol. Model. 2006,

198, 127–138. [CrossRef]
62. Bierkens, M.; Van Beek, L. Seasonal predictability of European discharge: NAO and hydrological response

time. J. Hydrometeorol. 2009, 10, 953–968. [CrossRef]
63. Paulo, A.A.; Pereira, L.S. Prediction of SPI drought class transitions using Markov chains.

Water Resour. Manag. 2007, 21, 1813–1827. [CrossRef]
64. Moreira, E.E.; Coelho, C.A.; Paulo, A.A.; Pereira, L.S.; Mexia, J.T. SPI-based drought category prediction

using log-linear models. J. Hydrol. 2008, 354, 116–130. [CrossRef]
65. Moreira, E.E.; Pires, C.L.; Pereira, L.S. SPI Drought Class Predictions Driven by the North Atlantic Oscillation

Index Using Log-Linear Modeling. Water 2016, 8, 43. [CrossRef]
66. Cancelliere, A.; Di Mauro, G.; Bonaccorso, B.; Rossi, G. Drought forecasting using the Standardized

Precipitation Index. Water Resour. Manag. 2007, 21, 801–819. [CrossRef]
67. Bonaccorso, B.; Cancelliere, A.; Rossi, G. Probabilistic forecasting of drought class transitions in Sicily

(Italy) using Standardized Precipitation Index and North Atlantic Oscillation. J. Hydrol. 2015, 526, 136–150.
[CrossRef]

68. Morid, S.; Smakhtin, V.; Bagherzadeh, K. Drought forecasting using artificial neural networks and time series
of drought indices. Int. J. Climatol. 2007, 27, 2103–2111. [CrossRef]

69. Moreira, E.E. SPI drought class prediction using log-linear models applied to wet and dry seasons.
Phys. Chem. Earth 2016, 94, 136–145. [CrossRef]

70. Paulo, A.A.; Pereira, L.S. Drought concepts and characterization: Comparing drought indices applied at
local and regional Scales. Water Int. 2006, 31, 37–49. [CrossRef]

71. Agresti, A. Categorical Data Analysis; John Willey & Sons: New York, NY, USA, 1990.
72. Jolliffe, I.; Stephenson, D. Forecast Verification: A Practitioner’s Guide in Atmospheric Science, 2nd ed.; Willey:

Indianapolis, IN, USA, 2011.
73. Wilks, D.S. Statistical Methods in the Atmospheric Sciences, 3rd ed.; Academic Press: Cambridge, MA, USA, 2011.

370



Water 2018, 10, 65

74. Montgomery, D.C. Design and Analysis of Experiments, 5th ed.; John Willey & Sons: New York, NY, USA, 1997.
75. Moreira, E.E.; Mexia, J.T.; Pereira, L.S. Are drought occurrence and severity aggravating? A study on SPI

drought class transitions using log-linear models and ANOVA-like inference. Hydrol. Earth Syst. Sci. 2012,
16, 3011–3028. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

371



water

Review

Nitrogen in Water-Portugal and Denmark: Two
Contrasting Realities

Soraia Cruz 1,*, Cláudia M.d.S. Cordovil 1, Renata Pinto 1, António G. Brito 1, Maria R. Cameira 1,

Guilherme Gonçalves 1, Jane R. Poulsen 2, Hans Thodsen 2, Brian Kronvang 2 and Linda May 3

1 School of Agriculture, University of Lisbon, LEAF—Linking Landscape, Environment, Agriculture and Food,
Tapada da Ajuda, 1349-017 Lisbon, Portugal; cms@isa.ulisboa.pt (C.M.d.S.C.); renatamspinto@sapo.pt (R.P.);
agbrito@isa.ulisboa.pt (A.G.B.); roscameira@isa.ulisboa.pt (M.R.C.); guilherme964@gmail.com (G.G.)

2 Department of Biosciences, University of Aarhus, Vejlsovej 25, 8600 Silkeborg, Denmark;
jpo@bios.au.dk (J.R.P.); hath@bios.au.dk (H.T.); bkr@bios.au.dk (B.K.)

3 Centre for Ecology & Hydrology, Edinburgh, Bush Estate, Penicuik, Midlothian EH26 0QB, UK;
lmay@ceh.ac.uk

* Correspondence: scruz@isa.ulisboa.pt; Tel.: +351-913-507-286

Received: 11 March 2019; Accepted: 4 May 2019; Published: 28 May 2019

Abstract: Agricultural activities are responsible for most of the nitrogen (N) inputs that degrade
water quality. To elucidate the drivers leading to N pressures on water, we examined the resulting
state of surface waters in terms of N concentrations, the impact of this on water quality status and
policy responses to these constraints across different climatic and management conditions. Portugal
and Denmark were chosen as contrasting case studies for the Driver-Pressure-State-Impact-Response
(DPSIR) analysis. Our results showed reductions of 39% and 25% in the use of mineral fertilizer
in Portugal and Denmark, respectively, between 2000 and 2010. The N surplus in Portugal varied
between 15 and 30 kg N ha−1 between 1995 and 2015. In Denmark, in 2015, this amount was 70 kg N
ha−1, representing a 53% decrease from the 1990 value. The average amount of total N discharged to
surface waters was 7 kg ha−1 for mainland Portugal in 2015 and 14.6 kg ha−1 for Denmark in 2014.
These reductions in the N surplus were attributed to historical policies aimed at N pressure abatement.
In Denmark, N losses are expected to decline further through the continuation or improvement of
existing national action plans. In Portugal, they are expected to decline further due to the expansion
of Nitrate Vulnerable Zones and the introduction of targeted policies aimed at improving N use
efficiency and reducing losses to water.

Keywords: agricultural intensification; DPSIR; nitrogen; pressures; policies; surface water pollution

1. Introduction

On many occasions, agriculture has been highlighted as a major contributor to nitrogen (N)
pollution to water, although the livestock and urban sectors are important contributors as well. The low
use efficiency of N applied as chemical fertilizers and manures leads to a N surplus that can be lost to
ground and surface waters, reducing their quality and putting pressure onto receiving waterbodies [1].
Indeed, the European Environmental Agency [2] reported that pollution pressures from diffuse sources
(especially agriculture) were affecting 30% to 50% of surface waters in the European Union (EU).
However, the negative impacts of N inputs to water from agricultural sources vary across the EU due to
significant spatial differences in climate, soil types, geology, topography, and agricultural management
activities. In many cases, natural conditions determine land use, N attenuation and, hence, potential
N losses [3]. European crop and livestock farms have increased their productivity in recent decades,
contributing to the level water contamination by nitrates [4,5]. This is the case in the two countries
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under study, which have contrasting agricultural systems [6,7]. Agriculture accounts for approximately
47% of the land use in mainland Portugal [8] and about 60% in Denmark.

Denmark, one of the most intensively farmed countries in Europe [9], became aware at an early
stage that nutrient emissions from diffuse sources, especially in agricultural areas, were causing algal
blooms and promoting hypoxia in coastal waters [10,11]. Since 1985, the negative impacts of nutrient
loads to water in Denmark have triggered a series of “nutrient action plans” such as the designation of
the whole country as a Nitrate Vulnerable Zone (NVZ). These have significantly improved agricultural
N use efficiency and reduced N leaching, even though animal production has increased [12].

In contrast, Portugal has extensive areas of its land (~86%) under agricultural use. However,
the implementation of the Nitrates Directive (ND) was not translated into NVZ designation until
1998, with only 4% of the territory included by 2012. Local factors controlling nitrate leaching are the
high temperatures during half of the year that promote the volatilization of N and reduce losses to
water [13]. On the other hand, alternating dry and wet soil conditions stimulate soil organic matter
mineralization and promote nitrate leaching from mineralized nitrogen compounds [14].

The main objective of this paper is to compare how the current N pressures may affect the
environmental state and water quality in two contrasting countries, Portugal and Denmark. This paper
also hypothesizes that different policies, and their implementation, have influenced agricultural N
pressures and, consequently, the environmental condition of water and the effectiveness of various
mitigation measures that have been implemented to reduce N losses from agriculture in both countries.
Although knowledge exists already about water related environmental issues in Portugal and Denmark,
there has been no focused comparison between these contrasting countries in terms of impacts on
water quality and policy responses.

2. Materials and Methods

A brief description of the main differences between Denmark and Portugal, in terms of agriculture
and livestock production, urban pressures, water monitoring systems, climate, policy responses, etc., is
essential to understand better the causes of water quality degradation in each country. Figure 1 shows
where the case studies, Portugal and Denmark, are in Europe, and the main differences between these
countries are presented below. The data used for the analysis in each country was obtained from the
respective National Statistics Institutions.

Figure 1. Location of Portugal (PT) and Denmark (DK) in Europe.
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2.1. Site Study—Brief Characterization of the Countries

The mainland of Portugal (89,060 km2) is in the south-west of the Iberian Peninsula (Figure 1); it
also has two major archipelagos, the Azores (2333 km2) and Madeira (801 km2). Only the mainland,
which borders Spain (north and east) and the Atlantic Ocean (south and west), was considered in
this study. A Mediterranean climate, characterized by hot, dry summers and cool, wet winters, is the
dominant climatic type in this area. Land use is dominated by agriculture and agroforestry (44%), with
the remaining area being covered by forests (34%), urban areas (4.7%), surface waters and wetlands
(1.4%), pastures and other land uses (15.9%) [15]. The north and south of Portugal differ in terms of the
complexity of their river networks, which are denser in the northern region due to the wetter climate
and geology.

Denmark is in a coastal, temperate and humid part of northern Europe and covers an area of
43,100 km2 (Figure 1). Denmark consists, almost entirely, of sedimentary deposits, although the
island of Bornholm, in the Baltic Sea, consists mainly of bedrock. It comprises 58 major catchments,
each draining to a specific marine area. Runoff varies between 600 mm y−1 in the wet and sandy
south-western part of the country and 150 mm y−1 in the drier and more clayey south-east [16].
According to the Danish Area Information System, land use is predominantly agricultural (67%,
including pastures), while the remaining area includes a mixture of forests (12%), urban areas (7%),
surface waters and wetlands (4%), and other land uses (10%) [17].

In both countries studied, agricultural activities include intensive and extensive systems, livestock
production, and forestry. However, the importance of these activities varies between the countries.
Although the two countries possess different geology, topography, and hydrology, they face similar
problems in relation to declining water quality caused by N inputs from similar sources.

2.2. Nitrogen in Waterbodies

The pressures associated with excess N from different sources on the waterbodies within each
country (PT and DK) were analyzed to understand surface water status. The impact of each N pressure
on the waterbodies in each country was highlighted to identify the main drivers of the environmental
state of water quality. For that, a review of the water monitoring network of each country was
performed and an environmental assessment framework was adapted to analyze all the data collected
from each country. Furthermore, the policy response to N water pollution was examined to understand
better the success or failure of the mitigation measures implemented by each country. Both European
and national scale measures were considered in this analysis.

2.2.1. Water Monitoring Network

Water quality was evaluated across a network of monitoring stations covering the entire EU28
territory, including Portugal and Denmark, in accordance with the related EU Directives. These data
are used by the National Environmental Agencies of both countries to classify and document changes
in the status of waterbodies under the rules of the Water Framework Directive (WFD). Monitoring
of surface waters comprises common European rules of ecological, chemical, physical and hydro
morphological variables to determine whether the quality objectives for the River Basin Management
Plans (RBMPs) are being fulfilled and to document the effects of pressures, including those caused by
N losses to water. Nitrogen contamination enters waterbodies from both diffuse and point sources.

The WFD mandates a “one out all out” approach; this means that if a waterbody fails on one
parameter, it fails the overall water quality assessment. In addition to the mandatory monitoring, some
countries, such as Denmark, have also implemented several country-specific assessment measures.

To understand better the condition of water bodies in relation to N pressures, it is crucial to know
the size of the total N (TN) load that flows from the different parts of the catchment (urban, livestock
and agriculture) to those water bodies. With this purpose, the water monitoring network related to N
of each country was characterized and analyzed (Table 1).
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Table 1. Summary of features and water sampling criteria for Portuguese (RBD1–RBD8) and Danish
(DK1–DK4) River Basin Districts (RBD) for the 2010–2015 WFD planning cycle [6,18,19].

RBD and
DK

RBD Area
(km2)

Quantity and Length of Waterbodies Monitored
Nº of TNC

** Samples
Station−1 y−1 (Average

2010–2015)

Nº of Stations
for TNL

*

Calculations

Number of
Transitional/Coastal

Zones

Nº of
Lakes/Reservoirs

Length of
Streams/Rivers

(km)

RBD1 2465 7 2 628 1.8 0
RBD2 3584 5 7 850 1.7 0
RBD3 19,218 4 15 5678 1.7 0
RBD4 12,144 14 6 4070 1.9 0
RBD5 30,502 10 20 7503 1.7 0
RBD6 12,149 12 10 2580 0.8 0
RBD7 11,611 5 18 3606 1 0
RBD8 5511 10 5 977 2.1 0
DK1 32,000 84 595 14,157 15 186
DK2 9310 33 217 2443 20 71
DK3 588 2 11 368 20 1
DK4 1100 0 33 411 40 4

*TNL—total nitrogen load/discharged from the different N pressures on land to the waterbodies; **TNC—total
nitrogen concentration in waterbodies.

In contrast to Denmark, in Portugal, TNC monitoring stations are not co-located with the
hydrometric stations that conduct daily streamflow measurements. No specific TN determination is
available for any monitoring station in Portugal (Table 1). The sampling frequency for each River Basin
District (RBD) follows the guidelines established under the WFD: each water quality variable can range
from continuous sampling to once every 6 years. Therefore, as Portugal does not have specialized
stations for TN calculations, the loads discharged into receiving waters need to be estimated annually
by the Portuguese Environment Agency (APA), to evaluate the real TNL and source of the N pressure
into the waterbodies.

Denmark has organized monitoring stations (Table 1) where the real annual TN transport to the
waterbodies is calculated using daily rates of discharge [19]. The daily discharge values from the
hydrometric monitoring stations cover the whole range of agricultural land uses, soil types (sandy to
loamy) and levels of precipitation (dry to wet) [20]. Point source loads are reported annually from
individual sources, which are grouped into urban wastewater treatment plants (WWTP), industrial
sources, sewer storm overflows, freshwater fish farms, and marine fish farms. Stream water samples
are gathered at biweekly to monthly intervals at each monitoring station. Each water sample is
analyzed, among other parameters, for TNC, NO3

−, NO2-N and NH4-N concentrations, in accordance
with Danish standards. The ecological condition of Danish waterbodies is evaluated annually by the
competent Official Body of Denmark, using the monitoring data on stream biological status and the
calculated indices for macroinvertebrates, fish and macrophytes [21,22].

2.2.2. Driver-Pressure-State-Impact-Response (DPSIR) Framework

An adapted Driver-Pressure-State-Impact-Response (DPSIR) environmental framework [23] was
used to perform a general analysis of the data collected from the two countries, regarding the effect of
N to water quality (Table 2). This novel comparison helps us to understand how different pressures,
under different conditions, respond to similar policy application measures. In this analysis, the main
driving forces and pressures responsible for the quality of waterbodies and its impacts (number of
eutrophic areas/areas at risk of becoming eutrophic), and any current mitigation measures (e.g., NVZs
and EU-27), were identified. A comprehensive set of indicators was defined to facilitate the discussion.
For some of these indicators, the data collected were used to build maps and graphics so that the
differences between Portugal and Denmark could be compared.

Data on Driver and Pressure indicators (Table 2) were extracted from Eurostat [24–31] for both
countries and the EU. The gross N balance was usually estimated from N inputs (mineral and organic)
and atmospheric deposition (in harvested crops and grazing). These values provided an indication of
the potential N surplus on agricultural land and, consequently, the potential N losses responsible for
the contamination and quality degradation of water.
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In Portugal, data on TNL from agriculture, livestock production and urban sectors to waterbodies
were collected from the RBMPs submitted to the EU Commission by APA in 2015 [6]. APA calculated
these loads using N export coefficients and national scale statistics on crops, livestock, and urban
population. The TNC (mg N L−1) in the Portuguese waterbodies were obtained from the National
Water Resources Information System database [18]. Data from the five most downstream water quality
monitoring stations in each RBD were selected to provide TNC for the period 2010–2015.

In Denmark, data on N leaching and N discharges from point sources, and loads to surface waters,
were obtained from the national monitoring program of the aquatic environment [7,19]. Data on
the TNL from Danish catchments to coastal waters were collected from Danish statistics, Denmark’s
Miljøportal [32]. The Danish Environmental Agency determines the TNL by source, mobilization,
attenuation, and transport pathways between the source and the receiving water. The impact on
waterbodies translates into a status classification with which water quality was assessed with official
data from the RBMPs in the case of Portugal [6] and from water monitoring for Denmark [7,19].

Response to the impacts is translated into policies and legislation. One of the most important
policies relating to N is the ND [33], which gave birth to the creation of NVZ [34] in EU countries,
using different national approaches. Information about NVZs was collected from Portuguese [6,35]
and Danish legislation [12], and from Eurostat and the European Environment Agency (EEA) for EU
data [34,36].

For wastewater treatment, data was collected from APA for Portugal [6], from Denmark’s
Miljøportal [32], Wiberg-Larsen et al. [19] and Danish Nature Agency [37] for Denmark, and from
EEA [2,38] for EU.

Management practices implemented by each country, regarding N water pollution, were compared
and highlighted. To analyze the success or failure of the mitigation measures implemented by each
country, historical N surplus levels and TNC were analyzed.

N surplus data were collected from APA [6] and Cameira et al. [39] for Portugal and from
Blicher-Mathiesen et al. [40] for Denmark.

2.3. Uncertainties and Shortcoming of the Study

Although we believe this study to be useful in comparing how two different water management
systems operate and produce results for use in both countries, there are some uncertainties. Data were
not collected in similar ways in both countries, despite the mandatory regulations and procedures
from the European Union with which Portugal and Denmark must comply. Besides the mandatory
measures imposed at European level, each country has different local characteristics that benefit from
different approaches to water quality monitoring. Denmark is particularly prolific in what concerns
environmental legislation to protect water quality, contrary to Portugal that relies almost exclusively
on adapted European legislation. There was no available data for the same years in both countries so,
the data considered for analysis belongs to the closest dates possible. Nevertheless, the procedures
in each country regarding the adoption of the mandatory EU regulations, accompanied by national
measures will allow evaluating the efficacy of such policies.

3. Results and Discussion

Table 2 shows the outputs of the DPSIR framework analysis [23], with a set of indicators focused
on agricultural and N management in Portugal and Denmark. This information provides the basis
for the discussion in the subsections below regarding the steps in the DPSIR chain (Driving Forces,
Pressures, States, Impacts, and Responses).
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3.1. Nitrogen Drivers, Pressures, and State of Receiving Waters

The N pressures on waterbodies in Portugal and Denmark result from three main sources: (i)
agriculture, (ii) livestock and (iii) urban drivers. These pressures result in different water states
depending on their intensity and on the nature of the associated river basins. The latter, presenting
characteristics that favor TN drainage from leaching and runoff into the waterbodies were analyzed
and the results are presented in Figure 2 for Portugal and Figures 3 and 4 for Denmark.

In Portugal, the designation of an NVZ is restricted to river basins with geographical and soil
characteristics that increase drainage potential and favor an increased load of nitrate to water; so, NVZ
action plans [35] apply to these areas, only. In contrast, in Denmark, 100% of the land was considered to
be vulnerable and there is a national scale action plan for the whole country [12]. As shown in Table 1,
the hydrological coverage in Denmark is far more extensive than in Portugal, which favors situations
of potential nitrate losses into water basins, and increased denitrification potential. In Portugal, the
alternation of dry and wet periods promotes the mineralization of soil organic matter leading to nitrate
formation and, potentially, greater losses to water.
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Figure 2 shows the loads of TN discharged to surface waters from agriculture, livestock, and
urban sources in mainland Portugal. The currently designated NVZs and Sensitive Zones (SZs) are
also shown. Despite the enhanced emissions of TNL from urban sources, particularly in RBD5 (271 kg
ha−1 y−1), agriculture is still the major contributor of TNL to surface waters on a national scale (~40%
from agriculture and ~35% from livestock compared to ~22% from the urban sector). The primary
sector is quite important in Portugal as it contributes to a great percentage of the Gross Domestic
Product (GDP), but it also poses a source for potential pollution. A more detailed allocation source
of TNL to water from all the different sectors is of great importance at the regional and local scales,
especially when focusing on better control of N emissions in NVZs. NVZs are always associated with
agricultural regions, but include some urban areas too.

Surface waters in RBD1, located in the north of Portugal, are mostly affected by TNL from
livestock (2.5 kg N ha−1 y−1) and agriculture (2.0 kg N ha−1 y−1). In the case of surface waters in RBD2
(associated with NVZ1) livestock (6.6 kg N ha−1 y−1) and urban (6.1 kg N ha−1 y−1) drivers produce
the predominant pressures, whereas in RBD4 which is located in the Aveiro estuary (associated with
NVZ2) all drivers exert similar, but low, pressures (0.25–0.31 kg N ha−1 y−1). In this region in particular,
the hydrology and topography determine the possibility of denitrification occurring. The surface water
catchments in RBD3, RBD5, RBD6 and RBD7 are associated with the highest agricultural areas (16%,
31%, 18% and 22%, respectively) and relatively high total losses of N from agriculture (2.6, 2.3, 1.9 and
3.1 kg N ha−1 y−1, respectively) (Table 2). Despite the vast agricultural area, RBD3 has the heaviest
urban pressures due to increasing urbanization and tourist activities in the Douro Valley. Including the
NVZ3 and NVZ8, RBD8 receives mostly urban discharges, with a N load of 2.3 kg N ha−1 y−1. The
agricultural sector contributes an N load of 1.8 kg N ha−1 y−1.

In Portugal, agricultural areas are occupied by non-irrigated cereal crops (e.g., wheat, barley, oats,
rye), irrigated crops (vegetables, maize, paddy rice), olive groves, vineyards, and orchards. Livestock
production is also common throughout the country. More specifically, dairy cow production dominates
in the north of Portugal (in small and large intensive production units), and sheep and goats dominate
in the southern provinces (on extensive grassland farms with less nitrate leaching potential). In RBDs
5, 6 and 7 especially in “Ribatejo” (Tagus vulnerable zone 5; TVZ) and “Alentejo” (NVZ7) provinces,
intensive agricultural activities pose an important nitrate pollution risk because maize, which requires
large quantities of mineral fertilizer and frequent irrigation, is the most common crop in the area [41].
In “Ribatejo”, processing of tomato and other vegetable crops is also responsible for a large share of N
losses to water, thus contributing to the degradation of surface water state [42].

Fertilization practices vary significantly from one region to another due to different cropping
systems. However, as shown by Cameira et al. 2018 [39] for the TVZ, the ND (91/676/EEC) [33] related
measures that have been put in place are relatively effective in areas with intensively irrigated crops,
while they are less efficient in areas where livestock predominates due to intensive nature of the
production units. Besides the identification of a N surplus in parts of the TVZ related to agricultural
activity and land-use change in recent years, additional concern was raised about the recent increase in
intensively managed olive grove areas in Alentejo (associated with the NVZ6), which may constitute
an additional driver of TN discharge and losses to the water bodies [43].

Figure 3 shows point source discharges of TN (kg ha−1) from 2010 to 2015 (left) and N leaching
from land to water in Denmark in 2010. In general, the N leaching pattern was higher in Jutland,
in the south-western part of the peninsula (60–75 kg N ha−1 and >75 kg N ha−1). This was due
to a combination of high livestock densities (dairy and pig production), high mean annual rainfall
(900–1100 mm y−1) leading to high percolation of water and runoff into streams (600 mm y−1) and
a dominance of sandy soils. These conditions associated with intensive agricultural practices led to
higher N leaching in this province than in the drier and loamy eastern islands of Funen and Zealand
(Figure 3; right). Point source discharges of N to surface waters are very low because tertiary treatment
of sewage effluent is implemented in 97.9% of all the WWTP in Denmark [37]. Therefore, high levels
of point source discharges are found only near major cities, such as Copenhagen, Aarhus, Odense
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and Aalborg (Figure 3). This does not correspond to the situation in Portugal, where only secondary
treatment is implemented in nearly all the WWTP [6], transforming urban pressures into a high concern
in relation to N and other losses.

Figure 3. Average annual point source discharges of TN (kg ha−1) in 2010 to 2015 (left) and level of N
leaching from land to water in 2010 (right), for Denmark [7,19,32,37].

Danish territory is highly dependent on, and linked to, the sea and corresponding coastal
interaction. This contrasts with Portugal, where only the west and south coast connect to the sea, with
some small saltwater intrusions. Three of the NVZs, however, are in these areas (Figure 2).

The amount of TN lost from land to water is an indicator of the likely level of N contamination by
receiving waters. In Portugal, the value of N losses is estimated to be an average of 7 kg N ha−1 to
surface waters, whereas the corresponding value for discharges to coastal waters around Denmark
is estimated to be about 14.6 kg N ha−1 (Figure 4) [32]. Although the discharge to coastal waters
in Portugal is not presented due to lack of statistical information, there is a clear difference in N
discharge in both countries. While in Denmark the hydrological conditions and flat topography favor
denitrification and could reduce N losses, in reality leaching losses were found to be higher than in
Portugal. Water quality policies appear not to be reducing the loss of nitrate to water significantly,
despite the heavier legislation requirements in Denmark.

The TNL from Danish catchments to coastal waters in 2015 is shown in Figure 4. Nitrogen loads
to surface waters are particularly high (>15 kg N ha−1) in livestock production areas with high levels
of precipitation (i.e., southern and northern Jutland and Funen), whereas the N load is lower in the
predominantly plant producing areas of eastern Funen and western Zealand. High N loadings (>12.5
kg N ha−1) from point sources occur within the Copenhagen region (eastern Zealand) (Figure 4).
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Figure 4. Total Nitrogen loads (kg ha−1) from Danish catchments to coastal waters in 2015. [7,19,32].

3.2. Impacts on Water Quality and Ecology

The pressure of N discharges from the different drivers, as shown in Figures 2 and 3 respectively for
Portugal and Denmark, results in impacts on water quality that can be seen in Figure 5. To understand
better the impact of N on waterbodies, TNC (mg N L−1) in the surface waters of Portugal and Denmark
were analyzed between the years of 2010 and 2015 (Figure 5). Then, the ecological status of rivers,
lakes/reservoirs and coastal/transitional waters were analyzed and compared for both countries (Figure 6).

 

Figure 5. Average concentration of TNC (mg N L−1) in surface water in Portugal (left) and Denmark
(right), 2010–2015 [18,32].
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Total (N) and (NO3-N) concentrations in ground and surface waters are important because they
determine the impact on chemical water quality of these waterbodies as defined by the ND and WFD.
Monitoring of TNC and daily flows at surveillance stations is important for providing reliable data on
TN loadings in surface waterbodies.

In Portugal, TNC are only available for 30% of the mainland due to the limited sampling
and inconsistency of sampling dates compared to monitoring sites. This does not provide reliable
information on water (N) concentrations (Table 1 and Figure 5). Nitrogen transport from Spain to
Portugal plays an important role in detremining the level of total N loading and (N) concentrations in
some Portuguese rivers, such as the Tagus [44]. Total nitrogen concentrations in Portuguese rivers
exhibit a pattern of generally low (N) concentrations (Figure 5), which does not necessarily reflect
reality, up to where the extent of samplings permitted estimation (i.e., ≥8 months). Hotspots for
nitrate pollution will only be identified through modelling at higher resolution, while at the broader
scale policy implementation seems to be effective in controlling nitrate [39], despite the loads in the
discharges coming from Spain.

In Denmark measured TNC in surface waters were generally higher in the loamy and drier eastern
part of the country (Funen and Zealand) than in the northern part of Jutland which, with its chalk
groundwater aquifers, is characterized by low N attenuation (Figure 5) [45].

In Portugal similar assessments to those performed in Denmark cannot be made due to the almost
complete absence of specific monitoring stations to assess N loading (Table 1).

The patterns observed in the two countries seem to vary markedly from each other—with the
Danish surface waters displaying higher flow-weighted total N concentrations (~4 mg N L−1) than
the Portuguese rivers (~2.5 mg N L−1) (Figure 5). A possible explanation for the much higher TNC in
Danish surface waters compared to the Portuguese rivers may be the 2.6 times higher N surplus in
Danish agriculture compared to Portuguese agriculture (Table 2). Due to the lack of a comprehensive
monitoring network in Portugal, the identification of N surplus is only possible through the downscaled
analysis of specific river basins [39]. However, while WWTP with tertiary treatment in Portugal are
non-existant [6], almost 100% of the WWTP in Denmark have high nutrient recovery (Table 2). This
leads to the assumption that the N loads to Danish waters should be lower, which is not the case. In
fact, in Denmark, the N load from the WWTP is measured as a pressure on water quality whereas, in
Portugal, it is simply unknown.

Figure 6. Overall status of (a) rivers, (b) lakes/reservoirs and (c) coastal/transitional waters in the
8 Portuguese and 4 Danish River Basin Districts (RBD/DK). Values above columns refer to the
length of rivers (km), number of lakes/reservoirs and coastal/transitional waters for (a), (b) and (c),
respectively [6,32].
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For rivers, three out of the four Danish RBDs have an overall WFD status of less than good, while
the same status only occurs in three of the eight RBDs in Portugal (Figure 6a). The differences between
the two countries is probably influenced by the fact that all Danish rivers are considered irrespective of
their size, so a significant number of small streams (<2 m width) are included in the determination of
status. These small streams are more vulnerable to pollution than larger streams that have a higher
dilution rate and greater potential for recolonisation by biota. In contrast, in Portugal, only streams that
are monitored and have WFD targets for ecological and physical conditions are considered. The three
Portuguese RBDs that do not meet good ecological status—RBDs 5, 6 and 7 (Figure 6a)—are located in
areas dominated by irrigated and intensive cropping systems (e.g., rice and tomato) with high fertilizer
application rates (RBD 5) or non-irrigated production intensive cropping systems (e.g., maize) and
vegetable production (e.g., horticultural crops) (RBDs 6 and 7). In Portugal, agricultural intensification
is often associated with livestock production, which also contributes to water quality degradation [6].

In relation to lakes and reservoirs, three out of the eight Portuguese RBDs have a less than good
status; the comparable figure for Denmark is two out of four (Figure 6b). However, phopshorus
(P) loading rather than N loading is the dominant nutrient pressure on lakes and reservoirs, and in
most inland waterbodies P loading from the lake sediments is also significant due to chemical and
biological factors [46]. In Portugal, few studies have classified the trophic state of lakes and reservoirs.
However, Diogo (2008) [47] found that 64% of the eutrophicated reservoirs in Portugal are also affected
by excessive inputs of P. In Denmark, considerable efforts have been made to reduce the P load to lakes
and reservoirs [48–50]. However, in Portugal, P is just starting to be a concern in terms of water quality,
since the attention of policy has focused so far on N as a major driver for water contamination.

In terms coastal/transitional waters in Denmark, in two of the four DKs, 70–80% of the waters
have less than good status according to their WFD classification (Figure 6c). In Portugal, in four
out of the eight RBDs, 50–90% of coastal/transitional waters have less than good status (Figure 6c).
In Denmark, excessive N loading is the main reason for the poor state of its coastal and transitional
waters, with the severe eutrophication of these systems acting as one of the main drivers for the
implementation of seven action plans that have been implemented over the last 30 years to improve the
aquatic environment [12,45]. In Portugal, although several local studies have investigated the impact
of nutrient input on water quality status in transitional and coastal waters [51–53], uncertainty still
exists about which nutrient is causing excessive algal growth and, thereby, influencing trophic state
and ecological quality status in these areas.

Although knowledge of the quality status of Portuguese waterbodies is increasing, several gaps
in knowledge remain. These are mainly due to the low number of water quality monitoring stations
within each RBD and the non-existent sites that are suitable for TNC calculation (Table 1). Moreover,
the importance of coastal waters within the Danish territory is far more significant than in Portugal,
due to the inherent characteristics of the territories themselves.

3.3. Responses to Nitrogen Impacts

The ND [33] was the first European response to water pollution associated with nitrate from
agricultural and livestock rearing activities. To mitigate and abate N losses from agricultural sources,
all of the Danish territory has been designated as a NVZ [12] while in Portugal, the NVZ areas occupy
only 4% of the land (Figure 2) [35]. This means that in Denmark, the implemented action plan on
waterbodies covers the entire country, and strict regulations have been imposed on all farmers since
the mid-1980s. This has resulted in large reductions in N leaching [12]. In Portugal, the first three
NVZs were mapped in 1997 and these increased in number and areal coverage until 2012. New areas
are now likely to become NVZs and, therefore, require further regulation. For instance, some may be
designated as SZs with strict regulation associated with discharges.

Despite the heavier regulation, nitrate losses in Denmark are higher per unit area of land due to
the more intensive type of agriculture compared to the more extensive agriculture found in Portugal.
As well as the land characteristics being important, the type of farming affects the water quality, too.
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Also, Denmark has a much higher number of lakes and transitional coastal waters that are likely to
be impacted by N losses from land compared to Portugal, which is mainly formed of continuous
areas of land with a defined and substantially less extensive river basin network. This results in a less
vulnerable water network with correspondingly lower N loads to surface waters. Agricultural intensity
is also a main driver of the higher N excess in Danish waters, due to higher agricultural and husbandry
pressures (Table 2). In theory, Danish conditions could lead to additional denitrification, which would
reduce the level of nitrate leaching into water. However, since this is not the case, agricultural systems
are probably the main factors that are determining N losses.

Where the soil-water system is defined by fast-flow processes in an oxic groundwater zone, there
is a risk that a large part of the N surplus may be discharged to surface waters [45]. Nitrogen loads in
streams are also influenced by manure and fertilizer use, runoff and soil type [3,54,55]. These may be
enhanced by the discharge of poorly treated wastewaters and/or effluents from different sources, and
the level of sophistication of the process in the WWTP may affect water quality, too.

3.4. Nitrogen Management and Policies Implemented

To analyze and compare the success or failure of the mitigation and abatement measures
implemented by each country, the historical levels of N surplus (Figure 7) and TNC (Figure 8) were
analyzed. Policy responses for each country were identified (Table 3).

Figure 7. Comparison of historical levels of nitrogen (N) surplus in Denmark (1990–2015) and Portugal
(1990–2015) [6,39,40].

The N surplus in Portugal and Denmark between 1995 and 2015 (where available) are shown in
Figure 7. According to the Portuguese Administration [6], the N surplus varied between 15 and 30 kg
N ha−1 over this period, but showed no obvious trend. The more or less constant, but low, N surplus
in Portugal was apparently unaffected by the incorporation of European Directives into Portuguese
law—i.e., the Nitrates Directive [56], the Water Framework Directive [57] and the Wastewater Treatment
Directive [58] in 1997; the designation of NVZs in 1998, 2005 and 2010; and, the introduction of a
common agricultural policy in 2003. It is likely that this occurred because the effect of these new
regulations was masked by a higher level of incorporation of manure into the soil and an increase
in the area of land used for vegetable cultivation and pasture over this period [59]. Despite the
mandatory policy regulations in Portugal, best practices remain at the discretion of the farmers and are
so dependent on the farmer’s ability to protect any streams that have an impact on the RBDs.

A decreasing trend is evident in Denmark, where a reduction from 157 kg N ha−1 in 1990 to 70
kg N ha−1 in 2015 has been achieved. This significant downward trend can be ascribed to the seven
aquatic action plans that have been implemented in Denmark since 1985 (Table 3) [45].

Data from the Valada Tejo (19E/02) monitoring station [18], located on the downstream part of the
Tagus River in Portugal, was selected to analyze the trend in TNC over the period 2002–2015. Total N
concentrations decreased from 1.75 mg N L−1 to 1.1 mg N L−1, which is equivalent to a reduction of
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about 38% (Figure 8). A much steeper downward trend in average TNC over time was detected for
monitored streams in Denmark (Figure 8) [19], with flow-weighted TNC decreasing from 7.5 mg N L−1

in 1990 to 4.3 mg N L−1 in 2015, i.e., a reduction of about 43% (Figure 8). It should be noted, however,
that the starting point for TNC was higher in Danish waters than in Portuguese waters.

Figure 8. Historical concentrations of TNC based on data from the Valada Tejo (19E/02) monitoring
station in Portugal (2002–2015) and on Danish flow-weighted total N concentrations between
(1990–2015) [18,19].

In Portugal and Denmark, TNC in water were affected differently by the implementation of N
abatement policies that are shown in chronological order in Table 3. Higher precipitation occurring in
Denmark, compared to Portugal, could have also contributed to a dilution effect, thus enhancing the
reduction of TNC in Danish waters. However, it should be noted that the two time series are not exactly
comparable because the Danish time series represents the whole country (120 monitoring stations),
whereas the Valada Tejo station shows the trend at a single station, only. Also, 80% of the catchment that
drains into this monitoring site is in Spain [44]. Nitrogen monitoring is clearly insufficient in Portugal,
although the reason for this is unknown. As mentioned before, officially recorded N concentrations in
streams do not necessarily show the presence or absence of a N surplus. Further downscaling of the
data is needed to identify N hotspots [39].

Table 3. Historical nitrogen abatement policies in Portugal and Denmark.

Country Year Policies Main Recommendations

DK

1986 NPO Program Ban on point source pollution from slurry tanks; Control at farm level;
Limit application to 265/230 kg organic N for cattle and pig farms.

1987 Action Plan for the Aquatic Environment 49% reduction in NO3 leaching from agriculture by 1993; Code of good
agriculture practice.

1989 National Monitoring Program for the Aquatic
Environment Advisory services to the EPA; Environmental research; Monitoring.

1991 Action Plan for Sustainable Agriculture Mandatory N standards for crops; Controlled use of N in organic
manure; Ban on slurry application from harvest until 1st February.

1998 Action Plan for the Aquatic Environment II Catch crops on 6% of land area; N standards set at least 10% below
economic optimum; 170 kg N ha−1 for cattle and pig farms.

2004 Action Plan for the Aquatic Environment III 10 m buffer strips along rivers and lakes; 13% reduction of N leaching
from agriculture by 2015.

2008 Green Growth 19 k tons reduction in emission of N to marine waters; 10 m buffer
strips along watercourses; 140 k ha target for catch crops.

PT

1997 Transposition of Nitrates Directive into
Portuguese law (Decree-Law 235/97)

Designation of 3 NVZs; Code of good agricultural practice; Control of
NO3 concentrations in surface and ground waters; Evaluation of

eutrophication status of waters.

1997
Transposition of Waste Water Treatment

Directive into Portuguese law (Decree-Law
152/97)

Designation of SZ and less sensitive zones; Regulation of N and P levels
in waste waters discharge.

2002 National Water Plan (Decree-Law 112/2002) Strategy for national water policy; Creation of river basin management
plans.

2003 Common Agriculture Policy
2005 Water Law 58/2005 Institutional framework for sustainable water management.
2007 Decree 214/2007 and Order 8277/2007 National strategy for livestock and agri-industrial effluents.
2009 Ordinance 631/2009 Rules for the management of livestock effluents.
2010 Ordinance 164/2010 Designation of 8 NVZs.
2012 Ordinance 259/2012 Action plan for the 8 NVZs in mainland.
2013 Decree 81/2013 New strategy for livestock activities; Management.
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3.5. Evaluation and Recommendations for Policy Making

Due to the maintenance and improvement of the Danish action plans, N losses are expected to
decline even further. In Portugal, the introduction of several additional measures has been suggested
to control N losses to water. These include expansion of the NVZs, a more extensive surveillance
monitoring network that includes high-frequency measurements of water flow and chemical parameters
at co-located gauging stations, and policies targeted at improving N use efficiency. Due to the very
diverse nature of the agricultural systems throughout Portugal, a revision of ND measures is suggested
for the existing NVZs, with the aim of producing targeted measures. The results from this study also
highlight a need to ensure that farmers are complying with the ND related programs of measures.

Water quality matters for agricultural use, to some extent, but is more important where water is
used for drinking purposes as it affects human health. Research on this topic has not had a sufficiently
high influenced enough on policy making or implementation, due to the differences in countries or
regions characteristic in terms of natural aspects but also regarding the sectors that drive N losses
into water. Barriers that prevent science-based information to further influence EU policy making are
mostly national and regional and relate to the lack of political will, of incentives to adoption and of
implementation of command and control legislation [60]. Moreover, the lack of current understanding
of the effects of the measures on the real water quality improvement, further complicates science
contribution to policy making [61].

4. Conclusions and Future Perspectives

The carrying capacity of watercourses is often determined by site specific factors that cause
variations in water quality responses to N inputs. Therefore, to protect water resources effectively,
environmental policies need to be introduced that take into account many complex issues and address
several economic and societal challenges. Moreover, the preventive approach is more cost-effective
than remediation. For example, nitrate removal from contaminated drinking water is very costly,
which is of great concern to water utility companies.

The DPSIR framework provides a strong framework for presenting water quality indicators to
policy makers and raising awareness of the importance of considering environmental quality in the
political choices made, now and in the future. A comparison of drivers, pressures, state, impacts,
and responses in relation to N contamination of waterbodies showed that the implementation of
policy measures promoted a significant reduction of N losses from land to water in Denmark, which
resulted in a decrease of 25% in fertilizer use and a reduction of 53% in N surplus. In Portugal, the
corresponding reductions were 39% for fertilizer use and 15 to 30 kg N ha−1 for the N surplus, with
no significant trend. Average total N discharge to surface waters was calculated to be 7 kg ha−1 for
mainland Portugal in 2015 and 14.6 kg ha−1 for Denmark in 2014. In both countries, the agricultural
sector was found to be the main source of the N pressure on waterbodies.

Following the implementation of the Water Framework Directive in 2010, “less than good” water
quality status was recorded in three out of eight RBDs in Portugal and in two out of four RBDs in
Denmark. However, data suggest that the main differences in water quality status between the two
countries is probably due to lower frequency of sampling for the determination of TNC, the less
extensive monitoring network and the higher agriculture production intensity that is found in Denmark
compared to Portugal.

Reduction in the levels of N in waterbodies was attributed to the historical implementation of
policies aimed at reducing the N losses from land to water in both countries, but climatic factors such
as precipitation can also have a role in reducing the N concentration in waters through a dilution effect.
In Portugal, policies were the transposition of the ND and Waste Water Treatment Directives into law in
1997, the Water Framework Directive into the Water Law in 2005 (with successive modifications until
2012), and an action plan for NVZ designation, which now covers 4% of the Portuguese mainland. In
Denmark, the observed reduction can be ascribed to the various “National Action Plans for the Aquatic

387



Water 2019, 11, 1114

Environment” that have been introduced since 1985. These have led to improved N use efficiency and
reduced N pollution, culminating in the designation of the entire country as an NVZ.
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