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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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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 contextimplies
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 1 www.mdpi.com/journal/water
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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 (ET,) using products of the European geostationary satellite Meteosat
Second Generation (MSG), thus analyzing benefits from computing ET,, with solar radiation data of
the Satellite Application Facility on Land Surface Analysis (LSA-SAF). Not only the method allows
computing ET, 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 ET, 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 (Kq) that
depends upon the fraction of ground cover and crop height. The basal crop coefficient (K,) used to
estimate crop evapotranspiration (ET.) with the dual K approach is then computed from Ky using the
SIMDualKc model. Two seasons of experimentation were used with four different cutting treatments,
which provided field data for model calibration and validation. K, 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 K, values relative to the defined crop growth stages are proposed for computing ET.
in the region and to transfer elsewhere after appropriate climate adjustment. Paco et al. [7] confirm
the appropriateness of using the SIMDualKc model for ET. computations and the great importance
of irrigation for super intensive olive orchards in an application performed in southern Portugal.
Appropriate values for K, and K. 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 K, from the fraction of ground cover and height.

Fuentes-Penailillo 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™! (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 Farinds-Dasi [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, Playan 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 [k.. ETo], where k 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; d0i:10.3390/w11020382 8 www.mdpi.com/journal/ water
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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 zy; (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 (1), maximum and minimum temperatures at 2 m to estimate
daily mean temperature (T;) and saturation water vapor, and finally mean, maximum and minimum
relative humidity at 2 m (RH, RHy and RH,;;). 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, RHy and RH, 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 R 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 Andalucia 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].

A X -
LET = LETopuitriun + P = 37— Q" +p  (Wm™) M

where L is the latent heat of vaporization of water, A = de/dT|r_r, is the derivative of the saturation
water vapor pressure (¢), at air temperature (T}), v the psychrometric constant and Q* net radiation
of well-watered grass (see also [1]); the parameter  was estimated using observations collected at
Cabauw and was set to B¢, = 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),
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together with the Slob-DeBruin approach to derive Q* (Equation (2) below) for several stations,
including Cabauw and Cordoba.

Rs

Q' =(1-0B)R~Cs 5
ext

@

where R; is the global (=down-welling shortwave) radiation and Ry is the incoming shortwave
radiation at the top of the atmosphere. The parameter Cs was also estimated using observations
collected at Cabauw (Cs = Cycyp = 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 Q,, 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_rat + Qado = L-ETno_LaE + f(Ta) 3)

where ETy, rag corresponds to ET without LAE (as in (1)) and f(T,) is an empirical function of the
mean daily air temperature measured over dry upwind terrain. Empirically, [5] found that, for the
Cordoba site, f(T,) should be kept negligible for temperatures below 15 °C (i.e., f(T,) = 0, for T, <
15 °C), while for warmer cases it increases linearly with temperature (i.e., f(T,) =4 x (T, — 15), for T, >
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 T} as input only. The next step is to make use of the existing LSA
SAF product for R 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 pum,
4.0 um] 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 pum,
0.8 um, and 1.6 um) 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 (A) 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

11



Water 2019, 11, 382

real time) access to the LSA-SAF METREEF [5], as with any other LSA-SAF products (including solar
radiation) by registering at http://Isa-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.

Cabauw 2007-2012

7— . . . .
Bias_PM = 0.2 mm/day 5 5 e
StDev_PM = 0.3 mm/day ; :
Corr_PM = 0.973 g g . . :
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Corr_SAF = 0.972
=
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ET, Observations (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 20072012 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 Q,4, 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.

(a) Cabauw (b) Cordoba

1.5

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 I, =
L.ET/Q* (both L.ET and Q* correspond to daily averages), for the Cordoba site. I, 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 I; 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). I, 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 = 0.65A/ (A + ) x 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 (T, + 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 I, 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, I, 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 I, 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
(Qudo), which is a linear function of near surface air temperature, i.e., with a term f(T}), as shown in
Equation (3), given by:

0 if T, < T,

Qado f(Tﬂ) {m(Ta _ Tn) T, > T, 4
where the parameter T, corresponds to the temperature above which the site systematically experiences
LAE. Both regression coefficients, m and T,, 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 -y, 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.

Crop water requirement as defined in [1], and obtained via k..ETo, with k. being a crop factor.
ETc 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].
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.
The model to estimate ETo derived from thermodynamics and atmospheric boundary layer

LSA SAF ETo

T-ABL (ABL) physics, leading to Equation (1).
" Net radiation, i.e., the sum of the down-welling short and long wave radiation reaching the
Q surface minus reflected (short and long wave) and the emitted (long wave) radiation.
Ry Global radiation, or down-welling short wave radiation reaching the surface
R Incoming shortwave radiation at the top of the atmosphere, often denoted as the
ext 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 (ET.) 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 K. 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 ET. was modelled adopting a K, curve to describe the ET
variation for each cutting cycle, that is, using the FAO K. curve that consists of a series of Ky, curves
relative to each cutting cycle. Each individual Ky, curve consisted of three segments constructed
when knowing the K, values at the initial, at the end of rapid growth, and at cutting, respectively
Keb inis Keb gro and Kep cut- These K, values were first estimated using the equation relating K, to the
density coefficient (K4), which is computed from the fraction of ground cover (f.) 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 K, values obtained
after model calibration relative to the cuttings treatment with CGDD of 248 °C are: K, in; = 0.86,
Keb gro = 0.91 and Ky cut = 0.96. Ky, values were smaller when the frequency of cuts was larger
because h and f. were smaller, and were larger for reduced cuttings frequency since h and f. were
then larger. Because the soil was wet most of the time, the soil evaporation K 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 K. = K4,+K, also varied little due to the influence of K, and the K. curve obtained
a form different from the K, curves, and a single K. value was adopted for each cutting frequency,
e.g., K. =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 Nifio Southern Oscillation
(ENSO), runoff and deep percolation exceeded ET.. 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 (K4) and then estimate the basal crop coefficient from Ky 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 « 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 (ET,) 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 ET, was defined after parameterizing the PM combination equation [5] for a cool
season grass, thus resulting that ET,, 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~,
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-ET, equation [17], which represents the climatic demand
of the atmosphere. Thus, following FAO56 [17], the ET, is to be used with a crop coefficient (K.) when
estimating or predicting the ET of a given surface, that is, the K.-ET, approach. K. is the ratio between
the crop ET and ET, and varies with the crop surface characteristics and the crop growth stage, and is
influenced by the climate and management. Single and dual K. may be used [17]. The dual K. consists
of the sum K, + K, of the soil evaporation coefficient (Kc) and the basal crop coefficient (K,), and thus
with consideration of both processes included in evapotranspiration. The K. values are standard or
potential when the crop is not stressed, while actual K. values (K¢ act or K¢, oct) are often smaller than

21



Water 2018, 10, 558

the standard K. or K, when water, salt, disease or management stresses affect crop transpiration.
These effects may be considered using a stress coefficient applied to K. or K,. Tabulated values of
standard K. and K, are provided by Allen et al. [17] for a variety of crops, including grasses and
pastures. The standard K. and K, values are transferable to other sites considering adjustments for
climate described by Allen et al. [17]. The time variation of the K. and K, values are described by
K 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 K. curves
should be considered, each representing the dynamics of ET during each crop growth cycle between
cuttings [17].

The operational use of the ET, equation implies, therefore, the use of crop coefficients and the
build-up of K. curves to describe the respective time variation. It could be observed that several
papers reporting on the use of the grass reference ET,, did not follow the concepts described above.
A few authors directly compared ET obtained with eddy covariance, BREB, or a soil water balance
with ET, but not searching for a K. value [20], or even assumed equality between grass ET and
ET, [21]. Other authors just computed daily K ot values (often using different designations for that
parameter) but did not search for a K. curve that would describe their seasonal variation [22,23], or just
identified a mean seasonal K 5t [24]. The lack of search for a K. curve led some authors to consider
the K.-ET,, approach as non-useful [25]. By contrast, Pronger et al. [26] did not clearly assume the
concepts behind actual vs. potential K. and, in addition to K, adopted a correction factor to ET,
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 K act
that has to be derived from the standard K. 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 K-ET,, method [17] was first applied by Cancela et al. [27] to grass using the single
K act with successive four-stage curves relative to four cuttings using the ISAREG soil water balance
model [28]. Single K¢ ot 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 K. approach [32] was successfully used by Greenwood et al. [33],
who reported on a large number of K, ,¢; curves to represent numerous grass cuttings using the FAO56
spreadsheet [17]. The FAO dual K, approach was adopted by Wu et al. [34] to represent a natural
groundwater dependent grassland, then using a seasonal four-growth stages K, 5 curve using the
SIMDualKc model [35]. Kraufs et al. [36] also used the dual K. method to estimate the footprint of milk
production but did not report about the K. curves used.

The dual K. approach has the advantage of partitioning ET into crop transpiration (T.) and
soil evaporation (Es). Knowing T. 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 T 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 E estimated values compared well with
Es observations using microlysimeters. T, 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
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CO;, 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 (k,4) combined with a ground cover index [20] or with LAI when using the PT equation [48].
These approaches using k,,4 are comparable with the FAO dual K. approach [17,32]. Partitioning ET
fluxes using stable isotopes is another proved alternative [49,50].

The dual K. 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 Képpen 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 (ET,) was computed with the PM-ET,
equation [17].
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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 Bulk Densit: Total Porosi Field Capaci Wilting Point o 1o o
(Cl}:I) (gem—3) Y (%) v (FC) (le”imf};) (WP) (cn§3~cm’3) Clay % Silt % Sand %
0-5 1.49 413 0.364 0.089 18 36 46
5-10 1.56 38.6 0.337 0.085 18 36 46
10-15 147 432 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 m?. 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.

E Cutting Treatments Dates
vents
CGDD 0f124°C CGDD 0f 248 °C CGDD 0f372°C  Season of 2015/16 Season of 2016/17
Spring (tp) 23 October 2015 27 October 2016
st 4 November 2015 10 November 2016
2nd st 15 November 2015 22 November 2016
Scheduled cuttings 3rd Ist 27 November 2015 2 December 2016
8 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 (ty) 9 January 2016 17 January 2017
1st 16 January 2016 27 January 2017
2nd Ist 24 January 2016 5 February 2017
3rd Ist 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
Scheduled cuttings 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.

Minimum Intervals (Days) Maximum Intervals (Days)
Cutting Treatments
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 K. 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 K¢ or K, values corresponding to the three growth stages identified, respectively Kep ini, Keb gro
and K, ot 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 tin;, tgro and teut, with their sum equalling the time
interval between cuttings, tin. 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 hiy;, hglro and hey¢ in the day of
cutting, with hyn; = SH. Values varied among treatments but not within each treatment due to the
great dependence of crop growth relative to temperature.

() The fraction of ground cover at the same days referred for h, thus f.ini, fcgro and fecut-
Alternatively, LAI could be observed by the same days. As for h, values of f. 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 m?. Photos taken vertically were
used to count the percent of ground covered. Errors of observations of h and f. did not exceed 10%.
Average h and f. values are presented in Table 4. The effective root depth (Z;, 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], Z; = 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.

Grass Development Stages

Variables and Treatments
Initial End of Rapid Growth  Before Cutting

Canopy height (h, m) hini hgro heut

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 (f., dimensionless) feini fe gro fe 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, cm® cm~2) 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 (ET.) 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:

D;i = Dy -1 — (P—RO); — I - CR; + ET.; + DP; 1)

where D,; and D,;_; are the root zone depletion [mm] at the end of day iand i — 1, respectively, P; is
precipitation, RO; is runoff, I; is net irrigation depth, CR; is capillary rise from the groundwater table,
ET, is crop evapotranspiration, and DP; 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 Z.(FC — WP) @)

In the current application, with Z, = 0.50 m, FC = 0.336 m® m~—> and WP = 0.088 m® 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.

ET¢ 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 K < 1.0, otherwise K¢ = 1.0 [17]. Thus, in general, we have:

ETC act — (Ke + Ks ch) ETO (3)

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

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 Z. = 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 f. 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 (ap, bp) are optimized during model calibration. Runoff was estimated
using the curve number approach following the USDA-ARS Hydrology Handbook [54].

The initial Koy, ini, Keb gro and Kp oyt Were estimated from the f. and h values observed using the
equation proposed by Allen and Pereira [4]:

Ko = K¢ min + Kd(ch fun — Ke min) 4)

where K is the density coefficient, K, fy)) is the estimated K, during peak plant growth for conditions
having nearly full ground cover (or LAI > 3), and K i is the minimum basal K. for bare soil,
with K¢ min = 0.15 under typical agricultural conditions and for native vegetation when rainfall
frequency is high. K4 can be estimated as a function of measured or estimated leaf area index LAI:

Ky = (1 _ e[—0.7LAI]) (5)

or as a function of the fraction of ground covered by vegetation, as in the present study,
o (tix)
Kd =min| 1, MLfc effr fc off (6)

where f_ o5 is the effective fraction of ground covered or shaded by vegetation [0.01-1] near solar
noon, ML is a multiplier on f. o¢ 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 f; ¢fr = fc. The ML multiplier on f; o in
Equation (6) imposes an upper limit on the relative magnitude of transpiration per unit of ground area
as represented by f. . 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), ET, (mm), minimum relative humidity (RHpin, %) and wind speed at 2 m height
(up, m s™1); (ii) the soil water content at FC and WP for all root zone soil layers; (iii) the soil water
evaporation parameters Z. (m), TEW and REW (mm); (iv) the deep percolation parameters; (v) crop
heights (h, m); (vi) the effective rooting depth Z; (vi) the fraction of ground cover fc in;, 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 Eg 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 K, values should refer to the minimum relative humidity RHp, = 45% and the
average wind speed at 2 m height u =2 m s~1[17]. They were obtained from the calibrated ones by
adjusting them for climate using the climate adjustment equation [17] inversely:

h 0.3
ch = chcalib - [0'04 (u2 - 2) —0.004 (RHmin - 45)] <§> (7)
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where the K, are the standard values, Ky, caijp are those values obtained from calibration, up and
RH,in are the average values observed during the calibration, and h are the observed crop heights.
The current adjustment refers to Kep ini, Kep gro and Kep cut, as well as to K.

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 (Ku, ini, Kep gro and K cy), 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 (ap and bp) 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 Kep ini, Keb gro and Kep cut
relative to the treatment of CGDD 248 °C, and then interactively applied to the K, 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 K, values. The model validation consisted
in applying the calibrated K, ini, Kep gro and Kep 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 Ky, values were computed for
each treatment with Equation (4) assuming K min = 0.15, Ko, gy = 0.95, and with the density coefficient
Kg4 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 Z. (0.15 m), and REW was estimated
from the textural characteristics (Table 1) of that same layer [17,32]; (4) the DP parameters ap and bp
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 (by) of the linear regression forced to the origin relating the observed
and model predicted values, respectively O; and P; (i=1, 2, ..., n), where by close to 1.0 indicates
that the predicted values are statistically close to the observed ones.

(ii) The determination coefficient (R?) 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 A2 0.5
£ (P = O } ©

n

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)

(vi)

(vii)

The average relative error (ARE, %), which express the relative size of estimated errors in

alternative to NRMSE:

n . — P
ARE:? OB

o ©)

i=1
and which target is a value as small as possible, generally smaller than 10%.

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:

YL (O —Py)

PBIAS = 100
i1 0

(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.

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

(0P’

EF— 1.0 — )
Y (0i - 0)

1n

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.

Initial Values Calibrated Values
Parameters Symbols CGDDof CGDDof CGDDof CGDDof CGDDof CGDD of
124°C 248 °C 372°C 124 °C 248 °C 372°C
Basal Keb ini 0.77 0.82 0.84 0.80 0.83 0.84
“Sf? me Kb gro 0.80 0.87 0.89 0.82 0.88 0.90
coetlicients Kep cut 0.84 0.90 091 0.84 0.93 0.94
Depletion fraction P 0.55 0.55
Ze (m) 0.15 0.15
Soil evaporation REW (mm) 10 10
TEW (mm) 37 44
) ap 335 325
Deep percolation bp 0017 0,005
Runoff CN 70 74

Ze = Depth of the soil evaporation layer; REW = Readily evaporable water; TEW =Total evaporable water; ap and
bp = 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 by 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 P;-O; 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, R? values are generally high
and, in combination with high by values, confirm the adequacy of model simulations.
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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.
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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.
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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 K, curve consisting of successive individual cutting K,
lines designed with the respective K¢ ini, Kep gro and Kep cut-

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

Goodness-of-Fit Indicators

Cuttings Interval Period b 2 RMSE NRMSE ARE PBIAS
o R (mm) %) o) %)
Calibration
CGDD of 124°C  Summer-Autumn 2016 ~ 1.01 0.81 52 49 4.0 —0.9 0.76
CGDD of 248 °C Summer-Autumn 2016 1.00 0.87 42 4.0 32 -03 0.86
CGDD of 372°C  Summer-Autumn 2016 ~ 1.01 0.86 4.8 45 3.6 —-07 077
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 54 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 49 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 21 0.42
Summer-Autumn 2017 1.00 0.82 58 54 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 K, values result from the goodness of Equation (4), which
computes Ky, from the fraction of ground cover and crop height, as well as from K, ¢,. In this
application h and f. were observed while values for K,y were estimated from the K, values
tabulated in FAO56 [17]. These results demonstrate that the Allen and Pereira equation 4 [4] is highly
valuable to estimate K, from simple field observations.

An alternative K, curve with a non-variable K, 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 f. for each cutting cycle, which do not imply
quite distinctive Ky, values. Assuming this single Ko sing = Kb 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 f. of bermudagrass vary little, a simple solution with a single K, 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 K, 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 K, = 0.80.

Goodness-of-Fit Indicators

Period b - RMSE  NRMSE ARE  PBIAS
0 (mm) (%) (%) (%)
Calibration Summer-Autumn 2016 1.00 0.79 55 52 42 —0.4 0.73
Validation Spring 2015 0.99 0.85 4.8 4.4 3.4 11 0.82
Spring 2016 0.98 0.69 7.0 6.8 43 2.3 0.43
Summer-Autumn 2017 0.99 0.80 59 54 44 1.0 0.75
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3.2. Crop Coefficients

The Ky, Ke and K¢ (=K, + 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 Ky, 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.
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Figure 4. Basal crop coefficient (K, —), soil evaporation coefficient (Ke, - --) and average crop
coefficient (K., — —) 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 K, 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 Nifio 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 K,. The standard K, summarized in Table 8 were computed
by adjusting the calibrated values to climate with Equation (7). This adjustment was mainly due
to the high RHi, observed during both years, consequently resulting in standard K, higher than
the calibrated K, values of Figure 4. Therefore, it may be observed that the standard K, curves
obtained in this study are comparable to those tabulated in FAO56 [17], which allows us to conclude
that the standard K, 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 Ky, 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
Kb ini 0.83 0.86 0.87
Ko gro 0.85 091 0.93
Kb cut 0.87 0.96 0.97
K 0.96 0.99 1.00

The K. 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 K. curves, representing the daily combination of K, and K, are more
flat and irregular than the K, curves (Figure 4). This is likely due to the nearly constant values of
K, resulting from the abundant and frequent rains that kept the soil evaporation layer wet most
of time for all three cutting treatments. The standard K. 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 K.. Considering the behavior of K. in this
study (Figure 4), it may be appropriate to adopt a single K. value for Tifton 85 bermudagrass when
a dual K. 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 ET. 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 f. and Kg,, crop evapotranspiration
increases when the frequency of cuttings is smaller, and the same happens with T.. 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/ET.
ratio is much smaller than the T./ET. 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 f. 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 f. also indicates favorable conditions for plant transpiration. Low values
for the Eg/ET. 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 E;/ET. 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 ASW RO DP ET, Es Te
Spring, 2015 81 > 7 58 221 24 32 2

B Summer-Autumn, 2016 529 108 -3 17 206 411 53 358

CGDD of124°C Spring, 2016 320 123 20 16 13 273 37 23
Summer-Autumn, 2017 1076 61 28 192 556 417 55 363

Spring, 2015 81 2 21 58 229 240 23 217

. Summer-Autumn, 2016 529 108 -4 16 196 421 37 384

CGDD of 248 °C Spring, 2016 320 123 24 16 119 284 25 259
Summer-Autumn, 2017 1076 61 26 192 547 428 39 389

Spring, 2015 81 > 10 58 217 241 22 219

. Summer-Autumn, 2016 529 108 -5 15 192 425 36 389

CGDD of 372°C 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, ASW = variation in stored soil water, DP= deep percolation, RO = runoff; Es = soil
evaporation, T, = crop transpiration, ET. = crop evapotranspiration.

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

Cutting Treatments Period ET. (mm) Es/ET, (%) TJ/ET. (%)

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 K, and K, 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 K, 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 Ky,
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 K,
from h and f. provided that K, ¢, is well estimated. The operational use of this Equation (4) is
therefore recommended.

The K, curves consist of a series of K, 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 K. 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 K.

The K. 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 K¢ 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 K and Es. Comparing K. 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 K, curve, the K. curve
and the sum of the K and K, curves do not reflect the aggregation of individual K. curves relative
to each cycle of cutting. Therefore, by contrast with the K, curves, a single K. 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 K, values. However,
the latter, as well as the K. values, are larger than most of K, and K. values reported in literature,
which support the assumption that Ky, values may be considered standard and transferable to other
locations after appropriate adjustments.

The soil evaporation fraction (Es/ET.) 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 K.
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 m® [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 x 10° hm? in 2016 and the total yield has already
reached 1.85 x 10° 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 (ET,) by a crop coefficient (K), is one of the most widely used methods for
estimating crop evapotranspiration worldwide [37-39]. ET, 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 K., the ratio of ET and ET,, represents the effects of crop characteristics that
distinguish specific field crops from the reference crop. K. is deeply influenced by the soil and crop
species and varieties. K, is also adjusted to different meteorological elements (namely the minimum
relative humidity (RHp,n) and wind speed) as aerodynamic properties change due to various climatic
conditions [40]. Different crops have different K. Even for the same crop, K. varies throughout the
growing season due to changes in growth stages and ground cover. Thus, local calibration of K. 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 K. and dual K. approaches [40]. In the dual K. approach, K. is segmented into two separate
coefficients: the basal crop coefficient (K;,) representing the crop transpiration, and the soil evaporation
coefficient (K,). Hence, the single coefficient K. is replaced by the dual crop coefficients K, and K,.
Compared with the single K. approach, the dual K. 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 K, 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 K, K., 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 (WPgr), and
the transpiration water productivity (WPr) 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.1.)) 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 Képpen 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/cm®. The average soil water content at field capacity and wilting point are
0.35 cm®/cm?® and 0.15 cm3/cm? 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 Particle Fraction (%)

Soil Seil Bulk Field Wilting
Depths Sand Silt Clay Texture Density Capacity Point
(cm) (>0.05mm)  (0.05-0.002mm) (<0.002 mm) (g/em®)  (m¥em®)  (em3fem®)
0-20 12.18 60.98 26.84 Silt loam 147 0.33 0.16
20-40 21.84 56.87 21.29 Silt loam 153 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.
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Figure 1. Daily meteorological data during the crop-growing seasons of maximum temperature (Tmax),
minimum temperature (Tp,in), average relative humidity (RH) (a,b), precipitation, and crop reference
evapotranspiration (ET,) (¢,d) in 2015 and 2016.

The reference evapotranspiration (ET,) was calculated using the FAO Penman-Monteith method
from daily meteorological variables [40]. The variation of daily ET, during the crop-growing seasons
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is shown in Figure 1. The ET, 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 ET, occurred at 17 DAT during the initial stage, whereas in
2016, the maximum daily ET, occurred at 48 DAT during the mid-season stage. The cumulative ET,
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(NH>);), 180 kg/ha
of diammonium phosphate (NH4),HPOy), and 150 kg/ha of monopotassium phosphate (KH,POy)
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 Initial Date in 2015 Initial Date in 2016
Stages 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 m? (45 m x 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.

Legend

Mainline Sub-main  -----. Plot outline

Drip tape

A Pressuregauge O  Flow meter T Valve

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

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 (h¢) of six randomly selected plants were measured every 7 days. The fraction
of canopy cover (f.) 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 (WPgr) was expressed as the ratio between the fresh total
yield and the actual crop evapotranspiration [49]:

Y x100

WPgr T 1)

where WPEr is the consumptive use water productivity (kg/m?), 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 (WPr) was calculated as the ratio of the fresh total yield and the

crop transpiration:
Y x 100

T

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

WP = 2

2.5. SIMDualKc Model and Data Requirements

The SIMDualKc model was used to estimate the crop evapotranspiration in Hetao. The crop
coefficient K. consists of the crop basal coefficient K; and the soil evaporation coefficient K.
Transpiration and evaporation are partitioned from crop evapotranspiration through multiplying K,
and K, by the reference evapotranspiration, respectively. When the model is applied to a new crop
or to a new environment, the K, values have to be calibrated for various crop cultivars, and the K,
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 = ET, x K. = KK4,ET, + K.ET, 3)
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where K;K,ET, represents the actual crop transpiration, while K.ET, represents the soil evaporation.
K 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]:
D,;=D,;_1—(P—RO); —I; = CR;+ ET; + DP; 4)

where D, ; and D, ;_ are the root zone depletion at the end of day i and the previous day, i — 1 (mm),
respectively, P; is the precipitation (mm), RO; is the runoff from the soil surface (mm), I; is the net
irrigation depth (mm), CR; is the capillary rise from the groundwater (mm), ET; is the actual crop
evapotranspiration (mm), and DP; 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 K, and the soil water depletion fraction for no stress (p),
the soil evaporation parameters, e.g., the evaporative soil layer depth (Z.), 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 (R?), 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:

. _ 2
R2— Y 1(0i—0)(S;i—S) -
n =\2 n = 2
\/zizl (Oi - O) \/Z,‘:] (Si - S)
RMSE = %)E(Si -0 ©)
i=1
MRE = % Z (pl 501) %
i=1 1
L (S —0)
Ns=1- =1 ®)
¥ (0;~0)?

I
—

where O; (cm®/cm?) and S; (cm?/cm?) 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 (cm?®/cm®) and S (cm®/cm3) are
the observed and simulated mean values, respectively. RMSE (cm®/cm?) 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 cm®/cm?. R? values close to 1.0 represent that the variation of the observed values is well-captured
by the model. The NS values range from —oo (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 (f,) was set to 0.4, referring
to [40], while for the basin irrigation treatments, f,, was set to 1.0. In the calibration process, the initial
values adopted were recommended by FAO56. Greater calibrated values for TEW and Z. 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 h. and f. were also used during the calibration process. The maximum h,
was 0.45 m for the DI treatment and 0.48 m for the BI treatment, whereas the maximum value of f. was
0.7 for both treatments.

The model simulation had RMSE values of 0.01-0.02 cm?®/cm?®, 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 R? 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

Kep,ini (/) 0.15 0.30

Kebmia (/) 1.10 0.92

Kepena (/) 0.60 0.60

Crop Pini (/) 0.40 030

Paeo (/) 0.40 0.30

Puia (/) 0.40 0.30

Pend (/) 0.40 0.30

REW (mm) 8 10

Soil evaporation TEW (mm) 25 37

Ze (m) 0.10 0.15

Note: K ini, basal crop coefficient during the initial stage; K, iq, basal crop coefficient during the mid-season
stage; K. end, basal crop coefficient during the late stage; p;y;, evapotranspiration depletion fraction during the initial
stage; pe, evapotranspiration depletion fraction during the development stage; p,,4, evapotranspiration depletion
fraction during the mid-season stage; p,.4, evapotranspiration depletion fraction during the late stage; REW, readily
evaporable water; TEW, total evaporable water; Z,, 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 K, for processing tomato and the soil evaporation coefficient K, over
the crop-growing seasons are shown in Figure 4. The calibrated potential K, values were 0.30, 0.92,
and 0.60, respectively (Table 4). The actual K., 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 K, 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 K, values of all the treatments were equal to the potential K, 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
K.y, values of the DI treatment were consistently smaller than the potential K, indicating that the
irrigation water could not meet the crop water requirement. The actual K, values of the BI treatment
were smaller than those of the potential Ky, 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 K, 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 K, were
related to irrigation and precipitation. The dynamics of K, ,+ 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.
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Figure 4. The daily variation of the potential and actual basal crop coefficients (K, and K 4¢;) and the
evaporation coefficient (K,) relative to (a) DI in 2015; (b) Bl 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 Ky, 5+ was underneath that of the potential K, 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, K, 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 K, 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 K, 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 K 4+ 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
K 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 Kcqc+ 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 K. values obtained by our study and those from the literature may be
attributed to differences in (i) the methods used for ET and ET, 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 RH i, and
wind speed).

3.3. Crop Evapotranspiration Partitioning

The simulated crop evapotranspiration (ET), transpiration (T), potential transpiration (T}), 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 Bl 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 (WPgr), and
transpiration water productivity (WPr) over the two years.

Years Treatments Y (t/ha) ET (mm) T (mm) WPgr (kg/m3) WPy (kg/m3) ES/ET
2015 DI 94 +77a 266.3 253.2 373+29a 392+30a 4.9%
BI 916 £ 68a 284.3 272.0 322+24b 33.7+25b 4.3%

DI 1079 £105a 309.7 272.5 348+34a 39.6 £39a 11.9%

2016 RDI 884 +75b 270.9 2333 326+28a 379+32a 13.8%
BI 105.1 =83 a 331.2 295.0 31.7+25a 35.6+28a 10.9%

RBI 94.6 + 7.8 ab 283.9 2469 333+27a 383+32a 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 E;/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 (WPgr) was in the range of 32.6-37.3 kg/m?3 for drip
irrigation and 31.7-33.3 kg/m? for basin irrigation, whereas the transpiration water productivity (WPr)
was 37.9-39.6 kg/m? for drip irrigation and 33.7-38.3 kg/m? for basin irrigation. The highest WPgr
and WPt were obtained by the DI treatment in both years, while the smallest WPgr and WPt were
recorded by the BI treatment in both years. Larger WPt 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 WPrr 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 R? 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.
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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 (ET. 5t) 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~!) and acceptable modelling efficiency indicators
(EF > 0.25) were obtained. Further validation was performed comparing modelled ET. 5.t with eddy
covariance measurements. These indicators support the appropriateness of using SIMDualKc to guide
irrigation management. The basal crop coefficient (K,) curves obtained with SIMDualKc for those
3 years were compared with the K, values computed with the Allen and Pereira approach (A&P
approach) where K, is estimated from the fraction of ground cover and plant height considering an
adjustment factor for crop stomatal control (F;). F; values were obtained through a trial and error
procedure through comparing the K, estimated with this approach and with SIMDualKc. The Ky,
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 ET o, varying between 41% and 45% for the 3 years under study. Irrigation, applied
with a drip system, represented 39 to 56% of ET. 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 (ET.) 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~!,
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 (ET.) is the use of
the K-ET, approach [32], where ET,, is the grass reference evapotranspiration (PM-ET,) and K. is a
crop coefficient, which relates ET. with ET, relative to various crop characteristics [4]. K. changes
throughout the crop season and a multi-stage linear approximation is commonly used to represent the
K¢ curve through defining their values at the initial, mid-season and end-season stages, respectively
Keini, Kemig and K¢ eng [4]. Adopting the dual K. approach, both ET. components are considered,
crop transpiration described by the basal crop coefficient K, and the soil evaporation described by
the coefficient K, [33]. When any crop stress occurs, K, is corrected through a stress coefficient, K,
resulting that the actual K, (K act = Ks Kg) is smaller than the non-stress or standard one, that is,
Kb act < Kgp. It results that the actual crop ET is smaller than the potential, non-stressed ET, that is,
ET¢ act < ET.. Therefore:

ETcact = (Ks K + Ke) x ETo = (Kgp act + Ke) x ETo = Kg x K¢ x ETo = Keaet x ETo (1)

Field research, as the one reported in this study, is required to determine K. and K, in relation
with the crop characteristics and crop management. The standard or non-stressed values of K, and K
are transferable to other locations—where training of olives orchards are similar—after adjusting K. or
K 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 K. approach to partitioning ET. ,¢ into actual
plant transpiration and soil evaporation, using respectively K, 5t and Ke [4,33], is quite helpful to
accurately computing ET. ot and to derive the standard K, and K. 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 K, or K¢ by adopting a
density coefficient (Ky) computed from the fraction of ground cover (f.) and the crop height (h), herein
referred as A&P approach. It takes into consideration crop stomatal control through an adustment
factor (F;) 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 K, 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 K, and K. from SIMDualKc calibration; (iii) testing the A&P
approach for predicting K, 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 .. 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..) 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 Képpen-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.
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Figure 1. Daily weather data of Viana do Alentejo relative to (a) maximum (Tmax) and minimum
(Tmin) temperatures, (b) minimum relative humidity (RHy,n), wind speed at 2 m height (uy) and (c)
precipitation and reference evapotranspiration (ET,) 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 cm®.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 cm®.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 Z; =1.10 m.

The olive trees (cv. Arbequina) were hedgerow planted in 2006 adopting a super-high density
(1.35 m x 3.75m, 1975 trees ha~!). 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 (f., dimensionless) was
estimated from measurements of the crown diameter along the row direction and perpendicularly to it
for 51 trees. In addition, f. values estimated from remote sensing [28] were also considered. f. ranged
from 0.17 to 0.38. The tree height (h, m) ranged from 3.0 to 4.0 m. Both f. 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~! in 2011 and 18 ton-ha~! in
2013. A low yield of 3 ton-ha~! 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™ L. The wetted fraction (£, = 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 (R,) were measured using eight soil heat flux plates
(calibrated Peltier modules sealed 20 V, 4.4 A, 40 x 40 x 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°24'46.3”N,
7°43/'39.8"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: Q¢ = (1/Q,) dQ/dx, for a given height z,
being Q, 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, R, and G). The error,
below 10% (H + LE =091 (R, — G), R? = 0.87), is similar to that found by other authors using this
technique in orchards [57-59].
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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.
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Figure 4. Wind prevailing directions during periods of eddy covariance measurements and resultant
vector, (a) July-August 2011, (b) June-August 2012 (deg.: degrees).
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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 Ry, (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 ') were therefore corrected
to obtain calibrated sap-flow transpiration (Tsg, mm-d '), as referred in previous applications to tree
crops [38,47,61]. This was done by mathematically relating sap-flow, SE, with transpiration computed
from EC observations (Tgc = ETgc—Esim). Trc represents the difference between ET obtained from
EC measurements (ETgc, mm-d 1) and the soil evaporation (Egjp,, mm-d—1) simulated with the two
phases Ritchie model [66], the latter computed following Allen et al. [4]. The computation of Eg, based
upon the water balance of the soil evaporation layer using soil moisture observations. Parameters
characterizing that soil layer, with a depth Z. = 0.10 m, consisted of: total and readily evaporable water,
respectively TEW = 18 mm and REW = 9 mm. Further information on Eg,, data was provided by
Pago et al. [19]. This procedure allows enlarging the available field information to the entire simulation
period [67,68].

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

Trc = Ko e*5F @)

with Kgp = 0.34 and « = 1.40 (R? = 0.55; n = 13) for 2011 and Kgr = 0.34 and « = 1.72 (R? = 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 (Tsg) equals that estimated
from EC observations as referred above (Tgc). The approach used may be affected by uncertainties
in computing Eir, as well as measurements errors affecting both Tgc and SE. Nevertheless, The Tgp
values resulting from the application of Equation 2, which varied between 0.36 and 3.54 mm-d !,
are comparable to transpiration values reported for other studies on olive orchards [18,59,69].
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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 (Tgc) relative to 2011
(squares) and 2012 (circles).
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Tsr data were screened for outliers taking into consideration: (a) the range of values used
to establish the sap flow calibration equation and the respective Ky, values (Kysp = Tsp/ET,),
which should be kept within an acceptable range. The common definition of outliers by Tukey [70]
was used, thus considering as outliers the Ky, sp 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 Tsr 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 (f.) and the crop height (h), a density
coefficient (Kg) is used with the A&P approach to estimate K, [43]. K4 (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, K4 is given by:

Kq = min(1, My fe efr, fe e/ ) ®3)

where f_ . is the effective fraction of ground covered or shaded by vegetation near solar noon
(dimensionless), My, is a multiplier on f_ . 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.

K is estimated from Ky as

Keb = Ke min + Kg Kep futt = Ke min) (4a)
when the inter-row is bare soil or, when an active ground cover is present, as

ch full — Keb cover ]) (4b)

ch = ch cover T Kd (max |:ch full — ch covers 2

where K¢ i is the minimum K. for bare soil (~ 0.15 for typical agricultural conditions), Ko, cover is the
K, of the ground cover in the absence of tree foliage and reflects the density and vigour of the active
ground cover crop and K, ¢ is the estimated basal K, 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 K, fu1 Tepresents a general upper limit on K, g for tall vegetation having full ground cover
and LAI > 3 under full water supply. Kg, ¢,11 takes into consideration crop stomatal control and is
approximated as a function of the mean plant height and adjusted for climate [43],

0.3
Kep ful = Fi (min(l.O +0.1h, 1.20) + [0.04(up — 2) — 0.004(RHpin — 45)] (g) ) ®)

with F; (0-1) is an adjustment factor relative to crop stomatal control, the min function assumes that
1.20 is the upper bound for K, g,y prior to adjustment for climate. h (m) is the average maximum crop
height, up (m s~ 1) is the average wind speed at 2 m height, RHpin (%) is the average minimum relative
humidity during mid-season.

The parameter F; applies a downward adjustment when the vegetation exhibits more stomatal
control on transpiration than it is typical of most annual agricultural crops. F; < 1.0 for various tree
crops and natural vegetation. Standard values for F; for various tree crops are provided by Allen and
Pereira [43] but F; values may be adjusted experimentally, namely through comparing K, 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. F; may also be computed through comparing the leaf resistances for the crop (1,
s m~ 1) with that of grass (100 s m 1) considering the climate conditions [43], thus:

A+ y(1+034uy)
T A+ vy (1+034up )

(6)

T

where 11 (s m™1) is mean leaf resistance for the vegetation in question (s m~1) A is the slope of the
saturation vapour pressure curve (kPa-°C™1),  is the psychometric constant (kPa-°C~!) and uj is
the average wind speed during the relevant crop stage measured at 2 m height (m-s~?). r; values for
various crops are tabulated by Allen e Pereira [43], who also referred that for most annual agricultural

crops 1 is often not far from 100 s-m~".

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 K. approach [4,33,43]. The SIMDualKc
model adopts the approach described with Equation 1, thus assuming that ET¢ . = ET. 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:

Dy i=Dyi—1 — (Pe —RO); =L = CR; + ETcaq, i + DP; (7)

where D,; and D;;_; are the root zone depletion at the end of respectively day i and day i—1 (mm),
P, is precipitation (mm), RO is runoff (mm), I is the net irrigation depth that infiltrates the soil (mm),
CRis capillary rise from the groundwater table (mm), ET. 5t 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 (ET. oct, mm) as a function of the available soil water in the
root zone using a water stress coefficient (Ks, 0-1). K is computed daily as a linear function of the
depletion D; in the effective root zone [4,33]:

TAW — D, TAW — D,

Ks = A RAW = (0 p) TAW — for D; > RAW ®)

Ks =1 — forD, < RAW )

where TAW and RAW are, respectively, the total and readily available soil water (mm) relative to the
root zone depth Z; and p is the soil water depletion fraction for no stress, therefore with RAW = p
TAW. Thus, ET. act = ET. when K = 1.0; otherwise, when water and /or salinity stress occurs, ETc act <
ET. and K < 1.0. Then, because K, oot = Ks K, it results Ky, 5t < K. Similarly, it results that actual
transpiration will be smaller than its potential value, thus Tc act < ET. when K < 1.0.

The evaporation from the soil surface (Es, mm-d ') 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 (Kc) performing a daily water balance of the evaporation soil layer, which
is characterized by its depth (Z., 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. Eg 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 K, 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 K¢ max, representing
maximum ET when the crop would fully cover the soil and K,, representing the effective transpiration
of the crop. As the topsoil dries, less water is available for evaporation and E; is reduced. This reduction
in E; is proportional to the amount of water remaining in the surface soil layer. K, is then computed
considering an evaporation reduction coefficient (K, < 1.0) as

Ke = K; (Kemax — ch) — with Ke < few Kemax (50)

where K¢ max is the maximum value of K. (i.e., Ky, + K¢) following a wetting event by rain or irrigation,
generally 1.20 and fey, 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, fey, depends
upon the fraction of ground covered by the crop (f.) and of the fraction of soil wetted by irrigation (fw),
thus fe = min(1—£,, f). K; 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):

K; =1 forDg;_; < REW (61)
~ TEW-D, i
Ki = e Rew orDeic1 > 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 (ET,, mm), precipitation (P, mm), minimum
relative humidity (RHpin, %) and wind speed at 2 m height (up, 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 (8rc and Owp, m3-m~3) or the total
available water (TAW, mm); the characteristics of the soil evaporation layer (Z., 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 (Kg, non-growing Keb inis Keb mid and Ky, enq); the soil water depletion fractions for no stress
at the same stages (Pnon-growing, Pini, Pmid @d Pend); T00t depths (Z;, m), plant height (h, m) and
the fraction of ground cover by the crop (f, %) 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 (f,). In this application, f,, = 0.23
because the soil was wetted by micro-irrigation.

\4 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 ap and bp
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 Eg [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 ET. 5ot 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 T act
values were in agreement with sap flow derived data (Ts).

The calibration procedure consisted of adjusting the crop parameters—K_, and p values relative to
the non-growing, initial-, mid- and end-season growth stages-, the soil evaporation parameters—TEW,
REW and Z-, the deep percolation parameters ap and bp and the CN of the runoff curve number
algorithm, by minimizing the differences between Tsr and simulated T a¢¢. Daily data of 2011 was
used. An initial set of parameters was selected: crop parameters (K, and p) from Allen et al. [4] and
Paco et al [19]; soil evaporation parameters from Pago et al. [19], CN from Allen et al. [72] and DP
parameters from Paco 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 K, 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
Kep non-growings Kb inir Keb mids Keb end, P non-growings P ini, P mid, P end~ TEW, REW, Z, ap, bp and
CN) with daily data of 2012. Tsr 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 (bg) of the regression forced through the origin between observed Tsr and predicted
Tcact and the determination coefficient R? of the ordinary least squares regression. A regression
coefficient by close to 1.0 indicates that the predicted values are statistically close to the observed
ones and a determination coefficient R? 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 K, parameters are
smaller than the initial ones, mainly those relative to the non-growing season and the initial periods
(Kb non-growing and Kep ini)- Differences for Ky, mig resulted relatively small. However, K¢ mig adjusted
to the climate are slightly smaller than reported in Table 2 (0.44 to 0.47) because local climate is dry
and RHyip is small, while K, ¢ng are slightly increased (0.44 to 0.48) since RHin 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
ch non-growing 0.50 0.30
Kb ini 0.50 0.30
Keb mid 0.55 0.48
K 0.50 0.43
Cro cb end

P Pron-growing 0.65 0.65
Pini 0.65 0.65
Pmid 0.65 0.60
Pend 0.65 0.65

TEW 18 18

Soil evaporation REW 9 9
Ze 0.10 0.10

Runoff CN 72 75
ap 246 246

Deep percolation
PP bp —0.02 —0.02

Keb non-growing—basal crop coefficient for the non-growing stage; Ke, ini—basal crop coefficient for the initial

crop development stage, K, mig—basal crop coefficient for the mid stage, Ky, eng—basal crop coefficient for the

late-season stage, p—depletion fraction, M, parameter, TEW—total evaporable water, REW—readily evaporable

water, Z.—thickness of the evaporation layer, CN—curve number, ap and bp—deep percolation parameters.

Most studies in literature report on actual K, 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, Ky, values reported in literature are
not adjusted to the climate. Therefore, it results difficult to compare our results with those relative
to other studies. K, mig 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
Kb mid Values were reported by Conceicao et al. [59]. Differently, Lopez-Olivari et al [69] reported
much lower K, iq values, averaging 0.28, which is likely due to water stress as commonly imposed
by farmers. Higher K, nigq values (0.58 + 0.14) were reported by Cammalleri et al. [18] for an intensive
olive orchard with f. = 0.35. Er-Raki et al. [20] also reported a higher K, ig of 0.54. Much higher
K, 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 T¢ 4t with transpiration derived from sap-flow
measurements (Tsg), show a good agreement between T 5.t and Tsr along the three years of study.
The dynamics of both T ¢t and Tsg 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
K 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 Tsr, model predicted T act described reasonably well the
dynamics of transpiration of the olive orchard throughout the three experimental seasons.
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Figure 7. Simulated transpiration dynamics (T¢ act, —) compared with sap flow adjusted transpiration
(TsE, o) 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
Tsp, with by = 1.04 and PBIAS = 3.9% in the calibration year; the same trend for over-estimation was
observed in 2012 and 2013, with by 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 R? = 0.75 and 0.78; due to the
problems identified to 2012, it resulted R? = 0.60, however reasonably high. These R? values indicate,
therefore, that a large fraction of the variance of TgF is explained by the model. Estimation errors
are reasonably low, with RMSE ranging from 0.37 to 0.53 mm-d~! and AAE ranging from 0.25 to
0.42 mm-d~!. 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 T ¢t 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 . Er-Raki et al. [20], also reported higher Te 5ct
estimation errors, with RMSE = 0.59 mm-d—1.

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

PBIAS RMSE AAE

2

n b R (%) (mm-d-1)  (mm-d-l) EF

Calibration, 2011 201 104 075 20 0.53 0.42 0.57

Validation, 2012 338  1.04  0.60 3.0 0.47 0.36 0.25
Testing, 2013 1 117 078 133 0.37 0.25 0.35

n = number of observations, by = regression coefficient, R? = 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 (ET. act) simulated along 2011 and 2012,
which was computed with the calibrated model parameters of Table 2, is presented in Figure 8. ET act
are compared with evapotranspiration values observed with the eddy covariance system (ETgc).
Despite ETgc 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 ET ot during the
mid-season stage when ETgc was measured. The average ETgc value during this stage was 2.5 mm-d !
(£0.41, n = 28). Goodness-of-fit indicators for 2012 show a tendency for the SIMDualKc model to
under-estimate ETgc (bg = 0.94 and PBIAS = —6.0%), thus contrary to the tendency observed when T act
was compared with Tsp. However, given the reduced number of EC observations, it is not possible to
draw a conclusion about model trending. An acceptably high R? = 0.64 was obtained, which indicates
that a large fraction of the variance of ETgc observations is explained by the model. In addition,
acceptable estimation errors of ET. 5t were obtained with RMSE = 0.42 mm-d~!, AAE = 0.35 mm-d !
and, consequently, a reasonably good EF value of 0.45 was obtained. Higher estimation errors for
ET. act, ranging from 0.54 to 0.71 mm-d~!, were reported by Er-Raki et al. [20].
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Figure 8. Actual crop evapotranspiration dynamics measured with Eddy covariance (ETgc, A) and
simulated with SIMDualKc (ET¢ act, —) for (a) 2011 and (b) 2012.

3.2. Dual and Single Crop Coefficients

The standard and actual K, curves, the K. curves and the standard and actual single K. 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 K¢, Ky, and K. curves.
The represented K, values were adjusted for climate as a function of wind speed, RHyy;, 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 K. relative to the various crop stages was computed by summing
the standard K, of the same crop stages with the daily K. values computed for the same periods,
that is, K¢ = Ky, + Ke. Differently, K¢ act = Koy act + Ke, thus varying daily.

The K, and K, ot 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 K, 5.t = K, 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 K, 5.t < K- 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 (K,, K¢ 4ct), €vaporation coefficient (Ke) and
standard and actual single crop coefficients (K¢, K act) for a super-intensive olive orchard for: (a) 2011,
(b) 2012 and (c) 2013, with depicting precipitation and irrigation events. K, (—) Kep aet (---) Ke (... )
Ke mean (—) K¢ (—) Ke act (- .. ) precipitation ('), irrigation (0.

Soil evaporation K. 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, K, 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 K. drops because soil dries and
residues of the ground cover vegetation act as an organic mulch to limit evaporation. K. 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 K. curves, the K¢ 5¢t curves show numerous peaks in
response to the rainfall events (Figure 9) since these curves represent K¢ act = K¢y oct + Ke as referred
above. The K. and K¢ 5t curves are coincident in the periods without water stress, thus during the
rainy season, roughly from October to May. The standard and actual K. values during the non-growing
periods and the initial stage are highly dependent upon the precipitation amounts. Differently, the K 5t
curves lay bellow the K. curve under water stress conditions during mid-season.

Figure 9 clearly shows the contrasting behaviour of standard K. and Kg,. The above described
dynamics of K. curves, particularly the dependence of K. values from soil evaporation, mainly due
to soil wettings by precipitation, explains why the time-averaged standard K, ,;q is smaller than
K¢ non-growing and K in;, that refer to the rainy season, while the higher standard Ky, values are for the
mid-season, K, miq, thus when transpiration is higher under irrigation.

The time averaged K. are presented in Table 4 for all crop stages of 2011, 2012 and 2013. K in;
values, ranging 0.70 to 0.96, are in the range of values reported for intensive olive orchards [43,80,81].
The K. pnig values ranged 0.70 to 0.78, which are comparable with values reported by various
authors [18,43,81,82]. K. 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 K. .ng 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. Ky, Predicted with the A&P Approach vs. K, Obtained with SIMDualKc

The A&P approach (Section 2.4, Allen & Pereira [43]) was applied with f. and h data observed
along the three seasons. The dynamics of f. and h are presented in Figure 10a in conjunction with the
corresponding computed values for K, (K, agp), which are compared with the standard K, obtained
with SIMDualKc for the same days (K¢, sivpualkc), 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 Ky (Equation (3)) the value My, = 1.5 proposed by Allen
and Pereira [43] was used. Nevertheless, because insufficient information on shadowing was available,
it was assumed fc = f¢ oK g1 (Equation (5)) was computed with observed weather data for the
various crop stages and considering the observed crop height. The F; 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 F; = 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 F; = 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 F; were likely due to the fact that less stomatal control was required by Arbequina olives
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under irrigation. Nevertheless, the estimated F, = 0.48 proposed by Allen and Pereira [43] would also
provide for quite good K, estimations.
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Figure 10. (a) Fraction of ground cover (f, x) measured and/or derived from SAVI and olives height (h,
A) observed and (b) K, estimates using the A&P approach (O) compared with the K, curve computed
with the SIMDualKc model (—) for the period 2011 to 2013.

For the period from November to April, Ky, were computed from K4 with Equation 4b relative to
the case when active ground cover exists. A variable K, cover, from 0.004 to 0.01, was used. For May to
October, the Equation 4a was used with K¢ pin = 0.15

Results in Figure 10b show that Ky, computed with the A&P approach match quite well the
Kb siMpualke 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, Ky, o¢p were then
smaller than the K¢, non-growing Obtained with SIMDualKc. For all other cases, K, a¢p values were
close to the K, sivpualke €stimates.

The regression coefficient relating both K, sets (Figure 11) results close to the unit (bg = 0.97),
thus indicating a good overall match, while the determination coefficient is high (R? = 0.77).
The estimation of Ky, o¢p approach has a small RMSE of 0.05 relative to the modelled K, sivpualke
values. Comparing the mean square error of K, a¢p with the variance of the K, sivipualkce values
it resulted a high EF of 0.76. In conclusion, results of comparing both sets of K, values indicate
that the A&P approach is adequate for estimating K, 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 K, values estimated with the A&P approach
compared with the K, 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 (ASW, 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 ASW 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 ET a¢t 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 Eg estimated for the mid-season were mostly due to rainfall events that occurred
early in that season; similarly, most of E estimated for the late season also were due to rainfall events
wetting the exposed inter-row. Eg 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 1 ASW RO DP Es Teact ET¢ act

2011 189 0 —20 11 54 70 34 104

Non-growing 2012 76 0 35 0 30 37 45 82
2013 224 0 —20 12 85 63 43 106

2011 37 0 —16 0 3 11 7 18

Initial 2012 36 5 8 0 0 20 30 50
2013 106 0 -15 5 54 23 10 33

2011 95 0 15 18 11 27 54 81

Development 2012 33 4 14 0 0 21 30 51
2013 159 0 40 31 89 38 41 79
2011 203 260 63 1 28 186 311 497
Mid-season 2012 13 299 —4 0 0 117 191 308
2013 29 358 54 0 0 173 269 442

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

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

P = precipitation, I = net irrigation depths, ASW = variation in stored soil water, RO = runoff, DP = deep percolation,
Es = soil evaporation, T¢ act = actual crop transpiration, ET¢ et = actual crop evapotranspiration.

The consumptive use of water is analysed in Table 6. The ratios of Es/ET. act show that Eg
represents 45 to 67% of ET. 5t 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 ET. act. The variability of
the ratio Es/ET¢ ¢t 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. Eg 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/ET o 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/ET¢ act, %) and of actual to potential
evapotranspiration (ET¢ act/ETc %).

Non-Growing

Years . Initial Development Mid-Season Late-Season ~ Whole Year
Periods P
2011 67 61 33 37 43 42
Es /(]::V];C act 2012 45 40 41 38 45 41
° 2013 59 70 48 39 47 45
2011 100 100 100 94 88 97
EL . ; Ele o2 100 100 98 70 99 82
° 2013 100 100 100 78 100 86

Results relative to the ratio ET¢ 5t /ET. (Table 6) show that ET. oot was smaller by 3%, 18% and
14% relative to the potential ET. in 2011, 2012 and 2013, respectively. During the mid-season, that ratio
ETc act/ET. was small for the years of 2012 and 2013, when ET. 5t was smaller by respectively 30%
and 22% comparatively to the potential ET.. 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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ET¢ act/ET. 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 K, were close to 0.30 during the non-growing and initial crop stages and 0.48 during the
mid-season. Differently, the standard K. 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 K. values
results from the fact that, contrarily to Ky, the K. 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 K, thus in using basal K,.

The A&P approach for estimating K, values from the fraction of ground cover and crop height
was tested against the K, values obtained with the model SIMDualKc after calibration. The K,
obtained with A&P matched well the K, values obtained from SIMDualKc. Thus, results allow
assuming that the A&P approach is useful to accurately estimating the K, 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 K, f,11
used for computing K, from f. 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 Eg > T 5t 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 ET. 5.t smaller than potential ET. 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.

Author Contributions: T.A.P. and L.S.P. conceptualization, T.A.P.,, PP. and L.S.P. methodology, P.P. calibration and
validation of the model, T.A.P,, P.P, J.S. and L.S.P. formal data analysis, ].S. and F.L.S. resources, T.A.P. and P.P.
original draft preparation, L.S.P. review and editing, FL.S. project supervision.

Funding: This study was supported by the projects PTDC/AGR-PRO/111717/2009 and EXPL/AGR-PRO/
1559/2012 and the research unit LEAF (UID/AGR/04129/2013) funded by “Fundacao para a Ciéncia e a
Tecnologia,” Portugal. The second author also acknowledges the same institution for a Post-Doc research
grant (SFRH/BPD/79767/2011).

Conflicts of Interest: The authors declare no conflict of interest.

77



Water 2019, 11, 383

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Connor, D.J.; Gémez-del-Campo, M.; Rousseaux, M.C.; Searles, P.S. Structure, management and productivity
of hedgerow olive orchards: A review. Sci. Hortic. 2014, 169, 71-93. [CrossRef]

Trentacoste, E.R.; Puertas, C.M.; Sadras, V.O. Effect of irrigation and tree density on vegetative growth, oil
yield and water use efficiency in young olive orchard under arid conditions in Mendoza, Argentina. Irrig. Sci.
2015, 33, 429-440. [CrossRef]

Ahumada-Orellana, L.E.; Ortega-Farias, S.; Searles, P.S. Olive oil quality response to irrigation cut-off
strategies in a super-high density orchard. Agric. Water Manag. 2018, 202, 81-88. [CrossRef]

Allen, R.G,; Pereira, L.S.; Raes, D.; Smith, M. Crop Evapotranspiration Guidelines for Computing Crop Water
Requirements; FAO: Rome, Italy, 1998; p. 300.

Pereira, L.S.; Oweis, T.; Zairi, A. Irrigation management under water scarcity. Agric. Water Manag. 2002, 57,
175-206. [CrossRef]

Palese, A.M.; Nuzzo, V.; Favati, E; Pietrafesa, A.; Celano, G.; Xiloyannisa, C. Effects of water deficit on the
vegetative response, yield and oil quality of olive trees (Olea europaea L., cv Coratina) grown under intensive
cultivation. Sci. Hortic. 2010, 125, 222-229. [CrossRef]

Rallo, G.; Provenzano, G. Modelling eco-physiological response of table olive trees (Olea europaea L.) to soil
water deficit conditions. Agric. Water Manag. 2013, 120, 79-88. [CrossRef]

Fernandez, J.E.; Perez-Martin, A.; Torres-Ruiz, ].M.; Cuevas, M.V,; Rodriguez-Dominguez, C.M.;
Elsayed-Farag, S.; Morales-Sillero, A.; Garcia, ].M.; Hernandez-Santana, V.; Diaz-Espejo, A. A regulated
deficit irrigation strategy for hedgerow olive orchards with high plant density. Plant Soil 2013, 372, 279-295.
[CrossRef]

Gomez-del-Campo, M. Summer deficit-irrigation strategies in a hedgerow olive orchard cv. ‘Arbequina’:
Effect on fruit characteristics and yield. Irrig. Sci. 2013, 31, 259-269. [CrossRef]

Padilla-Diaz, C.M.; Rodriguez-Dominguez, C.M.; Hernandez-Santana, V.; Perez-Martin, A.; Fernandez, J.E.
Scheduling regulated deficit irrigation in a hedgerow olive orchard from leaf turgor pressure related
measurements. Agric. Water Manag. 2016, 164, 28-37. [CrossRef]

Padilla-Diaz, C.M.; Rodriguez-Dominguez, C.M.; Hernandez-Santana, V.; Perez-Martin, A.; Fernandes, R.D.M.;
Montero, A.; Garcia, ].M.; Fernandez, J.E. Water status, gas exchange and crop performance in a super high
density olive orchard under deficit irrigation scheduled from leaf turgor measurements. Agric. Water Manag.
2018, 202, 241-252. [CrossRef]

Tanasijevic, L.; Todorovic, M.; Pizzigalli, C.; Lionello, P.; Pereira, L.S. Impacts of climate change on olive crop
evapotranspiration and irrigation requirements in the Mediterranean region. Agric. Water Manag. 2014, 144,
54-68. [CrossRef]

Haworth, M.; Marino, G.; Brunetti, C; Killi, D.; De Carlo, A.; Centritto, M. The Impact of Heat Stress and
Water Deficit on the Photosynthetic and Stomatal Physiology of Olive (Olea europaea L.)—A Case Study of
the 2017 HeatWave. Plants 2018, 7, 76. [CrossRef] [PubMed]

Allen, R.G; Pereira, L.S.; Howell, T.A.; Jensen, M.E. Evapotranspiration information reporting: I. Factors
governing measurement accuracy. Agric. Water Manag. 2011, 98, 899-920. [CrossRef]

Egea, G.; Diaz-Espejo, A.; Fernandez, J.E. Soil moisture dynamics in a hedgerow olive orchard under
well-watered and deficit irrigation regimes: Assessment, prediction and scenario analysis. Agric. Water Manag.
2016, 164, 197-211. [CrossRef]

Rallo, G.; Provenzano, G.; Castellini, M.; Puig-Sirera, A. Application of EMI and FDR sensors to assess the
fraction of transpirable soil water over an olive grove. Water 2018, 10, 168. [CrossRef]

Ramos, A.F; Santos, F.L. Water use, transpiration and crop coefficients for olives (cv. Cordovil), grown in
orchards in Southern Portugal. Biosyst. Eng. 2009, 102, 321-333. [CrossRef]

Cammalleri, C.; Rallo, G.; Agnese, C.; Ciraolo, G.; Minacapilli, M.; Provenzano, G. Combined use of eddy
covariance and sap flow techniques for partition of ET fluxes and water stress assessment in an irrigated
olive orchard. Agric. Water Manag. 2013, 120, 89-97. [CrossRef]

Pago, T.A.; Pocas, I; Cunha, M; Silvestre, ].C.; Santos, EL.; Paredes, P.; Pereira, L.S. Evapotranspiration and
crop coefficients for a super intensive olive orchard. An application of SIMDualKc and METRIC models
using ground and satellite observations. ]. Hydrol. 2014, 519, 2067-2080. [CrossRef]

78



Water 2019, 11, 383

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Er-Raki, S.; Chehbouni, A.; Boulet, G.; Williams, D.G. Using the dual approach of FAO-56 for partitioning
ET into soil and plant components for olive orchards in a semi-arid region. Agric. Water Manag. 2010, 97,
1769-1778. [CrossRef]

Sepulcre-Canto, G.; Zarco-Tejada, PJ.; Jiménez-Mufios, ].C.; Sobrino, J.A.; De Miguel, E.; Villalobos, E]J.
Detection of water stress in olive orchard with thermal remote sensing imagery. Agric. For. Meteorol. 2006,
136, 31-44. [CrossRef]

Santos, F.L. Assessing olive evapotranspiration partitioning from soil water balance and radiometric soil and
canopy temperatures. Agronomy 2018, 8, 43. [CrossRef]

Capraro, F; Tosetti, S.; Rossomando, F; Mut, V.; Serman, F.V. Web-Based System for the Remote Monitoring
and Management of Precision Irrigation: A Case Study in an Arid Region of Argentina. Sensors 2018, 18,
3847. [CrossRef] [PubMed]

Hoedjes, J.C.B.; Chehbouni, A_; Jacob, F.; Ezzahar, J.; Boulet, G. Deriving daily evapotranspiration from
remotely sensed instantaneous evaporative fraction over olive orchard in semi-arid Morocco. J. Hydrol. 2008,
354, 53-64. [CrossRef]

Minacapilli, M.; Agnese, C.; Blanda, F.; Cammalleri, C.; Ciraolo, G.; D'Urso, G.; Iovino, M.; Pumo, D.;
Provenzano, G.; Rallo, G. Estimation of actual evapotranspiration of Mediterranean perennial crops by
means of remote-sensing based surface energy balance models. Hydrol. Earth Syst. Sci. 2009, 13, 1061-1074.
[CrossRef]

Santos, C.; Lorite, L.].; Allen, R.G.; Tasumi, M. Aerodynamic parameterization of the satellite-based energy balance
(METRIC) model for ET estimation in rainfed olive orchards of Andalusia, Spain. Water Resour. Manag. 2012, 26,
3267-3283. [CrossRef]

Pdcas, I.; Pago, T.A.; Cunha, M.; Andrade, J.A.; Silvestre, J.; Sousa, A.; Santos, FL.; Pereira, L.S.; Allen, R.G.
Satellite based evapotranspiration of a super-intensive olive orchard: Application of METRIC algorithm.
Biosyst. Eng. 2014, 128, 69-81. [CrossRef]

Pogas, I; Pago, T.A.; Paredes, P.; Cunha, M.; Pereira, L.S. Estimation of actual crop coefficients using remotely
sensed vegetation indices and soil water balance modelled data. Remote Sens. 2015, 7, 2373-2400. [CrossRef]
Ortega-Farias, S.; Ortega-Salazar, S.; Poblete, T.; Kilic, A.; Allen, R.G.; Poblete-Echeverria, C.;
Ahumada-Orellana, L.; Zufiga, M.; Sepulveda, D. Estimation of energy balance components over a
drip-irrigated olive orchard using thermal and multispectral cameras placed on a helicopter-based unmanned
aerial vehicle (UAV). Remote Sens. 2016, 8, 638. [CrossRef]

Abazi, U,; Lorite, L].; Carceles, B.; Martinez Raya, A.; Duran, V.H.; Francia, J.R.; Gémez, ].A. WABOL: A
conceptual water balance model for analyzing rainfall water use in olive orchards under different soil and
cover crop management strategies. Comput. Electron. Agric. 2013, 91, 35-48. [CrossRef]

Autovino, D.; Rallo, G.; Provenzano, G. Predicting soil and plant water status dynamic in olive orchards under
different irrigation systems with Hydrus-2D: Model performance and scenario analysis. Agric. Water Manag.
2018, 203, 225-235. [CrossRef]

Pereira, L.S.; Allen, R.G.; Smith, M.; Raes, D. Crop evapotranspiration estimation with FAO56: Past and
future. Agric. Water Manag. 2015, 147, 4-20. [CrossRef]

Allen, R.G.; Pereira, L.S.; Smith, M.; Raes, D.; Wright, J. FAO-56 Dual Crop Coefficient Method for Estimating
Evaporation from Soil and Application Extensions. J. Irrig. Drain. Eng. 2005, 131, 2-13. [CrossRef]

Rosa, R.D.; Paredes, P.; Rodrigues, G.C.; Alves, I.; Fernando, R.M.; Pereira, L.S.; Allen, R.G. Implementing
the dual crop coefficient approach in interactive software. 1. Background and computational strategy.
Agric. Water Manag. 2012, 103, 8-24. [CrossRef]

Fandino, M.; Cancela, ].].; Rey, B.J.; Martinez, E.M.; Rosa, R.G.; Pereira, L.S. Using the dual-Kc approach to
model evapotranspiration of albarifo vineyards (Vitis vinifera L. cv. albarifio) with consideration of active
ground cover. Agric. Water Manag. 2012, 112, 75-87. [CrossRef]

Paredes, P.; Rodrigues, G.C.; Alves, I.; Pereira, L.S. Partitioning evapotranspiration, yield prediction and
economic returns of maize under various irrigation management strategies. Agric. Water Manag. 2014, 135,
27-39. [CrossRef]

Pereira, L.S; Paredes, P; Rodrigues, G.C; Neves, M. Modeling malt barley water use and
evapotranspiration partitioning in two contrasting rainfall years. Assessing AquaCrop and SIMDualKc
models. Agric. Water Manag. 2015, 159, 239-254, Corrigendum in 2015, 163, 408. [CrossRef]

79



Water 2019, 11, 383

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Pago, T.A.; Ferreira, M.L; Rosa, R.G.; Paredes, P.; Rodrigues, G.; Conceigao, N.; Pacheco, C.; Pereira, L.S. The
dual crop coefficient approach using a density factor to simulate the evapotranspiration of a peach orchard:
SIMDualKc model versus eddy covariance measurements. Irrig. Sci. 2012, 30, 115-126. [CrossRef]

Ran, H.;Kang, S.; Li, F; Tong, L.; Ding, R.; Du, T.; Li, S.; Zhang, X. Performance of AquaCrop and SIMDualKc
models in evapotranspiration partitioning on full and deficit irrigated maize for seed production under
plastic film-mulch in an arid region of China. Agric. Syst. 2017, 151, 20-32. [CrossRef]

Zhao, N.; Liu, Y.; Cai, J.; Paredes, P.; Rosa, R.D.; Pereira, L.S. Dual crop coefficient modelling applied to the
winter wheat-summer maize crop sequence in North China Plain: Basal crop coefficients and soil evaporation
component. Agric. Water Manag. 2013, 117, 93-105. [CrossRef]

Gao, Y.; Yang, L.; Shen, X; Li, X.; Sun, J.; Duan, A.; Wu, L. Winter wheat with subsurface drip irrigation
(SDI): Crop coefficients, water-use estimates and effects of SDI on grain yield and water use efficiency.
Agric. Water Manag. 2014, 146, 1-10. [CrossRef]

Wei, Z.; Paredes, P.; Liu, Y.; Chi, W.-W.; Pereira, L.S. Modelling transpiration, soil evaporation and yield
prediction of soybean in North China Plain. Agric. Water Manag. 2015, 147, 43-53. [CrossRef]

Allen, R.G; Pereira, L.S. Estimating crop coefficients from fraction of ground cover and height. Irrig. Sci.
2009, 28, 17-34. [CrossRef]

Kottek, M.; Grieser, J.; Beck, C.; Rudolf, B.; Rubel, F. World Map of the Képpen-Geiger climate classification
updated. Meteorol. Z. 2006, 15, 259-263. [CrossRef]

TUSS; Working Group WRB. World Reference Base for Soil Resources 2014, Update 2015. In International Soil
Classification System for Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106;
FAO: Rome, Italy, 2015; 192p.

Fandifo, M.; Olmedo, J.L.; Martinez, E.M.; Valladares, J.; Paredes, P.; Rey, B.J.; Mota, M.; Cancela, ].J.;
Pereira, L.S. Assessing and modelling water use and the partition of evapotranspiration of irrigated hop
(Humulus lupulus) and relations of transpiration with hops yield and alpha-acids. Ind. Crop Prod. 2015, 77,
204-217. [CrossRef]

Ferreira, M.L; Paco, T.A.; Silvestre, ]. Combining techniques to study evapotranspiration in woody crops:
Application to small areas—Two case studies. Acta Hortic. ISHS 2004, 664, 225-232. [CrossRef]

Mauder, M.; Foken, T. Documentation and Instruction Manual of the Eddy-Covariance Software Package
TK3 (Update). Arbeitsergebnisse Nr. 62; 2015 Univ Bayreuth, Abt Mikrometeorol. Available online:
https:/ /epub.uni-bayreuth.de/2130/1/ ARBERG062.pdf (accessed on 5 July 2017).

Foken, T; Leuning, R.; Oncley, S.P.; Mauder, M.; Aubinet, M. Corrections and data quality. In Eddy Covariance:
A Practical Guide to Measurement and Data Analysis; Aubinet, M., Vesala, T., Papale, D., Eds.; Springer:
Berlin/Heidelberg, Germany, 2011.

Vickers, D.; Mahrt, L. Quality control and flux sampling problems for tower and aircraft data. J. Atmos.
Ocean. Technol. 1997, 14, 512-526. [CrossRef]

Kaimal, J.C.; Finnigan, J.J. Atmospheric Boundary Layer Flows: Their Structure and Measurement; Oxford
University Press: New York, NY, USA, 1994.

Tanner, B.D.; Swiatek, E.; Greene, J.P. Density fluctuations and use of the krypton hygrometer in surface
flux measurements. In Management of Irrigation and Drainage Systems: Integrated Perspectives; Allen, R.G., Ed.;
American Society of Civil Engineers: New York, NY, USA, 1993; pp. 945-952.

Moore, C.J. Frequency-response corrections for eddy-correlation systems. Bound.-Layer Meteorol. 1986, 37,
17-35. [CrossRef]

Schotanus, P.; Nieuwstadt, ET.M.; Debruin, H.A.R. Temperature-measurement with a sonic anemometer
and its application to heat and moisture fluxes. Bound.-Layer Meteorol. 1983, 26, 81-93. [CrossRef]

Webb, E.K.; Pearman, G.I.; Leuning, R. Correction of flux measurements for density effects due to heat and
water-vapor transfer. Q. |. R. Meteorol. Soc. 1980, 106, 85-100. [CrossRef]

Schuepp, PH.; Leclerc, M.Y.; Macpherson, ].I.; Desjardins, R.L. Footprint prediction of scalar fluxes from
analytical solutions of the diffusion equation. Bound.-Layer Meteorol. 1990, 50, 355-373. [CrossRef]

Testi, L.; Villalobos, EJ.; Orgaz, F. Evapotranspiration of a young irrigated olive orchard in southern Spain.
Agric. For. Meteorol. 2004, 121, 1-18. [CrossRef]

Teixeira, A.H.D.C.; Bastiaanssen, W.G.M.; Moura, M.S.B.; Soares, ] M.; Ahmad, M.D.; Bos, M.G. Energy and
water balance measurements for water productivity analysis in irrigated mango trees, Northeast Brazil.
Agric. For. Meteorol. 2008, 148, 1524-1537. [CrossRef]

80



Water 2019, 11, 383

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Conceicao, N.; Tezza, L.; Hausler, M.; Lourenco, S.; Pacheco, C.A.; Ferreira, M.I. Three years of monitoring
evapotranspiration components and crop and stress coefficients in a deficit irrigated intensive olive orchard.
Agric. Water Manag. 2017, 191, 138-152. [CrossRef]

Granier, A. Une nouvelle méthode pour la mesure du flux de seve brute dans le tronc des arbres. Ann. Sci. For.
1985, 42, 193-200. [CrossRef]

Silva, RM.; Pago, T.A.; Ferreira, M.L; Oliveira, M. Transpiration of a kiwifruit orchard estimated using the
Granier sap flow method calibrated under field conditions. Acta Hortic. ISHS 2008, 792, 593-600. [CrossRef]
Steppe, K.; De Pauw, D.J.W.; Doody, T.M.; Teskey, R.O. A comparison of sap flux density using thermal
dissipation, heat pulse velocity and heat field deformation methods. Agric. For. Meteorol. 2010, 150,
1046-1056. [CrossRef]

Bush, S.E.; Hultine, K.R.; Sperry, ].S.; Ehleringer, J.R. Calibration of thermal dissipation sap flow probes for
ring- and diffuse-porous trees. Tree Physiol. 2010, 30, 1545-1554. [CrossRef]

Holttd, T.; Linkosalo, T.; Riikonen, A.; Sevanto, S.; Nikinmaa, E. An analysis of Granier sap flow method,
its sensitivity to heat storage and a new approach to improve its time dynamics. Agric. For. Meteorol. 2015,
211-212, 2-12. [CrossRef]

Marafién-Jiménez, S.; Van den Bulcke, J.; Piayda, A.; Van Acker, J.; Cuntz, M.; Rebmann, C.; Steppe, K.
X-ray computed microtomography characterizes the wound effect that causes sap flow underestimation by
thermal dissipation sensors. Tree Physiol. 2017, 38, 288-302. [CrossRef]

Ritchie, J.T. Model for predicting evaporation from a row crop with incomplete cover. Water Resour. Res.
1972, 8, 1204-1213. [CrossRef]

Paco, T.A.; Conceicao, N.; Ferreira, M.I. Measurements and estimates of peach orchard evapotranspiration in
Mediterranean conditions. Acta Hortic. 2004, 664, 505-512. [CrossRef]

Pago, T.A.; Conceigao, N.; Ferreira, MLI. Peach orchard evapotranspiration in a sandy soil: Comparison
between eddy covariance measurements and estimates by the FAO 56 approach. Agric. Water Manag. 2006,
85,305-313. [CrossRef]

Lépez-Olivari, R.; Ortega-Farias, S.; Poblete-Echeverria, C. Partitioning of net radiation and
evapotranspiration over a superintensive drip-irrigated olive orchard. Irrig. Sci. 2016, 34, 17-31. [CrossRef]
Tukey, ].W. Exploratory Data Analysis; Addison-Wesley: Reading, MA, USA, 1977.

Liu, Y.; Pereira, L.S.; Fernando, R.M. Fluxes through the bottom boundary of the root zone in silty soils:
Parametric approaches to estimate groundwater contribution and percolation. Agric. Water Manag. 2006, 84,
27-40. [CrossRef]

Allen, R.G.; Wright, ].L.; Pruitt, W.O.; Pereira, L.S.; Jensen, M.E. Water requirements. In Design and Operation
of Farm Irrigation Systems, 2nd ed.; Hoffman, G.J., Evans, R.G., Jensen, M.E., Martin, D.L., Elliot, R.L., Eds.;
ASABE: St. Joseph, MI, USA, 2007; pp. 208-288.

Zhang, B.; Liu, Y.; Xu, D.; Zhao, N.; Lei, B.; Rosa, R.D.; Paredes, P.; Paco, T.A.; Pereira, L.S. The dual crop
coefficient approach to estimate and partitioning evapotranspiration of the winter wheat-summer maize
crop sequence in North China Plain. Irrig. Sci. 2013, 31, 1303-1316. [CrossRef]

Tian, F; Yang, P.; Hu, H.; Dai, C. Partitioning of cotton field evapotranspiration under mulched drip irrigation
based on a dual crop coefficient model. Water 2016, 8, 72. [CrossRef]

Rosa, R.D.; Paredes, P.; Rodrigues, G.C.; Fernando, R.M.; Alves, I; Pereira, L.S.; Allen, R.G. Implementing
the dual crop coefficient approach in interactive software: 2. Model testing. Agric. Water Manag. 2012, 103,
62-77. [CrossRef]

Zhang, H.; Huang, G.; Xu, X,; Xiong, Y.; Huang, Q. Estimating evapotranspiration of processing tomato
under plastic mulch using the SIMDualKc model. Water 2018, 10, 1088. [CrossRef]

Nash, J.E.; Sutcliffe, ].V. River flow forecasting through conceptual models: Part 1. A discussion of principles.
J. Hydrol. 1970, 10, 282-290. [CrossRef]

Moriasi, D.N.; Arnold, ]J.G.; Van Liew, M.W.; Bingner, R.L.; Harmel, R.D.; Veith, T.L. Model evaluation
guidelines for systematic quantification of accuracy in watershed simulations. Trans. ASABE 2007, 50,
885-900. [CrossRef]

Rallo, G.; Baiamonte, G.; Manzano Judrez, ].; Provenzano, G. Improvement of FAO-56 model to estimate
transpiration fluxes of drought tolerant crops under soil water deficit: Application for olive groves. J. Irrig.
Drain. Eng. 2014, 140, A4014001. [CrossRef]

81



Water 2019, 11, 383

80. Testi, L.; Orgaz, F; Villalobos, EJ. Variations in bulk canopy conductance of an irrigated olive (Olea europaea
L.) orchard. Environ. Exp. Bot. 2006, 55, 15-28. [CrossRef]

81. Martinez-Cob, A_; Faci, ].M. Evapotranspiration of an hedge-pruned olive orchard in a semiarid area of NE
Spain. Agric. Water Manag. 2010, 97, 410-418. [CrossRef]

82. Fernandez, J.E.; Moreno, F. Water Use by the Olive Tree. ]. Crop Prod. 2000, 2, 101-162. [CrossRef]

® © 2019 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/).

82



. water ﬁw\n\l’y

Atrticle

Implementation of a Two-Source Model for
Estimating the Spatial Variability of Olive
Evapotranspiration Using Satellite Images
and Ground-Based Climate Data

Fernando Fuentes-Pefiailillo !, Samuel Ortega-Farias 1*, César Acevedo-Opazo ! and
David Fonseca-Luengo 2

1 Centro de Investigacién y Transferencia en Riego y Agroclimatologia (CITRA) and Research Program on

Adaptation of Agriculture to Climate Change (A2C2), Universidad de Talca, Casilla 747, Talca 3460000,
Chile; ffuentesp@utalca.cl (EE.-P.); cacevedo@utalca.cl (C.A.-O.)

Faculty of Natural Resources, Universidad Catolica de Temuco, Temuco 4780000, Chile; dfonseca@uct.cl
*  Correspondence: sortega@utalca.cl; Tel.: +56-71-220-0426

2

Received: 6 November 2017; Accepted: 16 March 2018; Published: 19 March 2018

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 (Rn;) and soil heat flux (G;) 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
028 mmd?, respectively. Finally, the submodels computed Rn; and G; 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 (ET,) and crop coefficient
(Kc) [3]. Several researchers also suggested using the dual crop coefficient approach to describe
the ratio of ET to ET, 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, Martinez-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,
Paco 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, Lopez-Olivari et al. [9] indicated that the ratios of transpiration and evaporation to ET,
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 Pago et al. [7] recommended adjusting the ET/ET,
ratios using fc and tree height, according to a density coefficient (Kd) that describes the increase in
Kc with an increase in canopy size. Pogas 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 (I,) = 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-Farias et al. [14] observed that the SW model was able to predict ET with
a root-mean-square error (RMSE) = 0.51 mm d~! and an MAE = 0.41 mm d~!. 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 ', respectively. In a drip-irrigated olive orchard, Ortega-Farias 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 I, = 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 (Rn;)
and soil heat flux (G;) over orchards can be estimated using remote sensing images. In this regard,
several studies have suggested that Rn; and G; can be adequately estimated in heterogeneous canopies
using satellite images. In a drip-irrigated olive orchard, Ortega-Farias et al. [27] indicated that Rn;
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 Rn; and G; 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 (gg), albedo («), 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 (LE;), available energy (A;), net radiation (Rn;), and soil heat flux (G;) 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 20092010 season. The study area has a Mediterranean climate with a
medium average temperature of 14.8 °C and an accumulated ET, 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™!). 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 (¥ ,q) 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 (rs¢) on
two leaves that were directly exposed to the sun and were located on the mid-section of the tree [35].
The ¥4 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 ¥,,4 and rs; 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]:

_ (Rn-Q)
LEg = a+B) (€]
Hy — R0 =) @

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

Y2 LEg,
)\71.8

w

ETgc = ©)
where ETgc is the actual evapotranspiration of the olive orchard measured by the EC system (mm d 1),
1.8 is a conversion factor, A is the latent heat of vaporization (1013 MJ kg_l), py 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]:

LE; = T, + F; @)
PaCpDi—AriAsi
DA+ (St
Ti = Cc < (5)
A +V<1 + (rsir‘§)>
2CpDi— A1 (Aj— Ay
AA; + (—" P rgjré ))
Ei =G 5 ©)
A+v(1+ i)

where LE; is the instantaneous latent heat flux computed from the SW model (W m~2), Tj is the latent
heat flux from the tree transpiration (W m~2), E; is the latent heat flux from soil evaporation (W m2),
Cc is the canopy resistance coefficient (dimensionless), Cs is the soil surface resistance coefficient
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(dimensionless), A is the slope of the saturation vapor pressure curve at the mean temperature
(kPa °C~1), A; is the available energy leaving the complete canopy (W m~2), Ag; 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~! K1),
D; is the water vapor pressure deficit at the reference height (kPa), r§ is the bulk boundary layer
resistance of the vegetative elements in the canopy (s m™!), 12 is the aerodynamic resistance between
the canopy source height and reference level (s m '), y is the psychrometric constant (kPa °K~1), r$ is
the canopy resistance (s m~1), r$ is the aerodynamic resistance between the soil and canopy source
height (s m~1), and rg 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 r$ and r§ are calculated as:

¢ TIst
s = LAl @)
c_ b
Ta = T Al ®)

where 1 is the mean stomatal resistance (s m~1), r}, is the mean boundary layer resistance (s m~1)
and LAI is the leaf area index (m? m™2). For this study, r, was assumed to be equal to 25 s m~!, and a
constant value of r§ = 2000 sm ! was used because of the dryness of the soil surface (between rows)
during the study periods [41]. Additionally, a mean value of measured rs; = 235 (£60.84) s m~! was
used for the simulation period. Finally, general descriptions of 13, 15, Cs, and C. can be found in
Shuttleworth and Wallace [41] and Ortega-Farias 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 (A;) and soil surface (Ag;) can be
calculated as:

Aj =Rn; - G; )

Agi = Rngi — G (10)

where Rn; is the net radiation (W m~2), G; is the soil heat flux (W m~2) and Rng; 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:
Rng; = R x exp(—C x 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 Rn; were obtained, as follows [42]:

Rni:(17“1)XRsi*"RLl*RLT*(l*SO)XR[‘l (12)

where o is the surface albedo, Ry is the short-wave incident radiation (W m~2), Ry, | and Ry are
the incoming and outgoing long-wave radiation, respectively, and ¢y corresponds to the superficial
emissivity. The values of Ry | and Ry were obtained as:

Ry = ¢ x o x Tt (13)

Ry =¢ax0oxTh (14)

where ¢ is the Stefan-Boltzmann constant (5.67 x 10~8 W m~2 K~#), T is the superficial temperature
(°K), ¢ is the “broad-band” surface emissivity (dimensionless), T, is the near-surface air temperature
(°K), and ¢, is the effective atmospheric emissivity (dimensionless). The methodologies to estimate
€0, €a, and Ts are indicated by Allen et al. [42].
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G; was calculated using the following empirical relation [26]:

G; = 0.3236 x Rn; — 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]:

LE;
ET; = 1
i = 3600 o (16)
ET;
Er = ! 17
PR, (17)
ETgw = By x ETo (18)

where ET; is the instantaneous ET computed from the SW model (mm h=1), p, is the density of
water (1000 kg m3), Ais the latent heat of vaporization (J kgfl), ET,; is the instantaneous reference
evapotranspiration (mm h™!), ETg, is the daily actual evapotranspiration estimated using the SW
model (mm d—1), ET, is the daily reference evapotranspiration (mm d~1), and Eg. 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
LE;, Rn;, G;, and ET;. 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

88



Water 2018, 10, 339

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 (LE;) and daily actual
evapotranspiration (ETs,) 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 (I,) [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 A;, Rn;, and G; were included in the validation. Values of RMSE, MAE,
and I, were computed, as follows:

N 0.5
RM%—{leinf} (19)

i=1

N
MAE=N"1Y [P, - O (20)
i=1
B { LN, (P —0)?

L ([P~ O] +10i - O]
where N is the total number of observations, P; and O; are the estimated and observed values,
respectively, and O is the mean of the observed values. Values of RMSE, MAE, P;, O;, and O are in
Wm~2ormmd~!

Finally, a sensitivity analysis of the inputs parameters (C, d, LAIL n) and resistances
(rp, 1st, 15, 15, T3) Was conducted to evaluate their effects on the ability of the SW model for estimating
ET;. In this case, the percent deviation of the mean ET; was computed when the input values of the
parameters and resistances individually varied by +/— 30%.

L=1

f}0<h<l 1)

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 s71,28.3-13.4 °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 ET,, 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 ET, and
ET,; were 6.95 (£0.99) mm d~! and 0.58 (:0.06) mm h~!, 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 ¥4 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 (Rnayg) and reference evapotranspiration (ET,); (b) average
daily values of temperature (Tayg) 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.

ET, ET,; RH Ta 18)
DOY Date
(mmd~™") (mmh? (%) °C) (ms~1)
35 4/02/2009 7.88 0.56 51.94 2291 0.81
51 20/02/2009 6.88 0.52 54.16 17.92 411
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 ET,, = daily reference evapotranspiration, ET; = 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 (§ = H/LE) because the different problems affect the measured values of Hand 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].
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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’z), latent heat flux (W m’z),
net radiation (W m~2), and soil heat flux (W m~2), respectively. The coefficient of determination (R?)
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 Rn;, G;, and A; 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 Aj with a RMSE =25 W m~? and MAE = 21 W m 2. The RMSE and MAE values for Rn; were
between 39 and 32 W m~2, while those for G; 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 A;, Rn;, and G; 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
Aj, Rn;, and G;. For Rnj and G;, 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 (R?) = 0.94 and RMSE = 17.5 W m 2 for Rn; when using satellite images (Landsat
5and 7). For a drip-irrigated olive orchard (fc = 0.29), Ortega-Farias et al. [27] found that the METRIC
model underestimated Rn; 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-Farias et al. [26]
indicated that the model was able to estimate Rn; and G;, 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 Rn; and G;, 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 G; was evaluated.
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Figure 3. Comparison between estimated and observed values of instantaneous latent heat flux (LE;)
from the two-source model and instantaneous available energy (A;) at the time of satellite overpass.
Values of index of agreement (d) for LE; and A; were 0.8 and 0.82, respectively.

Table 3. Model validation of instantaneous values of net radiation (Rn;), soil heat flux (G;), available
energy (A;), and latent heat flux (LE;) over a drip irrigated olive orchard. Also, daily actual
evapotranspiration (ETgy) is included in the analysis.

Variable RMSE MAE I, b t-Test
Rn; (Wm2) 39 32 0.79 0.96 F
Gi (Wm™2) 33 27 0.5 0.92 F
A; (Wm™2) 25 21 0.82 0.96 F
LE; (Wm™2) 26 20 0.8 0.88 F

ETgw (mmd~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
I, = Index of agreement. T = null hypothesis (b = 1) True; F = alternative hypothesis (b 7# 1).

Table 3 indicates that the SW model underestimated LE; 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 ',
respectively (Table 3). Additionally, the statistical analysis indicated that the ratio of ETsy /ETgc 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-Farias and Lopez-Olivari [24]
indicated that the SW model overestimated LE; and ET by approximately 2% and 6% of observed
values, respectively, suggesting that the model was very sensitive to errors in the estimation of rs; and
LAL 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. (ETsy). Index of agreement (I;) for ETs, 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 Rn; varied by +£30%, a variation of +20% was observed in the
estimation of ET;j. Also, the results indicated that the sensitivity of the predicted ET; in respect to the
uncertainties in C, d, n, and r,, was minimal. In addition, the sensitivity analysis indicated that the
estimation of ET; was significantly affected by variations of £30% in the values of LAI and r§. In this
regard, the values of ET; varied between +15% and —14% and between —13% and +20% when LAI
and r§ varied by £30%, respectively. (Table 4). This sensitivity analysis suggests that the ET; that
was estimated using the SW model was very sensitive to Rn;, LAI, and rg, but it was not sensitive
to errors in the estimations of r, 15, and r3. Similar results in a drip-irrigated olive orchard were
observed by Ortega-Farias and Lopez-Olivari [24], who indicated that the ET predicted by the SW
model was sensitive to errors of +30% in LAI and 1, but was not significantly affected by errors in
the estimation of aerodynamic resistances. Therefore, correct estimations of Rn;, LAI and rs become
critical to increasing the accuracy of the SW model.

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

Variables Symbol Parameters 30% —30%

Extinction coefficient of crop for net radiation

*
(dimensionless) ¢ 0.66 0.09 0.53
Zero plane displacement of crop with complete d 201* 026 329
canopy cover (LAI = 4) (m)

Leaf Area Index (m? m~2) LAIL 1.29* 13.93 —14.52
Eddy diffusivity decay constant in crop with N _
complete canopy crop cover (dimensionless) n 25 216 095
Mean boundary layer resistance per unit area . -~

of vegetation (s m~ ') T = 187 144
Mean stomatal resistance (s m 1) Tst 235 * —13.06 19.96
Aerodynamic resistance between canopy @ . 451 445
source height and reference level (s m~1) a ’ ’
Bulk boundary layer resistance of the < . 1.87 144
vegetative elements in the canopy (s m™!) a : ’
Aerodynamic resistance betwee? the substrate " o 1.99 161
and canopy source height (s m™") a

Bulk stomatal resistance of the canopy (s m ') g ** —12.82 203
Surface resistance of the substrate (s m~1) 3 2000 * -3.19 5.93
Instantaneous net radiation (W m~2) Rny ** 20.60 —20.03
Instantaneous Soil heat flux (W m~2) G *>* —2.18 2.75
Instantaneous available energy (W m~2) A > 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 ETs, within the drip-irrigated olive orchard (Figure 5).
While differences were observed in the ETs,, 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~! (DOY 22). These low variations of the spatially distributed ETg,, maps could be associated
with the low intra-orchard spatial variability of A; (Figure 6), which presented a standard deviation
between 3 and 6 W m~2 for the entire study period. The highest value of A; was observed on DOY
339 when the A; 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.

Study Site Flowering (F)

Day of Year (DOY): 307

\ ET,, (mm d?)
" ° 36

Pit Hardening (PH)
Day of Year (DOY): 6

ET,,, (mmd?)

36

Fruit Colouring (FC)
Day of Year (DOY): 35

ET,, (mmd?)
36

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

sensing and meteorological data.
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Figure 6. Maps of instantaneous Available energy (A;) generated from satellite images and

ground-based climate data.



Water 2018, 10, 339

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 rg and LAI,
which are included in the formulation of r§. According to Ortega-Farias and Lopez-Olivari [24],
the parameterization of r{ 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 m?> m~2 and 0.26-0.3,
respectively. Also, the drip-irrigated olive orchard was maintained under non-water stress conditions
(¥md > —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 A;, LAL and r§
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,
Rn; and G; were obtained from satellite information and were introduced to the SW model through
A,;. Simulated values of LE;, Rn;, G;, and A; 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~!. 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 rgt
and LAI of olive orchards under different training and system.
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A Instantaneous available energy leaving the complete canopy (W m~2)
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Aw Percentage of wetted area (%)
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Ratio of estimated to observed values (dimensionless)

Bowen ratio (dimensionless)

Canopy resistance coefficient (dimensionless)

Soil surface resistance coefficient (dimensionless)

Extinction coefficient of crop for net radiation (dimensionless)

Specific heat of the air at constant pressure (1013 J kg1 °K~1)

Coefficient of variation (%)

Zero plane displacement of crop with complete canopy cover (LAI = 4) (m)
Water vapor pressure deficit at the reference height (kPa)

Latent heat flux from soil evaporation (W m~2)

Reference evapotranspiration fraction (dimensionless)

Daily actual evapotranspiration (mm d—1)

Daily actual evapotranspiration obtained from de eddy covariance (EC) method (mm d-1
Instantaneous actual evapotranspiration computed from the Shuttleworth and Wallace (SW)
model (mm h~1)

Reference evapotranspiration (mm d-1

Instantaneous reference evapotranspiration (mm h=!)

Daily actual evapotranspiration estimated using the SW model (mm d 1)
Fractional crop cover (dimensionless)

Soil heat flux (W m~2)

Instantaneous soil heat flux (W m~2)

Sensible heat flux (W m~2)

H corrected using the Bowen ratio approach (W m~2)

Index of agreement (dimensionless)

Crop coefficient (dimensionless)

basal crop coefficient (dimensionless)

soil evaporation coefficient (dimensionless)

Leaf area index (m? m~—2)

Latent heat flux obtained from the EC method (W m~2)

Instantaneous LE corrected using the Bowen ratio approach (W m~2)
Instantaneous LE estimated using SW (W m~?2)

Mean absolute error (dimensionless)

Total number of observations,

Eddy diffusivity decay constant in crop with complete canopy crop cover (dimensionless)
Observed values (W m~2 or mm d 1)

Mean of the observed values (W m~2 or mm d 1)

Estimated values (W m~2 or mm d~ 1)

precipitation (mm)

Relative air humidity (%)

Net radiation (W m~—2)

Average daily values of net radiation (W m?)

Instantaneous net radiation (W m?2)

Instantaneous net radiation on the surface of the ground (W m~2)

Incident short-wave radiation (W m~2)

Incoming long-wave radiation (W m~2)

Outgoing long-wave radiation (W m~2)

Coefficient of determination (dimensionless)

Mean boundary layer resistance per unit area of vegetation (s m~1)

Bulk boundary layer resistance of the vegetative elements in the canopy (s m 1)
Aerodynamic resistance between the canopy source height and reference level (s m~1)
Canopy resistance (s m~1)

Aerodynamic resistance between the soil and canopy source height (s m~1)
Soil surface resistance (s m~1)

Mean stomatal resistance (s m 1)
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Ta Air temperature (°C)

Tavg Average daily values of temperature (°C)

T; Latent heat flux from the olive transpiration (W m2)

Ts Superficial temperature (°K)

Tn Near surface air temperature (°K)

u Wind speed (m s

Uavg Average daily values of wind speed (m s~ ')

Zom Surface roughness (m)

Z0 Roughness length of crop with complete canopy cover (s m 1)

z6 Roughness length of soil surface (s m~1)

o4 Surface albedo (dimensionless)

oG Instantaneous surface albedo (dimensionless)

€a Effective atmospheric emissivity (dimensionless)

) Superficial emissivity (dimensionless)

A Latent heat of vaporization (1013 MJ kg~ 1),

ow Water density (1000 kg m~3),

o Stefan-Boltzmann constant (5.67 x 10~8 Wm~2 °K~#%)

Y Psychrometric constant (kPa °K~1)

Tow Wide-band atmospheric transmissivity (dimensionless)

Ymd Midday stem water potential (MPa)

A 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.1.) (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
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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.

8°44°30"W

38°58'00"N 38°58"00"N

38°57°30"N
[] Herdade doZambuijeiro Fieldplot ¥r Weather station

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~!. 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 ECH20-5
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.

LAIL 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 m? (corresponding to approximately 12 plants). The length and width of crop leafs were
measured in every harvested plant and then converted to LAl 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.

Soil Layers
Depth (m)

0-0.2 0.2-0.4 0.4-0.6 0.6-0.8

Coarse Sand, 2000-200 pm (%) 34 6.8 11.5 14.7

Fine Sand, 200-20 pm (%) 44.6 47.8 53.6 48.4

Silt, 20-2 pm (%) 33.3 28.1 20.6 23.2

Clay, <2 um (%) 18.8 17.3 14.3 13.7
Texture Silty Loam Loam Loam Loam

Bulk Density (g cm %) 157 1.52 1.66 1.66

Organic Matter (%) 1.73 0.96 0.57 0.59

Orc (cm® cm™3) 0.321 0.293 0.311 0.311

Bwp (cm® ecm—3) 0.209 0.235 0.223 0.223

Van Genuchten-Mualem Parameters:

0; (cm® cm—3) 0.078 0.067 0.065 0.065

05 (cm® cm—3) 0.393 0.356 0.340 0.340

o (em™1) 0.009 0.016 0.005 0.005

n(-) 1.75 1.31 1.80 1.80

£(-) -1.0 -1.0 -1.0 -1.0

Ks (emd—1) 500.3 22.6 0.7 0.7

Orc, soil water content at field capacity; Owp, soil water content at the wilting point, 0;, residual water content;
05, saturated water content; o and n, empirical shape parameters; ¢, pore connectivity/tortuosity parameter;
K, saturated hydraulic conductivity.
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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.

2014 2015
Stage
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 (h.) and aboveground dry biomass
during the 2014 and 2015 crop seasons.

Dat LAI (m? m—2) he (m) Biomass (kg ha=1)
ae Mean Standard Deviation @ Mean  Standard Deviation Mean Standard Deviation

11/06/2014 0.1 0.0 0.14 0.02 48.3 153

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 0.1 227 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:

0(h) — 0, 1

M =", 8, = (T fanp)” @

K(h) = Ks{[1-(1- sg/m)m]z b))

where S, is the effective saturation (L3 L~3), 8, and 05 denote the residual and saturated water contents
(L3L73), respectively, K is the saturated hydraulic conductivity (L T 1, a (L ') and n (-) are empirical
shape parameters, m =1 — 1/n and / is a pore connectivity/tortuosity parameter (-).

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

T, = ET, (1 —el2 LAU) 3)

Ep = ET. — Ty @)

where A 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, T,) 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 hy and hs, drops off linearly when h > h; or h < h; and becomes zero when h <hy or h > h;
(subscripts 1 to 4 denote for different threshold pressure heads). E;, values are limited by a pressure
head threshold value to obtain the actual soil evaporation rate (E,) [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:

m m
PHU =) HU =) (Tav — Toase)  When Tay > Tpae )
i=1 i=1

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 (-), Tay is the mean daily temperature (°C) and Ty, 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 m m
Y ABiog; = Y ABioj v; = ) RUE (0.5 PAR; (1—e? LAI)) Vi ®)
i=1 i=1 i=1

where ABio,; and ABio; 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), PAR, is the daily incident
photosynthetically active radiation (M] m~2), A is again the light extinction coefficient (-) and ; 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 (LAInax) that needs to be reached during those stages
(frLAImax) and crop stress.

ALAIact,i: ALAIi \/71 = (erAImax,i - erAImax,ifl) LAImax (1 - e(sx(LAIF]iLAImBU)) \/'}71 (7)

where ALAIL,; and ALAL are the actual and potential LAI increment added on day i (m2 m~2),
respectively and fryammaxi and frpammaxi—1 are the fraction of the plant’s maximum LAI
(LAImax, m? rn’z) ondayiandi — 1(-), respectively. During the mid-season stage, LAl is assumed to
be constant. During the late-season stage, LAI declines as a function of LA,y 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 ET. values into T, (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,
he, 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).
LAl 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, Tp,se (°C) 8.0 8.0
Plant Radiation-Use Efficiency, RUE [(kg ha=!) (M] m~2)~] 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), frppy dev (-) 0.50 043
Fraction of PHU after which LAI Starts to Decline, frppy sen (-) 0.70 0.73
Maximum Leaf Area Index, LAlmax (rn2 m’z) 6.0 6.5
Fraction of LAlnax at the End of Stage 1 (Initial Crop Stage), fr Aimax,ini (-) 0.05 0.05
Fraction of LAlImax at the end of Stage 2 (Canopy Development Stage), fr atmax,dev (-) 0.95 0.95
Maximum Canopy Height, h¢ max (m) 2.5 3.1
Maximum Root Depth, Z;oot,max (m) 2.0 0.6
Potential Harvest Index for the Crop at Maturity, Hlopt (-) 0.50 0.49
Minimum Harvest Index Allowed, Hlp (-) 0.30 0.30
8.0
y =4.087In(x) + 6.386
R%?=0.706
~ 6.0 +
a9
£
NE 4.0 +
S 204
0.0

00 02 04 06 08 1.0
NDVI (-)

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). LAl and NDVI
values ranged from 0.41-5.85 and 0.23-0.88, respectively, in line with Pocas et al. [44].

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

LAI 95% Confidence Interval

Date Assimilated LAI (m?> m—2) NDVI ()
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 0.77 473 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 frj Aimax 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 x 1 x 0.02 m?®). 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). ET, values were computed from hourly ETj values and K. values of 0.30, 1.20 and0.35 for the
initial, mid-season and late season crop stages, respectively [31]. The K 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 K. 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 T}, reductions due to water stress: hy = —15, hy = —30,
h3 = =325 to —600, hy = —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, h. 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 (R?),
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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). R? 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
LAIvalues from the NDVI measurements [14,18]. As such, the uncertainty related to that conversion
was quantified on final model estimates of T,, E, 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 x 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 x 10,000 simulations). In the end,
the uncertainty of final model estimates of T,, E, 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
LAl 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 R? 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 m? 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.

8.0 + 8.0 +
O Observations
6.0 + 6.0 - ——— Calibrated model
& Direct assimilation
IE - Calibrated model +
E 40 T 4.0 + 0 + assimilation
3 204 20 |
o]
0.0 - — 0.0 f }
24/05/14 13/07/14 01/09/14 21/10/14 16/04/15 10/06/15 04/08/15 28/09/15
Time (days) Time (days)

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 R? RMSE NRMSE PBIAS EF
2014
Water Content (cm® 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 (m? 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 1.73 043 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 14.20 091
2015
Water Content (cm® cm~3)
Calibrated Model 0.37 0.019 0.063 191 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 —2852  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 R? values
decreasing down to 0.35 and the RMSE and NRMSE values increasing up to 2.16 m> 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 R? values still decreased down to 0.63, while the
RMSE and NRMSE values increased up to 1.73 m?> 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 cm® 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 LATI assimilation on soil water
content simulations, explaining thus the similarity of model results.

As LAI evolution was used in the partition of ET. values into T, (Equation (3)) and E,
(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 Ty, Eq, 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 T}, and T, values (Ta/Tp = 1), and,
naturally, the highest E,, and E, values during both seasons. The LAI data forcing on the calibrated
model (Approach C) produced contrasting results when compared to Approach A, with Tj, 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 (8) 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.

Inputs Outputs
Approach P I CR  ASS E, T, T.JT, DP
(mm) (mm) (mm) (mm) (mm) (mm) ) (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; E,, actual soil evaporation; T,, actual crop transpiration;
Ty, 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 (h¢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 LAl assimilation on canopy height simulations being only marginal as shown by the good indicators
again obtained in Approach C.

35 35
E 3.0 + 3.0 + 4 o [¢]
E 25 + b3 2.5
2 Q
2 2.0 + 2.0 +
§_‘ 1.5 + 1.5 + o
E 1.0 + o 1.0 +
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O Observations = Calibrated model Direct assimilation - Calibrated model + assimilation

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 LAl 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!, 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™!,
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~! 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~!) 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~!), with all models
diverging substantially from the measured value.
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Table 8. Yield (kg ha™!) 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 loslovich [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 T,, E, 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, T, values ranged from 460 to
527 mm, while E, 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—!. 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 T,,
E, 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
T, (middle) and actual soil evaporation E; (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 (x) 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
79tha=!,9.1tha~! and 11.8 tha~! 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 (ET,) and a crop coefficient (K.) 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. 36.54655° N, Long. —119.8791° 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/cm?. Field capacity (FC) is 0.198 cm® cm~2 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~! emitters per plant spaced 0.5 m on either
side of a vine, with an additional dripper 2 L h~! mid-way between vines in a row. The application rate
was approximately 0.8 mm hr~!. 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 (ET,) and this option
was used to estimate the ET, at the research site. For spatial determination of ET, CIMIS uses a
combination of data derived from satellites and interpolated from CIMIS station measurements to
estimate ET, 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 (¥) 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 ¥ at an interval of n days between measurement using Equation (1),

—
I

(Y@, i+1)—c)n )

Il
o

i

where ¥ (i, i + 1) is the mean of ¥ 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 (ASW).
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 ET, 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
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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 (ET,) 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 ET,) 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 ET, 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 ET,, 527 mm in 2013
which was equal of 38% of ET,, and 530 mm in 2014, which was equal to 40% of ET,,.
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Table 2. Crop reference evapotranspiration (ET,) based on California Irrigation Management
Information System (CIMIS) and local data, precipitation (P) and applied water (I) and change in
soil water content (ASW) 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 (ET.)
is sum of rainfall and irrigation and change in soil water.

Harvest—Bud Break (mm) Growing Season (mm)
Year Treatment % Red
P 1 I+P ET, r I I+P ASW ET.

2012 GI 140 48.8 188.8 13456  183.5 641.2 824.7 246.8 10715 -
SD 46.9 186.9 609.8 793.3 230.0 10233 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 4419 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 ET. 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 ET. 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 ET. [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 K. for Thompson Seedless grapevine as a function of
the day of the year. We applied that K. to ET, values measured during this experiment. The resulting
values for ET. 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

500 — ———— Grower Irrigation (GlI)
=  e== Systained Deficit (SD)
B I ————— Regulated Deficit (RD)

400 —

Soil Water (mm)
w
3
|

w
=]
=]

250 —

200 —

\

10 L L I I B

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

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 ¥ 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, ¥ 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; ¥ 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 ¥ 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 ¥ among the treatments in 2013. Due
to a problem with the pressure chamber, ¥ was not measured after the canes were cut in 2013. In 2014,
Y 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.

Stress Integral (MPa*Day) (April-August)

Irrigation Treatment

2012 2013 2014
GI 453 30.1 13.5
SD 41.6 32.0 45.6
RD 432 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~! in 2012,9.6 t ha~!
2013 and 11.8 t ha~! 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~!, with individual vineyards mostly
averaging between 7.6 and 15.0 t ha~!. 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~') 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 m?/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 20162017 and 2017-2018
growing seasons.

132



Water 2019, 11, 252

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 (ET,) was estimated by the FAO Penman-Monteith equation [24] as:

 0408-A-(Rn—G)+v- 1395 - Uz - (s —€a)

ETo A+v-(1+034-Uy)

¢y

where Rn is the net radiation available at the crop surface (MJ/ m?/d), G is the soil heat flux density
(MJ/m?/d), T is the mean air temperature at 2 m height (°C), U, is the wind speed at 2 m height
(m/s), (ea — es) is the vapour pressure deficit at 2 m height (kPa), A is the slope of the vapour pressure
curve (kPa/°C), and vy is the psychometric constant (kPa/°C). The computations of the considered
parameters were performed following the formulas reported in [24].
Crop evapotranspiration (ET.) was calculated as a product of the reference evapotranspiration
and the crop coefficient Kc:
ET. = KET, )

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

Dy =Dyi1 — P — IR; + ET,; + DP; 3

where D,;_1 represents the root zone depletion at the end of the previous day i — 1 (mm), P; is the
effective precipitation on day i (mm), IR is the net irrigation supply on day i (mm), ET_; is the crop
evapotranspiration (mm), and DP; 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 x TAW ()

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 (D;) is greater than RAW (i.e., it is below the
optimal yield threshold), a dimensionless coefficient K (0-1) is used to account for the level of water
stress. K is calculated by the following formula:

TAW — D,

Ks = Taw —Rraw

(6)

where D 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 K; as:

ETc,adj = KiKcETo (7)

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

Y, ET, adj
1— %) =Ky (1-—29
(-)=sl-w <8>
where Y, is the actual yield under water stress corresponding to the adjusted crop evapotranspiration

(ET¢ 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.
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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 (ET,) 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 Pmm)  Tmax €O  Tmin O Rhmean (%)  Rs(W/m?)  Ws(m/s) ET, (mm)
16 November 29.00 2035 2.81 45.65 89.12 141 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 52.71 250.73 211 136.90
17 May 2.00 28.75 9.32 4456 320.98 2.07 190.30
17 June 2.40 33.19 14.53 38.95 33491 171 205.00
17 July 0.00 35.34 14.32 4323 329.06 122 193.70
17 August 0.20 34.46 12.97 42.89 305.01 134 165.80
17 September 0.20 26.93 8.88 53.18 250.94 1.29 100.20
17 October 35.60 2056 6.22 64.95 174.53 118 59.70
17 November 22.80 19.42 5.02 67.04 119.52 115 50.60
17 December 0.20 17.37 2.83 65.43 96.30 1.8 2423
18 January 150.00 12.71 1.72 80.92 84.84 1.50 34.89
18 February 141.20 15.49 255 72.64 123.69 133 47.49
18 March 8.80 20.12 347 59.83 201.21 1.66 97.52
18 April 25.20 2335 6.25 54.01 248.99 137 117.38
18 May 30.40 27.23 11.85 52.18 246.94 1.30 132.79
18 June 12.20 30.18 15.16 46.18 282.41 178 190.10

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) 40 403
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 m? size (15 m x 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 1.5m?/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 ona1m? (1 m x 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 m? 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 (dja ), 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:

1

N 05
RMSE = {N (P; — oi)z} ©)
=1
where N is the number of pairs of observed/measured (O;) and predicted/simulated (P;) 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 (O) as:
RMSE

CV(RMSE) = —

(10)

The Mean Bias Error (MBE) was used to indicate the under/over estimations by the model as:
N
MBE =N"'Y"(P; - O)) (11)
i=1
The Maximum Absolute Error (MAE) was estimated as:

MAE = Max|P; — O;|N,, (12)

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

i (0 —Py)?
dia=1-— = (13)
£2(n 01 + [0, -0’

The dj, 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:

(O; — Py)?

NSE = 1.0 — (14)

f=| 1=
o

|

ke

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 m? 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 20162017 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 d;s 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 Season 2016-2017 Season 2017-2018
Indicators 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) 2451 —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.
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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).
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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/m?, respectively, in the 2016-2017 growing season) than in
2017-2018 (3.22 t/ha and 0.59 kg/m?3). 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/m®?)
Year (Y) ns * *
Y017 9.46 + 2.05 481 +1.38a 1.01 £0.11a
Yao1s 9.93 + 1.43 3.22 +0.68b 059 + 0.10b
Treatment (Tr) ** o ns
I-Bluleaf 10.76 = 0.89 a 463+126a 0.84 £0.29
I-farm 10.73 £ 0.65 a 464+122a 0.74 £ 0.26
I-rainfed 7.59 £0.99 b 2.77 £040b 0.82 £0.18
Y x 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).
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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.
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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.
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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 m?3/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~ m~!. The total irrigation cost of designed projects, including
the cost of the autumn irrigation, varies between 2400 and 3300 Yuan ha~; 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~!. 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 m® 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 Képpen 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.
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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~! [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 m® year~!. 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

151



Water 2018, 10, 67

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 m® s~!, 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 (ET,) 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 ET, and highly varies with time. Differently,
ET, varies little and its variability relates to the occurrence of rainfall in Summer.
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Figure 2. Monthly precipitation (I) 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

152



Water 2018, 10, 67

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™~!. Despite salinity occurring in large areas of Hetao,
in the Dengkou area, the electrical conductivity of the saturation extract of the soil, EC,, ranges from
0.11 to 1.58 dSm~!. These values are smaller than the EC, 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]).

Particle Size Distribution (%) Soil Water Content (cm® cm—3)
Depth (m)
Clay Silt Sand At Saturation At Field Capacity At Wilting Point

0-0.20 23.0 76.7 0.3 047 £0.01 0.36 +0.01 0.16 £ 0.01
0.20-0.40 12.1 81.6 6.3 048 £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
0.80-1.00 425 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-7 @

where Z is the cumulative infiltration depth (m), T is the infiltration time (min), and K (m min~?) 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;

(i) 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-1V, the second
event by the curve SC-V, and the third and later events by the curve SC-VL
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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].

0.20
0.8 K=0.0053, a=0.161
0.16
014
”: gz K=0.0050, a=0.547
5 010 K=0.0049, a=0.526
g o K=0.0045, 2=0.510
€

K=0.0041, 2=0.487

0.06 K=0.0040, a=0.460

0.04

0.02

0.00
0 50 100 150 200 250 300

Infiltration time (min)

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 Field Sizes Occurrence

Field Area (ha)  Inflow Discharge (Ls™")

Length X Width (m) in the Area (%)
50 x 10 0.05 10+£2 10
50 x 30 0.15 1543 30
65 x 20 0.30 20+ 4 20
65 x 40 0.60 25+5 10
100 x 25 0.25 1543 10
100 x 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 (S,) for level basins (LB), and S, of 0.5%0 and 1.0%o 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~! 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;

(i) Hourly operation costs: 80 to 120 Yuan h~! for TL basins and 200 to 240 Yuan h~! 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~! 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]).

Number Net Target Season Net ~ Autumn  Effective

;?ﬁ%;:if:s Irrigation  Irrigation Irrigation  Irrigation Rainfall ];:;;:C; ;ﬁ;‘) « Yl;;(il)
Events Depth (mm) (mm) (mm) (mm) 8
Present 3 95 285 250 60 629 568 5880
Improved 3 100 300 230 60 644 574 6000

Notes: ET act—actual crop evapotranspiration; T¢ oct—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 Y, and Ymax are the actual and the maximum yield (kg ha™1), respectively; W, is the actual net
irrigation water applied (mm); and Wy is the net water required to achieve Ynmax. 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 0.5 075 1.0 15 2.0
Ya/Ymax 040 070 1.0 09 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:

Zig
DU = x 100 3)
Zavg
where Z,4 is the average low quarter depth of water infiltrated (mm) and Zayg 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 (Zjq > Zreq) and under-irrigation (Zq < Zreq):

2950100 Ziy > Zieg
Z
DX 100 Zig < Zreq

BWUF = { @)

where Zyeq 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. Zyeq is estimated
from measurements or using a soil water balance model. Zj; and Z,vg 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 (t.,) and the average inflow rate (Qjp).

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 t., and Qj,. Alternative values for t., and Qj,
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]).

DU (%) BWUF (%)
Irrigation I 4 ; 4 I ” L 1
Event . mprove mprove ", mprove mprove
Traditional Observed Potential Traditional Observed 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 Gongalves and
Pereira [30]. Applications include those by Gongalves 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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(i) 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 Qjn;

(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 Zj (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~! 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~! is considered, which is partitioned into a fixed cost of 420 Yuan ha~! 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~!
Irrigation water Volumetric water cost 0.05 £ 0.01 Yuan m™
Fixed cost per unit area 700 £ 100 Yuan ha~!
Spring wheat crop Yield price 3.0+05 Yuan kg !
Maximum yield 6000 kgha™!
Production cost (excluding irrigation costs) 7.25+0.2 10° Yuan ha~!
Labour Labour cost 11£3 Yuan h~!
Life-time Building a non-lined distribution canal 1 year
Labour requirements Operation of the non-lined canal t=teo min
Installing the non-lined canal 40 min 100 m~!

The Manning’s hydraulic roughness coefficient # = 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 1 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 1 = 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%o, and 1.0%o.

The inflow rates (Qi,, L s~! m~! width) were defined in relation to the land parcel sizes (Table 7),
i.e., the combination length-width, with a larger Q;, for longer basins.
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Table 7. Basin sizes and related unit inflow rates for modernized design alternatives.

Length 50 m Length 100 m Length 200 m
Inflow Rate Inflow Rat Inflow Rat Inflow Rat
Identifier . nflow Rate . nflow Rate . nflow Rate
Width (m) LsTm1) Width (m) Ls1m-1) Width (m) Lsm1
(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
S, values of 0.5%0 and 1.0%o 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.

Projects Groups Alternatives, inflow rate [1 s'mr']

’I Basin length = 50 m
Basin length = 50 m
LB-PL

o 8[0.5]. M[1.0]. L[2.0]

S[0.5], M[1.0], L[2.0]

Basm length = 100 m

{
| S[1.0), M[2.0]. L[3.0]
d

Basin length = 50 m [ S[0.5), M[1.0], 1[2.0]

Basin length = 100 m A S[1.0). M[2.0], L[3.0]

GB-0.5-PL l—'

|
1 |
d |
| Basin length = 200 m S[2.0], M[3.0], L[4.0] |
g |
g |
l I

Basin length = 200 m [ §[2.0]. M[3.0], L[4.0]

Basin length = 50 m o S[0.5). M[1.0], L[2.0] |

Basin length = 100 m { S[1.0], M[2.0]. L[3.0] |

GB-1.0-PL '—’

Basin length = 200 m [ S12.0], M[3.0], L[4.0] |

Figure 4. Structure of setting alternatives: projects (traditional, level basin LB and graded basins GB
with slopes of 0.5%0 and 1.0%o), 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:

U] = O(]'Xj + B] (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 « 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:

Nc
Ugiob = Y_AY; (6)
=1
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where Ug)p, is the global utility, scaled in the [0,1] interval; N is the number of criteria (Nc =7 in
this application); A; 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.

Utility Parameters (Equation (5))

Decision Criteria Attributes Symbol Units Weights (A;) .
@
Economic Productivity and Costs
Economic land productivity ELP Yuan ha™! 0.20 1.25 x 1074 -1.25
Fixed irrigation costs FIC Yuan ha~! 0.10 —2.50 x 1074 1
Variable irrigation costs VIC Yuan ha! 0.10 —2.50 x 107* 1
Economic water productivity ratio EWPR ratio 0.10 0.25 1
Water Saving and Environment
Total irrigation water use wu m® ha™! 0.20 -3.17 x 107* 1.95
Beneficial water use fraction BWUF 0.15 1.818 —0.727
Irrigation water productivity wp kgm~3 0.15 -3.17 x 107* 1.95

The attributes relative to economic criteria are:

(i)  Economic land productivity (ELP, €-ha~1), the monetary yield value per unit of land;

(i) Fixed irrigation costs (FIC, €-ha~'), corresponding to investment costs per unit of land;

(iii) Variable irrigation costs (VIC, €-ha~!), 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, m?);

(i) Beneficial water use fraction (BWUF, dimensionless), defined with Equation (4); and

(iii) Trrigation water productivity (IWP, kg m~3), ratio of total yield to IWU (in m?).

Criteria are grouped into economic and water saving issues (Table 8); thus an economic utility
(Ugc) and a water saving utility (Uws) were defined:

Ne(EC)

Ugc = Y AciUgci/Aec @)
-1
Ne(WS)

Uws = Y, AwsiUwsi/Aws (8)

i=1
where Agc and Aws are the sums of the weights relative to the economic and water saving criteria,
respectively, with Agc + Aws = 1.0. The global utility corresponds to the sum of Ugc and Uws:

Nc
Ugiob = 3 AjUj = AgcUgc + AwsUws. C)]
=1

Solving Equation (9) in relation to Uws results in

Uws = — +—Ugc (10
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that allows a Cartesian representation of Ugop, in the Ugc-Uws Plane, and where the Uy, isolines are
straight lines with slopes depending upon the values of Agc and Aws. 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 Agc-Aws of 40%-60%, 60%-40%, and 80%-20%. The weights
Aj 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~?) 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%o 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).
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Figure 5. Beneficial and non-beneficial water use (BWU & and NpwU ® , m? 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%o and 0.5%o, 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%.

(i) Graded basin alternatives with a 200 m length and 1.0%o slope are non-satisfactory (BWUF < 60%
and DP > 40%), and hence were not considered further in the selection analysis.

(ili) The relationship between inflow rates (Qj,) and DU have been shown to be very weak,
thus indicating that the magnitude of Qj, has small impacts on DU. However, as formerly
observed for medium and low infiltration silty soils in China, inflow rates Qj, > 2 L s Im1!
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 S, only slightly influences DU and that S, = 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 S, > 0%0 simultaneously favours advance and a long recession time resulting in
high infiltration downstream, thus in a high DP and low DU.

(v) Trrigation water productivity is high (>1.8 kg m~3) for LB and GB with S, = 0.5%0 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 Sy-Qjy.

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  Slope Inflow Project BWUF DU D DP tady teo wp @
(m) (%0) Rate @ Alternatives (%) (%) (mm) (mm) (min) (min) (kg m3)
50 uneven Small Traditional-S 60.3 61.1 157 62 88 268 112
Medium Traditional-M 60.3 63.4 157 62 68 134 112
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 90.0 929 111 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 17 121 195 175
Medium  GB-0.5-PL-100-M 839 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 11 198 186 177
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 723 76.4 138 38 171 230 147
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; t,q,—advance time; t.,—cut-off time; INP—irrigation water productivity; LB and GB—level and

graded basins; PL—precision land levelling; (V) inflow rates defined in Table 7; (
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, m® ha~') during the crop season for several projects with
medium inflow rates as influenced by soil infiltration—high, medium, and low (defined in Figure 3).

IWU (m® ha~1) for Various Infiltration Rate Families

Projects

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 m® ha™!)
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 S, = 0.5%0 provide annual water savings ranging from 1520 to
1740 m® ha~!, 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.
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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%o, 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~!.Precision land levelling costs
(1100 Yuan ha—') consist of the main component of TIC (33-46%). Considering that fixed water costs
are 700 Yuan ha~! (21-29% of TIC) and that variable water costs range from 269 to 328 Yuan ha !,
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 !, about 45% of TIC, while for modernized systems, the labour costs are smaller, varying
from 276 to 997 Yuan ha~! (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.

Components of the Irrigation Costs (Yuan ha™") .
Design Yield ELP

Alternatives Land Supply Water  Labour Total (kgha™) (Yuanha™") EWPR
Levelling System

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 13,483 493

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 S, = 1.0%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, Ugop. Results for the first 15 design alternatives for scenario (a) are presented in Table 12.
It shows that the ranking based on Ug,p, values is different to the one that could result if considering
economic results only, Ugc, due to the impact of water saving issues on Ugy,p,, which evidences the
need for associating Ugc and Uys 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%0) 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 Ug),p, considering an application to medium infiltration soils.

Desig'n Current Total Irrigation Cost Curre;‘l;;l;::aslefirrgsazta;:'l Cost Curre;\[tc"f::e;le(lirggastéﬁ Cost
Alternatives Ugc Uglob Rank Ugc Uglob Rank Ugc 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 S, of 0.5%0 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 U, 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 BWUE, 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 Ugyqp, 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, BWUE, and IWP; the highest scores are for the 100 m length basins. The next ranking
alternatives are for level and small slope (0.5%0) 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

164



Water 2018, 10, 67

ranked alternative is GB with 1.0%o slope, whose performance is affected by low U scores relative to

IWU, BWUEF, and IWD, i.e., to water saving.
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Figure 7. Comparison of the utilities relative to the considered criteria attributes ELP ( O ), FIC( ),
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VIC ("), EWPR ( u ), WU (=), BWUF ( | ), IWP ( u ), and of the global utilities ( u ) 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 Ugjgp, in the Ugc-Uws Plane
(Equation (10)), it is easy to understand through observing the contribution of the economic utilities
(Ugc) and water saving utilities (Uws) to the global utility (Ugip) of the considered design alternatives.
The 0.60, 0.80, and 0.90 Uglob isolines were computed with Equation (10) for Agc = Aws = 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 S, = 0.5%o
and length of 50 m), but have quite different Ugc, 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%o are the last ranked in terms of economic results, but the GB-1.0%o for L = 50 m ranks high
in terms of water saving, with a Uwg 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 Uyyg 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 Agc-Aws 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 S, = 0.5%0 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%o. 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 S, = 0.5%o 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.
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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.

Large Priority for ~ Small Priority for =~ Small Priority for =~ Large Priority for
Rank Water Saving Water Saving Economic Issues 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%o 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 Qj, 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°45'277-45°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.

Xiangyang Experimental Station
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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.
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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.

. . . Plant Density Fertilizer 1
Locations  Crop Crop Variety Seeding Date (Plant ha—1) (kg ha—1) Weed Control (L ha™")
4 May
8 May Xiongdilian (2,4-D butylate 15%,
2016 Corn  Pengcheng 216 8 May 60,000 N:58.5; P,05:54.0  Metribuzin 5%, Acetochlor 40%) 2

28 Jule N:150.0 28 July
Nicosulfuron 1

4 May iz/e[tag]chlor 2
2015 Corn Xianyu 335 4 May 60,000 N:117.8 29 Jul
P,05:121.1 Y

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 m? 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~ KCl extraction [27]. AN (available nitrogen) was calculated
as the sum of NO3 ™ -N and NH,*-N. AP was determined using the molybdenum-blue method after
extraction with 0.5 mol L~1 NaHCOj3 [27]. Soil bulk density was measured on undisturbed soil samples
taken from the center of the ridge with 100 cm® 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 Inc.). 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.
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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.
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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 (1 = 1448).

Straw Amendments (SA) (°C) No Straw Amendments (NSA) (°C)

Top Back Slope Bottom Top Back Slope Bottom
Mean Ccv Mean cv Mean Ccv Mean Ccv Mean Ccv Mean Ccv

2015

May 1664a' 031 1656ab 030 1656ab  0.31 16.06b 037 1651ab 027 1645ab  0.31
Jun. 2262ab 024 2220cd 022 2258bc 024 23.0la 029 2202d 022 2249dc 025
Jul. 2323 a 012 2254b  0.10 2284c 011 2353d 015 22.78e 0.10 23.24 f 0.12
Aug. 2278bc  0.07 2229 006 22.70c¢ 0.07  23.09a 010 2250d  0.06 2293ab  0.08

2016

May 17.28 b 0.25 17.02 ¢ 023 1767a 027 1603d 027 1587d 028 17.74a 0.24
Jun. 2164d 015 21.92c¢ 012 2211b 016 2087e 0.15 20.49 f 015 226la 0.16
Jul. 2374d  0.09 2443c 0.08 25.68b  0.12 23.14 f 010 2329e 010  26.66 a 0.13
Aug. 2243d 011 22.64 ¢ 011 2436b 013 2213e 0.12 21.98 f 011  2486a 0.13
Sept. 1730 e 012 18.00bc  0.11 18.06b  0.16 1791 ¢ 013 1757d 012 19.54 a 0.14

Note: ! 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,
ie., 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 (1 = 1448).

Straw Amendments (SA) (cm® cm—3) No Straw Amendments (NSA) (cm® cm—3)

Top Back slope Bottom Top Back slope Bottom
Mean CV Mean CV Mean CV Mean CV Mean CV  Mean cv

2015

May  30.16f' 010 4202c 008 51.52b 004 3405e 0.09 40.85d 006 6037a 0.02
Jun. 3323 e 0.14 4455c¢ 008 5244b 007 3277f 014 4032d 016 6022a 0.04
Jul. 3220e 022 3573c¢ 016 50.87b 011 24.34f 023 3284d 021 5453a 0.08
Aug. 3421e 020 39.83c 015 5439b 010 2490f 025 36.72d 020 56.34a 0.08
Sept. 2476 020 29.84c 017 4379a 015 19.88f 026 2926d 021 4051b 0.12

2016

May 30.69 f 007 5289b 004 4755d 005 3466e 009 51.79c 003 56.57a 0.03
Jun. 33.43 f 0.10 5546b 005 4949d 006 37.64e 010 5247c 003 5885a 0.03
Jul. 25.75f 019 4731b 011 40.64d 014 2825e 022 4542c¢ 010 5214a 0.10
Aug. 21.77 £ 0.07 4312b 0.07 33.06d 010 2375e 012 3834c 0.09 4695a 0.06
Sept. 26.56 f 0.13 45.04b 007 3724d 014 295le 016 4252c 008 519a 0.05

Note: ! 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 (1 = 3).

Straw Amendments (SA) No straw Amendments (NSA, Control)
Height/Yield Top Back Slope Bottom Top Back Slope Bottom

Jul. (cm) 1978 +£3.0a' 1572 +£6.2c¢ 1777 £ 0.6 b 1977 +53a 166.2 + 10.6 be 170+ 09b
2015 Sept. (cm) 3188 +32ab 3115+ 6.6ab 321.2+£37a 3112 +49ab 302 +49b 3158 +£7.0ab

Yield (t) 101 +14a 84+08a 93+0.7a 92+04a 54+0.1b 97+13a

Jul. (cm) 1259+9.0a 1192+ 15a 120.1+33a 1309+ 40a 133.6+108a 1271+72a
2016 Sept. (cm) 3008 £5.1a 2672 +4.1b 2803 £5.6ab  286.8 = 15.3 ab 269.3 £8.0b 2708 £13b

Yield (t) 134+16a 121+ 1.6ab 100+14b 133 +13ab 59+1.0c¢ 144+01a

Note: ! 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.
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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 ¢ 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 2 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.
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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
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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~! of wheat straw (MWS), farmyard
manure (MEM), 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,
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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 50150 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.
Depth (cm)
Parameters
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 (cm® 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 P,Os (g kg™!) 0.58 0.47 0.38

Total K,0 (gkg™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 x 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~!
(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 x 108 cfu gfl 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.

Organic Carbon Total N Total P Total K Dry Bulk Density

Material kg™ gks™) (gkg™) (gkgH (gem™?)
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~!with 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~! and 170 kg P,Os ha~! in the form of urea (46% N) and diammonium
phosphate (18% N, 46% P,0Os). 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~!) 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 =Y SWC; x SBD; x SD;, 1)
SWSDj.jy1 = SWS; — SWS;,1, ()
ET = P+ 1+ SWSD, 3

where SWS is the soil water storage in the 0-100 cm soil layer (mm), SWC is soil gravimetric water
content (g gfl), SBD is soil bulk density (g cm—3), SD is soil depth (cm), SWSD;.j.1 is the change in
SWS form stage j (SWS 7) to stage j + 1 (SWS;41) (mm), ET is the evapotranspiration from the sowing
to maturity stage (mm), P is rainfall (mm), and [ 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 um
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 (cm®) 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 ™!, grain weight spike™! and 100-grain weight were also derived
from measurements on these harvested plants. Water productivity (WP, kg ha~! mm~!) 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.
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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 (040 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.

P Tests of Tests of Homogeneity ANOVA
arameters N lit £ Vari
ormality of Variances Y T YXT

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 o **
Water productivity ns ns o **

Note: Y, year; T, treatment; ns, not significant. *, significant differences at the 5% probability level; **, significant
differences at the 1% probability level.
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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