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Abstract: The monthly averaged data time series of temperatures and rainfall without interruption
of Conakry Airport (9.34° N 13.37° W, Guinea) from 1960 to 2016 were used. Inter-annual and
annual changes in temperature and rainfall were investigated. Then, different models: Mann-Kendall
Test, Multi-Linear-Regression analysis, Theil-Sen’s slope estimates and wavelet analysis where used
for trend analysis and the dependency with these climate forcings. Results showed an increase in
temperature with semi-annual and annual cycles. A sharp and abrupt rise in the temperature in 1998
was found. The results of study have shown increasing trends for temperature (about 0.21°/year).
A decrease in rainfall (about —8.14 mm/year) is found since the end of 1960s and annual cycle with a
maximum value of about 1118.3 mm recorded in August in average. The coherence between the two
parameters and climate indices: El Nifio 3.4, Atlantic Meridional Mode, Tropical Northern Atlantic
and Atlantic Nifio, were investigated. Thus, there is a clear need for increased and integrated research
efforts in climate parameters variations to improve knowledge in climate change.

Keywords: temperature; rainfall; climate indices; wavelet; trend analysis; climate change and Conakry

1. Introduction

Climate is naturally variable as evidenced by the irregularity of the seasons from one year to
another. Long-term climate variability is of great importance for the estimation of its impact on
human activities and for predicting the future climate [1]. The need to develop science programs that,
in addition to exploring long-term climate change, can meet the more immediate needs of people and
organizations to begin factoring climate risks into planning and management processes [2]. Over the
twentieth century, west African region continues to receive a lot of unusual disasters at unexpected
moments and areas. This might be a consequence of climate change and then that change is generated
on the one hand by anthropogenic activities and on the other hand by natural variation. That’s why
some previous studies done on West Africa regions highlight the variability of temperature and rainfall
and their relationship with climate indices, as Zerbo et al. [3] who studied the relationship between the
solar cycle and meteorological fluctuations in West Africa and found that temperature and rainfall are
influenced by solar activity. Schulte et al. [4] analysed the influence of climate modes on streamflow in
the Mid-Atlantic region of the United States. Many studies also have been done on the intra-seasonal
and inter-annual variability of temperature and rainfall [5-9] over West Africa areas. Previous studies

Climate 2019, 7, 93; doi:10.3390/cli7070093 1 www.mdpi.com/journal/climate
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have shown the crucial role of sea surface temperature (SST) anomalies in the tropical Atlantic region.
For instance, SST induces forcing on the summer monsoon rainfall over sub-Saharan West Africa [10].
Vizy and Cook [8] highlighted that warm sea surface temperature anomalies influences positively
the increase in rainfall along the Guinean coast. In their study on variability of summer rainfall
over tropical north Africa during the 1906-1992 period, Rowell et al. [11] showed that the global SST
variation are responsible for most of the variability of seasonal (July-August-September) rainfall from
1949 to 1990. Indeed, the annual cycle of rainfall over West Africa depends greatly on SSTs in the Gulf
of Guinea [11].

However, any climatological study over West Africa could take into account at least West African
Monsoon (WAM) and Inter-Tropical Convergence Zone (ITCZ). It is for the reason aforementioned
that several studies have been done on the WAM influence on annual climatic variability in West
Africa, [6,12] and its dynamic and onset [13-15]. Furthermore, it was also reported by Nicholson [16,17],
that a major role of the WAM system is to transport moisture into West Africa from the Atlantic.
In response to the onset of the African monsoon, the upwelling cooling is strongest in the east both
because of the strong acceleration of the southerly winds and because the thermocline is shallow
there [11].

The inter-annual variability of the WAM is mainly explained by the surface of ocean. It is worthy to
note that the surface temperature of the inter-tropical Atlantic can be analysed efficiently. It constitutes
an important climatic parameter, in the event of a strong anomaly, in all the coastal areas subjected
to the direct impact of the WAM [18]. It is for this reason that Joly and Voldoire. Ref. [12] reported
that SST anomalies are maximum in June—July, and are associated with a convective anomaly in the
marine ITCZ with a spread over the Guinean coast. ITCZ is the major synoptic-scale system controlling
seasonal rainfall [19]. It is well known that the distribution of temperature and rainfall through Earth
surface is not homogeneous. Espinoza Villar et al. [20] pointed out the impact of mountain ranges on
rainfall and specified that the long-term variability with a decreasing rainfall since the 1980s prevails
in June-July-August and September-October-November in the Amazon Basin countries.

Our study area is localized in West Africa, enclosing the three major West African climate zones:
Guinean zone (approximately 6-8° N); Soudanian zone (approximately 8-12° N) and Sahelian zone
(approximately 12-16° N) [21]. It may be stated that the region of Conakry is part of the Soudanian
zone (see Figure 1a). The station of Conakry is located at the international airport of Conakry at
9.34° N and 13.37° W, at 26 m height above the sea level (sl). Given that Conakry is a coastal zone
that lies between the Atlantic Ocean and the Kakoulima Mountain range, which forms a barrier and
promotes the Foehn phenomenon (see Figure 1b). This feature seems to be the reason that makes it the
rainiest area compared to other parts of the country. This coastal site is the national socioeconomic
development centre of Guinea, but is always threatened by heavy precipitations and strong heat waves
causing significant economic and sanitary damages and loss of lives.

The absolute poverty of a large proportion of the African continent’s people renders them highly
vulnerable to changes in climate [22]. According to the increasing impact of the climate change in this
area and the geo-climatic and environmental factors influences mentioned above, the purpose of our
approach is to investigate with the keenest interest the climate variability as well as the forcing led by
some climate indices on the temperature and rainfall at Conakry during 57 years. The aim of our study
is to improve the understanding and strengthen the knowledge on the climate variability in this region
of Guinea through a climatological approach coupled with a digital tool of analysis. After the station
dataset description and methodology, obtained results are presented and discussed.
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Figure 1. Geo-localisation of Conakry station in West Africa, map showing the three major west african
climate zones (a), map showing Conakry Airport between Atlantic Ocean and Kakoulima Mountain
range (b).

2. Materials and Methods

2.1. Data

Monthly averages of temperature and rainfall time-series are used in this study for the 1960-2016
period. They were obtained from continuous measurements at the synoptic weather station of
Conakry in Guinea. A set of 684 monthly average temperature measurement during 57 years were
used, for rainfall, the same data number were used too. The location of this synoptic station at the
international airport of Conakry makes the data set uninterrupted and of good quality. The daily
mean temperatures were calculated by averaging the daily minimum and maximum temperatures.
The monthly and yearly temperature averages were calculated from the daily and monthly averages,
respectively, for the complete study period. The histogram of monthly mean temperature peaks at
26 °C with 133 occurrences (Figure 2a).
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Figure 2. Histograms of monthly temperature frequency, the monthly temperature mean value of 26 °C
has higher frequency of observation (a) and monthly rainfall (b) overall frequency showing that the
monthly rainfall value of 0.1-100 mm has higher frequency of observation at Conakry Airport station.
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The monthly rainfall is the accumulated based on daily rainfall obtained for a particular month.
The overall annual rainfall is calculated as the sum of monthly rainfall. However, measured rainfall
commonly consists of discrete series of rainfall events with different durations and time intervals [23].
It is noteworthy that rainfall is a discontinuous parameter, thus, monthly rainfall accumulated values
used in our study oscillate between 0.1 and 1839.3 mm. Rstudio and Matlab software were used to
perform all computational tasks. The histogram of monthly accumulated rainfall peaks at 0.1-100 mm
with 178 occurrences, such as values above 1500 mm, have a lower occurrence (<10), but are very
quantitatively significant from disaster (flood, landslide) point of view (Figure 2b).

To achieve a better understanding of the forcing that may influence temperature and rainfall of
Conakry, four climate indices were used:

1.  Nifio3.4 monthly mean time series from 1960 to 2016 (684 measurements) were downloaded
from the National Oceanic and Atmospheric Administration (NOAA) website (https://www.esrl.
noaa.gov/psd_wgsp/Timeseries). The Nifi03.4 index is calculated by taking the area-averaged
sea-surface temperature (SST) within the Nifio3.4 region, which extends from 5° N to 5° S in
latitude and from 120° W to 170° W in longitude (in the Pacific Ocean). We use Nifo3.4 averages
calculated from the HadISST SST dataset, which is given by 1° in latitude-longitude.

2. Atlantic Meridional Mode (AMM) SST index from 1960 to 2016 (684 data) were downloaded from
the National Oceanic and Atmospheric Administration (NOAA) website (https://www.esrl.noaa.
gov/psd/data/timeseries/monthly). The AMM time series is calculated by projecting SST on to the
spatial structure resulting from Maximum Covariance Analysis (MCA) to sea surface temperature
(SST) over the region of 21° 5-32° N, 74° W-15° E.

3. Tropical Northern Atlantic index (TNA) is the anomaly of the monthly averaged SST values.
The TNA SST index is defined as region-averaged SST anomalies in the domain (0°-20° N,
60° W-20° E) [24]. TNA monthly mean time series from 1960 to 2016 (684 data) were downloaded
from the NOAA website (https://www.esrl.noaa.gov/psd/data/climateindices/list/#TNA).

4. The Atlantic Nifio (AN) or Atlantic Equatorial Mode is a quasiperiodic interannual climate pattern
of the equatorial Atlantic Ocean. The term Atlantic Nifio comes from its close similarity with the
El Nifio-Southern Oscillation (ENSO) that dominates the tropical Pacific basin [25]. The Atlantic
Nifio (AN) index is defined as the SST anomaly in the central-eastern tropical Atlantic: (3° S-3° N;
20° W-0° E) [26]. The AN monthly mean time series from 1960 to 2016 (684 measurements) were
download from KNMI website (https://climexp.knmi.nl/start.cgi). The equatorial warming and
cooling events associated with the Atlantic Nifio are known to be strongly related to atmospheric
climate anomalies, especially in African countries bordering the Gulf of Guinea [27]. As Conakry
is a coastal region in west Africa, we used AN in our study.

In this work, the monthly average temperature (684 measurements) and monthly rainfall
(684 measurements) as well as the monthly mean (684 measurements) of 4 climatic indices (Nfio 3.4,
AMM, TNA and AN) were used as input data for our investigation during the period 1960-2016.

2.2. Method

According to the World Meteorological Organization [28,29] (WMO), climatological standard
normals are defined as the averages calculated for uniform and relatively long period including at least
three consecutive periods of ten years. The climatological standard normals are hence the averages of
the climatological data calculated for the consecutive periods of 30 years. Our climatological study is
based on the standard normal calculated for the 1961-1990 period. The obtained arithmetic mean was
calculated (for temperature and rainfall) by using the following formula:

1 1
X=23 (), M

where, n = year number.
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Over the Conakry site, the climatological normal calculated for temperature and rainfall on the
1961-1990 period corresponds to the values of 26.5 °C and 3806.8 mm, respectively. These values are
used to calculate corresponding anomalies.

2.2.1. Mann-Kendal Test

It is always essential to work out monotonic trends in the time series of any geophysical data
before any further use. In this study, the Mann-Kendall test [30-32] was employed to detect the trends
that exist in both the temperature and rainfall time series. This method is defined as a non-parametric,
rank-based method which is commonly used to extract monotonic trends in the time series of climate
data, environmental data or hydrological data. The Mann-Kendall test statistic gives information
about the trend of the total time series and its significance. However, it is important to investigate
how the trend varies with respect to time. Therefore, the calculation of the forward/progressive
(u(t)) and backward/retrograde (1’ (t)) values of the Mann-Kendal test statistic is essential in order to
investigate both the potential trend turning points and the general variability of trends in respect to
time. This method is called the Sequential Mann-Kendall (SQ-MK), and it is well explained by [33] and
other authors [31,34]. This method has been found to perform very well in trend analyses of stream
flow and precipitation [35] and also in the field of earth remote sensing [36].

2.2.2. Multilinear Regression

One of the primaries aims of this study is to identify the relationship between the studied
time-series (temperature and rainfall at Conakry station in the present paper) and climate indices such
as TNA, Nino3.4, AMM and AN. The multi-linear regression (MLR) is a method that is frequently used
to explain the relationship between one continuous dependent and two or more independent variables
(climatic indexes in this case). The MLR model output y; based on a number “n” of observations can
be expressed as follow:

vi = Bo+ Prxip + -+ + PpXip + &, 2

where
i=1,2,3,...,n, 3

where in this case, y; is the dependent variable x;, represents the independent variables, f is the
intercept, and 1, B2, ... Py are the x’s coefficients. The final term (&i) represents the residual term
which the model should always keep its contribution as minimum as possible.

2.2.3. Theil-Sen’s Estimator

Theil-Sen slope estimate method were used to analyse the long-term trend in the data and the
seasonality. The Theil-Sen estimator (TSE) is fairly resistant to outliers and is robust with a high
breakdown point of 29.3% [37,38]. TSE method was first outlined by Theil [39] and later expanded
upon by Sen [40]. The determination of trend slope of n-pair of data is given by the formula:

Xj = X
Ty =—~—, @)
j—i
where, x; and x; presents as data values at time j and i (j > i) respectively [37].

2.2.4. Wavelet Analysis

The present study employed the Morlet wavelet which provides a good balance between time
and frequency localization [41], especially for geophysical data. Wavelet analysis includes different
wavelet functions such as the windowed Fourier transform, wavelet transform, normalization, wavelet
power spectrum, etc. The main advantage of the wavelet analysis in comparison with other techniques
is that it analyses localized variations of power within a time series. By decomposing a time-series into
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time-frequency space, one is able to determine the dominant modes of variability and their variation
with time [42]. Wavelet transform coherence (WTC) is a good method for analyzing the coherence and
phase lag between two time-series as a function of both time and frequency [43]. Therefore, we adopted
the Monte Carlo wavelet and coherence analysis to quantify the relationships between climate forcing
and the two data sets (rainfall and temperature) recorded at Conakry. More details about wavelets and
wavelet coherence and phase are given by Torrence and Compo [42], Grinsted et al. [41] and others.

Basically, from a climatological point of view, the 1961-1990 normal (30 years) was used for
this study. The models used thus show complementarity in the sense that the Mann-Kendall test
gives information about the trend of the total time series and its significance. In addition, SQ-MK is
important to determining both the trend variability in time and the trend change points in the time
series. However, it is important to identify the relationship between the studied time-series and climate
indices, for that purpose, the MLR and Wavelet are used. But the difference between these two models
is that the multi-linear regression (MLR) helps to explain the relationship between one continuous
dependent and two or more independent variables. The Wavelet analysis method helps to determine
the dominant modes of variability and their variation with time, in addition it helps to quantify the
relationships between climate forcings and the two data sets indicating the period when the correlation
is significant as well. Furthermore, it also specifies whether the parameters are correlated or not and if
so, whether they are in-phase or out-of-phase or if the causal relationship is identified or if there is
simultaneity. The results from this methodology are then discussed in the following sections and some
figures are plotted according to that done by Bilbao et al. [44].

3. Results
3.1. Climatology and Seasonality of Temperature and Rainfall

3.1.1. Inter-Annual Variation of Temperature and Rainfall

Figure 3a shows the month versus year evolution of the monthly averaged temperatures recorded
at Conakry station from 1960 to 2016. This figure indicates that Conakry is experiencing an increasing
temperature, found to be significant since 1970s. It is clearly shown on this figure that 1998 is the year
with the highest temperature (30 °C in mean recorded on April). The 1997/98 El Nifio phenomenon,
which started in March 1997 and lasted until mid-1998, had resulted in severe flooding and drought in
several parts of the world [45,46].

By analysing the evolution of the temperature in two different periods, 1960-1998 and 1998-2016
(Figure 3c), we have found an increase of 0.8 °C from the first period to the 2nd one. In average,
the temperature ranges from 26.5 °C to 27.8 °C from one period to the other. The annual averaged
temperature of 1998 is 28.1 °C. Similar analysis for another Guinean station located at 7.74° N; 8.82° W,
900 km far from Conakry is reported by Loua et al. [9]. They highlighted a warming due to the increase
in evaporation. We assume that the 1998 warming observed at Conakry seem to be linked to the
1998’s strong El Nifio. Angell et al. [47], shown that the record global warmth in 1998, particularly
in the 850-300 mb layer, is partly, if not mostly, due to the very strong El Nifio of 1997-1998. Strong
El Nifio event made 1998 relatively hot at the surface and in the atmosphere. The exceptionally
warm El Nifo year of 1998 was an outlier from the continuing temperature trend. Previous works
have also pointed out the influence of the large tropical explosive volcanic eruptions and ENSO on
precipitation and temperature changes over West Africa [48-50]. However, these studies reveal that
thus far no consensus has been reached on either the sign or physical mechanism of El Nifio response
to volcanism. Based on the use of the Fifth Coupled Model Intercomparison (CMIP5), Khodori. [49]
showed that large tropical volcanic explosions favour an El Nifio within 2 years following the eruption.
They demonstrated that volcanically induced cooling in tropical Africa weakens the West African
monsoon and the resulting atmospheric Kelvin wave drives equatorial westerly wind anomalies over
the western Pacific. This wind anomaly is further amplified by air-sea interactions in the Pacific,
favouring an El Nifio-like response. This analysis was found in agreement with the study reported by
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Liu et al. [50]. Through the use of the Community Earth System Model (CESM1), they shown that
volcanic eruptions are efficient in reducing the monsoon precipitation. In addition to reduce moisture
heavily, the volcanic eruptions can affect the circulation field much [50].
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Figure 3. Yearly/monthly evolution of temperature (a) and rainfall with a pick during June-July-August
(b); interannual evolution of temperature, dotted vertical line is the year 1998 (c) and interannual
evolution of rainfall (blue bars) with rain day (black solid line) (d).

For the 1998 warming, Wang Shaowu et al. [51] explained that it is evident the annual temperature
of 1998 set the highest record for the past century in China. Foster and Rahmstorf [52] reported
the strong influence of known forcings on short-term variations in global temperature, including El
Nifio-Southern Oscillation (ENSO), and to a lesser degree, solar cycles. It so happens that 1982-1983
and 1997-1998 were the times of two biggest El Nifio on record, and it is well established that a mini
global warming occurs at the latter stages of an El Nifio as heat comes out of the upper ocean and
contributes to a warmer atmosphere and surface, but resulting in a cooler ocean [53].

The Figure 3b shows the yearly/monthly evolution of rainfall. There are climate conditions where
one summer may be sunny, dry, and warm, whereas another may be cool, cloudy, and wet. Globally,
the biggest cause of such regimes that last several seasons is the ENSO phenomenon [54]. For the
specific case of Conakry, we remark that the evolution of temperature and rainfall through Hovméller
representation (year/month) shows an interseasonality for rainfall, and an increase in temperature.
Additionally, for each year, the monthly maximum values of rainfall (>1500 mm) are recorded during
the period June-July-August-September. Smallest amount of annual overall rainfall was recorded
on 1984 (Figure 3d) and seem to be linked to the 1980s severe drought [55,56] that West Africa has
experienced. On the one hand, the increase in temperature observed may be a response to global
warming, and it is therefore consistent to diagnose whether warm years coincide with the occurrence
of some geophysical phenomena such as El Nifio. On the other hand, the remarkable interseasonality
can be associated not only to the climatic warming but also to the irregularity in the intensification of
the WAM and the dynamics of the ITCZ.

From this general overview of the interannual evolution of these meteorological parameters,
we therefore proceeded to the analysis of the monthly climatology in the following section. This analysis
allowed us to better understand the variability of the monthly climatological average of each parameter
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during the year. It will therefore be necessary to highlight the different seasons to which this region
is subject.

3.1.2. Monthly Climatological Variations

Figure 4a depicts the variation of monthly climatology of temperature during the year over the
whole period of observation at Conakry. Climatologically, the variation of monthly mean temperature
shows clearly that the semi-annual cycle is dominant than the annual cycle. During the year,
the temperature means oscillate between 24.2 °C and 30.1 °C with an annual mean of 26.8 °C. During
the winter season, the monthly mean temperature may reach a peak in November (27.3 °C) and a
second one in April (28.1 °C). In summer (June-October), it decreases in August (25.4 °C). This abrupt
decrease in temperature that starts in may corresponds to the beginning of the rainy season, remarkably,
a strong shift appears in June which seems to be due to the onset of WAM. Sylla et al. [57] reported
that the beginning of rainy season in the West Africa Region can be associated with the northward
migration of ITCZ from 4° N to 10° N, and the onset of the West African summer monsoon in the
second half of June.
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Figure 4. Climatology of monthly temperature showing two picks on April and November (a) and
monthly rainfall showing a pick on July (b) as derived from ground observations at Conakry station
from 1960 to 2016.

While during summer, under a cloudy sky, or overcast and rainiest, there is less solar radiation
that reaches the Earth’s surface. The temperature remains relatively low, resulting in a small thermal
amplitude. The equatorial cooling intensifies the southerly monsoon in the Gulf of Guinea and pushes
the continental rain band inland from the Guinean coast [11].

The Figure 4b shows the evolution of monthly climatology of rainfall at Conakry during the
year. The variability of rainfall during the year shows an annual cycle with a peak recorded on
August (>1000 mm). It is clear that the rainfall becomes significant in May, that corresponds to the
beginning of summer (ICTZ northward migration), and it is followed by an abrupt upward jump
in June (WAM onset) before reaching the peak in August (ICTZ at 10° N). During that period, the
temperature decreases gradually from April to reach the minimum in August (Figure 4a). By the
beginning of September, the rainfall is characterized by abrupt downward jump when the temperature
starts increasing (ICTZ downward migration and weakening of WAM), and then the latest rains in
the year are recorded in November. The beginning and end of rainy season are characterized by high
frequency of strong storms in Guinea [9].

3.1.3. Temperature and Rainfall Anomalies

Temperature/rainfall anomaly from normal calculated for the period from 1961 to 1990 refers
to the difference in degrees Celsius/in millimeter between the average annual temperature/annual
rainfall observed from 1960 to 2016 in comparison with the average annual temperature/annual rainfall
observed during the period from 1961 to 1990.
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In this study, annual averaged temperatures were standardized by using the average of the period
1961-1990 (26.5 °C). In Figure 5a, the blue (red) bars indicate the negative (positive) anomalies and the
fit line shows upward trend of temperature. Temperature anomalies could be classified in three classes:

e (a) the cold class: it corresponds to periods with negative anomalies (1960-1962; 1964-1965;
1967-1968; 1971; 1974-1976; 1986);

. (b) the quiet or normal class with temperature anomalies close to zero (1963; 1966; 1977-1978;
1985-1986; 1988-1992, 1994) and;

e (c) the warm class with positive anomalies (1969-1970; 1972-1973; 1979-1984; 1987; 1993;
1995-2006). The last period of the warm class is the warmest and longest one, it lasts about
12 years (1995-2006).
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Figure 5. Temperature anomalies with dotted vertical line showing the year 1998, the blue (red)
bars are negative (positive) anomalies and the increasing linear trend (a). Rainfall anomalies with
decreasing linear trend, blue (white) bars indicate positive (negative) anomalies (b) of Conakry airport
station: 1960-2016.

These results are consistent with those reported by Loua et al. [9]. On the whole, the inter-annual
evolution of temperature shows a predominance of the warm class (positive anomalies) since 1992,
and then all the following years are classified as warm, with a maximum in temperature anomalies
obtained in 1998 (higher than + 3 °C). Among the most intense El Nifio episodes of the last forty years,
the one of 97-98 was the one that triggered the earliest and most severe. The countries most affected in
terms of their infrastructure were USA, Indonesia and Brazil, but the highest human losses remain for
Africa [58]. To confirm our result by the global analysis of surface temperature, Simmons et al. [59]
highlighted that surface warming from 1998 to 2012 is larger than indicated by earlier versions of the
conventional datasets used to characterize what the fifth assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) termed a hiatus in global warming.

Figure 5b illustrates the rainfall anomalies corresponding to the period from the year 1960 to 2016,
using 1961-199 standard normal (3806.8 mm). It shows that there are both positive (blue) and negative
(magenta) anomalies of rainfall during the study period. The positive (negative) anomalies correspond
to wet (dry) years, and consecutive years (1970-1974) and (1981-1985) define two driest periods which
correspond to two drought events in west Africa (1970s and 1980s). Peel et al. [60] highlighted that
the consecutive dry years are associated with drought, which is a significant physical and economic
phenomenon that imposes great stress on ecosystems and societies. However, drought is a part of
natural climatic variability on the African continent, which is high at intra-annual, inter-annual, decadal
and century timescales [61]. Where considering both the temperature and rainfall anomalies (Figure 5),
we may notice that during the years 1970 and 1980 there were severe drought episodes in the study
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area. This was also reported by previous studies such as [62,63]. The West African Sahel is well known
for the severe droughts that ravaged the region in the 1970s and 1980s [17].

This section allowed us to identify periods of hot consecutive years (70, 84 and 1992-2016) as well
as periods of consecutive dry years (70-74 and 81-85). These periods served us as important references
to take into account for the rest of the analysis on the variability of the trend and with the forcings used
as well.

3.2. Trend Analysis of Temperature and Rainfall

In this study, the Mann-Kendall (MK) trend test was used. In regards to the temperature time
series, a significant positive Z-scores value (9.3067) which is far greater than 1.96 was found, suggesting
that the temperature trend is increasing. However, for rainfall, the MK trend test shows no-significant
negative Z score (—0.17143) which above —1.96, suggesting weak decrease in rainfall variability.

Figure 6a shows the sequential statistic values of forward/progressive (Prog) u(t) (solid red
line) and retrograde (Retr) u’(t) (black solid line) obtained by SQ-MK test for Conakry yearly mean
temperature. In general, SQ-MK indicates and upwards trends of temperature in Conakry which is
noticeable in both Prog. and Retr. SQ-MK statistic. The possibility is that the upwards trend started
before the beginning of the time series (1960) because the change detection point, a point where Prog.
and Retr. cross each other did not occur in the graph. What is noticeable in this figure is that, it is only
from 1984 that this progressive SQ-MK statistic becomes positive and significant. At the same pace,
it gradually increases until 1989 and then stands until 1998, the year from which the trend has increased
significantly far above the confidence level (+3.866541) up to 2016 (+9.306717). There is a significant
upward trend which seems to coincide with the 1970s 1980s droughts episodes and strongly the 1998
and 2014-2016 strong El Nifio event. In a study that uses the similar non-parametric test method,
Suhaila et al. [64] reported that the detection points captured by Pettitt and SQ-MK tests in Peninsular
Malaysia temperature series during the years 1996, 1997 and 1998 are possibly related to climatic
factors, such as El Nifio and La Nifna events. The retrograde statistic values are significant and negatives
during the period from January 1960 to 1992 before it continues to be within the 95% confidence level
limits (+1.96) except the year 1998 which the retrograde statistic value is significantly positive.
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Figure 6. Sequential Mann-Kendal statistic values of progressive u(t) (solid redline) and retrograde
u’(t) (black solid line), obtained by Sequential Mann-Kendall test for temperature (a) and rainfall (b) of
Conakry airport: 1960-2016.

Figure 6b depicts the sequential statistic values of forward/progressive (Prog) u(t) (solid red
line) and retrograde (Retr) u’(t) (black solid line) obtained by SQ-MK test for Conakry annual rainfall
data for the period from 1960 to 2016. A strong significant upward trend was observed in late 1961,
with the significant trend turning point observed in June 1962, which means that 1961 is the only
year that is characterized by a positive and significant trend over the entire study period. But a
careful analysis of the trend in progressive and retrograde which are non-significant (between +1.96)
and sometimes negative or positive shows two distinct periods that correspond to that found by the
analysis of precipitation anomalies. For the first period (1970-1974) and the second period (1981-1985),
the Retrograde curve is below the progressive curve in the negative band, which corresponds to
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periods of deficit rainfall. For the rest of the study period, the two curves intersect each other or the
retrograde curve is above the progressive curve, that corresponds to periods with variable or normal
rainfall. The response of the West African drought of 1970s and 1980s is clearly identified by the
reduction in the rainfall at Conakry. Statistically there is a no-significant downward trend in rainfall
since the end of 1960s.

In summary, the SQ-MK testand MK model for Conakry yearly data shows that the temperature and
rainfall are subject to a significant increasing trend and a no-significant decreasing trend, respectively,
during the period from 1960 to 2016. Thus, these methods seem to be useful for explaining the
variability and trends of both temperature and rainfall.

In order to investigate physical relationships between climate forcing, precipitation and streamflow
in the Mid-Atlantic region, Schulte et al. [4] selected eight climate indices. In the present study,
four climate indices (Nifio3.4, AMM, TNA and AN) were used as explanatory variables for this model
because of their well-known possible influence on temperature and rainfall variability over West
African region. The relevant time series of these climate indices are shown in Figure 7. Zebiak [27]
specified that the dominant signature of ENSO is clearly focused on the Equator and its temporal
variability is strongly focused at 3-5-year time scales.

Nino3.4 anomalies[°c]
AMM anomalies[°c]

NohbdbNrORNWANON®D

TNA anomalies[°c]
AN anomalies[°c]

Figure 7. The standardized monthly Nifio3.4 (a), AMM (b), TNA (c) and AN (d) time series for the
period from 1960 to 2016. The vertical dashed lines indicate the year 1998.

There are two main forms of coupled ocean—atmosphere variability that exist in the tropical
Atlantic Ocean, namely: the first one Atlantic Meridional Mode (AMM) [65] which is also called the
interhemispheric mode [66]. It was originally identified by Servain [67]. This mode of variability
is characterized by an interhemispheric gradient in sea surface temperatures and by oscillations in
the strength of surface winds that cross the Equator, thereby reinforcing sea surface temperature
anomalies [68]. The pronounced coupled ocean-atmosphere variability in the Tropical Atlantic is
generated by fluctuations in the Atlantic Meridional Mode (AMM) [68]. The AMM is characterized
by an anomalous meridional shift in the Intertropical Convergence Zone (ITCZ) that is caused by a
warming (cooling) of SSTs and a weakening (strengthening) of the easterly trade winds in the northern
(southern) tropical Atlantic [69]. And, the second one is the zonal mode, also called the Atlantic
Nifio [70]. Its seasonal evolution is due to surface wind variations associated with the northward
migration of the ITCZ [71].

The tropical northern Atlantic (TNA) SST anomaly pattern is an important component of the
tropical Atlantic SST variability, which is characterized by warm (or cold) SST anomalies in the TNA [72].
Sea surface temperatures in the tropical North Atlantic (TNA) affect the meridional movement of the
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ITCZ and its band of heavy rainfall and cloud cover [73]. The Atlantic Nifio (AN) is often regarded as
something like the little brother of El Nifio. During Pacific El Nifio events, sea-surface temperatures
(SSTs) in the central and eastern equatorial Pacific become warmer than average. Prevailing theories
on the equatorial Atlantic Nifio are based on the dynamical interaction between atmosphere and
ocean [74]. In very much the same manner, SSTs in the central and eastern equatorial Atlantic become
warmer than average (or anomalously warm) during Atlantic Nifio events. The Atlantic Nifio index
used in this study is obtained by calculating the area average of SST in the cold tongue region, defined
as 20° W to 0 and 3° S to 3° N [26]. While El Nifio usually peaks in northern hemisphere winter,
the Atlantic Nifio peaks in summer [75]. Therefore, understanding of the Atlantic Nifio (or lack thereof)
has important implications for climate prediction in those regions. Although the Atlantic Nifio is an
intrinsic mode to the equatorial Atlantic [27].

There may be a tenuous causal relationship between climate parameters and the Atlantic Nifio in
some circumstances. Therefore, MLR and Wavelet analysis are used to identify the dependency and
coherence between temperature, rainfall and climate forcings.

The correlations between the four indices used in our study are shown in Figure 8. There is strong
correlation coefficient between AMM and TNA (0.76). As the two explanatory variables are strongly
correlated, the MLR analysis may have difficulties to separate the contributions. For that purpose,
the wavelet analysis was used by calculating the coherence between explanatory variables and the
dependent variable separately.

Nino3.4

n= 684 -0.42* 0.21 -0.00

0.76 " 0.01

o s -1.0 05 00 05 1.0
Nino3.4 AMM TNA

Figure 8. Correlation between the standardized monthly Nifno3.4, AMM, TNA and AN time series for
the period from 1960 to 2016, “n” is data number. The values are the correlation coefficient between the
4 parameters and we found that TNA and AMM are significantly correlated. The “***”; “**”; “*%; show
that the correlation is significant to the 0.001; 0.01; 0.1 level and ” “ mean that there is no correlation.

For the MLR the explanatory variables (AMM + Nifo3.4+ TNA + AN) were used. The output
of the MLR statistical analysis of temperature and the independent variables is shown in Table 1.
Statistically the results in Table 1 reveal a significant relationship between temperature and Nifio3.4
AMM, and TNA, with p-values of 0.0138, 1.99 x 107, and less than 2 x 101, respectively. The p-value
for AN indicates a statistically insignificant association with the temperature because of p-value which
is far greater than 0.05.
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Table 1. The output of Multiple Linear Regression (MLR) model in which temperature is a dependent
variable and AMM, Nino3.4, TNA and AN are independent variables.

Variables  Estimate  Std. Error  ¢-Value p-Value Significance

Nifio 3.4  —0.11653  0.04722 ~2.468 0.0138 *
AMM -0.14055  0.02675 -5254  1.99 x 107
TNA 1.79296 0.20497 8.747 2 x 10'° ek

AN 0.14372 0.08790 1.635 0.1025

Significant codes: 0 “***” 0.001 ** 0.01 *” 0.05". 0.1 " 1.

A comprehensive summary of the MLR analysis statistics encompassing rainfall, Nifio3.4, AMM,
TNA and AN is shown in Table 2. The results in Table 2 reveal a statistically significant relationship
between rainfall and Nifio3.4, AMM, and TNA with p-values of 0.04374, 0.00441, 0.00301. The p-value
for AN indicates a statistically insignificant association with the rainfall because of p-value (0.73691)
which is far greater than 0.05. A strong dependence between the two meteorological parameters, AMM
and TNA were found. And then, Nifio3.4 has a moderate influence on the temperature and rainfall of
Conakry. The low dependency between the AN and these two meteorological parameters would be
due to the distance between the Conakry site and the NA focus (3° S-3° N), and this could be verified
for another station closer to the equator. To analyse the two-component dependence of which one
in the temporal environment and the other in the frequency environment between the temperature,
the rainfall and the forcings used in the study, unlike the MLR, the wavelet model has been evaluated
and model outputs are explained in the next section.

Table 2. The output of Multiple Linear Regression (MLR) model in which rainfall is a dependent
variable and AMM, Nino3.4, TNA and AN are independent variables.

Variables  Estimate  Std. Error  t-Value p-Value Significance

Niiio 3.4 43.55 21.55 2.020 0.04374 *

AMM 34.89 12.21 2.857 0.00441 **

TNA —278.57 93.56 -2.977 0.00301 **
AN -13.49 40.12 -0.336 0.73691

Significant codes: 0 “***”0.001 **" 0.01 *” 0.05 . 0.1 " 1.

An influential variable for most African rainfall areas is the zonal wind over the tropical Atlantic,
the north-south SST gradient in the tropical Atlantic modulates rainfall in West Africa as expected [76].

Figure 9a depicts the time evolution of mean monthly temperatures, with the warming trend
line superimposed. From Theil-Sen function, in this study, 684 points were used for trend estimation.
The trend estimate is: p <0.001 =***, p <0.01 =**, p <0.05="*and p <0.1 = +. The temperature increases
at 0.02 °C per year (0.2 °C/decade) at Conakry. The superimposed red line indicates the obtained
linear trend. And the dashed red lines indicate the 95% confidence interval. The annual evolution
of rainfall exhibits a negative slope, which corresponds to decreasing trend (Figure 9b) at —8.14 mm
per year (81,4 mm/decade). Compared to other sites in West Africa, our results are similar to that
found by [32], for stations in downstream Kaduna River Basin during 1975-2014, in Nigeria. The fifth
Intergovernmental Panel on Climate Change assessment stated Africa surface temperature already
increased by 0.5 °C-2 °C over the past hundred years and an observed drop in average annual rainfall
of approximate 25-50 mm each decade from 1951-2010 in some parts of West Africa [77]. Globally,
according to the IPCC Special Report [78], it has been reported that the warming of anthropogenic
origin has already exceeded the environment.

13



Climate 2019, 7,93

| .
0.21 (0.2, 0.23] unitslyeag

Temperature (°C)

Rainfall (mm)

T T T T T
1970 1980 1990 2000 2010

Year

Figure 9. Shows the long-term trend of monthly temperature (a) and rainfall (b). The solid red line
shows the trend estimate and the dashed red lines show the 95% confidence intervals for the trend
based on resampling methods. The overall trend is shown at the top-left as 0.21 °C per year (a)
and —8.14 mm per year (b), and the 95% confidence intervals in the slope from 0.2-0.23 °C/year (a)
and —10.5-6.03 mm/year (b). On the figures, the sign “***”” shows that the trend is significant to the
0.001 level.

The seasonal distribution of temperature is shown in Figure 10a. the increase in temperature is more
significant in winter (December—January-February) of 0.03 °C per year than spring (March-April-May),
summer (June-July—August) and autumn (September—October—-November) of 0.02 °C per year.
The Figure 10b depicts the seasonal distribution of rainfall; no significant trend is observed in the
winter months and rainfall values seem to be stables. Negative linear trend was found in spring
(—0.34 mm/year), autumn (—1.23 mm/year) and for summer, the trend is positive (0.1 mm/year).

3.3. Wavelet Analysis

The Figure 11 shows the normalised wavelet power spectrums calculated for the time series of
temperature (a) and rainfall (b) for the period from year 1960 to 2016. In this figure, the “u” shaped
solid lines represent the cone of influence (COI) which define the region of the spectrum which should
be considered in the analyses. The COI actually indicates areas where edge effects occurs in the time
series [44]. The thick black contours are the 95% significant regions of confidence level [42].

The main purpose of using the wavelet transform technique in our study is to identify any
dominant variability mode that may be present within the two meteorological parameters (temperature
and rainfall). In general, the wavelet transform of temperature shows two distinctive peaks (Figure 11a)
corresponding at 6 and 12-month periods. The 12-month period shows strong power spectrums
during the distinctive periods of 1961-1965, 1970, 1984 and 1992-2016. Its intensity increases with
no-interruption from 1992 to 2016. These dominant wavelet peaks seem to be consistent with the
results presented in Figure 3c. The wavelet power spectra for rainfall indicate a strong power spectral
peak of 12-month cycle which starts from year 1960 to 2016 (Figure 11b). Moreover, there is a weak
power that seems to appear at 6-month period for a few years and within the 95% significant regions
of confidence level for distinctive years 1961, 1965, 1967, 1970, 1986-1992, 1998-2000 and 2002-2007.
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Figure 10. The plot shows the Seasonal trend distribution of monthly mean temperature (a) and rainfall
(b) obtained with Theil-Sen’s estimate. The solid red line shows the trend estimate and the dashed red
lines show the 95% confidence intervals for the trend based on resampling methods. The vertical red
line indicate year 1998. There is no trend in rainfall during winter (0 mm per year).
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Figure 11. Wavelet transform of temperature (a) and rainfall (b) variability from 1960 to 2016 at Conakry.
The black solid line contour delimits the region (red) where the power is strong and significant and the
cone of influence indicates the 95% confidence level.
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It is important to note that the distinctive power periodicities found in temperature may be
associated with the annual and semi-annual cycles, which are controlled by the alternation between
dry and wet seasons. The strong and continuous power spectrums shown by rainfall confirms the
annual cycle variability of rainfall year-round. Sylla et al. [7] pointed out that depending on a given
year, the onset of WAM may be strong or quiet in the second half of June and the West African rainfall
is highly variable on intra-seasonal, interannual, and interdecadal time scales. The wavelet coherence
analysis between temperature, rainfall and the four climate indices used in this study is shown below.

Wavelet coherence is a method for analysing the coherence and phase lag between two time series
as both a function of time and frequency [43]. This method has been shown to be the best possible
method to indicate teleconnection between two independent time series. Thus, this section focuses
on investigating the teleconnection between both Conakry temperature and rainfall, and selected
climate indexes. Figure 12 shows the cross-wavelet power spectra for (a) Temp-Nifio, (b) Temp-AMM,
(c) Temp-NA, and (d) Temp—-AN, respectively. The phase relationship is represented by arrows.
The regions where two cross-wavelet parameters are in phase is shown by arrows point to the right,
anti-phase if the arrows point to the left, and temperature or rainfall leading (or lagging) if the arrows
point upwards (or downwards), respectively. The vectors were only plotted for areas where the
squared coherence is greater or equal to 0.5. More details about wavelet coherence calculations can be
find in studies such as Grinsted et al. [41] and Schulte et al. [4]. The solid black line indicates the cone
of influence (COI) where the edge effects become significant at different frequencies (scales), and the
solid black line delimit the 95% significant regions of confidence level.
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Figure 12. Wavelet coherence between temperature and Nifo 3.4 (a), AMM (b), TNA (c) and AN
(d) 19602016, the phase relationship is represented by arrows. The black solid line contour delimits
the region (red) where the power is strong and significant and the cone of influence (solid black line)
indicates the 95% confidence level.

Having found that the wavelet transform shows strong forcings with 6 and 12-months periods
in temperature variability, we have proceeded to identify the wavelet coherence signature between
temperature and the four climate modes (Nifio3.4, AMM, TNA and AN). Figure 12a shows the

16



Climate 2019, 7,93

coherence calculated for the monthly mean temperature and Nifio 3.4 in both time and frequency
domain. At the period band of 32-64 months, significant relationship between the temperature and
Nifio 3.4 is clearly visible from 1960 to 2016. According to the arrows (phase) which are pointing
upward and then turning to the right at the period band 32-64, the temperature seems to lead the Nifio
3.4. Also, there seems to be an in-phase relationship which may indicate a strong teleconnection of
the Conakry temperature to Nifio variability. It is also important to note that there is a distinctive
appearance of periods which are less than 13 months in the time series, with varying phase relationships
between the parameters.

The wavelet coherence between temperature and AMM (Figure 12b) is observed to delineate
some areas that have high significant power at periods between 4-12 months with significant peaks of
distinctive periods 1960-1970, 1984-1990 and 2005-2016. A study by Foltz et al. [79] also reported that
there was cooling of SSTs in the equatorial North Atlantic (ENA; 2°~12° N) in 2009 in response to a
strong Atlantic meridional mode event. It is also important to mention that there are significant peaks
appearing in the period band of 32-48 months during 1969-1976 and 2005-2010, respectively. A key
component of the AMM is a positive feedback between the ocean and the atmosphere. Surface air
pressure responds to the SST anomalies, becoming higher than normal over the anomalously cold SSTs
and lower than normal over anomalously warm SSTs.

In Figure 12¢, there is a significant in-phase relationship between the temperature and TNA during
the period band of 8-12 months with strong power during 1962-1970, 1975 and 1973-1984. In addition,
itis noted that a significant in-phase relationship is also found during 1965-2004 and 2006 at the period
band of 30-64 months. The Figure 12d shows an in-phase coherence between temperature and AN
corresponding at the period band of 8-12 months during 1965-1970 and 1972-1984. At the period band
of 32-64 months, the AN lead the temperature, so the significant power appears at the period from
1963 to 1968, 1982 to 1992 and 1994. From these results, it can be suggested that the four climate indices
contribute to drier conditions across the Conakry region. Then, the wavelet coherence spectra show
that the Nifio 3.4, AMM, TNA and AMM are coherent with temperature at different time scales. We can
summarise that temperature is subjected to climate indices forcing at Conakry. Anomalous surface
wind flow from the cold to the warm hemisphere, strengthening the mean south-easterly trade winds
in the South Atlantic and weakening the north-easterly trade winds in the North Atlantic. The surface
wind anomalies thus provide a positive feedback onto the initial SST anomalies by forcing changes in
wind-induced evaporative cooling of the ocean.

The wavelet coherences between four climate modes and rainfall are shown in Figure 13. Significant
in-phase coherence was found with the Nifio 3.4 at a band period of 8-12 months (Figure 13a).
This coherence suggests that the negative phase of Nifio 3.4 is in agreement with dry years and its
positive phase with wet years at Conakry site. The secondary peak of significant coherence appears at
the band period of 16-32 months from 1962 to 1967. The observed significant coherence at a period
of 16-32 months seem to be partially linked to the response of wet condition of 1960s. An in-phase
relationship between rainfall and Nifio 3.4 is found too at the band period of 128-256 months from
1970 to 2005. Since ENSO events can have substantial influence on African rainfall [80], the equatorial
region exhibits more rainfall during El-Nifio years than La-Nina years [81]. In the Indian Ocean basin,
Narasimha and Bhattacharyya [82] suggested that the stronger coherence between Homogeneous
Indian Monsoon and Nifio 3.4 is found in the 2-7-year band and that both rainfall and the Nifio 3.4
index appear irregular and random. During 1950-99, there were seven most significant El Nifio events
(1957-58, 1965-66, 1972-73, 1982-83, 1986-87, 1991-92, and 1997-98) for which the SST anomalies in
the Nifio 3 region (5° 5-5° N, 150° W-90° W) exceeded 1 °C [83].
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Figure 13. Coherence between rainfall and Nifio3.4 (a), rainfall and AMM (b), rainfall and TNA (c) and
rainfall and AN (d) 19602016, the phase relationship is represented by arrows. The black solid line
contour delimits the region (red) where the power is strong and significant and the cone of influence
(solid black line) indicates the 95% confidence level.

The Figure 13b depicts the wavelet coherence between rainfall and AMM and indicates that
the AMM response to the rainfall variability shows an in-phase relationship at the band period
of 8-12 months during the periods 1960-1970, 1978-1984, 1985-1990 and 1995-2016. The wavelet
coherence analysis detected at the band period of 16-32 months lagged (i.e., AMM leading) relationship
with the wet conditions during 1965, 1998-2004 and 2005-2016. Another peak is shown around
64 months from 1970 to 1984, which seems to be in relationship with the 1970s and 1980s droughts.
The AMM is the dominant source of coupled ocean-atmosphere variability in the Atlantic and it affects
rainfall in tropical cyclone development in the North Atlantic. During a positive phase of the AMM,
the ITCZ is displaced northward. Warmer than normal SSTs and weaker than normal vertical wind
shear during positive phases of the AMM tend to enhance tropical cyclone development in the Atlantic.
The conditions are opposite for the negative phase of the AMM. The AMM exhibits strong variability
on interannual to decadal timescales.

Figure 13c shows the coherence analysis between rainfall and TNA. A significant coherence and
out-of-phase between rainfall and TNA is found at the band period of 8-12 months during 1961-1970
and 1980. A second significant coherence of in-phase relationship is shown at the band period of
16-32 months from 1965 to 1970 and 2005 to 2012. Comparing to the results of the case study for the
northern part of Brazil, Uvo et al. [84] reported that the variations of April-May averaged precipitation
are closely connected to the changes in the TNA SST. And sea surface temperatures in the tropical
North Atlantic affect the meridional movement of the ITCZ and its band of heavy rainfall and cloud
cover [73]. Furthermore, the results found by Sun et al. [85] clearly demonstrate that the climate indices
have the influential consistent correlation relationship with the precipitation variation in Korea.

The wavelet coherence between AN and Conakry rainfall data was also computed (Figure 13d).
The wavelet analysis detected a statistically significant coherence and in-phase relationship at the
band period of 4-12 months during the years 1965, 1970, 1980, 1986 and 2005. Significant out-of-phase
coherence was found at a band period of 32-48 months during the periods 1965-1984 and 2005-2013,
suggesting that the positive phase of the AN contributes to drier and cooler conditions in Conakry.
A period of significant coherence between the AN and rainfall extending from 1976 to 1994 was
also identified at the band period of 128-190 months (~11-year), which may be due to solar cycle.
Using wavelet techniques to examine the association between Indian monsoon and solar activity,
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Bhattacharyya and Narasimha [86] found the power in the 8-16 y band during the period of higher
solar activity at confidence levels exceeding 99.88%. The teleconnection between AN and both the
temperature and rainfall measured at Conakry seems to be in agreement with previous studies
(e.g., Hastenrath and Polzin. [87]; Rodriguez-Fonseca et al. [88] and others). In their study on the role
of the SST anomalies in the West Africa droughts, Rodriguez-Fonseca et al., 2015 reported that the
tropical Atlantic SST variability influence the West Africa rainfall in different time scales: the variability
in areas closer to the equator and those at the south.

To compare our result to those of other areas, a study by Mbata et al. [89] reported for the sector
of Democratic Republic of Congo that the wavelet analysis of the rainfall time series indicates an
important fluctuation between practically 1960 and 1970. And then, Giannini et al. [90] suggested
that the atmospheric convection and circulation changes due to the Atlantic Nifio can cause increased
precipitation across the equatorial Atlantic and decreases over the Sahel. These climate modes
appear to have contributed substantially to the 1970s and 1980s drought in a different way and scales.
The widespread influence of El Nifio Southern Oscillation (ENSO) events on regional climate can have
considerable socio-economic impact Climatic effects of ENSO, which vary substantially with region
and season [91].

4. Discussion

Compared with previous studies on the variability of temperature and precipitation in West
Africa [55,56], this study gives a more comprehensive investigation on variability of both warm
and cool conditions that could be induced by temperature and of both wet and dry conditions by
precipitation at Conakry. It provides more detailed information about their association with large-scale
ocean—atmosphere oscillations as well as the trend analysis.

The findings revealed that the interannual evolution of temperature is characterized by a strong
increase over the study period. As for the annual change, a semi-annual cycle and an annual cycle are
found. The rainfall trend exhibits a slight decrease. Contrarily to Conakry site, Bose et al. [92] have
found a significant positive increase in rainfall in the entire northern Nigeria within the period of 1970
to 2012.

Trends along the Guinea Coast are weak and non-significant except for extreme rainfall related
indices, this missing significance is partly related to the hiatus in rainfall increase in the 1990s, but also
to the larger interannual rainfall variability [93]. Temperature anomalies with an upward trend,
remain positive since 1992 for all subsequent years, which corresponds to global continuous warming.
The precipitation anomalies show a downward trend and the analysis has clearly shown the 1970s and
1980s drought periods’, which caused significant material damage [94,95] and enormous loss of human
life. Drought over all of West Africa is associated with the growth of positive SST anomalies in the
eastern Pacific and in the Indian Ocean, and negative SST anomalies in the northern Atlantic and in the
Gulf of Guinea [96]. The decrease of precipitation found by our study is in agreement with study by
Aguilar et al. [97], who clearly specified that the measures of overall total precipitation are decreasing
in Guinea. For the region that extend from 20° W-10° E and from 11° N-18° N, Panthou et al. [98]
revealed the higher frequency of heavy rainfall and the return to wetter annual rainfall conditions
since the beginning of the 2000s—succeeding the 1970-2000 drought. Furthermore, from our results,
the 1970s and 1980s drought periods” have been exhibited, which were confirmed in Niger River
Basin, by Djigbo F Badou et al. [55] who highlighted that the wetness of the decades, 1990s and 2000s
and the manifold floods records of the first half of 2010s over West Africa are evidences that the
droughts of 1970s and 1980s have stopped. An overview of the mechanisms that have been proposed
to explain the influence of the AN with other climate modes within and outside the tropical Atlantic is
given by Liibeckke et al. [99]. Most of part of the mechanism involve fluctuations in the wind field
over the equatorial Atlantic. Part of these wind stress anomalies are excited by SST changes in the
equatorial Atlantic itself [100]. They can also be due to a response to ENSO or variations in the South
Atlantic subtropical high. Nnamchi et al., [101] suggested that thermodynamic feedbacks excited by
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stochastic atmospheric perturbations (driving surface heat fluxes), can explain a large part of the SST
variability in the eastern equatorial Atlantic. The impact of AN on rainfall over Gulf of Guinea is direct
because the warm SST reduce low level wind flow inland, leading to positive precipitation anomalies
over the Gulf of Guinea and adjacent coastal region [102]. After confirming the drought of 1970s
and 1980s, Masih et al. [56] reported that African continent is likely to face extreme and widespread
droughts in future and this evident challenge is likely to aggravate due to slow progress in drought risk
management, increased population and demand for water and degradation of land and environment.

To compare our result to global temperature, from 1979 to 2016 using ERA surface air temperature,
Simmons et al. [59] clarified that, early in 2016 the global temperature appears to have first touched
or briefly breached a level 1.5 °C above that during the industrial area, having touched the 1.0 °C
level in 1998 during a previous El Nifio. Thermodynamic feedbacks constitute the main source of
Atlantic Nifo variability [74]. Precipitation exhibits a clear and distinct pattern during different phases
of ENSO. Dynamical parameters, specific humidity and horizontal wind also exhibit clear differences
for both ENSO phases [81].

The upward trend in temperature and the downward trend in rainfall was verified by the
Mann-Kendall test. To understand the influence of climatic forcings on both meteorological parameters,
the linear regression model was evaluated and it has been found that TNA and AMM have a more
significant dependence than other indices. For extremes analysis, Aguilar et al. [97] used long term daily
temperature and precipitation data set of Guinea and other countries in Africa. For Conakry station,
they found inhomogeneous data before 1950 and after around 1995. Then they used RClimDex to
processes them in order to gethomogeneous data. But after checking the archives of database of Conakry,
we found that the exceptional shift of temperature in 1998 is not linked to instrument replacement nor
any error of digitalization. The wavelet analysis of both signals showed the semi-annual and annual
cycles in temperature and the annual cycle in rainfall. A study conducted by Adejuwon et al. [102],
for 16 stations in west Africa (Nigeria) highlighted that for all the series analyzed, there is the general
tendency towards increasing aridity and spectral analysis indicates prominent periods of between
2-and 8-year cycles.

Several previous studies have shown that there is existence of significant simultaneous covariability
of ENSO with West African rainfall [80,103,104]. One of the possible teleconnection mechanisms
that could explain the ENSO influence on West Africa rainfall is the eastward shift of the Walker
circulation and subsequent decent over the Afro-Asia during the El Nifio events [104]. The process of
this Walker-type circulation is associated with reduced rainfall in the West Africa during the El Nifio
events. Also, El Nifio events also increase transport of heat flux from ocean to the atmosphere which
results in tropical warming.

The observed strong relationship between AMM and both temperature (Table 1) and rainfall
(Table 2) is in agreement with a study by [71]. In their study, Doi et al., [71] found a significant link
between the AMM and the interannual modulation in the seasonal variation of the Guinea Dome
region. This study showed that during the preconditioning phase of the positive (negative) ANN,
the Guinea Dome is anomalously weak (strong) and the mixed layer is anomalously deep (shallow),
there is a late fall. This means that the AMM has a strong influence in both rainfall and temperature of
the Conakry, Guinea.

The variability of the SST in the tropical North Atlantic region which can produce stronger
or weaker trade winds is expected to have an influent in the rainfall and temperature of Conakry.
Therefore, the strong correlation that is observed between TNA and rainfall is understandable because
weaker trade winds are expected to bring moisture in the Guinea coast, while stronger trade winds are
expected to bring dryer conditions.

5. Conclusions

The semi-annual and annual cycles of temperature and the annual cycle of rainfall could be
generated indeed by the ITCZ oscillation and modulated by the WAM. The models used in this study
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highlighted the variability of temperature and rainfall that are characterized by a significant upward
trend in temperature and a low downward trend in rainfall. The IPCC Fourth Assessment Report
review of climate model projections of temperature shows a consistent warming in all subregions,
but less consistent patterns for rainfall [105]. Temperature and rainfall variability at Conakry site were
analysed and linked to dominant modes of climate variability at annual to multiannual timescales.

There is a strong teleconnection between the SST of both pacific and Atlantic in the variability of
rainfall and temperature. So, the annual variability of temperature and rainfall at Conakry are largely
influenced by climate forcings AMM, TNA and Nifo3.4. However, there is no significant influence of
AN on these meteorological parameters. Furthermore, the warming of 1998 seems to be a response of
the 1997-1998 strong El Nifio event. Physically, the influence of climate modes on temperature and
rainfall were found to vary at different time scales. In Guinea, more important mining projects are
under way. And, in this regard, it would also be important to take into account the anthropogenic
impacts in order to deepen our knowledge. This would allow us to better understand their variability
which is useful in planning sustainable development projects. It is hoped that the results from this
study would help to better understand climate variability in order to get sufficient operational decision
support, and resource management for a sustainable development of developing countries.
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Abstract: A “nadir-only” framework of the radiometric intercomparison of multispectral sensors
using simultaneous nadir overpasses (SNOs) is examined at the 1-km regimes and below using
four polar-orbiting multispectral sensors: the twin MODerate-resolution Imaging Spectroradiometer
(MODIS) in the Terra and Aqua satellites, the Visible Imaging Infrared Radiometer Suite (VIIRS)
in the Suomi National Polar-orbiting Partnership (SNPP) satellite, and the Ocean and Land Colour
Instrument (OLCI) in the Sentinel-3A satellite. The study is carried out in the context of isolating the
on-orbit calibration of the reflective solar bands (RSBs) under the “nadir-only” restriction. With a
homogeneity-ranked, sample size constrained procedure designed to minimize scene-based variability
and noise, the overall approach successfully stabilizes the radiometric ratio and tightens the precision
of each SNO-generated comparison event. Improvements to the multiyear comparison time series are
demonstrated for different conditions of area size, sample size, and other refinements. The time series
demonstrate the capability at 1% precision or better under general conditions but can attain as low as
0.2% in best cases. Solar zenith angle is examined not to be important in the “nadir-only” framework,
but the spectral mismatch between two bands can give rise to significant yearly modulation in the
comparison time series. A broad-scaled scene-based variability of ~2%, the “scaling phenomenon”, is
shown to have pervasive presence in both northern and the southern polar regions to impact inter-RSB
comparison. Finally, this paper highlights the multi-instrument cross-comparisons that are certain to
take on a more important role in the coming era of high-performing multispectral instruments.

Keywords: VIIRS; MODIS; OLCI; RSB; SNPP; Terra; Aqua; Sentinel-3A; reflective solar bands;
intersensor comparison; intercalibration; SNO

1. Introduction

Earth science and climate studies have made significant progress in the recent decades along with
continual advances in remote sensing technologies. Progressing along improving imaging capability is
the intersensor comparison methodology, a method of evaluating the performance of sensor data or
associated retrievals by comparing against a reference sensor, which is also certain to be utilized in
greater capacity in the coming era. For multispectral sensors, it can be argued that the two units of
the MODerate-resolution Imaging Spectradiometer (MODIS) [1,2], in the Terra and Aqua satellites
launched on 18 December 1999 and 4 May 2002, respectively, are the forerunners leading the era of the
high-performance instruments and big data. The twin MODIS, with 36 bands covering the spectral
range of 0.45 to 12.4 um are now closing in on two prolific decades of data acquisition. However, it is
not until the launch of the next major multispectral sensor—the Visible Imaging Infrared Radiometer
Suite (VIIRS) aboard the Suomi National Polar-orbiting Partnership (SNPP) satellite on 28 October
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2011 [3,4]—that the twin MODIS finally has a comparable counterpart to generate high precision
intersensor comparison result. Numerous radiometric intercomparisons of the reflective solar bands
(RSBs) of Aqua MODIS and SNPP VIIRS ensued [5-7] utilizing the simultaneous nadir overpasses
(SNOs) approach [8-11]. These studies demonstrated the capability of the radiometric intercomparison
at the 1-km spatial resolution regime to be typically few percent. A main goal of this paper is to show
that the capability, under an improved analysis procedure, is at the level of 1% precision or better.

The coming era is certain to make intersensor comparison a tool of increasing importance as more
high-performance multispectral sensors are continually being launched into operation. For example,
the Ocean and Land Colour (OLCI) Instrument and its companion Sea and Land Surface Temperature
Radiometer (SLSTR) housed in the Sentinel-3A satellite [12] are the recently launched polar-orbiting
multispectral sensors, with approximately 300-m spatial resolution. The first follow-on of VIIRS built
is one on the Joint Polar Satellite System-1 (JPSS-1) satellite [13], or J1 satellite (officially designated as
NOAA-20 post launch), was launched on 18 November 2017. A total of four follow-on VIIRS—]1 to J4
VIIRS—for which the SNPP VIIRS serves as the precursor, are scheduled to span the next 20 years of
operation. The technological advancement also extends to geostationary sensors, with Himawari-8
Advanced Himawari Imager (AHI) [14,15], GOES-R Advanced Baseline Imager (ABI) [16-18], and
GOES-S ABI [18], all with 1-km spatial resolution, recently launched. More follow-on geostationary
sensors are also in the plan of succession. The demand for assessing sensor data quality and to monitor
radiometric performance will certainly increase.

The overall accuracy of radiometric data depends on many inputs, but the regularly carried out
on-orbit radiometric calibration operation to characterize the changing performance of detectors is one
of central importance. One main commonality among the four instruments considered here—Terra
and Aqua MODIS, SNPP VIIRS, and Sentinel-3A OLCI—is a fully equipped onboard calibration
suite for carrying out the regularly scheduled on-orbit calibration. They following a similar strategy,
including using a specially made solar diffuser (SD) panel for RSB performance characterization. This
built-in calibration capability is a mark of the new generation high-performance multispectral sensors
and makes them valuable radiometric references for other sensors or any climate studies to inter- or
cross-calibrate. Thus establishing radiometric consistency between any pair of such independently
calibrated sensor will be beneficial, and intersensor comparison is a most proper tool for this purpose.
In addition, intercalibration using any of these sensors as a radiometric reference requires also a
reliable intersensor comparison methodology. While there are numerous approaches for post-launch
radiometric evaluation, the current knowledge points to intersensor comparison as potentially the
most precise approach.

However, there are many other factors impacting the overall accuracy of the sensor data and
also intersensor comparison result beyond just band or detector performance. One of such, outside
the capability of the standard on-orbit calibration, is the response-versus-scan angle (RVS) effect of
the scan mirror that can add in a systematic angle-dependent bias along-scan. For example, in the
MODIS Collection 6 release [19,20], the addition of the time-dependent RVS characterization is a key
upgrade to the RSB calibration methodology to mitigate the RVS effect that is beyond the capability of
the on-orbit calibration methodology. For SNPP VIIRS, the time-dependent RVS effect is not yet an
issue, but its potential emergence remains a possibility. Various common issues also create challenges
for intersensor comparison analysis. Angle- or scene-dependent effects associated with the scenes,
including the biredirectional reflectance distribution factor (BRDF) of the SNO scenes, also introduce
additional complications into intersensor comparison result. For removing various confounding effects
associated with larger angles or viewing areas, Chu et al. [7] utilized a “nadir-only” framework of SNO
analysis in an Aqua MODIS versus SNPP VIIRS study, that limits the viewing angle to the Earth scenes
to near 0° degree by using a small-sized comparison area. This study adopts the same “nadir-only”
approach specifically in the context of examining the capability of intercomparison in evaluating
on-orbit RSB calibration performance, and furthermore uses multiyear comparison time series that
incorporate all high-quality SNO events as a tool of evaluation.
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This study further distinguishes between statistical and physical constraints. For example,
statistical analyses subject all physical conditions such as cloudy scenes or those of various geolocational
conditions under the same criteria. This analysis carefully avoids any premature applications of
physical constraints, such as the removal of cloudy scenes that can unnecessarily remove legitimate and
usable data. Because statistical and physical attributes do not necessarily correlate, physical constraints
should be applied only for targeted purposes. Also, for keeping data and results clean for achieving
unambiguous and precise analysis, this work does not adjust or correct of data. It is often customary
to adjust result such as using the spectral band adjustment factors (SBAFs) to account for spectral
differences, but this study does not presume these practices to be reliable at the 1% precision level—the
aim here is to first establish a clean groundwork before these other issues can be further examined.

In summary, this work examines the capability of intercomparison in a “nadir-only” refinement
of SNO analysis that isolates the on-orbit RSB calibration from other large area-associated issues
for a multiyear evaluation using comparison time series. In particular, Aqua MODIS versus SNPP
VIIRS is used as the main case study because of their longer history with many studies already
established numerous important findings. One more relevant point is that an intercomparison is a
relative evaluation that is conclusive only when the reference sensor has already been established as
reliable. Additional information, such using product retrievals derived from sensor data or another
sensor for cross-examination, is often required to draw stronger conclusions. In other words, a stable
radiometric comparison result can be deceptive due to both sensors containing coincidentally similar
error in calibration. Nevertheless, intercomparison is most valuable when result shows deviating
features that signals problems such as incorrect implementation, inadequate calibration or instrument
anomalies. The current high-performance multispectral sensors with good imaging capability already
has the 1% interscomparison capability that can ascertain various radiometric deviations of few percent;
however, other types of sensors such as hyperspectral or microwave are either with insufficient spatial
resolution or have not been shown with applicable precise intercomparison.

The organization of this paper is as follows. Section 2 briefly describes the four instruments and
some general issues of radiometric intercomparison. Section 3 shows the results of the examination of
the intercomparison methodology, emphasizing SNPP VIIRS versus Aqua MODIS in the 1-km regime.
Section 4 shows the result of the examination for four different regimes of intercomparison, from
375m to 1 km. Section 5 demonstrates cross-comparisons using Aqua MODIS, Sentinel-3A OLCIL, and
SNPP VIIRS. Section 6 provides a general discussion of relevant issues. Section 7 provides a summary
and conclusion.

2. The Comparison Conditions

2.1. The Instruments

The flight and operational parameters of the satellites and instruments preset numerous limiting
conditions for intercomparison. Table 1 lists some key parameters for Sentinel-3A, SNPP, Terra, and
Aqua satellites and the key specifications for OLCI, VIIRS, and twin MODIS. Notable differences are
the two different repeat cycles, at 27-day or 16-day, and the two nodes of flight, either ascending at 1:30
pm local time or descending at 10:00 am local time, that can influence SNO occurrences. The native
spatial resolution at subsatellite point (SSP), determining the number of pixels per unit area, is a key
parameter affecting the capability and the statistics of intercomparison. For example, at 1-km regime,
a small area of 40 x 40 km-square contains 1600 pixels per SNO event, which is sufficient to attain
robust statistics.
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Table 1. Selected information and parameters for the four satellites and the multispectral instruments.

Sentinel-3A: OLCI SNPP: VIIRS Terra: MODIS Aqua: MODIS
Satellite Repeat
Cycles (Days) 27 16 16 16
Satellite Local Descending: Ascending: Descending: Ascending:
Crossing Time 10:00 am 1:30 pm 10:30 am 1:30 pm
Satellite Altitude 314 834 705 705
(km)
Satellite Orbit 98.6 98.7 98.2 98.2
Inclination
Sensor: Swath (km) 1270 3040 2330 2330
Sensor: Resolution 300 m 750 m, 350 m 1km,500m,250m 1 km, 500 m, 250 m
at SSP (m)
Sensor: Number of 21 o 36 36
Bands
Sensor:
RSB/TEB/Other 21/0 14/7/1 20/26 20/26

Figure 1 illustrates the spectral coverage, represented by the range of the relative spectral response
(RSRs) or spectral response functions (SRFs), of selected RSBs considered in this study. Every SNPP
VIIRS band up to M7 has a spectral counterpart in MODIS or OLCI, although the two latter sensors
contain more bands not spectrally matched by SNPP VIIRS.

Terra/Aqua B3 B4 B1 B2 B5
woois O 0 H [ N [
SNPP M1M2 M3 M4 11 M5 M6 12/M7 M8
ves) BED D gl 1 B 0

Sentinel-3A| ©0a02  0a04 0a06 0a12 0a17
ca 11T 1 W1 1

0a03 0a08/09/10
200 600 800 1000 1200

Spectral Coverage (nm)

Figure 1. The spectral coverage of the selected reflective solar bands (RSBs) of MODIS, SNPP VIIRS,
and Sentinel-3A OLCI considered in this study. The 250-m, 500-m, and 1-km spatial resolution MODIS
bands are shown in orange, red, and purple, respectively. The 750-m and 375-m spatial resolution
bands of SNPP VIIRS are shown in blue and light green.

Table 2 lists the specifications of the RSBs corresponding to those in Figure 1. The spatial resolutions
of SNPP VIIRS moderate- and imagery-RSBs are at 750-m and 375-m. MODIS bands Bl and B2,
B3-B7, and B8-B16 operate at 250-m, 500-m, and 1-km spatial resolution, respectively. MODIS bands
B1-B7 are also aggregated at 1-km spatial resolution. All Sentinel-3A OLCI bands have approximately
300-m spatial resolution. The band-to-band comparisons between these sensors can be made in four
spatial resolution regimes: 1-km, 750-m, 500-m, and 375-m. The maximum at-sensor radiance (Ly4x),
with units watt/m?/sr/um, represents the maximum end of the band dynamic range. The spectral
categories are visible (VIS), near infrared (NIR), and shortwave infrared (SWIR), in increasing order
of wavelength.
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The study uses SNPP VIIRS as the common reference against other three sensors. In particular,
Aqua MODIS versus SNPP VIIRS has been well studied [5-7] and its result establishes many key
baselines. The band pair of Aqua MODIS B5 versus SNPP VIIRS M8 is an ideal case study of the
comparison capability given the near identical spectral coverage and the very stable time series [6,7].
The four spectrally well-matched bands of Aqua MODIS B2, SNPP VIIRS 12/M7, and OLCI Oal7,
centered at ~860 nm, represent a uniquely interesting set to make a consistent study on the impact of
spatial resolution at all four possible regimes at 375 m, 500 m, 750 m, and 1 km. Both Terra MODIS
and Sentinel-3A OLCI are not as reliably established as Aqua MODIS but still provide additional
useful result. The datasets used in this study are the MODIS Collection 6.0 release [21], the operational
SDR version generated by the Interface Data Processing Segment (IDPS) for SNPP VIIRS [22], and the
current mission release for Sentinel-3A OLCI [23].

2.2. General Issues

The general conditions of SNOs and radiometric intercomparison have been well
described [9-11,24] and the details are not repeated here. The focus here is on issues pertaining
to the capability of the radiometric intercomparison methodology.

2.2.1. SNO Geolocation and Scenes

The occurrences of SNOs are determined by the flight trajectories of the satellites. Figure 2
displays the SNO locations for three pairs of satellites—Sentinel-3A versus SNPP for the year 2017
(red triangles), Terra (green stars), and Aqua (blue squares) versus SNPP (green stars) up to end of
2017—showing the northern polar region in Figure 2a and the southern polar region in Figure 2b. The
2017 SNO subsets are highlighted for Terra versus SNPP (magenta triangles) and Aqua versus SNPP
(cyan squares); this is to illustrate that SNO locations do not repeat yearly. The SNOs of Sentinel-3A
versus SNPP, with descending node for the former and ascending node for the latter, are concentrated
within a tight circular band at around N71° latitude just inside the Artic Zone, with no occurrences in
the southern region. On the other hand, the SNOs of Terra versus SNPP, also in opposing descending
and ascending node, occur over both northern and southern regions, tracing out near the N68 and
568 circulars. The SNOs of Aqua versus SNPP, both ascending node, occur over both northern and
southern polar regions in an interesting three-arm spiral pattern. This illustrates that different orbits
and flight parameters map out different SNO locations, and therefore the reflectance property and the
common atmospheric conditions of these SNO scenes are important factors. For example, Aqua versus
SNPP commonly crosses over icy scenes of Antarctica, which have scene radiance commonly above 50
watt/m?/sr/um, thus easily saturate SNPP VIIRS M6 and many MODIS bands of low dynamic range.
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Figure 2. The precise SNOs of Sentinel-3A versus SNPP satellite (green stars) in 2017, Aqua versus
SNPP satellite for the entire SNPP mission (blue squares) and in 2017 (cyan squares), and Terra versus
SNPP satellite for the entire SNPP mission (red diamonds) and in 2017 (magenta diamonds), over (a)
northern polar region and (b) southern polar region.

Figure 3 shows the daily frequency of precise SNO events for the year 2017. An interesting finding
is the extended four-month periods of missing SNOs events for Sentinel-3A versus SNPP satellites
(green bars) that run from October to February. Although not shown, the late 2016 and early 2018
periods are also without SNO occurrences for Sentinel-3A versus SNPP. A quick check confirms that
Sentinel-3A OLCI observational coverage changes throughout the year and does not extend beyond
71° latitude during those four-month gaps, and therefore, despite any actual SNO events of the two
satellites, there is no OLCI data available. Another interesting result of Sentinel-3A versus SNPP is
that the SNOs cluster in distinctive days, 45 days of multiple SNO occurrences that further group into
13 clusters, thus showing that mismatching flight parameters, such as 16-day versus 27-day repeat
cycle for this case, can generate interesting occurrences.
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Figure 3. SNO occurrences in 2017 for Sentinel-3A versus SNPP (green bars), Terra versus SNPP
(magenta triangles), and Aqua versus SNPP (cyan squares).

2.2.2. Spectral Match

The matching of two bands for radiometric comparison is customarily made according to their
spectral proximity to ensure comparable radiometric responses over SNO scenes. In reality, most
band pairs have RSR differences that induce yearly variability into the comparison time series. On
the other hand, some band pairs not showing good spectral match, such as Aqua MODIS B3 versus
SNPP VIIRS M3 with limited RSR overlap as shown in Figure 1, can still generate usable comparison
time series [6,7]. A more extreme example is Aqua MODIS B7 (2130 nm) versus SNPP VIIRS M11
(2257 nm) [25] for which the two RSRs do not overlap but a marginally usable time series can still
be generated. The impact of RSR mismatch and the full range of possibilities beyond the standard
spectral-matching practice are not fully understood and should be pursued in future studies.

2.2.3. Dynamic Range

The limitation due the dynamic range is briefly presented here only for clarifications. The narrow
dynamic range of a band can set a limitation impossible to overcome. For example, Aqua MODIS B15
(748 nm) versus SNPP VIIRS M6 (746 nm), with Lysax of 3.5 and 41 watt/m?/sr/um, respectively, hardly
generates any successful outcomes as both bands saturate over the higher-latitude icy polar scenes
where their SNOs commonly occur. However, future sensors with progressively wider dynamic range
are less likely to encounter saturation. For instance, Sentinel-3A OLCI bands already have sufficient
dynamic range and show no saturation issue for this study. But for band M6 of all VIIRS builds at only
41 watt/m?/sr/um Lysx, the success of SNOs involving VIIRS M6 is limited.

2.2.4. Spatial Resolution

The central goal of this study is to assess the capability of radiometric intercomparison and
the achievable statistics in different regimes of spatial resolution. That is, how well can intersensor
comparison assess radiometric performance of a sensor at different pixel sizes? As the regime reaches
the 1-km resolution or so, the number of pixels in a small but realistic sized area selected for comparison
becomes sufficient to allow standard statistical sampling. For example, at 1-km regime, a small area of
32 x 32 km-square contains 1024 pixels, which is sufficient for robust statistics under favorable scene
conditions. The current result, such as shown in Chu et al. [7], suggests that the precision result of the
time series at 1-km spatial regime is ~1%. Below the 1-km regime, the greater pixel density then give
more samples per unit area as well as greater flexibility to enable more powerful sampling analysis—it
may be possible to reach precision result much tighter than 1%. At coarser spatial resolution, for
example at 5-km pixel size, to have 1000 pixels require an area size of 160 x 160 km-square, and that
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extent is too large to realize “nadir-only” condition. Therefore, the result using large coarser pixel size
is likely to have large-area effects to render the result unreliable.

Most SNPP VIIRS and Aqua MODIS bands are moderate bands, at 750-m and 1-km spatial
resolution respectively, and their intercomparison at the 1-km regime have demonstrated precision
result at ~1% [7]. But Aqua MODIS and SNPP VIIRS also contain imagery bands with resolutions as
fine as 250 m, and furthermore, the OLCI spatial resolution is ~300 m. The examination at regimes
finer than 1-km can therefore assess the capability at higher imaging capability. The coming era will
have more such higher spatial resolution imaging sensors, such as OLCI already in operation.

3. The Examination of Radiometric Intersensor Comparison

This study generalizes the methodology used in the Aqua MODIS versus SNPP VIIRS inter-RSB
comparison by Chu et al. [7] to focus on three key criteria—area size, pixel homogeneity, and pixel sample
size. The small area is a way to approximate the “nadir-only” condition, while homogeneity and sample
size constraints are containment strategies to minimize a generally persistent scene-based variability of
~2% significantly impacting the comparison result. This persistent broad-scale variability—the “scaling
phenomenon”—renders the use of larger area and sample size to improve statistics useless and is a key
motivator of this study. The earlier assessment [7] suggests that the scaling phenomenon arises out of
some mid- to large-scale scene conditions in the southern polar region, including Antarctica, where
SNOs commonly occur. The application of the constraints to each SNO event successfully circumvented
the variability to achieve a better precision at about 1%. This study clarifies how scene-based variability
can impact intercomparison and why improvements can be made. The northern polar region is also
shown to have the same 2% scene-based variability.

3.1. Procedure and Setup

Given an SNO event precisely determined within a single pixel of nadir crossing, a small area
centered on the nadir crossing is used for pixel-based radiometric intercomparison. The radiance
pixels of the two sensors within the small area are matched pair-by-pair via geolocation information.
Each pair of collocated pixels is used to compute a pixel-based radiometric ratio of radiance. For
this analysis, SNPP VIIRS radiance is taken to be the common radiometric reference against that of
MODIS or OLCI. A fixed number of pixels of the best homogeneity quality, to be explained below, is
selected for the computation of population statistics. The population average and the relative standard
deviation (STD) of all qualified pixel-based ratios represent the ratio and the precision, or error bar, of
the SNO event. The low radiance bias of MODIS and the impact of the solar zenith angle (SZA) are
two issues briefly discussed here for clarification but are not used for analysis.

First, specific only to the inter-RSB comparison of MODIS versus SNPP VIIRS, a radiance cut of
the 20% of the lowest radiance is imposed to remove biased cases occurring at low radiance, as was first
done by Chu et al. [7] for Aqua MODIS-based result. The low radiance values from the two sensors
are actually in good agreement on absolute terms, but nevertheless can result in large relative bias
primarily as numerical artifact due to the low radiance value in the denominator. This low-radiance
bias is also quickly confirmed to be true for Terra MODIS versus SNPP VIIRS. High radiance cases
also possesses a few outliers, possibly associated with band response near saturation, thus the highest
10% of the radiance are removed as a safety measure. On the other hand, the OLCI-based comparison
result does not exhibit bias at either low or high radiance. This points to MODIS possibly having some
calibration issues, such as incorrect characterization of nonlinearity at low radiance, but is in any case a
calibration issue not examined here.

The second issue concerns the impact of the SZA dependence, which imparts to radiance a
distinctive seasonal pattern. However, the “nadir-only” restriction effectively cancels out the SZA
effect in the radiometric comparison because the SZAs of the two sensors are effectively identical across
the small area. Figure 4 shows the SZA correction ratio of Terra versus SNPP (magenta triangle), Aqua
versus SNPP (cyan squares), and Sentinel-3A versus SNPP (green stars) for the year 2017. The error
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bars are mostly ~0.1% and smaller. Given the yearly cycle of the SZA, the demonstrated stability in the
year 2017 is sufficient to show that the SZA correction factor will not impart to comparison time series
any seasonal modulation or multiyear drift. The small random variability can be attributed to the time
difference that is also random from one SNO event to next; furthermore, the accuracy of geolocation
data can also be questioned at the level of 0.1%. Thus it is not necessary to include the SZA correction
factor in the “nadir-only” framework.
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Figure 4. Solar zenith angle (SZA) correction factors in the year 2017 for Terra versus SNPP satellite
(magenta triangles), Aqua versus SNPP satellites (cyan squares), and Sentinel-3A versus SNPP satellite
(green stars) demonstrating stable trends.

3.2. Homogeneity

Homogeneity, or spatial uniformity, quantifies the variability of a pixel. It is most straightforwardly
represented by the percentage STD calculated using the pixel itself and its eight neighbors—that is, the
STD of the value of the nine pixels in the 3 X 3 square divided by the value of the center pixel. A few
options exist for its application—at pixel-based radiance of each sensor, at pixel-based ratios computed
from collocated radiance pixels, or both; it is tested for this study that for as long as homogeneity
is applied, the result differs very modestly only in rare events. For simplicity, this analysis applies
homogeneity to radiance data.

The primary importance of homogeneity lies with it being a proxy to statistical quality of
pixel-based data to be used in tandem with a sample size constraint condition, to be described below.
Homogeneity in this analysis is not simply an imposed threshold, but is used to generate a sorting
of pixel quality to allow a selection procedure under a sample size constraint. Using only a simple
homogeneity threshold will include all pixels satisfying the threshold, and different SNO events will
have different sample size. On the other hand, using size-constrained selection forces all qualified
SNO events to contain the same number of pixels, and this has the advantage of allowing more
straightforward interpretations and comparison among events. A threshold of homogeneity, such as
4.5% as a reasonable level can always be imposed, but its importance to contain noise or variability
becomes secondary when sample size constraint, itself a mechanism of containment, is used.

3.3. Area Size and Sample Size Constraint

The impact of area size, sample size constraint, the scaling phenomenon, and other associated
issues of the comparison sampling analysis are examined here under expanded scope. The band pair
of Aqua MODIS B5 (1240 nm) and SNPP VIIRS M8 (1238 nm) is used as the representative case study
because their comparison result has shown to be the most stable [6,7]—this is primarily due to their
well-matched spectral coverage and partly to the radiometric stability of the SWIR bands. For each
SNO event, an examination of the impact of area and sample size is carried out at each spatial scale
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from the 20-km to 160-km scale. That is, 20 x 20 km-square area centered on nadir crossing is analyzed,
then on to 32 x 32 km-square and so on until up to 160 x 160 km-square. At each scale or area size,
statistics are computed for two separate cases. For the sample-unconstrained case, all pixels within the
4.5% homogeneity are used to compute the population statistics. In the sample-constrained case, only
a fixed number of pixels of the best homogeneity quality, also necessarily below 4.5%, are used. The
sample size of 500 samples and 1000 samples are used for the size-constrained cases.

The usable SNO events range from those of clearest scene conditions to those of variable conditions.
A best-scenario SNO event is shown in Figure 5, that of 15 December 2016, for the sample-unconstrained
case (red stars) and two sample-constrained cases, at 500 (green diamonds) and 1000 samples (blue
squares). The top panel shows the average ratio of the qualified pixel-based ratios at each scale or area
size, and the bottom panel shows the corresponding error bar, or the relative STD. The ratio result shows
near-perfect broad-scale agreement among three cases that is remarkably stable at 0.991. The error bars
are also very tight for all three cases, and are practically identical for the two sample-constrained cases
at 0.2%. The overall result indicates a very clean scene condition that can generate very robust result at
all scales shown up to 160 km. The occurrences of SNO events with this level of pristine clarity are only
of several per year, but they remarkably reveal the capability of intercomparison to be fundamentally
at the 0.2% level. The broad-scale agreement also reflects the sampling procedure to be meaningfully
constructed and correct. All similarly clear-scene cases at other times have been checked to generate
stable ratios and tight error bars across all scales as well. When clear SNO conditions exist, such as
with low cloud or aerosol content, then using any small area size within the SNO scene will generate
a robust and the correct result. It is here pointed out that Chu et al. [7,25] have examined one such
high-precision event to confirm its clear-scene condition.

Aqua MODIS BS5 versus SNPP VIIRS M8
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Figure 5. The ratio (top) and the relative precision (bottom) versus area size for the three cases of
unconstrained sample size (red stars), constrained size at 1000 samples (blue squares), and constrained
size at 500 samples (green diamonds) for the clear-scene SNO event on 15 December 2016 for Aqua
MODIS M8 versus SNPP VIIRS M8.

The primarily important SNO cases are those of marginal statistical quality with broad-scale error
bar of few percent, approximately 2% to 4%, that can be improved to be below 2% to be added to
the comparison time series. Thus the number of these marginal cases can determine the success or
failure of a time series. Figure 6 illustrates two representative cases with ~2% broad-scale error bar.
The labels are the same as those of Figure 5. The most outstanding feature to note is that, consistent
over the entire range of scale or area size shown, the sample-constrained ratios are stable with tighter
error bars, while the sample-unconstrained ratios are unstable at the level of 1.5% or worse. In
particular, the ratio-versus-scale result of each sample-unconstrained case demonstrates worsening
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scatter toward larger scales—this decisively demonstrates the use of larger areas on its own does not
improve comparison result and can in fact make it worse. Thus a strategy such as using larger areas
or all available pixels, even when many noisy pixels have been removed via a homogeneity filter,
is not a reliable procedure. On the other hand, the two sample-constrained cases—at 500 and 1000
samples—show stable ratio with broad-scale agreement. This finding shows that robust results are not
achieved by having more samples but on the contrary by limiting them, specifically by using only
the best-quality pixels. The error bar results of the constrained case are also tighter and continue to
smoothly tighten further with increasing scale. The overall strong conclusion is that the application of
sample size constraint, in conjunction with a homogeneity-ranked selection, stabilizes the ratio and
tightens the error bar at each scale. Because of this stabilization, area size actually becomes statistically
conforming—that is, by increasing the area size, more samples become available for selection and the
error bar tightens as expected. The caveat is that fixing the number of best quality pixels is a necessary
middle step to facilitate this conforming behavior.
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Figure 6. The scale-dependent result of radiometric comparison of (a) Aqua MODIS B5 versus SNPP
VIIRS M8 on 29 May 2016 and (b) Aqua MODIS B4 versus SNPP VIIR M4 on 11 June 2016, for ratio (top
panel) and the error bar (bottom panel) versus area size for the three cases of unconstrained sample
size (red stars), constrained size at 1000 samples (blue squares), and constrained size at 500 samples
(green diamonds).
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The precision-versus-scale result (bottom panel) also illustrates distinctively different behavior
between the sample-constrained and the sample-unconstrained cases. While the sample-unconstrained
case exhibits unstable large scatter, the two sample-constrained cases instead show a smooth
exponentially decreasing patterning of error-bar tightening that begins to agree at the 60-km scale and
finally settling at ~1%. It is clear that the unconstrained case uses all pixels necessarily including all
those of worse statistical quality, thus the inclusion of all pixels does not help to tightening the error
bar but in fact worsens the result. An examination of the pixel quality (shown later) illuminates this
point. The precision of the unconstrained cases also shows consistent clustering at around the 2%
level throughout all scales, thus demonstrating instances of “scaling phenomenon” within individual
SNO events. However the phenomenon is herein explicitly revealed to be only loosely scale-invariant,
and that the error bar can vary with scale or area size to some degree. This is a common feature for a
majority of SNO events.

The exponential shape of the error bar results also indicates some well-behaved property. For the
1000-sample case, the 32-km scale is where the area size is minimally large enough to have more than
1000 pixels, specifically at 1024, for the analysis to be applied. At this scale, both the constrained and
the unconstrained results contain almost the same set of pixels, thus the two precisions necessarily are
closely matched, as shown in both dates at ~2.3%. As the area size increases to include more pixels,
the constrained case will have more available pixels from which to select those of best homogeneity
quality to further tighten the error bar. The error bar stabilizes at larger scales when most pixels of best
homogeneity quality have been found, and that finding more pixels of better homogeneity from larger
area becomes both less probable and less leveraging. This finding suggests that the selection of area
size and sample size should not be too tightly matched, and instead, given any sample size constraint,
the area size should be made larger to allow more samples. For example, for comparison at the 1-km
regime using 1000 samples, an area of 50 X 50 km-square with 2500 available pixels will be better than
a 32 x 32 km-square area with only 1024 pixels. The precision result in Figure 6, showing tightening
precision at larger area, proves this point.

The relative left-right shift in the error bar versus scale result demonstrates another aspect of the
sample-size condition. As explained above, the 1000-sample case starts its first point at the 32-km
scale; for the 500-sample case, 23-km is the starting point with 529 available pixels. In any given spatial
resolution regime, sample-constraint size determines the minimal scale. Therefore future sensors with
finer imaging capability will push the minimum area even lower, allowing for more refined studies
and improved capability.

3.4. Examination of Pixel Quality

A closer examination into the homogeneity of pixels reveals some insights into their statistical
quality. Figure 7 shows the homogeneity of 2000 pixels from the 50 x 50 km-square area in the 11 June
2016 event of Aqua MODIS B4 versus SNPP VIIRS M4, corresponding to Figure 6b, ranked from best
to worst. The two vertical lines mark 500 and 1000 samples. The first 500 samples have homogeneity
better than 3.5%, but the next set of 500 samples, from number 501 to 1000, ranges from 3.5% to 4.7%. It
is clear that the first 500 ranked samples will generate smaller variability then the next 500 samples and
so on. This is consistent with Figure 6 which shows the 500-sample case is actually more precise then
the 1000-sample case. The ranking of homogeneity as in Figure 7 exposes that includes more pixels can
bring in those pixels with greater variability and make statistics worse. While obvious as presented,
this runs counter to the common expectation that a larger sample size would generate better, not worse,
statistics. The continually rising pattern of homogeneity of ranked-pixels indicates different variability
pixel-wise, thus a sampling analysis over SNO scenes does not conform to standard sampling where
each data point conforms to the same variability. This is neither an obvious nor trivial property that
is anticipated, but nevertheless is consistent with physical reality in hindsight. Therefore cleaning
processes based on physical conditions, such as cloud removal, that focuses on a subset of pixels
with specific physical attributes does nothing for this pixel-based variability and will not stabilize the
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statistics. The issue is not if the pixels have been cleansed of certain physical attributes but whether or
not if too many pixels of higher variability have been sampled. The real physical conditions of Earth
scene data can vary, and cannot be expressed by a single well-defined distribution. Inclusion of more
samples to improve statistics is inherently erroneous and can end up broadening the distribution and
worsen the error bar. Therefore the containment of the worsening statistics, such as limiting the sample
size and using only the lowest variability pixels, is the necessary remedy.
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Figure 7. (a) Homogeneity versus ranked pixels for Aqua MODIS B4 versus SNPP VIIRS M4 for the 11
June 2016 SNO event and (b) precision (top panel) and homogeneity (bottom panel) with respect to
sample size constraint for the 11 June 2016 event for the 36-km (red triangles), 50-km (blue squares),
and 80-km (green diamonds) scales.
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Figure 7b demonstrates how average precision and average homogeneity increases with respect to
the number of sample at three area sizes—36-km (red triangles), 50-km (blue squares), and 80-km scale
(green diamonds). For each of three testing area sizes, average precision and average homogeneity
are computed for each given number of the homogeneity-ranked pixels. For example, for the 36 x
36 km-square area case which has 1296 pixels, the best 100 pixels in terms of homogeneity are used
for computation of statistics for the first point, and then 101 pixels of the best quality are used and so
on. Expectedly, the average homogeneity and precision worsens with inclusion of more pixels. The
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three cases also show that statistics improve with larger area under sample constraint. The 11 June
2016 event is a marginal case, and its 36-km, 1000-sample precision result at 2.2% would have been
excluded by a 2% precision requirement for the time series; but its 50-km, 500-sample result shows
that a different set of criteria can improve pixel selection leading to significant improvement to 1.7%
precision. A quick summary of the sample size constraint is that, large constraint size can worsen
statistics but using larger area can improve them.

It is natural to want to find the optimal scale and sample size choice, but the answer does not
require another thorough study, but rather simply on the caution of keeping the area size small enough
to avoid potential hidden bias. While Figure 7 may shows that the 80-km scale (green diamonds)
generates the best statistics, the overall finding including that of the unconstrained cases in Figure 6
also suggests the presence of some underlying bias over larger area. For the 1-km regime, the 50-km
scale is an acceptable balance between having an area small enough to minimize the large area bias and
one large enough for good, but not necessarily the best, statistics. The result also shows that sample
size range of 400 to 600 to be reasonable.

The distributions of qualified pixel-based ratios per each SNO event are examined for the three
different sample size conditions. Figure 8 shows the three distributions of the 29 May 2016 event at the
70-km scale to be normal-like, indicating that the samples as a set are well behaved in each case. The
key point is that the 500-sample case has the tightest distribution, followed by the 1000-sample case
and finally the unconstrained case. This is consistent with the result of Figure 6 showing 500-sample
cases having lower error bars. Other scales are checked to have the same behavior. The broadening of
the distribution from the 500-sample to the unconstrained case is the most direct demonstration of
the lack of an underlying stable distribution, showing that the sampling in intercomparison involves
physical data of different variability. By including more samples in the homogeneity-ranked scheme
into the distribution, the result increasingly contains worse statistics to broaden the distribution.
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Figure 8. The three ratio distributions of Aqua MODIS B5 versus SNPP VIIRS M8 of the 29 May 2016
event, taken at the 70-km scale, for the sample-unconstrained condition (red stars), the constrained size
1000 samples (green diamonds), and the constrained size at 500 samples (blue squares).

It is worthy to clarify that the impact of homogeneity on error bar is neither direct nor absolute.
Homogeneity as applied in this study has been shown to be a beneficial metric to help stabilize statistics,
but pursuing into greater details is not necessary at the 1% precision level. It has been examined that
slight variation at ~4.5% leads only to the slightest difference in a few SNO events. The sample size
limitation and the selection procedure as described thus far are the main factors impacting the error
bar result.
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3.5. Application and Result

The long-term stability of the Aqua MODIS B5 and SNPP VIIRS M8 time series makes it an ideal
case to illustrate the impact of various selection criteria. Figure 9 shows the three cases of 36-km with
1000 samples (red crosses), 36-km with 500 samples (green diamonds), and 50-km with 500 samples
(blue squares). The solid line is the series mean set at 0.988 and the two dash lines mark the 2%
boundaries above and below the mean. A precision threshold of 3% is applied to all three time series.
The mean and the precision results are computed using the best 100 events in each time series for
consistent comparison purpose.

Aquo MODIS BS versus SNPP VIIRS M8
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Figure 9. The time series of Aqua MODIS B5 versus SNPP VIIRS M8 under three combinations of area
scale and sample size. A 3% precision threshold is imposed on each SNO event.

It is seen that lowering constraint size has impact. Lowering the sample size constraint from 1000
(red crosses) to 500 (green diamonds) increases successful comparison outcomes from 101 to 162 and
tightens the 100-event error bar average from 1.214% to 0.622%. The 50-km, 500-sample (blue squares)
time series, contrasting against the 36-km, 500-sample case, increases the number of successful SNO
events to 195 and tightens the error bar to 0.424%.

Nevertheless, all three time series generate statistically indistinguishable series means at 0.988,
thus it may appears at first that different conditions do not matter. However, for other purposes such
as generating a fuller time series with fewer data gaps, i.e., better regularity, a larger area size and a
less stringent sample size constraint may be better. For example, the 50-km, 500-sample time series
(blue squares) contains more outcomes in the year 2012 and 2013 than the other two cases. What
is demonstrated is that the area size and the sample size constraint can be tuned to improve some
characteristics of the time series such as regularity that can be helpful to evaluate the radiometric
performance at certain period. Larger area sizes beyond 80-km scale and lower sample size down
to 250 samples have been examined to result in no improvement, thus supporting the 50-km with
500-sample condition to be sufficiently optimal for Aqua MODIS B8 versus SNPP VIIRS M8.

Yet the same result reveals a limitation—the existence of data gaps, such as the 5-month Austral
winter period years 2014, 2015, and 2016. While many SNO events do exist in these periods and the
refined analysis here has improved the situation somewhat, the challenging conditions of low radiance
and noisy scenes are difficult to overcome. This is definitely one area for continual improvement.

Figure 10 further illustrates Aqua MODIS B5 versus SNPP VIIRS M8 result for three scenarios
at the 50-km scale—the constrained case with 500 samples of best homogeneity (blue square), the
unconstrained case with all samples without homogeneity condition (red stars) and clear-scene subset
of the 500-sample constrained case (green diamonds). The 500-sample constrained case is the same
time series in Figure 9, also in blue squares, repeated here for comparison. The same 3% precision
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threshold is applied for the constrained and the constrained cases, and a 100-event choice is similarly
made for consistent comparison. For the clear-scene time series, a 0.35% precision is further imposed
on the constrained case to extract this subset. The first notable improvement is that the constrained
case is significantly better at 195 outcomes and a 100-event precision of 0.424%, comparing with the
unconstrained case at 166 outcomes and 1.059% precision. This is consistent with the result in Figure 9.
Also, the clean scene time series with 38 best outcomes, those with error bars below 0.35%, trace out
a long-term baseline at 0.989 that is very consistent with other cases. As already revealed by the
event of 15 December 2016 shown in Figure 5, the clear-scene result should be closest to the “truth” of
comparison result. The clean scene time series with ~0.3% average precision suggests that 0.989 reflects
the true comparison baseline, and that other times series are highly consistent with this result—this
finding can be very helpful in pinpointing the radiometric baseline and helping to ascertain other
features. It is worthy to note again that “nadir-only” condition by using a small area, here at 50-km
scale, is already itself a sufficiently constraining condition, and therefore even the unconstrained case
can appear to have comparably acceptable result.

Aqua MODIS B5 versus SNPP VIIRS M8
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Figure 10. The three time series of Aqua MODIS B5 versus SNPP VIIRS M8 correspond to the
constrained analysis using homogeneity and sample size constraint, the unconstrained case, and the
clear-scene result.

Intercomparison can expose a variety of different outcomes and features. Figure 11 shows the
corresponding comparison result of Aqua MODIS B4 (555 nm) versus SNPP VIIRS M4 (551 nm) for
the constrained (blue squares), unconstrained (red stars), and clear-scene (green triangles) scenarios.
The same 3% precision threshold is applied for both the constrained and the unconstrained cases,
and the best 100 events are used to compute the time series statistics. In comparison with Figure 10,
it is clear that different band pairs have clear qualitative difference; for Aqua MODIS B4 and SNPP
VIIRS M4, which center near the 550 nm spectral range, the stronger scene radiance leads to more
successful events.
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Aqua MODIS B4 versus SNPP VIIRS M4
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Figure 11. The three time series of Aqua MODIS B4 versus SNPP VIIRS M4 correspond to the
constrained analysis using homogeneity and sample size constraint, the unconstrained case and the
clear-scene result.

Although the examination into the physical cause of any deviation is not a purpose of this study,
one Aqua MODIS B4 versus SNPP VIIRS M4 result reveals an important feature: in the four-year
period from 2013 to 2017, an upward drift of ~2% can be seen, thus exposing some worsening on-orbit
calibration error in either the IDPS-generated SNPP VIIRS M4 or the Aqua MODIS B4 of Collection
6 release. The clear-scene time series (green diamonds) is particularly lucid in tracing out both the
multiyear drift and the yearly oscillation. The worsening calibration error comes from within the
IDPS-generated radiance due to some nontrivial angular dependence in the reflectance property of
the SD degradation [26-29] that has not been correctly captured by the standard on-orbit calibration
methodology. This calibration error is neither trivial nor negligible, and can severely compromise
product retrievals and climate studies. Thus establishing a meaningful and reliable time series,
along with robust ratios and tight error bars, is a fundamentally important aspect of intercomparison
methodology to enable correct assessments of the sensor data. Additionally, the seasonal modulation
exhibited in the time series is typical of inter-RSB comparison of Aqua MODIS versus SNPP VIIRS [5-7].
Figure 4 has shown that the SZA correction is not a contributor to this modulation; the RSR mismatch
is necessarily one of the contributing causes.

Also, in Figure 11, the unconstrained case shows significantly worse statistics than the
sample-constrained case, again demonstrating the utility of these constraints despite using
fewer samples.

3.6. Impact of Precision Threshold on the Time Series

The current finding so far suggests a 0.2% stability of the overall ratio mean of time series under
different scenarios, but additional examination of the dependence on the threshold over a larger
threshold range yields some confirmation. Figure 12 shows the time series mean versus precision
threshold of Aqua MODIS B5 versus SNPP VIIRS M8 for the four different constraint conditions over
a 0.6% range. For each precision threshold, all SNO events under the threshold are included in the
computation of the time series mean. As the precision threshold is relaxed, more SNO events with
larger error bar are included, and the series mean changes accordingly.
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Figure 12. The mean of the radiometric comparison time series at each level of precision threshold, for
the constrained and the unconstrained cases in Aqua MODIS B5 versus SNPP VIIRS M8.

The most important result is that the time series mean varies, primarily upward for this particular
comparison case, over a 0.4% range with respect to precision threshold. The overall pattern is consistent
with those events of tightest precision being more likely representative of the true radiometric
comparison result, and those events of worse precision contain more radiometric bias. Therefore
keeping a tight precision threshold is recommended to reduce any nontrivial variability or bias in the
time series mean. The 2% precision threshold appears to be a reasonable choice with variability of the
mean on the level of 0.2% variability in the mean for this context of the constrained procedure; while a
more generous choice to achieve fuller time series must be cautious about making the time series mean
less reliable.

The long-term stability of the Aqua MODIS B5 versus SNPP VIIRS M8 time series is what makes
clearer the existence of any deviation or variability. In contrast, cases such as Aqua MODIS B4 versus
SNPP VIIRS M4 with significant drift, as shown in Figure 11, are more difficult for interpreting the
dependence on the precision threshold since the 2% drift complicates the result. For these cases, the
mitigating the on-orbit calibration error should take top priority over any intercomparison issue. As
emphasized already, intercomparison analysis is most valuable when it reveals some deviating that
requires correction.

3.7. Scaling Phenomenon in MODIS versus SNPP VIIRS

The “scaling phenomenon” [7] is a broad-scaled and persistent variability pervading into the
SNO results as illustrated in Figure 6 in selected events. Figure 13 illustrates the phenomenon for the
Aqua MODIS B8 versus SNPP VIIRS M1 time series as a whole and includes the new result under the
constrained analysis. Each point represents the error bar versus sample size outcome of an SNO event
in the time series. Time series results of three different area sizes are shown: 36-km scale (red triangles),
50-km (blue squares), and 80-km (green diamonds). The result demonstrates how the scene-based
scaling phenomenon blocks the use of the larger area size to improve statistics and how the constrained
procedure overcomes this limitation.
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Aqua MODIS BB versus SNPP VIIRS M1
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Figure 13. Scaling phenomenon in Aqua MODIS B8 versus SNPP VIIRS M1 for both
sample-unconstrained and sample-constrained cases.

The top left panel of Figure 13 displays the time-series result of error bar versus sample size
(for all events) without size constraint. The maximum sample size for the 36-km scale is 1296, or
close to 0.2 per 6400 on the plot, and similarly for the 50-km scale at 2500, at near 0.39, and 80-km at
6400, at 1.0. It can be seen that the pattern of scatter of error bar values, apart from different sample
size ranges, appear similar for all three scales. The top right panel of Figure 13, the scaled version,
explicitly demonstrates the scaling phenomenon by linearly scaling the sample size of 36-km and the
50-km result to match 6400, i.e., stretching the result in the horizontal direction rightward until 6400.
The scaled result shows that scatter pattern of three cases are effectively indistinguishable. The clear
implication is that enlarging the area size to increase the number of pixels ends up generating same
statistics and does not improve the quality of the time series. In contrast, the time series results in
Figure 9 under homogeneity-ranked sample constraint, demonstrate clear improvement with lager
areas. More detailed examination into each SNO event reveals that the scaling phenomenon is only an
approximate effect of some common scene-based effect. As shown in Figure 6, the error bar result in the
sample-unconstrained case (red stars) in each single NO event can slightly change with increasing scale.

The sample size constraint, originally applied to stabilize the error bar [7], necessarily impacts
any scene-based effects including the “scaling phenomenon”. The bottom two panels of Figure 13
demonstrate the impact of the constraints, for sample size of 500, on error bar versus sample size
result. The label of “Sample Size” on the horizontal axis refers to the original available number of
pixels for each event before the constraint is applied—thus it corresponds to the sample size for the
corresponding unconstrained case. However all actual outcomes have the same final sample size
of 500. In the bottom-right panel, the error bar scatter pattern of the 80-km result (green diamonds)
is seen to become tighter than those of the 36-km and the 50-km scales, thus showing that scaling
phenomenon is no longer true in the constrained analysis. In the same plot, the range of the error bar
shows more obvious and faster tightening with increasing size for all three cases, reaching below 2% at
higher sample size, showing that the constrained procedure is effective.

For completion and illustration, the corresponding ratio versus sample size of the Aqua MODIS
B8 versus SNPP VIIRS M1 time series is shown in Figure 14. The 4 to 6% range of spread makes it less
obvious to discern any 0.1 to 0.5% effect, but many resulting points can be seen to have shifted from
the unconstrained case (top panels) toward the center of the range in the constrained case (bottom
panels). The 4 to 6% spread of Aqua MODIS B8 versus SNPP VIIRS M1 ratio result is among the worst
comparison results, whereas cases such as Aqua MODIS B5 versus SNPP VIIRS M8, as in Figure 8,
spreads over a smaller 2% range. In general, ratio result is not an effective discriminator of statistical
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quality among SNO events given its large spread, and the final selection of the times series events
should not rely on using ratio. On the other hand, error bar result, as shown by the bottom panels
of Figure 13 as well as in earlier figures, has demonstrated to be stronger discriminator of statistical
quality of SNO events that can be utilized as a selection filter.

Aqua MODIS B8 versus SNPP VIIRS M1
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Figure 14. Ratio versus sample size for Aqua MODIS B8 versus SNPP VIIRS M1 for unscaled (top) and
the scaled (top right) ratio result under the sample-unconstrained condition, and for the corresponding
unscaled (bottom left) and scaled (bottom right) ratio results under the sample-constrained condition.

The scaling phenomenon exists in effectively identical fashion for all inter-RSB comparisons
of Aqua MODIS versus SNPP VIIRS. Figure 15 shows the scaling phenomenon for six inter-RSB
comparisons of Aqua MODIS versus SNPP VIIRS. Be it thin clouds, aerosol, or any combination of
scene conditions, it appears that some atmospheric conditions in the polar scenes impact all RSBs
in nearly identical way. A general implication is that any inter-RSB comparison between any two
polar-orbiting multispectral sensors that generate SNO scenes over the polar regions necessarily needs
to take this scene-based effect into account.

Figure 16 demonstrates that the scaling phenomenon also exists for Terra MODIS versus SNPP
VIIRS, exemplified by Terra MODIS B8 versus SNPP VIIRS M1. As Terra versus SNPP SNO events
trace out completely different locations (see Figure 2), this result generalizes this scene-based variability
over both northern and southern polar scenes.
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Figure 15. Precision versus sample size for six inter-RSB comparisons of Aqua MODIS versus SNPP
VIIRS under no sample constraint demonstrating scaling phenomenon.
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Figure 16. Precision versus sample size for Terra MODIS B8 versus SNPP VIIRS M1 under no sample
constraint demonstrating scaling phenomenon.

3.8. Scale-Dependence in Sentinel-3A OLCI versus SNPP VIIRS

Sentinel-3A OLCI is yet without enough SNO data to demonstrate the scaling phenomenon in
full a time series result, but the scale-dependence can be examined within individual SNO events as
done in Figure 6. Figure 17 shows the dependence of ratio (top) and error bar (bottom) on area scale
for Sentinel-3A OLCI Oa02 (412.5 nm) versus SNPP VIIRS M1 (410 nm), for a 13 April 2017 event for
the three cases of unconstrained sample size (red triangles), constrained size at 1000 samples (blue
squares), and constrained size at 500 samples (green diamonds).
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Figure 17. The scale-dependent result of radiometric comparison of Sentinel-3A OLCI Oa02 versus
SNPP VIIRS M1 for the 13 April 2017 event for ratio (top panel) and the error bar (bottom panel) shown
for the three cases of unconstrained sample size (red triangles), constrained size at 1000 samples (blue
squares), and constrained size at 500 samples (green diamonds).

All features of the OLCl-based result effectively repeat identically. This result reinforces
the recommendation to confine the SNO analysis to a “nadir-only” condition using small area
and that scaling phenomenon is a general effect impacting any inter-RSB comparison of two
polar-orbiting instruments.

3.9. Discussion and Summary

The key finding is that a homogeneity-ranked, sample size constrained sampling procedure under
a small-area restriction stabilizes the ratio against some broad-scale variability to generate result that is
reliable and robust. A smaller area size such as under the 50-km scale contains enough pixels for the
refined sampling procedure but simultaneously avoids the pitfall of large-area or large-angle bias. As
the ratio result has been stabilized, the application of various criteria, such as scale or homogeneity
threshold, is further shown to have impact on the comparison time series.

Since Aqua MODIS B5 versus SNPP VIIRS M8 is one the most stable inter-RSB comparisons due
to good spectral match and long-term radiometric stability, the average precision of the time series
at ~1.0% very well represents the general statistical capability of inter-RSB comparison at the 1-km
regime. While the clear-scene result such as in Figure 5 is remarkably stable and precise at 0.2% or so,
its number is not sufficient for full evaluation. In general, radiometric comparison time series are best
used as a tool of discovery of deviating features such as the multiyear drift.

Also important is the generality of the scene-based variability over both polar regions as shown in
the inter-RSB comparison results of MODIS and OLCI versus SNPP VIIRS. Therefore, any inter-RSB
comparisons of polar-orbiting multispectral sensors necessarily need to treat this polar scene variability
with some care.

4. Capability at Different Regimes of Spatial Resolution

An assessment of the intercomparison at finer regimes of spatial resolution provides an
understanding of what capability can be achieved in the coming era. For this purpose, the inter-RSB
comparisons using SNPP VIIRS M7 (862 nm; 750 m) and 12 (862 nm; 375 m) against Aqua MODIS B2
(859 nm; 250 m), and Sentinel-3A OLCI Oal7 (865 nm; 300 m) are used to test four regimes of spatial
resolution. Because the RSRs of SNPP VIIRS M7 and 12 are effectively identical, intercomparisons
against them directly shows the impact of different spatial resolutions. In addition, Aqua MODIS B2,
at 250-m native spatial resolution, also comes with aggregated data at 500-m and 1-km resolutions
(Table 2) and provides direct testing of different spatial resolutions
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The four regimes of spatial resolutions to be tested are described as follows. First, SNPP VIIRS
M?7, at 750-m, can be matched with the aggregate 1-km and 500-m data of Aqua MODIS B2, generating
comparisons at the 1-km and 750-m regimes. Second, SNPP VIIRS 12, at 375-m, can be matched with
the aggregate 500-m and the native 250-m data of Aqua MODIS B2, generating comparisons at the
500-m and 375-m regimes. For each pairing, the regime of intercomparison is defined by the lower
spatial resolution. For Sentinel-3A OLCI at 300 m, the match with SNPP VIIRS M7 will be at the 750-m
regime, and the match with SNPP VIIRS 12 will be at the 375-m regime.

Figure 18a shows the time series of Aqua MODIS B2 versus SNPP VIIRS M7 at the 1-km (blue
squares) and the 750-m (green stars) regime for the first six years of SNPP VIIRS mission; Figure 18b
shows the time series of Aqua MODIS B2 versus SNPP VIIRS 12 at the 500-m (red triangles) regime and
the 375-m (cyan crosses). The precision threshold for each SNO event is 3%. The two times series in
each plot have been carefully selected and matched to allow unambiguous event-to-event comparison.
The time series cleansed and used here for illustration are otherwise slightly different from result
strictly from the prescribed constrained procedure. The key and unexpected finding is that the three
finer regimes appear only fractionally better than the 1-km regime—this hints at a lower limit of the
statistical capability of the inter-RSB comparison methodology, or perhaps an additional physical effect
at the level of 750-m scale. This can be an issue worthy of future pursuit.

For a more explicit demonstration, Figure 18c shows the precision result ranked from the tightest
to the worst, but using the SNO events of the 375-m regime time series shown in Figure 18b as the
reference of ranked events—the purpose is to reveal the statistical quality of individual events at
different regimes. The SNO events of the 375-m regime (cyan crosses) are first sorted according to
their precision from best to worst, and then results of other three regimes following the same SNO
event sequence are plotted accordingly. That is, the 1-km, 750-m and the 500-m regime result are not
separately sorted, but follow the same sorting event-by-event as that of the sorted 375-m regime result
for comparison.

First, all of the most precise SNO events converge toward the beginning of the plot at about 0.15%
to 0.2% precision, and this is because of the excellent homogeneity of clear-scene events. This indicates
the comparison analysis has the inherent capability to reach 0.15% level. Second, the ranked result
shows different intervals of slightly different pattern—a smooth pattern up to event 200 under 0.6%
precision, followed by a stronger increasing pattern with more noise from event 200 to 350 and up to
2% precision, and finally the sharply rising and noisy pattern after event 350 and 2% precision. This
even-by-event showing of the precision quality reveals the how precision threshold may be decided for
a time series. For these cases, a 1.0% precision threshold seems a good balanced choice between having
tight error bars and number of events. Third and most importantly as a focus of this examination,
the result of the 750-m (green stars) and 500-m (red triangles) regimes can be seen to evenly straddle
around the 375-m (cyan crosses) regime result, showing consistent agreement among the three finer
regimes. On the other hand, the 1-km precision result (blue squares) is on the average higher than the
result of three other regimes, as already revealed in Figure 18a,b. The capability of the radiometric
intercomparison methodology, at least in the context of the constrained procedure, may have reached
optimal result at the 750-m regime.

The time series also reveal some deviating features indicative of some basic on-orbit calibration
issues. Although it may deceptively appear that the time series exhibits long-term drift, the result is
more consistent with a series of radiometric jumps, suggesting numerous calibration adjustments for
Aqua MODIS B2 or SNPP VIIRS M7/12.

50



Climate 2019, 7, 81

O Aquo MODIS B2 ( 1 km) vs SNPP VIRS M7 (750 m); Precision: 0.672% |
X Aquo MODIS B2 (500 m) vs SNPP VIRS M7 (750 m): Precision: 0.590%

1.06 - =
1.04 - [
2 i '
o 1.02F e
@ L - |
1.00 u
0.98 B g
L L L L L \7
2012 2013 2014 2015 2016 2017 2018
Year
(a)
A 'Aquo MODIS B2 (500 m) vs SNPP VIRS 12 (375 m); Precision: 0.621% ||
1.06 | X Aqua MODIS B2 (250 m) vs SNPP VIIRS 12 (375 m): Precision: 0.618% _|
1.04 -
2 2 2 ]
° 1.02F
o s -
1.00 - *
0.98 - u
L L L L L L \7
2012 2013 2014 2015 2016 2017 2018
Year
(b)
25 [ O Aquo ‘MOD\S 82 (‘1 km) vs S‘NPF VIRS l‘ﬂ (750 m)‘ ]
"~ L % Aqua MODIS B2 (500 m) vs SNPP VIRS M7 (750 m) 4
[ A Aquo MODIS B2 (500 m) vs SNPP VIRS 12 (375 m) ]
F X Aquo MODIS B2 (250 m) vs SNPP VIRS 12 (375 m) 4
20F o /]
c 1.5 Ul
.o [ ]
(2]
o [ o
o L
& 1.0r
[ o o
05r gg § 1
% A air * ]
0.0 SO—kr"n, SOO—?cmp\e:

0 50 100 150 200 250 300
SNO Event (Ranked)

(©)

Figure 18. Results of four different regimes of intersensor comparison demonstrated by (a) Aqua
MODIS B2 versus SNPP VIIRS M7 time series at the 1-km and 750-m regimes, (b) Aqua MODIS B2
versus SNPP VIIRS 12 time series at the 500-m and 375-m regimes, and (c) the precision versus ranked
SNO events for all four cases.
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The Aqua MODIS versus SNPP VIIRS results shown in Figure 18 are statistically dominated by
events over the southern polar scenes, easily noticeable for the clustering of events during the Austral
summer period from October to March. To demonstrate events over the northern region, Figure 19
shows the two inter-RSB comparisons of Sentinel-3A OLCI Oal7 (865 nm) versus SNPP VIIRS M7
at the 750-m regime (green diamonds), and versus 12 (862 nm) at the 350-m regime (orange crosses).
The two OLClI-based times series are also time-matched to ensure event-by-event correspondence.
The subset of the Aqua MODIS B2 versus SNPP VIIRS 12 comparison in Figure 18b occurring in the
northern polar region is also shown (cyan diagonal crosses) in Figure 19 for comparison. The three
precision results illustrate similar statistical performance at the 750-m and the 375-m regimes, at ~1%,
with no clear advantage of the 375-m regime over the 750-m regime. The two OLCI-based times series
also demonstrate an overall event-by-event consistency of precision between the two regimes, as also
shown by the Aqua MODIS-based result in Figure 18. The combined findings of Aqua MODIS-based
and OLClI-based results show that precision result for comparison under 1-km regimes in either polar
regions is consistently at ~1% and slightly less.
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Figure 19. Inter-RSB comparisons of OLCI Oal7 versus SNPP VIIRS M7 and 12, occurring exclusively
over the northern polar region, demonstrate the 750-m (green diamonds) and 375-m (orange crosses)
regimes. The subset of Aqua MODIS B2 versus SNPP VIIRS I2 comparison occurring over the northern
polar region (cyan diagonal crosses) is shown for comparison.

5. Multi-instrument Cross-Comparison

Intercomparison becomes even more useful when three or more sensors of comparable performance
capability can be cross-checked. The next few figures exemplify the cross-comparisons of Aqua MODIS,
Terra MODIS, and Sentinel-3A OLCI against SNPP VIIRS for the year 2017. The MODIS versus SNPP
VIIRS comparison is carried out at the 1-km regime while that of OLCI versus SNPP VIIRS is at the
750-m regime. The time series are plotted over a 20% range centering on the time series means of the
OLCI versus SNPP VIIRS, with two dashed lines marking the 2% level above and below the series
mean. The applied precision threshold is 3%. The final figure shows the comparison result of three
OLCI bands overlapping with SNPP VIIRS M5, explicitly demonstrating the impact of various level of
mismatching RSRs. The impact of the spectral mismatch on time series remains one fundamental issue
not yet adequately explored by the intersensor community.

5.1. Aqua MODIS, Sentinel-3A OLCI and SNPP VIIRS Comparisons

Figure 20a shows the three comparison time series using Aqua MODIS B8 (blue squares), Terra
MODIS B8 (green triangles), and Sentinel-3A OLCI Oa02 (red crosses) against SNPP VIIRS M1. It
is seen that OLCI Oa02-based result is stable within 1% without strong seasonal modulation and
short-term drift. On the other hand, the Aqua MODIS B8-based result reveals a 3% peak-to-trough
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seasonal variation beyond the 1% error bar, while the Terra MODIS B8-based result is of 2% seasonal
variability along with a 2% difference with that of Aqua MODIS BS8. Certainly, spectral mismatch
between MODIS B8 and VIIRS M1 can induce seasonal pattern in both time series, but it remains
possible that some physical or optical effect is impacting both Terra and Aqua MODIS B8. In addition,
the discrepancy between the two MODIS-based results points to some inconsistency in the on-orbit
calibration of MODIS B8.
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Figure 20. The radiometric comparison time series, from May 2017 to September 2017, of (a) MODIS
B8 and Sentinel-3A OLCI Oa02 versus SNPP VIIRS M1 and (b) MODIS B2 and Sentinel-3A OLCI Oal7
versus SNPP VIIRS M7.

Chu et al. [7] have previously concluded that IDPS-generated radiance for SNPP VIIRS M1
contains a long-term drift of approximately 0.4% over the four-year period from February 2012 to
February 2016. For this recent 16-month period, the drift in IDPS-generated SNPP VIIRS M1 radiance
is estimated to only ~0.15%, which is too small to be seen in these time series. The result suggests that
OLCI Oa02 is not likely to have any significant short-term drift over the 16-month period.

Figure 20b shows the three comparison time series against SNPP VIIRS M7 using Aqua MODIS
B2 (blue squares), Terra MODIS B2 (green triangles), and Sentinel-3A OLCI Oal7 (red stars). This set of
bands is a clean case study due to well-matched RSRs, thus providing a good example of multisensor
cross-check that can identify radiometric deviations. The precision is 1.15% for Aqua MODIS B2 result,
1.55% for Terra MODIS result, and 1.74% for OLCI Oal7 result. It is seen that both Terra MODIS and
OLCI agree well with SNPP VIIRS M7, with time series consistent at ~1.0, as expected. However, Aqua
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MODIS B2 shows a clear upward shift of ~2% against SNPP VIIRS M7 starting sometime between
May and October 2017. This discontinuity had been documented in a preliminary study [30] but the
times series is extended here to make clearer the upward discontinuity. Based on the overall result, it is
concluded that Aqua MODIS B2 went through the 2% radiometric jump just before October 2016.

5.2. Impact of RSR Mismatch: Sentinel-3A Oa08-Oal0 versus SNPP VIIRS M5

The impact of the spectral coverage mismatch between two bands is nontrivial to quantify for
intercomparison and is so far not well addressed or even well understood. The two primary effects
of the mismatch are the offset from 1.0 in radiometric ratio and the emergence of yearly modulation.
Here, only a demonstration of the effect is intended through an illustrative example using SNPP VIIRS
MS5 as a fixed reference and a set of three adjacent bands in Sentinel-3A OLCI. As shown in Table 2, the
three OLCI RSBs, 0a08 (660670 nm), Oa09 (670-677.5 nm), and Oa010 (677.5-685 nm), cover the 660
to 685 nm spectral region in sequence, with each having some spectral overlap with SNPP VIIRS M5
(662-682 nm).

The three inter-RSB comparison time series are shown in Figure 21 for the year 2017, for Oa08
(red stars), Oa09 (blue diagonal crosses), and Oal0 (green triangles). The three time series have nearly
identical precision at 1.76%, yet differences among them are clearly shown. First, different radiometric
offsets away from 1.0 expectedly show the dependence on the level of RSR mismatch. Second, while
0Oa08-based time series seems stable, both Oa09- and Oal0-based time series exhibit greater seasonal
modulation, in particular, the Oal0-based result has the largest deviation at ~3%, not accounting for
the three outliers below 0.95. This is the definitive demonstration of the different responses to the same
set of SNO scenes arising only because the effect of mismatching RSRs. As Oal0 result indicates of it
having the largest impact of the spectral mismatch with SNPP VIIRS M5, it shows both the largest
downward offset and the most variable seasonal modulation in a consistent manner that is expected.
However, what is not clear is how certain mismatch has less impact on the time series than others,
such as OLCI Oa08-based result having weaker modulation. Nevertheless, the connection between the
offset and the seasonal modulation is direct, that both being the manifestation of the spectral mismatch.
Specifically, this connection may be useful for quantifying the impact of spectral mismatch.
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X Sentinel-3A OLCI 0a09 vs SNPP VIIRS M5
A

1.05 Sentinel=3A OLCI Oa10 vs SNPP VIIRS M5
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2017.0 2017.2 2017.4 2017.6 2017.8 2018.0
Year

Figure 21. The inter-RSB comparisons of Sentinel Oa08-Oa10 with SNPP VIIRS M5 demonstrating the
impact of different level of spectral mismatch. The precision threshold is 3%.

The three outliers are briefly discussed here as an instance of multimodality. The outliers of each
time series correspond to the same SNO events of the other two but at different ratios. These cases can
arise from some scenes of less stable condition, such as cloudy or ocean scenes, which on occasions
can still be stable enough to pass selection criteria. These cases are technically the result of a different
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mode, arising from the nontrivial effect of mismatching RSRs responding to different scene conditions.
As has been pointed out previously, the presence of outliers or additional modes is one scenario where
a targeted removal of certain scene condition, such as cloud, can be applied.

6. General Discussions

Intercomparison of radiometric data, as in any statistical sampling, is not entirely useful without
a reliable estimate of error bars. The procedure described herein establishes the reliability of the
error bars, or precision, of the comparison events, further making error bar a usable discriminator for
selecting best-quality SNO events. The overall result shows that an overall 1% precision is reachable at
the 1-km resolution. The constructed multiyear time series, “as is” without adjustment, are capable
of capturing various features illustrative of some underlying radiometric or calibration issues as
listed below.

1. Long-term drift reveals a systematically worsening error in the on-orbit calibration of the sensor
data, as exemplified by Aqua MODIS B4 versus SNPP VIIRS B4 in Figure 11.

2. Sudden radiometric shift reveals a likely one-time calibration adjustment or instrument change
as exemplified by the jumps in Aqua MODIS B2 versus SNPP VIIRS M7 before Oct 2016 shown in
Figure 20b.

3. Noise and variability reveals scene-based effects as exemplified by almost all inter-RSB
comparisons of Aqua MODIS and SNPP VIIRS in Figures 11-17.

4. Seasonal modulation reveals impact of RSR or other physical effects as exemplified by Aqua
MODIS B8 versus SNPP VIIRS M1 in Figure 20a and most demonstratively the three OLCI-based time
series in Figure 21. Multimodality can also manifest from RSR mismatch. Definitively the seasonal
modulation is not an issue related to the SZA.

5. Non-seasonal and sporadic shifts reveal possible calibration instability as exemplified by Aqua
MODIS B2 versus SNPP VIIRS M7/12 in Figure 18a,b.

6. Discrepancy between the different intercomparisons, in addition to possibilities listed above,
can reveal additional biases and calibration inconsistencies, as exemplified in the cross-comparisons of
Figures 19-21.

So far, this study focuses on the on-orbit performance of the multispectral sensor data in the
context of standard operational on-orbit RSB calibration. But the complete evaluation must include
sensor data over all extent beyond nadir. It is therefore important to continue to distinguish between
the issues of on-orbit RSB characterization from those of other additional calibration adjustments. One
such important associated issue is the time-dependent RVS effect of the scan mirror that is known for
MODIS [20], although not known in VIIRS and not yet addressed in OLCI. The full calibration of the
sensor data for MODIS Collection 6 [19,20] involves additional correction necessary to mitigate this
angle-dependent effect throughout the entire spatial extent that cannot be analyzed by the standard
on-orbit calibration analysis. While the “nadir-only” framework of intercomparison can expose issues
of standard operational on-orbit calibration, it is not designed to address any large-extent issues such
as RVS. Nevertheless, this study puts forth a spatial scale-dependent analysis possibly extendable
to examine off-nadir issues. The result of this study supports a strategy to first isolate and examine
on-orbit calibration before studying other effects.

Nevertheless, some built-in limitations are difficult to overcome, including narrow-band dynamic
range, lack of spectral counterparts, or simply missing data. Approaches entirely different from
intercomparison, such as using stable Earth scenes, even if less reliable, must necessarily be included to
build a full-evaluation strategy. This study also does not isolate the impact of geolocational error, but
the overall result highly suggests geolocational issue not to be significant. Regardless, the increasing
number of high-performing multispectral sensors in and to be in operation definitively expands the
overall usability of intercomparison. OLCI is a prime example—given its dense spectral coverage
from 400 nm to 900 nm by 21 bands, 300-m spatial resolution and the built-in on-orbit RSB calibration
capability—of a new a powerful radiometric reference in the VIS/NIR range.
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Lastly, a recent study by Chu and Dodd [31] demonstrates that the radiometric intercomparison
of MODIS versus SNPP VIIRS thermal emissive bands (TEBs) can be analyzed under the “nadir-only”
framework, along with homogeneity-ranked and sample size constrained procedure. Although an
in-depth study of the capability of the radiometric intercomparison has not yet been carried out for
TEBs, the general applicability of the prescribed procedure to RSBs and TEBs is expected.

7. Conclusions

The capability of the radiometric intersensor comparison of multispectral sensors using four
major sensors has been examined to attain robust 1% precision and better in multiyear time series.
The “nadir-only” restriction of SNO-based comparison analysis provides a framework within which
the operational on-orbit RSB calibration performance can be evaluated in isolation from other issues
arising from larger area size or viewing angles, such as the RVS effect or scene-BRDF. With the use
of pixel-based homogeneity and sample size constraint, the procedure successfully stabilizes ratio,
tightens error bars, and makes fuller time series. The procedure makes error bar a meaningful
discriminator of SNO events of varying level of statistical quality. A well-behaved time series can
attain even better precision making it possible to detect a persistent multiyear drift as small as 0.3%.
This study also clarifies that the application of targeted removal algorithm, such as cloud removal, not
to be effective in overcoming variability at least not on the level of reaching 1% result. Various issues
are also discussed and presented, such as the SZA impact not being important under the “nadir-only”
framework, the impact of RSR mismatch to be radiometric ratio offset and seasonal modulation, and
that the 2% scene-based effect, loosely called the “scaling phenomenon”, is pervasively present in both
the northern and southern polar scenes to affect all polar-orbiting RSBs. However, arguably the most
important aspect is the multisensor cross-comparisons made even more useful by the 1% precision
capability. Limitations in intercomparison certainly exist, and the lack of spectrally matching bands
between sensors is arguably the most basic one making full intercomparison impossible, thus requiring
a more comprehensive strategy. Nevertheless, this study strengthens intersensor comparison as a
powerful tool of monitoring and discovery for multispectral sensors in the coming era.
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Abstract: Reliable high spatial resolution information on the variation of extreme wind speeds under
frozen and unfrozen soil conditions can enhance wind damage risk management in forestry. In this
study, we aimed to produce spatially detailed estimates for the 10-year return level of maximum
wind speeds for frozen (>20 cm frost depth) and unfrozen soil conditions for dense Norway spruce
stands on clay or silt soil, Scots pine stands on sandy soil and Scots pine stands on drained peatland
throughout Finland. For this purpose, the coarse resolution estimates of the 10-year return levels
of maximum wind speeds based on 1979-2014 ERA-Interim reanalysis were downscaled to 20 m
grid by using the wind multiplier approach, taking into account the effect of topography and surface
roughness. The soil frost depth was estimated using a soil frost model. Results showed that due to
a large variability in the timing of annual maximum wind speed, differences in the 10-year return
levels of maximum wind speeds between the frozen and unfrozen soil seasons are generally rather
small. Larger differences in this study are mostly found in peatlands, where soil frost seasons are
notably shorter than in mineral soils. Also, the high resolution of wind multiplier downscaling and
consideration of wind direction revealed some larger local scale differences around topographic
features like hills and ridgelines.

Keywords: boreal region; extreme wind speed; wind climate; soil frost; wind damage risk
management; wind multiplier; downscaling; topography; surface roughness

1. Introduction

In the last few decades, wind storms have caused the most damage and economic losses in
European forests, compared to all abiotic and biotic damage agents [1-4]. So far, winter storms have
caused the most destructive damage in Western and Central Europe [3,5,6], e.g., storms like Vivian in
1990 (over 100 million m? of timber), Lothar and Martin in 1999 (over 175 million m?®), Kyrill in 2007
(54 million m®) and Klaus in 2009 (50 million m®), respectively. Damages have increased in recent years
also in northern Europe [4,6,7], where in 2015 Gudrun damaged 70 million m? and in 2007 Per damaged
12 million m? of timber, mainly in Sweden. In Finland, over 25 million m? of timber has been damaged
during storms since 2000, the most in autumn storms in 2001 (Pyry and Janika, 7.3 million m%) and in
summer storm in 2010 (Asta, Veera, Lahja and Sylvi, 8 million m?), respectively. The increasing amount
of damages in European forests may at least partially be explained by increasing volume of growing
stock and changes in forest structure (e.g., age, tree species) related to changes in forest management
practices [1,5,8,9]. Forest disturbances may also amplify or even cancel out the expected increase in
productivity of forests under changing climate [4,10].
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Some recent studies indicate increased storminess for some regions in Europe (see e.g., review
by [11]). However, the majority of studies point towards decadal variation in storminess without
any clear trend for a direction or another [12-15]. In Finland, slight weakening of annual mean
(=0.09 ms~! decade™!) and maximum (—0.32 ms~! decade™) wind speeds across 33 weather stations
have been observed in the period of 19592015 [16], which is in accordance with widespread weakening
of terrestrial near-surface wind speeds [17,18]. For future projections, the change in the extreme
wind speed during the coming decades is still a somewhat unsolved issue and the outcome is largely
dependent on the climate model used for the simulation [11,19,20].

However, the risk of wind damage to forests may still increase in Northern Europe under climate
change even if the frequency and severity of wind storms do not increase. This is due to the shortening
of the frozen soil period, which improves tree anchorage during the windiest season of the year from
late autumn to early spring [21-24]. Moreover, storms may be accompanied by heavier rainfall, leading
to more saturated soils and increased risk of wind damage [5]. When estimating the forest wind
damage risk it is thus essential to know whether the extreme wind speeds occur during the frozen
or unfrozen soil conditions. Typically, the windiest season in Finland is from October to March [25]
and soil frost season starts in October-November and ends in April-May [26]. However, there is large
year-to-year and regional variation in soil frost duration.

Even a 20 cm thick frozen soil increases the anchorage of trees and reduces substantially the risk
of uprooting [27,28]. According to tree-pulling experiments in Finland, under frozen soil the type
of failure was stem breakage, whereas under unfrozen soil conditions, about 80% of trees uprooted,
respectively [28]. From the three economically and ecologically most important boreal tree species
in Finland, Norway spruce (Picea abies) with the shallow rooting is the most vulnerable to uprooting,
followed by Silver and Downy birches (Betula pendula and Betula pubescens), and Scots pine (Pinus
sylvestris), respectively [27,28]. However, from late autumn to early spring, birches (without leaves)
are not vulnerable to wind damage and therefore excluded from this study.

For snow free surfaces, the soil frost modelling can be done using cold season frost sum and
soil characteristics alone [29]. The presence of snow and vegetation complicates the modelling, and
requires a more sophisticated approach including the modelling of heat and water transfer [23]. An
example of a relatively simple approach accounting for the main controlling factors was published
by [30]. It was further developed and tested in the Finnish conditions by [31] for the calculation of soil
temperatures in three common combinations of soil and forest types in Finland, i.e., dense Norway
spruce stands on clay or silt soil, Scots pine stands on sandy soil, and Scots pine stands on drained
peatlands. Soil frost conditions can vary a lot, even up to few months in mean duration, depending
on soil type. Peat is effective insulator compared to mineral soils, therefore having shorter soil frost
periods in similar climatic conditions [31].

The estimation of the return levels of maximum wind speed values (extreme winds) can be done
using observational data representing conditions at the observing station location or using reanalyzed
data like ERA-Interim [32], representing a larger area’s averaged value, respectively. When studying
the high-resolution spatial variation of extreme winds, the data has to be either downscaled from the
reanalyzed coarse grid to a local value or upscaled from station point observations to areas located
between the stations. Downscaling can be done by applying various spatial statistical tools, e.g., [33,34],
or complex airflow models like e.g., WAsP [35], which are typically applied for wind power potential
predictions. GIS-based methods for mapping the areas having highest wind damage risk have also
been introduced, e.g., [36-38]. One computationally feasible approach for the estimation of the return
levels of extreme wind speeds for large geographical areas with very high spatial resolution is the
wind multiplier approach [39-41]. In this method, return levels obtained, e.g., from the reanalysed
data, are downscaled to local wind speeds with help of land cover (roughness) and topography
data. By applying GIS-tools such as ArcGIS, QGIS or R, it is rather straightforward to produce the
required multipliers.
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The reliable high-resolution information on the spatial variation of extreme wind speeds can
enhance wind damage risk management in forest planning and forestry. In the above context,
the objective of this study was to produce spatially detailed estimates (maps) of the 10-year return
level maximum wind speed under current climate for unfrozen and frozen soil conditions in some of
the most common combinations of forest and soil types in Finland. By utilizing soil frost calculations
of [31] to determine the duration of soil frost seasons, the wind speed return level calculations were
done for dense Norway spruce stands on clay or silt soil, Scots pine stands on sandy soil, and Scots pine
stands on drained peatland. The coarse resolution estimates of the 10-year return level of maximum
wind speed were based on 1979-2014 ERA-Interim dataset [32]. Downscaling to a 20 m grid was done
by applying the wind multiplier approach [41].

2. Materials and Methods

2.1. Soil Frost Modelling

Soil frost conditions were modelled by using an extended version of the original soil temperature
model [30]. It was derived from the law of conservation of energy and mass assuming constant water
content in the soil. Model was further developed to take into account the heat flow below soil layer of
consideration [42]. Following [42], soil temperature at depth Zg (m) can be calculated as follows:
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where TtZ (°C) is the soil temperature on a previous day, Tar (°C) is the air temperature, At is the length
of a time step (s), Kr (W m~! °C1) is the thermal conductivity of the soil above Zg, Cs (J m=3°Ch)
is the specific heat capacity of the soil above Zs, Cjcp (J m™3 °C™1) is the specific heat capacity due
to freezing and thawing, fs (m~1) is an empirical damping parameter due to snow cover, Ds (m) is
snow depth, Krrow (W m~! °C1) is the thermal conductivity of the soil below Zs, Cs o (J m™2 °C™1)
is specific heat capacity of the soil below Zg, and Trow (°C) is soil temperature at the depth of Z.
Following to [31], Z; was set to 6.8 m.

By using soil temperature observations from several stations across Finland, the soil temperature
model was parametrized for three different soil types: clay or silt soil, sandy soil, and peatlands [31].
Between the depths of 20 and 100 cm, the parametrized model explained approximately 90-99% of the
observed variability in soil temperatures.

In a study by [31], also a snow depth model (based largely on the work of [43]) was used to
simulate the snow depth, using daily temperature and precipitation observations [44], for different
forest conditions in addition to open areas. In this study, we used the soil frost data calculated by [31]
for different combinations of forest and soil types, based on combined use of soil temperature and
snow depth model. The soil frost data in 0.1° x 0.2° grid has been calculated for dense spruce stands on
clay or silt soil (hereafter CSS), pine stands on sandy soil (hereafter SP) and pine stands on peatlands
(hereafter PP), respectively. Calculations for each of the forest and soil types were performed on every
grid cell. The soil was assumed to be frozen and provide sufficient anchorage for trees when the
modelled soil frost extended at least to a depth of 20 cm continuously from the surface and unfrozen
otherwise. The expectation of the sufficient anchorage was based on the typical rooting depth of main
boreal tree species, see e.g., [21,24,27,28].

2.2. Estimation of the 10-Year Return Levels of Wind Speed

The 10-year return levels, corresponding to an annual probability of exceeding the 90th percentile,
of maximum wind speeds were calculated using the ERA-Interim dataset [32] covering years 1979-2014
and the generalized extreme value method (GEV) [45]. We used the block maxima approach,
in this case for seasonal maximum wind speeds of both frozen and unfrozen soil season, with the
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maximum-likelihood fitting of GEV distribution [46,47]. We analysed 10-minute instantaneous wind
speeds available at 6-hour intervals given as grid box averages, each covering an area of 0.75° x 0.75°.

The maximum wind speed dependence on wind direction was estimated by making the
calculations wind direction wise, i.e., the 10-year return levels were estimated separately for cardinal
and intercardinal wind direction sectors. For comparison and validation purposes, 10-year return levels
were also calculated for 40 weather stations (Figure 1a) across Finland (on mainland) using wind speed
observations covering the same period of 1979-2014 as in the ERA-Interim dataset. Observational data
consisted of synoptic observations of 10-minute average wind speed with 3-hour measurement interval.

Compared to our data period of 19792014, the 10-year return level estimates can be expected to
be quite robust. Estimated 10-year return level, i.e., wind speed equalled or exceeded on average once
every 10 years, is relatively short period compared to our data period of 35 years. However, in coastal
regions of southern and southwestern Finland, uncertainties related to the statistical estimation of
return level is somewhat increased. This applies particularly for PP as, based on soil frost calculations
by [31], mild winters with no soil frost, or at least not exceeding 20 cm in depth, are quite common
(not shown). In these cases, the dataset from which soil frost season return levels are calculated is
smaller, leading to a wider return level estimate confidence intervals. Also, regions with only short soil
frost period, when the window for seasons maximum wind speed can often be only e.g., 1-2 months,
have larger variability in the used dataset for return level estimation, therefore increasing uncertainty
even if totally frost-free years are rare.

Considering normal approximation 95% confidence intervals of calculated 10-year return level
estimates for weather stations, range is on average +/—1 m/s over all 1920 return level calculations
consisting of 40 stations, eight wind directions, three forest soil types, and distinction between frozen
and unfrozen soil season, respectively.

2.3. Downscaling of the 10-Year Return Levels of Wind Speed

The impact of local terrain features on maximum wind speed cannot fully be taken into account in
the relatively coarse 0.75° x 0.75° grid of ERA-Interim, because for example, hills, lakes, and changes
in land-use are not considered in detail. For this reason, in order to downscale the wind speed return
level from the coarse grid to a high-resolution grid we used a wind multiplier approach tested recently
by [41] for boreal forest conditions. In this study, only topographic and terrain (surface roughness)
properties are taken into account when assessing local maximum wind speeds (and their return levels)
separately for the eight cardinal and intercardinal wind directions. For the application in forested
landscapes, the shielding factor, i.e., the effect of upwind buildings providing cover to the place of
interest and only relevant in urban areas, was not considered. The wind multiplier method has been
presented earlier in [40,48] for more details.

Following the study by [41], the return level of regional maximum wind speed (Ug) in an open
terrain at a 10-m height is downscaled into site-specific return level (Us;,.) by applying two multipliers,
i.e., terrain multiplier (M,), and topographic (hill-shape) multiplier (M;,):

Usite = Ur X Mz X M}, (2)

We used a 20 x 20-m grid, which is in line with the CORINE Land Cover 2012 dataset [49] providing
the information on land cover and land use that enabled the calculation of terrain multiplier. When
defining the terrain multiplier (M), we used a 500 m fetch length and weighted the grid points close to
place of interest more than the further upwind grid points.

The topographic (hill-shape) multiplier (M},) was calculated by taking into account the variations
and change of elevation 1000 m upwind from the place of interest. As well, the elevation of the place
of interest was taken into account. Development of the M, and M, multipliers used in this study were
described more elaborately in the Sections 2.3 and 2.4 of [41]. According to [41], for areas with no
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extreme variations of elevation, the wind multiplier approach was a feasible method to identify at a
high spatial resolution locations having the highest forest wind damage risks.

2.4. Comparison of Return Levels Derived from Point Observations, Reanalysed Data, and Wind Multiplier
Downscaled Data

The 10-year return levels of maximum wind speeds calculated from the observations (OBS) of
40 weather stations (Figure 1a) were compared to corresponding return levels calculated from the
original ERA-Interim reanalysed data (ERA) and return levels downscaled with wind multiplier
approach (WM). Weather station location coordinates were used to derive data from ERA and WM
gridded datasets.

Besides general visual scatterplot comparison of ERA and WM values to OBS values, also
the coefficient of determination R?, D statistic of two-sample Kolmogorov-Smirnov test, and mean
differences were used to analyse the performance of ERA and WM to produce return level values
similar to OBS. These statistics were also analysed at the station level. Comparisons were considered
more at a qualitative than quantitative level, i.e., are return level values produced with WM approach
improvement to original ERA values when considering similarity to values derived from weather
station observations.

The D statistic of the two-sample Kolmogorov-Smirnov test was used as a measure of similarity
of ERA and WM to OBS. Smaller values of D are considered as a good result, i.e., EDF (empirical
distribution function) of WM is more similar than EDF of ERA compared to EDF of OBS. Mean
difference statistic used was simply the mean of differences between ERA and WM to OBS at station
level, over all the combinations of eight wind directions, three soil types, and distinction between
frozen and unfrozen soil. Again, smaller values were considered as a good result as a difference
between WM and OBS is smaller than a difference between ERA and OBS. R? was used as a goodness
of fit of a simple linear regression between OBS and ERA or WM. Here, increasing R? was considered
as an improvement when comparing a regression of OBS and WM to a regression of OBS and ERA.

2.5. Structure and Restrictions of Data Analyses

For deeper understanding of results for calculated return levels of maximum wind speeds and their
differences between frozen and unfrozen soil, we first considered independently underlying soil frost
conditions (e.g., number of soil frost days and duration of soil frost) and wind conditions (e.g., timing
of maximum wind speeds throughout year and between frozen and unfrozen seasons), respectively.

We also restricted our analysis to mainland Finland (see Figure 1a). The reasoning for this is the
lack of years with soil frost in the archipelago, leading to increased uncertainty in the calculation of
wind speed return levels. Also, the insufficient performance of wind multiplier method for the small
Baltic Sea islands found by [41] supports our decision.

The territory of Finland was moreover divided into three sub-regions in the analysis of
results. The three sub-regions were based roughly on the mean annual growing degree day sum
(GDD) calculated using the threshold of 5 °C. The limits are GDD > 1200 °C days for southern,
1000 °C days < GDD < 1200 °C days for central and GDD < 1000 °C days for northern sub-regions,
following also roughly the borders of boreal subzones.

Also, one smaller area (30 x 30 km) from northern Finland (Figure 1a) with a more complex
topography (Figure 1b) was used to examine and present the more local scale behavior and influences
of wind multiplier downscaling to 10-year return levels of wind speeds and differences between frozen
and unfrozen soil seasons.
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Figure 1. (a) Locations of 40 weather stations (black dots), division of the Finland into three parts,
and location of detailed study area (square with black borders). (b) Topography and elevation
(meters above sea level) of detailed study area.

3. Results

3.1. Soil Frost Conditions

Figure 2 presents the modelled annual mean, minimum and maximum number of soil frost days
for three different forest and soil-type combinations in the period 1979-2014. In general, upland forests
on sandy soil had the most soil frost days and forests on drained peatlands least. Duration of soil frost
season in northern Finland was on average approximately 5-7 months for dense spruce stands on clay
or silt soil (CSS) and pine stands on sandy soil (SP). For pine stands on peatlands (PP) soil frost season
was considerably shorter, 3-5 months, with large spatial variability. In the central parts of the country,
the season lasts on average about 3—4 months for PP and roughly 4-6 months for SP and CSS. Length
of the average soil frost season in southern Finland range from less than two months in the coastal
areas for PP up to five months for SP in the northern part of southern Finland.

However, especially for PP, frost-free seasons are possible almost everywhere in Finland. For SP,
soil frost season can also be as short as about a month in southern and southwestern coastal areas.
Conversely for SP, soil frost season is at least 5 months long in the whole northern part of Finland.
The maximum length of soil frost season differs less from the average than the minimum. Here CSS
and SP are quite similar, the maximum length of frost season ranging from about 5 months even at the
coast to over 8 months in the most northwestern part of Finland. For PP, the longest soil frost periods
are roughly a month shorter.

Years with zero soil frost days are virtually nonexistent in CSS and SP, but in PP there are rather
large areas with roughly one-third of the 36-year study period with no soil frost (not shown). These
areas are mainly in the southern part of Finland, but also in the northern parts, respectively. Years with
less than 60 soil frost days are rare in CSS and SP apart from the southwestern part of Finland, where
especially in coastal areas about every third year is this kind. Again, PP is substantially different with
some areas having a majority of years with soil frost season less than 60 days.
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CSS

Figure 2. Annual mean (top row), maximum (middle row), and minimum (bottom row) number of
modelled soil frost days over the period 1979-2014 in three forest and soil types. CSS (spruce on
clay/silt), SP (pine on sand), PP (pine on peat).

3.2. Wind Conditions

We found large year-to-year variability in the timing of the annual maximum wind speed in
the period 1979-2014. Among all 40 stations, the most common month for annual maximum wind
speed was December (Figure 3a). However, also months from October to May are rather common for
annual maximum wind speeds. Direction wise the annual maximum wind speeds from N, NE, and E
were most commonly observed during spring and early summer (April-June), whereas for rest of the
directions it was usually observed from October to March (not shown).

It was rather common that the annual maximum wind speed was observed multiple times during
a year, partly driven by wind observations having no digits in the first part of the study period. About
25% of all the years among 40 stations had annual maximum wind speeds observed on more than one
month of that year. 49% for PP, 59% for CSS, and 62% for SP of these years were ones with similar
maximums during frozen and unfrozen seasons (not shown).

65



Climate 2019, 7, 62

(a) 300

250

200

0
00
’ .
i 2 3 b1 5 8 s 10 11 12

Month

Unfrozen MFrozen
(b)

Southem Finland Central Finland Northern Finland

40%{
30%1
20%1
10%
0%1
css  sp &3 C 3

“ i pe
Figure 3. (a) Distribution of annual maximum wind speed observation months over 40 weather stations
and period 1979-2014. (b) Proportion of annual maximum wind speed (1979-2014) observed either
during frozen (black) or unfrozen (grey) soil frost season at weather stations located in southern, central,
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and northern Finland. CSS (spruce on clay/silt), SP (pine on sand), PP (pine on peat).

Figure 3b presents how observed annual maximum wind speed was split up between frozen
and unfrozen seasons on different forest and soil type combinations in southern (14 stations), central
(12 stations), and northern (14 stations) Finland. The annual maximum wind speed was observed
rather evenly in both seasons in the case of CSS and SP, occurring slightly more often during unfrozen
season in southern Finland and frozen season in northern Finland, respectively. For PP the difference
was more pronounced, especially in southern and central Finland where annual maximum wind speed
was clearly more often observed during unfrozen season.

We also further compared the underlying distributions of seasonal maximum wind speeds, from
where return level estimates for 40 stations were calculated, using two-sample Kolmogorov-Smirnov
tests to determine if there was statistically significant (p < 0.05) difference between frozen and
unfrozen soil seasons. For CSS, difference was statistically significant in southern and northern,
and non-significant in central Finland. For SP, significant in central and northern, and non-significant
in southern Finland. And for PP, significant in southern and central, and non-significant in northern
Finland, respectively.

3.3. The 10-Year Return Levels of Maximum Wind Speed for Frozen vs. Unfrozen Soil

Generally differences in maximum 10-year return level of wind speed between seasons of frozen
and unfrozen soil are rather small (difference +/—1 m/s) in large part of Finland. Small differences
were observed especially for CSS (Figure 4a maps) and SP (Figure 4b maps), of which results as a
whole resemble each other closely with similar spatial patterns and direction of differences. On large
scale, larger differences were observed for CSS and SP only in parts of northernmost Finland and in
the coastal are of southwestern Finland, i.e., maximum 10-year return level of wind speed was about
1-2 m/s larger in soil frost season. Differences larger than +/-1 m/s were a bit more common for PP
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(Figure 4c maps). Areas with stronger winds during the unfrozen season were found across coastal
areas, parts of eastern Finland, and northernmost Finland, respectively. Noteworthy, compared to CSS
and SP, sign of the difference is opposite in the coastal areas and in the most northwestern part of
Finland. Notable positive differences in PP restricts to western and central parts of Lapland.
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Figure 4. Aggregated maps presenting the maximum of 10-year return level of maximum wind speed
[m/s] from cardinal and intercardinal wind directions during season of frozen (left) and unfrozen
(middle) soil on: (a) soil type CSS (spruce on clay/silt), (b) SP (pine on sand), and (c) PP (pine on peat).
Map on right presents the difference between two seasons (m/s). Distributions present the differences
in 10-year return levels between frozen and unfrozen soil seasons wind direction wise, divided into
northern (NF, top), central (CF, middle), and southern (SF, bottom) Finland.
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There were also some quite notable differences direction wise whether the bulk/peak of the
distribution of differences was over or below zero (Figure 4a—c distributions). The effect of wind
direction on distribution of differences was smallest in northern Finland, regardless of combination of
forest and soil type. In southern Finland, for S and SE wind directions return level of wind speeds were
stronger during soil frost season. Conversely, winds from W, SW, and E were characterized by stronger
winds during unfrozen soil season, whereas for the rest of the directions, differences were more or
less evenly distributed around zero. In central Finland, dependence on wind direction was similar for
CSS and SP, with N, NE, SE, S, and NW directions having dominantly stronger winds during frozen
soil season and W, SW, and E directions were characterized by stronger winds during unfrozen soil
season or the differences were distributed rather evenly. For PP, more directions were characterized
by stronger winds during unfrozen soil season, namely N, E, SW, W, and NW. Only NE, SE, and S
directions had stronger winds mainly during frozen soil season.

All in all, large-scale differences were in general quite subtle and/or restricted to few areas.
On the other hand, small-scale features were visible in the maps over the whole Finland (Figure 4).
In detail, these local scale nuances in the behavior of wind multiplier downscaled return levels of
10-year maximum wind speeds are demonstrated, only for PP in this study, on 30 x 30 km area
from northern Finland with more complex topography (Figure 1b) including multiple hills/fells with
elevation changing between 40 and 270 m above sea level.

In the example area (Figure 1) used for more detailed analysis about the effects of wind multiplier
downscaling, the strongest winds were from the south (Figure 5). This dictates the general large-scale
characteristics of aggregated differences (Figure 6, middle), i.e., difference was positive on the majority
of the study area. However, generally weaker winds from NW (Figure 5) also had a significant role
when the effect of topography was taken into account via wind multipliers. As winds from NW were
conversely stronger during unfrozen soil season, this together with relatively strong topographical
forcing created isolated areas on hillsides where wind speed return level characteristics are deviating
quite a lot from the general conditions of the area (Figure 6, middle). In this example case, stronger
winds occurred during soil frost season, but there were also areas, mainly northwestern hillsides,
where the situation was opposite.

Frozen soil season

5 10

. 20

@ ()

Figure 5. Ten-year return levels of wind speed [m/s] for PP (pine on peat) (a) frozen soil season and
(b) unfrozen soil season in the detailed study area of northern Finland (location and topography,
see Figure 1). The aggregated maximum values are in the middle, surrounded by the return levels of
wind speeds from each of the cardinal and intercardinal directions.
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Figure 6. Differences of values presented in the Figure 5a,b. Positive values correspond to stronger
winds during frozen soil season.

3.4. Comparison of the 10-Year Return levels of Maximum Wind Speed between OBS vs. ERA and WM

Figure 7 show that even if there is still large variability and some systematic biases, the majority of
the OBS and WM comparisons are closer to 1:1 line than the corresponding OBS and ERA comparisons.
Also in Figure 8, all three statistics show improvement when comparing differences between OBS and
WM to differences between OBS and ERA. Taken over all the comparisons, the D statistic of two-sample
Kolmogorov-Smirnov test is decreasing from 0.543 to 0.195, R? of the linear regression increasing from
0.228 (95% confidence interval 0.196-0.262) to 0.320 (95% confidence interval 0.286-0.355), and the
mean difference decreasing from —1.96 to —0.77 (Mann-Whitney U-test p < 2.2e-16).

-20

Wind speed [m/s]: OBS

T 10 . » s
Wind speed [m/s]: ERA (black), WM (red)

Figure 7. Scatterplot comparisons of 10-year return levels of wind speed between OBS and ERA (black)
and between OBS and WM (red) at the station locations of 40 weather stations, including eight wind
directions, three soil types, and two states of soil frost. OBS stands for return levels derived from
observed weather station data, ERA for return levels derived straight from ERA-Interim reanalysis,
and WM for ERA-Interim derived return levels downscaled with wind multiplier approach.

69



Climate 2019, 7, 62

D statisti Mean difference R squared
1.00 08
2]
061
075 ol
3
= 0.41
> 050 2
021
4]
0.25
: 001 ’
ERA WM ERA WM ERA WM

Dataset compared to OBS

Figure 8. Boxplots of 40 station level comparisons of D statistic of two-sample Kolmogorov-Smirnov
test (left), mean differences (middle), and coefficient of determination R? (right) between return levels
derived from observations and ERA-Interim reanalysis (ERA) and between observations and wind
multiplier downscaling (WM).

At some station locations, the application of wind multipliers led to more biased return levels
compared to ones derived straight from the ERA-Interim. When considering all the 40 stations and
each of three comparison statistic, 23% of the cases showed deterioration of results. However, for only
three of the 40 stations, all three comparisons statistics were worsening (not shown).

A majority of the most pronounced overestimations of WM compared to OBS above return
levels of 15 m/s (Figure 7) were from a single station at relatively high altitude combined with a large
lake in the direction of the largest overestimations. There was also some similarity in the stations
characterized by restricted openness, for which wind multipliers overestimated return levels around
10 m/s. For example, the station producing largest overestimations around return levels of 12-13 m/s
was located in the residential area on the top of a hill.

4. Discussion

4.1. Main Findings

In this study, we produced high-resolution results (dataset) of 10-year return levels of maximum
wind speed, separately for seasons of frozen and unfrozen soil. This was done by utilizing wind
speed data from ERA-Interim reanalysis, modelled soil frost data, and surface roughness and
topography-based wind multiplier downscaling. Differences in wind speed return levels between
seasons of frozen and unfrozen soil are of interest for practical forestry as frozen soil reduces wind
damage risk in terms of uprooting of trees due to stronger tree anchorage, in opposite to unfrozen soil
during strong winds. Mapping of the most exposed areas to wind damage risk could also provide
support for risk management in forest planning and forestry.

Relatively small differences found in this study between the 10-year return levels of maximum
wind speeds during the frozen and unfrozen soil conditions can mainly be explained by the large
year-to-year variability in the part of year when the annual maximum wind speeds are occurring.
In Finland, maximum annual wind speed is only rarely observed during the warmest season from
June to September, and those cases are typically connected to more isolated convective weather events.
The period from October to December is characterized by frequent large-scale wind storms, however,
in most of Finland, the soil can still be unfrozen. During the coldest season from January onwards,
the possibility to have soil frost is largest and the occurrence of high wind speeds is almost as frequent
as in October to December period. As a result, datasets from where wind speed return levels were
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derived for both frozen and unfrozen soil seasons were rather similar in the end, especially for spruce
stands on clay or silt soil (CSS) and pine stands on sandy soil (SP). Peat is an efficient insulator and it
takes longer cold periods before soil frost penetrates deeper into the soil, explaining the higher return
levels of maximum wind speed for the unfrozen period in the case of pine stands on peatlands (PP).

The high resolution of wind multiplier downscaling produces also some fine local scale spatial
variation in differences between seasons of soil frost. These differences can be quite large and have
different sign in the opposing sides of topographic features like hills, ridgelines etc. Our results
revealed that taking into account the impact of terrain variability and wind direction, the occurrence of
maximum wind speed can change from frozen to unfrozen soil season.

4.2. Strengths and Limitations of Study Approaches

There are multiple sources of uncertainty in our work due to the combination of results from
several modelled datasets, use of statistical estimation approaches and aim to produce high-resolution
information for the whole of Finland apart from the archipelago. Uncertainties related to return level
estimation are somewhat increased in coastal areas. This applies especially for PP as some of the years
have no frost at all, and therefore smaller dataset for return level estimation of wind speed in soil frost
season. Generally, uncertainty related to 10-year wind speed return level estimates can be considered
to be small (+/—1 m/s).

Also, the use of a single threshold of 20 cm for needed soil frost depth to provide sufficient support
for anchorage of trees is a rather large simplification in our approach. In reality, needed soil frost
depth is affected by various factors, like e.g., soil type, soil wetness, and tree species and other tree
and stand characteristics. Furthermore, in the used soil frost model soil water content is assumed to
be constant, therefore not representing the extreme cases of very wet or dry conditions. One rather
unnecessary source of uncertainty is our use of modelled snow depth, especially as we restricted our
work to the observed climate, with the possibility to use gridded observational datasets presumably
having smaller uncertainties. However, our approach is justified as we are planning to take projected
climate change into account in future work. In the end, [31] concluded that despite many uncertainties
in soil frost modelling; their results were, in general, reasonable.

Unfortunately, point observations from operational weather stations do not provide the best
possible basis for the validation of wind multiplier downscaled return levels of maximum wind speeds.
Operational weather stations are usually founded on locations representing regional climatic conditions
or for practicality reasons on specific locations. E.g., 17 out of 40 stations used here are located within
flat and open airports and airfields for purposes of aviation. This, compared to the objective of wind
multiplier downscaling, i.e., to take into account the influence of small-scale topographic and surface
roughness derived variations in wind speed, does not provide an ideal starting point for validation of
our results. This applies especially to our application in forestry, where the interest is focused more on
areas where wind damage risk is increased. In fact, considering all 40 stations and each of eight wind
directions, wind multiplier values are over 1.0, i.e., increasing the wind speed return level estimate
derived from ERA-Interim reanalysis, in only 15% of the cases. More detailed and accurate validation
would need a more specified measurement campaign in a more complex terrain, which would also
make possible the fine tuning of the wind multiplier method. Still, our validation results indicated that
wind multipliers improve the wind speed return levels derived straight from ERA-Interim reanalysis
by producing return levels less biased as a whole.

The high-resolution wind speed return levels, taking into account the upwind surface roughness
and topography, produced in this study may provide a valuable support for wind damage risk
assessment. In wind damage risk assessment it is first calculated the critical wind speed (CWS)
needed for wind damage of trees to occur based on different tree and stand properties and forest
configurations [27,50-53], and further on estimated the probability of wind damage and the amount of
damage, respectively, based on the probability of CWS see e.g., [52]. Our results could be used e.g.,
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when probabilities of exceeding CWSs are assessed and how these probabilities are affected by the soil
frost season.

Despite differences in wind speed return levels between soil frost seasons are small, even
statistically non-significant for some forest-soil type combinations and parts of Finland when station
level estimates are considered, it should be kept in mind that strong winds occurring during soil frost
season are excluded from unfrozen soil season. As there was such a large year-to-year variability in
the timing of annual maximum wind speeds, divided surprisingly evenly between soil frost seasons
found in this study, return level estimates for both seasons are therefore smaller than ones estimated
from annual maximum wind speeds. In this context, differences are expected to increase in the future
climate of Finland, as according to [30], the ongoing climate change is expected to reduce frozen soil
conditions by several weeks until the end of this century in Finland. This might also lead to more
pronounced differences of wind damage risk between different parts of Finland.

5. Conclusions

In this study, we found in general small differences in the 10-year return levels of maximum
wind speeds under frozen and unfrozen soil, associated with large variability in the timing of annual
maximum wind speeds. On the other hand, larger differences can be expected in the warmer climate.
When the soil frost period gets even shorter, there is also a shorter window, and thus smaller probability,
for strongest winds to occur in the time of frozen soil.

Further validation of used wind multiplier method could benefit from wind observations measured
in a more variable topography compared to observations at operational weather stations used in this
study. However, the wind multiplier approach is a pragmatic and computationally feasible way to
produce extensive high-resolution dataset to identify local scale areas with elevated wind damage
risk compared to regional characteristics. Data produced here is made openly available to promote
its further use as a part of a more comprehensive wind damage risk assessment in forest planning
and forestry.
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Abstract: The Sassandra Basin, like most regions of Cote d’Ivoire, is increasingly affected by droughts
that involve many environmental, social and economic impacts. This basin is full of several amenities
such as hydroelectric dams, hydraulic and agricultural dams. There is also a strong agricultural
activity. In the context of climate change, it is essential to analyze the occurrence of droughts in order
to propose mitigation or adaptation measures for water management. The methodological approach
consisted initially in characterizing the dry sequences by the use of the SPI (Standardized Precipitation
Index) and secondly in determining the probabilities of occurrence of successive dry years using by
Markov chains 1 and 2. The results indicate that most remarkable droughts in terms of intensity and
duration occurred after the 1970s. A comparison of Markov matrices 1 and 2 between the period
considered 1953-2015 with the periods 1953-1970 and 1971-2015 shows a profound change in the
distribution of droughts at the different station. Thus, the probability of having two successive dry
years is greater over the period 1970-2015 and is accentuated to the Southern and Northern regions
(probabilities ranging from 71% to 80%) of the basin. Over the 1970-2015 period, the probability of
obtaining three successive dry years is significantly high in this watershed (between 20% and 70%).

Keywords: drought; sassandra watershed; Cote d'Ivoire

1. Introduction

Drought is one of the greatest natural hazards with effects on water resources, natural ecosystems
and agriculture. Frequent and severe droughts limit the development of vegetation cover and make
the soil more susceptible to erosion by leaching due to heavy rainfall [1]. They are responsible for
famine, epidemics and land degradation in developing countries and cause major economic losses in
developed regions [2]. From a meteorological point of view, drought can be defined as an abnormal
but recurrent behavior of the climate essentially linked to the absence of rainfall received by a region
within a certain period of time [3,4].

West and Southern Africa are experiencing severe drought, disrupting agricultural and livestock
production systems in nearly 14 countries. Agriculture is nearly 95% rainfed in the region. It therefore
remains highly vulnerable to rainfall fluctuations [5]. Work on climate fluctuations in this part of the
world has made it possible to identify periods of drought since the 1970s. In Cote d’Ivoire, this deficit
situation has resulted in major climatic disruptions, including a significant drop in rainfall [6-10].
There has also been an abnormal extension of the dry season [11], irregular and uneven rainfall
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distribution and a significant decline in hydroelectric production [12]. These disruptions have had
serious consequences such as forest and plantation fires accompanied by a sharp drop in agricultural
production and power outages. For example, in December 1983, fires destroyed 60,000 ha of forests
and 108,000 ha of plantations and crops [13]). Given the magnitude of the environmental impacts of
droughts, public authorities should attach greater importance to the development of an early warning
and adaptation strategy that would announce the beginning, end and future intensity of drought. The
example of the Sassandra Watershed chosen for this study is interesting because this region undergoes
more and more dry season sequences. These deficit periods caused a disruption of cropping seasons in
rural areas [14,15] and the decrease in in stream flows [16,17]. This basin is mainly marked by strong
anthropogenic pressures. Indeed, this basin, which is also part of Céte d’Ivoire’s cocoa and coffee
economy, is experiencing a reduction in plant cover linked to systematic large-scale deforestation
of the forest heritage for the creation of plantations [14]. There are socio-economic infrastructures
(hydroelectric dams, agricultural dams, etc.) and this basin are subject to many water-related projects.

Given the impact and occurrence of droughts that are likely to increase in the coming years
under certain scenarios of global change [18], it is essential to better understand how irregularity and
rainfall distribution is manifested and to adopt preventive measures [19]. It is in this context that the
present study was initiated on the Sassandra watershed. This study aims to highlight the occurrence of
meteorological droughts in this basin using the Markov chains method based on annual rainfall over
the period 1953-2015.

2. Study Area

The Sassandra basin is located between longitude 5°75 and 8°16 West and latitude 5° and 9°75’
North (Figure 1). It covers Odienné, Touba, Seguéla, Daloa, Man, Guiglo, Soubré, Sassandra, Gagnoa
cities. It has a total area of about 75,000 km?, of which the Ivorian part occupies an area of about
67,000 km?. The relief of the study area consists of plains and uplands at varying altitude from 1100 to
1180 m. There are some rock chains that have resisted to erosion. The zenith sun movement controls
the migration of the ITCZ (Intertropical Convergence Zone) in Coéte d’Ivoire, which explains the
introduction of different seasonal regimes. Thus the basin of Sassandra is subdivided into four climatic
units according to rainfall patterns [20]. The equatorial transitional climate with four seasons (a large
rainy season from April to June, a small rainy season from September to November, a large dry season
from December to March and a small dry season from July to August). The interannual rainfall average
is 1441.5 mm,; the equatorial climate of attenuated transition is marked by two seasons (a major rainy
season covering the months of August to October and a major dry season from November to March).
The interannual average is 1305.2 mm; the tropical transitional climate has a unimodal pattern. It is
characterized by a rainy season that occurs from June to October. The dry season covers the months of
November to March. The interannual rainfall recorded at the Odienné station is 1473 mm; the mountain
climate is characterized by an azonal type pattern. The highest rainfall peak is recorded in September
(279 mm). The dry season covers the month of November to March. The average interannual rainfall is
1578.5 mm. The average monthly temperatures range from 23°C to 28°C and are generally uniform
from one region to another. The average monthly relative humidity varies from 77 to 96% in Guinea
environment and from 44 to 83% in the North [21].

78



Climate 2019, 7, 60

$00"W 6°00"W

800"N
820'0"N

6°0'0"N
6°0'0"N

Legend
A Region
= department

Q Sasandra basin

~A—— Water System 0 55 110 Km
|

F00"W 600"

Figure 1. Geographic localization of the study area.

3. Data and Methods

3.1. Historical Time Series Data

Historical rainfall data used in this work cover the entire study area at the yearly scale. Climate
data over the period 1953-2015 was provided by the National Meteorology Directorate (DMN) of the
Society of Development and Exploitation, Aeoroportuary, Aeronautic and Meteorology (SODEXAM)
of Cote d’'Ivoire. These data consist of daily rainfall readings from ten rainfall stations (Table 1) selected
to provide the most homogeneous coverage of the different climatic areas across in the Sassandra basin.
The study variable is the annual rainfall for the period 1953-2015.

Table 1. Rainfall stations selected for the study.

Climatic Area Name Latitude North Longitude West Code
Attiean climate Sassandra 4°57’ 6°50 1090017200
Gagnoa 6°07’ 5°56 1090010300
Soubré 5°47 6°36 1090018100
Guiglo 6°32 7°28" 1090011200
Baoulean climate Vavoua 7°22' 6°28’ 1090021400
Seguéla 7°57 6°40" 1090017500
Daloa 6°53’ 6°27 1090008200
Touba 8°17 7°41 1090020500
Mountain climate Man 7°24 7°31 1090014200
Sudanese climate Odienné 9°30 7°34' 1090016000
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3.2. Methodology

3.2.1. Characterization of Meteorological Drought Sequences

RS

% The choice of the statistical index

The Standardized Precipitation Index (SPI), developed by [22], is used in this study to characterize
meteorological droughts. It has advantages in terms of statistical consistency and the ability to describe
both short-term and long-term drought impacts through different time scales [22]. The development of
this index is based solely on the use of rainfall as a baseline data to determine wet and dry periods,
and to specify their duration and intensity. The probabilistic nature of the SPI index allows it to be
comparable between different sites [23].

RS

% Standardized Precipitation Index

The standardized precipitation index (SPI) [22,24] was developed to quantify the rainfall deficit
for multiple time scales that will reflect the impact of drought on the availability of different types of
water resources over a given period. It is expressed as follows (Equation (1)):

SPI = (Pi — Pm)/S 1)

Pi: Total rainfall over year i (mm); Pm: Average precipitation over the period 1953-2015 (mm); S:
Standard deviation of precipitation over the period 1953-2015 (mm).

According to [22], a drought occurs when the SPI is consecutively negative and its value reaches an
intensity of —1 or less and ends when the SPI becomes positive. A drought classification is performed
according to the SPI values (Table 2).

Table 2. Classification of drought sequences according to Standardized Precipitation Index (SPI) [22].

SPI Value Drought Sequence
—0.99 to 0.99 Near the Normal
—-1.00 to -1.49 Moderately dry
-1.50 to -1.99 Severely dry
—2.00 and under Extremely dry

% Descriptive parameters of drought sequence
- Maximum duration of drought sequences

Duration is an important characteristic of drought. In fact, if a drought starts quickly under some
weather conditions, it usually takes at least two to three months before it can spread to other regions. It
can then persist for months or even years. The calculation of the duration is as follows [25]. (Equation
@)

D = (Aend — Ainitial) )

Ainitigi: Year of the initial dry period; A,,4: Year of end of the dry period
- Intensity of drought sequences

Intensity of drought can be defined as the magnitude and severity of the consequences for the
rainfall deficit. It can be evaluated using the SPI values. In this study, the extreme value of the SPI was
considered as a reference value for drought intensity.

3.2.2. Time Series Change Detection

Rupture is defined as a sudden change in the properties of a random process [26]. Rupture tests
are complementary to standard indices because the existence of sudden change in time series is a
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possible cause of the rupture of the homogeneity of these series [27]. In this study, the Cumulative Gap
(CG) test was used to detect possible sudden changes in rainfall series. This non-parametric procedure,
based on rank, analyzes whether the means of the two parts of the series are different for an unknown
break date [28]. The statistic of this test is calculated from the cumulative sum of the "sign" function of
the difference between the observed values and the median. This statistical processing is performed
with Hydrospect 2.0 software. The test statistic is defined as follows (Equation (3)):

=~

TS| = (2\n) max [Sx| with Sy = Z sign (x; —Xm) and (k= 1, ..., n) 3)
i=1

where X; is the extreme hydrometric observation of rank i (i = 1... n); X, is the median of the extreme
hydrometric series; Sy is the statistic test; 1 is the number of value for the rank i.

3.2.3. Characterization of Meteorological Droughts Occurrence by Markov Chains

Several statistical techniques for analyzing precipitation data have been published in the literature.
The most used technique is still the one based on the Markov chains. This method is widely used for
rainfall analysis and modelling [29-36]. A Markov string is a series of random variables (X7, n € N)
that allows to model the dynamic evolution of a random system: Xn represents the state of the system
at time n. The fundamental property of Markov chains, known as "Markov property", is that its future
evolution depends on the past only through its current value. In other words, conditionally to X# (X0,
..., Xn) and (Xn+k, k € N) are independent [37].

o Markov chain with two states of order 1

For a first order Markov chain, the state of the variable E(f) at time t depends only on its state at time (f
—1). Thus, we have four situations: [31]

Poo = pr(E(t + 1) = 0] (E(t) = 0))
Por = pr(E(t + 1) = 1] (E(t) = 0))
Pyo = pr(E(t +1) = 0] (E(t) = 1))
P11 = pr(B(t + 1) = 1] (E(t) = 1))

(4)

Py is the probability of going to state j knowing that you are in state i. These probabilities were
calculated using the following relationship:

Pij = I\Il]/l\ll with: i andj =0or1l (5)

Nj; is the transition number from state i to state j and N; is the number of transitions from state i to any
other state. The pairs of years Nj are determined [35] (Equation (6)):

No = Noo + No1
N; = Njp + N (6)
N =Ny + Ny

No; N7 and N are the number of dry, wet years and the total number of years of observation, respectively.
N1 and Njg respectively represent the number of years of state change from a dry year to a wet
year and from a wet year to a dry year. The transition matrix P of the conditional probabilities Py, is
presented so that each line is equal to 1 [35]. Resulting in a set of possible Pj; values (Equation (7)):

Poo Poy
p_| P Pn @)
Py Pn
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o Markov chain with two states of order 2

For a Markov string of order 2, the state of the variable E(t) at time t depends on its state E(t — 1)
at time (t — 1) as well as its state E(t — 2). The probability of having this state can be written:

Pijc = pr (E(t) = k |(B(t - 1) =}, E(t - 2) = ) ®)

Dy represents the conditional probability of having a state doublet (j, k) following the state doublet (i,
j)and i, j, k =0 or 1, calculated using the following relationship [31]:

Pijk = Niji/Nj )

where Njj is the number of transitions from the state doublet (i, j) to the state doublet (j, k).
The process of transition of conditional probabilities with the Markov 2 chain is as follows (Table 3):

Table 3. Markov process of order 2 [35].

State at Day k—1 and k-2 State at Day k—1 and k
00 01 10 11
00 P000 P001 0 0
01 0 0 P010 PO11
10 P100 P101 0 0
11 0 0 P110 P111

4. Results

4.1. Analysis of Meteorological Drought Sequences

The application of the cumulative gap test identified change point detection in the series. The
null hypothesis of no rupture was rejected at the 99% and 95% confidence levels. These ruptures were
identified mainly after 1970 except in the Man, Guiglo and Gagnoa regions, which had their ruptures
between 1967 and 1969. Temporal analysis shows a slight downward trend in SPIs after ruptures,
confirming a decrease in rainfall. SPI values over the 1953-2015 period show very few dry sequences
before the rupture years (Figure 2).

For the equatorial transition regime (attiean climate), change point detection were detected in
1966 and 1983 at the Gagnoa and Sassandra stations respectively. Before these change point detection,
the index counted four dry sequences in Gagnoa and three dry sequences in Sassandra. Thus, the most
remarkable sequences have a duration of nine successive years in Gagnoa and 18 in Sassandra.

For the equatorial regime of attenuated transition (Baoulean climate): before the change point
detection years, the SPI index recorded four dry sequences in Soubré, three in Guiglo, seven in Daloa,
four in Vavoua, 12 in Seguéla and seven in Touba. In this period, the Daloa and Touba stations recorded
two sequences of two successive dry years. For Daloa, the index shows the periods 1964-1965 and
1969-1970 and for Touba, the periods 1960-1961 and 1970-1971. As for the Seguela station, the index
detected a sequence of five successive dry years. The most remarkable dry episodes after the rupture
have lasted 13 successive years in Soubré, six years in Guiglo, seven years in Daloa, four years in
Vavoua, eight years in Seguéla and 10 years in Touba.

For the mountain regime, the Man station recorded five dry sequences before 1968. This number
increased to 27 after the change point detection. The index has also recorded sequences of successive
dry years, the most remarkable of which is five years (2011-2015).

For the Tropical Attenuated Transition Regime (Sudanese climate), Odienné station recorded 8
dry sequences, including a sequence of two and three successive dry years in 1980-1981 and 1973-1975.
After the change point detection, the SPIs show 24 dry sequences, the most remarkable in terms of
duration being 11 successive dry years (1983-1993).
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Figure 2. SPI index evolution over the period 1953-2015.
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4.2. Intensity and Duration Parameter Analysis

The most remarkable drought years in terms of intensity and duration during the 62 years analyzed
differ according to the climatic zones of the watershed (Table 4). For the attean climate, the driest years
were those of 1992 and 1998. These dry events were classified as “very dry” in terms of intensity. The
Gagnoa station recorded the highest intensity. As for the Sassandra station, it experienced the longest
drought period with 18 years of consecutive dry sequences.

At the level of the Attenuated Equatorial Transition Regime (Baoulean climate), the stations of
Soubré, Guiglo, Vavoua and Touba recorded the highest intensities in terms of drought. These events
characterized as “extremely dry” were detected in 1974, 2002, 2003 and 1983, respectively. In this
region of the basin, the Guiglo station was the most affected in terms of intensity while the Touba
station recorded the longest dry period (10 successive dry years).

In the Tropical transitional Attenuated Regime (Sudanese climate), the most remarkable droughts
were those of 1987. These dry episodes were described as extremely severe in terms of intensity.
Odienné station was marked by a longer dry period with (11 successive years).

As for the Mountain Regime, it recorded a deficit of an intensity described as extremely severe in
2003. This area was marked by a long drought period of seven years.

The application of the SPI to rainfall data for the period 1953-2015 shows the western part of the
basin, which is the most affected by drought in terms of intensity (—3.06) while the southern part of the
basin has the longest drought period (18 years).

Table 4. Intensity and duration of meteorological drought sequences during the period 1953-2015.

Stations Intensity (SPI) Type Maximum Duration Date of Occurrence
Daloa -1.53 Severely dry 7 2001
Vavoua -2.26 Extremely dry 4 2003
Man -3.06 Extremely dry 5 2003
Guiglo -2.86 Extremely dry 6 2002
Seguéla -1.53 Severely dry 8 2002
Touba -2.61 Extremely dry 10 1983
Odienné -2.05 Extremely dry 11 1987
Gagnoa -1.90 Severely dry 7 1992
Soubré -2.25 Extremely dry 13 1974
Sassandra -1.87 Severely dry 18 1998

4.3. Analysis of the Meteorological Droughts Occurrence

4.3.1. Transition States Probability of Markov Chains 1

The probability of obtaining two successive dry years and two successive wet years is high in
the Gagnoa and Sassandra areas (reaching 70%). In this climatic zone in the southern part of the
basin, when a dry year is followed by a non-dry year or a non-dry year is followed by a dry year, the
probability is low (Table 5). The Soubré, Seguéla, Daloa and Touba regions recorded high probabilities
(over 50%) of obtaining a doublet of successive dry years. As for the Guiglo, Vavoua and Man regions,
these probabilities were average. The probabilities of having a wet year after a dry year and a wet year
after a wet year are low in these regions of the basin. The Man region recorded average probabilities
(55%) for two successive dry years and two successive wet years. As for the other probabilities, they
are very low in this climate regime.The chances of obtaining successively dry and successively wet
episode doublets are very high in Odienné. When a year is dry and is followed by a humid year or a
humid year is followed by a dry year, the probabilities are very low. The analysis of the occurrences of
two successive dry years over the 1953-2015 series shows very high probabilities over the entire basin
(62% on average). However, the regions of Sassandra, Gagnoa, Seguéla, Touba and Odienné recorded
the highest probability (up to 70%) of dry spells over this period.
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Table 5. Occurrence of meteorological droughts using Markov Chains 1 over the period 1953-2015.

Climate Regimes Stations Probability (%)
W-W D-W W-D D-D

Atti limat Sassandra 68 30 30 70
lean climate Gagnoa 54 32 46 70
Soubré 57 36 40 64
Guiglo 43 55 57 45
Baoul limat Vavoua 40 52 60 50
aouiean ciimate Seguéla 46 31 54 70
Daloa 44 40 56 60
Touba 62 30 38 70
Mountain climate Man 55 45 45 55
Soudanese climate Odienné 60 38 40 63

Note: D: Dry year; W: Humid year.

The results of the occurrence analysis for two successive dry years before and after 1970 are
presented in Table 6.

Table 6. Occurrence of meteorological droughts using Markov Chains 1 over the periods 1953-1970
and 1971-2015.

Period Climate Regimes Stations Probability (%)

W-W D-W W-D D-D

Athi limat Sassandra 28 36 71 60

1ean climate Gagnoa 38 50 63 50

Soubré 25 70 75 30

Guiglo 38 60 63 40

1953-1970 Baoul limat Vavoua 11 78 67 22

aoulean ciimate Seguéla 29 40 71 55

Daloa 40 63 60 23

Touba 44 45 60 45

Mountain climate Man 40 56 55 44

Soudanese climate Odienné 50 15 50 85

Athi limat Sassandra 77 20 23 80

1ean cumate Gagnoa 55 39 45 61

Soubré 61 36 40 64

Guiglo 35 54 65 46

1971-2015 Baoul limat Vavoua 41 50 59 45

aouiean ciimate Seguéla 61 22 39 78

Daloa 48 45 52 55

Touba 70 30 30 71

Mountain climate Man 58 43 42 55

Soudanese climate Odienné 55 39 41 61

Note: D: Dry year; W: Humid year.

During the period 1953-1970, the probability of obtaining two successive humid years (W-W) and
two consecutive dry years (D-D) is relatively low in the basin (less than 50%) except at the Odienné,
Sassandra and Seguéla stations which have a high probability (85%, 60% and 55%, respectively) of
obtaining two successive dry years (D-D). When a year is dry, the probability of having the following
year not dry (D-W) is high at the Daloa (70%), Soubré (70%) and Vavoua (78%) stations. In the event
that a year is not dry, the probability that the following year will be dry is high throughout the basin
(greater than 50%) and varies from 55% to 75%.
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Over the period 1971-2015, a trend contrary to the previous period is observed. Indeed, if a year
is dry at the beginning, the probability of having a dry year (D-D) is high for most regions (above 50%)
and reaches its maximum (80%) at the Sassandra station. In the case where the dry year is followed by
anon-dry year (D-W), the probability is relatively low and varies from 25% to 48% except in the Guiglo
area (54%). When a humid year is followed by a dry year (W-D), the probability is high at Guiglo (62%)
and Vavoua (59%). For the other parts of the basin, this probability is moderate. When two years are
non-dry successively (W-W), the probability is greater than 50% over most of the basin except in the
Daloa, Vavoua and Guiglo regions where the values are low (less than 50%).

The analysis shows the increase in drought episodes over the period 1971-2015. This is reflected
in the high probabilities, the most notable of which were recorded in the North (Touba (71%) and
Seguéla (78%)) and the South (Sassandra (80%)) of the basin.

4.3.2. Transition States Probability of Markov Chains 2

The results of the Markovian approach on the 1953-2015 series show that the probability of
obtaining a dry year after two successive dry years (D-D-D) is high in the areas of Sassandra (67%)
and Gagnoa (59%). As for the stations of Seguéla (51%), Soubré (55%) and Touba (50%) located in an
equatorial regime of attenuated transition (Baoulean climate), they recorded average values. At the
other stations, this probability is low (<50%) (Table 7). The probability of having a dry year between
two wet years (W-D-W), a wet year followed by two successive dry years (W-D-D) and a wet year
after two dry years (D-D-W) is very low over the entire basin. The averages recorded are 24%, 20.4%
and 16.9%, respectively. Overall, the probability of having three consecutive dry years (D-D-D) is
relatively low in the basin (44.8% on average). The most affected regions are those in the southern part
of the basin.

Table 7. Occurrence of meteorological droughts using Markov Chains 2 over the period 1953-2015.

T 7o
Climate Regimes Stations Probability (%)
W-D-W W-D-D D-D-W D-D-D
Atti limat Sassandra 15 6 7 67
lean cimate Gagnoa 23 20 11 59
Soubré 30 10 10 55
Guiglo 40 17 20 30
Baoul limat Vavoua 35 25 21 25
aouiean cliimate Seguéla 25 25 15 51
Daloa 22 32 22 40
Touba 14 21 18 50
Mountain climate Man 22 25 23 30
Soudanese climate Odienné 16 23 22 41

Note: D: Dry year; W: Humid year.

The results of the occurrence of three successive dry years over the periods 1953-1970 and
1971-2015 are shown in Table 8.

During the period 1953-1970, the probability of having three successive dry years is relatively low
at all stations except the Odienné station where this probability is 60%. In the regions of Man, Soubré,
Vavoua and Daloa, the probability of having three successive dry years is zero.

During the period 1971-2015, the probability to observe (D-D-D) is high and higher than 50% at
Seguéla (60%), Touba (63%) and the maximum is reached at Sassandra (70%). As for the rest of the
stations, the probability is low and less than 50%.
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Table 8. Occurrence of meteorological droughts using Markov Chains 2 over the periods 1953-1970
and 1971-2015.

et To
Period Climate Regimes Stations Probability (%)
W-D-W W-D-D D-D-W D-D-D
Atti limat Sassandra 29 43 20 30
can cimate Gagnoa 38 25 10 20
Soubré 50 25 20 0
Guiglo 50 13 20 20
1953-1970 Baoul limat Vavoua 60 22 25 0
aouiean ciimate Seguéla 14 57 30 20
Daloa 40 20 20 0
Touba 22 33 30 15
Mountain climate Man 33 33 30 0
Soudanese climate Odienné 0 60 20 60
Atti limat Sassandra 10 10 10 70
1ean climate Gagnoa 25 20 17 43
Soubré 20 20 20 50
Guiglo 40 30 21 25
1971-2015 Baoul limat Vavoua 30 30 30 20
aouiean climate Seguéla 11 25 15 60
Daloa 20 30 30 30
Touba 20 10 8 63
Mountain climate Man 17 25 0 25
Soudanese climate Odienné 20 23 22 40

Note: D: Dry year; W: Humid year.

4.4. Analysis of the Spatial Variability of Drought Occurrence

4.4.1. Spatial Variability of the Probability for Two Successive Dry Years

Figure 3 shows the probability spatial distribution for two successive dry years (D-D) over the
Sassandra basin for the periods 19532015, 1953-1970 and 1971-2015. The period 1953-2015 is marked
by an increase in meteorological droughts over almost the entire basin with the probability of having a
very high doublet of dry years that reaches 70%. The most affected areas are those in the North and
South of the catchment area.

From 1953 to 1970, the drought was particularly severe in the extreme north of the basin (around
the Odienné region) and in the south (precisely around Sassandra) with probabilities of more than 60%.
These drought episodes spread over almost the entire basin during the period 1971-2015 except in the
central eastern areas (Daloa and Vavoua) and the western areas (Guiglo and Man) of the basin. Over
this time period, the probability of obtaining two consecutive dry years is high, averaging 61.6%.
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Figure 3. Spatial distribution of the occurrence for two successive dry years (D-D) over the Sassandra
watershed (a) D-D probability over the period 1953-2015; (b) D-D probability over the period 1953-1970;
(c) D-D probability over the period 1971-2015).

4.4.2. Spatial Variability of Probabilities for Three Consecutive Dry Years

The spatial variability of the probabilities of obtaining three successive dry years over the periods
1953-2015, 1953-1970 (before the rupture) and 1971-2015 (after the rupture) is presented in Figure 4.
An intensification of droughts in the South (around the Sassandra, Gagnoa and Soubré regions) and
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in the North-East (Seguéla) of the basin, with probabilities higher than 50%, is observed over the
period 1953-2015.

Droughts intensify over time in the watershed. The dry areas which over the period 1953-1970
were located in the extreme North of the basin (covering the Odienné region), increased over the period
1971-2015 and spread with high probabilities of occurrence (up to 70%) over the Touba, Seguéla and
South (Sassandra) regions. As for the northern tip of the basin, the probabilities were low.
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Figure 4. Spatial distribution of the occurrence for three successive dry years (D-D-D) over the
Sassandra watershed (a) D-D-D probability over the period 1953-2015; (b) D-D-D probability over the
period 1953-1970; (c) D-D-D over the period 1971-2015).
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5. Discussion

The statistical test used to determine the breaks in the SPI series made it possible to detect breaks,
for the most part, after the 1970s, which is the pivotal date observed almost throughout West Africa. The
stations of Man, Guiglo and Gagnoa experienced early ruptures between 1967 and 1969. These years
of disruption coincide with previous studies on rainfall in West Africa and Cote d’Ivoire [6,27,38—41].
This work reveals the appearance of a rainfall deficit from 1970 onwards and its continuation during
the decades 1970-1979, 1980-1989 and 1990-1999. In the Sassandra basin, studies by [16] on the Lobo
basin also mentioned a decrease in rainfall over the period 1970-2009 with a deficit of between 10%
and 20% compared to the rupture years.

The analysis of the SPI index over the period 19532015 shows an increase of 54.35% to 82.35% in
the number of dry years. This phenomenon was accentuated around the 1980s, with a persistence
of dry sequences over the period 1970-2015.The peak of the most remarkable droughts occurred in
1974, 1983, 1987, 1987, 2002 and 2003. These peaks are characterized by “extremely severe” droughts.
Moreover, changes in SPI values at the various stations indicate that, in terms of intensity, the regions
of Man (-3.06), Guiglo (-2.86), Touba (-2.61), Vavoua (-2.26), Odienné (-2.05) and Soubré (-2.25),
were the most affected by the droughts. As for duration, the SPIs indicate an increase in dry years after
ruptures. Thus, Sassandra Station records the longest dry period (18 successive years). Our results are
in line with studies conducted in West Africa. According to [42], the drought was more severe in the
second half of the period 1900-2013, i.e., from the 1970s onwards. This trend is confirmed by several
studies at the continental level and in West Africa [43,44]. These studies locate the most remarkable
drought events in 1961, 1970, 1983, 1984, 1984, 1992 and 2001.

However, very few studies have focused on investigating the causes of droughts in West Africa.
However, the work of [45,46] has shown that recent droughts remain linked to the emanation of ocean
warming (southward warming gradient of the Atlantic Ocean and steady warming of the Indian Ocean)
and fluctuations in the inter-tropical convergence zone (ITCZ). The ITCZ is defined as a convergence
zone of northeastern Harmattan winds from the Sahara and the southwestern monsoon flow from the
Atlantic [47]. The zenithal movement of the sun will command the displacement of the inter-tropical
convergence zone towards the South to reach its southern position around 5° N in West Africa. This
explains the introduction of the dry seasons. In addition to these factors, there is the effect of the
land-atmosphere feedback through natural vegetation and land cover change. Indeed, deforestation
can cause significant reduction of the rainfall and effect on the monsoon circulation [42]. The application
of Markov chains over the periods 1953-2015 and the after change point detection year made it possible
to highlight the areas that were most affected by droughts in terms of occurrence probability. The
analysis shows that during the period 1953-2015 the probability of obtaining two successive dry years
is high in the Northern and South of this basin. As for the probabilities of obtaining three dry years,
they are high over part of the South and the northeast of the watershed. Over the periods 1953-1970
and 1971-2015, a large variation in probabilities was observed. Indeed, during 1953-1971, the dry
areas that were observed in the extreme North of the basin according to Markov 1, spread over the
entire basin over the period 1971-2015, with high values recorded in the North and South (ranging
from 71% to 80%). As for the second order chains, they show the probabilities of obtaining high D-D-D
in the far North over the period 1953-1970. During 1971-2015, drylands spread over part of the North
(Touba), the North-East (Seguéla) and the South (Sassandra). These results indicate that the succession
of dry conditions increased during the period 1971-2015 compared to the previous period (1953-1970)
with the southern and northern areas of the basin most affected. This situation could be related to the
effects of climate change observed on rainfall in West Africa. These results complement the work done
of [35] on the transboundary watershed of the Bia River in eastern Cote d'Ivoire. The conclusions of
this study are that the succession of two to three dry years is more marked in this basin after 1970.

The fact that the southern region located in the forest zone has the highest probability of two
or three successive dry years is possibly due to the effect of droughts on the spatial and temporal
variation of the 1200 isohyet in the southwestern part of the basin. According to [17], these variations
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over the decades 1981-1990 and 19912000, created a dry corridor focused on the city of Sassandra,
thus promoting a microclimate surrounded by watered areas that coincide with forest reserves and
forest areas. In addition, there may be a significant reduction in forest cover in favor of an increase in
cultivation areas, fallows and habitat.

6. Conclusions

Application of the standardized rainfall index (SPI) has made it possible to characterize drought
situations in the Sassandra catchment area. During the 1971-2015 period, the driest sequences in
terms of intensity (values between —1.53 and —3.06) and duration occurred. These dry events reached
their peak in 1974, 1983, 1987, 1987, 2002 and 2003, with extremely severe droughts. Among the 10
stations that have been studied, those of Man, Guiglo, Touba, Odienné, Soubré, Seguéla and Vavoua
seem to be the most affected by droughts. As for the Sassandra station, it seems to be more affected
by a long dry period. As for the study of drought persistence using Markov chains 1 and 2, it made
possible to determine the probability occurrence of droughts as well as to analyze their behavior in
the basin. The results indicated that the succession of dry conditions increased during 1971-2015.
The greatest probabilities for obtaining a doublet of successive dry years (D-D) and three consecutive
dry years (D-D-D) were recorded in the southern and northern regions of the watershed. Markov
chains 1 and 2 applied to a representative sample of 10 stations are found to provide a good regional
drought indicator. Thus, the probability of a dry year in this basin will depend on the previous year’s
situation and even more on the condition of the year before. This study will enable populations,
decision-makers, etc., to develop new water resource management strategies for the proper functioning
of existing socio-economic infrastructures (hydroelectric and agricultural dams, etc.), water projects
and the development of new farming systems to cope with the effects of climate change.
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Abstract: We qualitatively and quantitatively assessed the factors related to vegetation growth using
Earth system models and corroborated the results with historical climate observations. The Earth
system models showed a systematic greening by the late 21st century, including increases of up to
100% in Gross Primary Production (GPP) and 60% in Leaf Area Index (LAI). A subset of models
revealed that the radiative effects of CO, largely control changes in climate, but that the CO,
fertilization effect dominates the greening. The ensemble of Earth system model experiments revealed
that the feedback of surface temperature contributed to 17% of GPP increase in temperature-limited
regions, and radiation increase accounted for a 7% increase of GPP in radiation-limited areas. These
effects are corroborated by historical observations. For example, observations confirm that cloud
cover has decreased over most land areas in the last three decades, consistent with a CO,-induced
reduction in transpiration. Our results suggest that vegetation may thrive in the starkly different
climate expected over the coming decades, but only if plants harvest the sort of hypothesized
physiological benefits of higher CO, depicted by current Earth system models.

Keywords: terrestrial ecosystems; GPP; LAI; CMIP5; CO;, fertilization effect; feedback

1. Introduction

Climate change caused by increasing atmospheric carbon dioxide (CO,) concentrations has been
extensively studied in the context of global warming, and the land carbon cycle feedback is recognized
as one of the biggest sources of uncertainty in climate projection [1]. Global warming is proceeding with
a greening trend of the Earth, as shown by satellite and ground observations of increases in leaf area
index [2,3], canopy cover [4], and biomass [5]. A greening Earth has significant consequences for the
terrestrial carbon sink, the integrity of ecosystem, and climate [6,7]. Numerous mechanisms appear to
underlie the observed greening, including changes in the climate system [8,9]. Among the mechanisms
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supporting the greening Earth, CO, fertilization is considered the dominant factor in enhancing
vegetation, with evidence from free-air CO; enrich (FACE) experiments [10], satellite observations [2,4],
and ground observations [11]. Climate change is also substantially contributing to the increase in
global vegetation productivity because of the indirect effect of increasing CO, concentrations [9].
For instance, global warming is enhancing vegetation growth in high latitudes [12,13]. As such, each
mechanism contributing to vegetation growth has been scrutinized independently, but, in contrast to
climate change studies, the global factors affecting vegetation response have not been well studied
and summarized. Therefore, the combination and interactions of multiple different climatological
and biophysical mechanisms make it difficult to predict the future growth of vegetation at the
global scale. As a result, the big discrepancy between modeled and observed sensitivity to CO,
concentrations is always a source of controversy in the prediction of the future carbon cycle [14].
If climate constrains increase, climate change can cancel the positive effects of CO, or of other
biogeochemical fertilization (e.g. nitrogen deposition) on vegetation, and possibly accelerate global
warming. Therefore, understanding the relative strength of climate variables or increasing CO,
concentrations, leading to greening or browning of the Earth, is imperative for future projections.

We firstly summarized and analyzed the trends in climate and vegetation responding to increasing
CO; concentrations from the subset of the Coupled Model Intercomparison Project Phase 5 (CMIP5).
The CMIP5 dataset includes present run and future projection data produced by Earth system models
following several experimental scenarios. Future vegetation growth depends on the type, magnitude,
and seasonal timing of climatic changes and their interactions with vegetation physiology. To simplify
the understanding of these complex mechanisms, we divided the vegetated areas into three categories,
namely temperature-limited, water-limited, and radiation-limited areas, following Nemani et al. [9].

Then, we decomposed the mechanisms enhancing vegetation growth into three factors: CO,
concentration fertilization effect, radiative climate change, and local climate feedback by vegetation
growth. By assessing these three factors quantitatively, we can answer the question as to whether
increasing CO, concentrations will tighten or relax climate constrains on vegetation at the global scale.
Friedlingstein et al. [1] evaluated the strengths of the effects of CO, fertilization and temperature
increase on land vegetation carbon storage. Lemordant et al. [15] decomposed the climate effects on
evapotranspiration into net radiation, precipitation, and vapor pressure deficit (VPD). However, none
of them counted the local climate feedback effect at the global scale. Therefore, contradicting results of
vegetation growth by different mechanisms made future predictions confusing. For instance, it is hard
to discuss the regional trend in precipitation [16-18] and the changes in water use efficiency [11] at the
same time without knowing which mechanism is relatively stronger. Finally, we discussed the validity
of the findings through the analysis of historical observations.

2. Materials and Methods

2.1. CMIP5

CMIP5 is a set of model experiments for assessing past and future climate change in the
Intergovernmental Panel for Climate Change Assessment Report number 5 (IPCC ARS5) [19].
To objectively select datasets, the models of CMIP5 data used in this paper met the following criteria.

e The models had monthly data of near-surface air temperature (output variable name in the
standard output is tas; the other variables are showed the same way hereafter), precipitation
(pr), surface downwelling shortwave radiation (rsds), and Leaf Area Index (LAI) (lai) data for
the specific years (1875-2005: historical; and 2006-2099: Representative Concentration Pathway
(RCP) 8.5).

e  The land sub-model had year-to-year changes in LAL

We used three sets of outputs from 21 models from CMIP5 (Table 1).
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Table 1. Coupled Model Intercomparison Project Phase 5 (CMIP5) models and the forcing characteristics.

Models used in the sensitivity analysis (experiment IDs are esmFixClim1, esmFdbk1, and 1pctCO2)

shown in the analysis are highlighted in red.

Model Modeling Group Land Component C}lf\ile ‘2 g:; 1:11:;1
Beijing Climate Center, China
bce-csm1-1 Meteorological Administration, AVIM1.0 N N
CHINA
bec-csml-1-m MeteorologiéaPlI Ix;iministration, AVIMLO N N
BNU-ESM Beijing Normal University, CHINA %35\1}41\34 %CEjNNI)J -
vz SmdmComdinge O EE
CESMI-CAMS g R DOENCAR Usa  CLMé Y N
CESMIWACEM gt S DOENCAR U LM Y N
CESMIBGC o NSFDOENCAR Usa LM Y N
GFDL-CM3 NOAA Ge}i)i}g;s:tcoarl;ﬁ;i Dynamics LM3 N v
GFDL-ESM2G NOAA G"L"i}(‘)yrzi:(f‘rl;lg;i])ynamics LM3 N Y
GFDL-ESM2M ~ NOAA Geﬁ’g&i{iﬁ;{‘}immmm LM3 N Y
HadGEM2-ES Met Office Hlagll\el% gij['ltre, UNITED N{-IO{?}]:ESI% & N Y
INMCM4 Russia
IPSL-CM5A-LR sttt Plerre Simon Laplace, ORCHIDEE N N
IPSL-CM5A-MR Institut Plerre Simon Laplace, ORCHIDEE N N
MPL-ESM-L.R Max Planck IgsEt;{tK/IeA i)rY Meteorology, JSBACH N Y
MPLESM-MR Max Planck 2?11:11\1/}2 fNoi{ Meteorology, JSBACH N Y
MPLESM1 Max Planck Ié;t;{t—il/}eA fNorY Meteorology, JSBACH N
NorESM1-ME Norwegian Climate Centre, NORWAY CLM4 Y N
NorESM1-M Norwegian Climate Centre, NORWAY CLM4 Y N

The experiments are:
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1. Historical run: Runs covering the historical period 1850-2005. For this period, model forcings
include: greenhouse gases (GHG), volcanoes, aerosols, and land cover.

2. RCP 8.5: Projections forced by pre-determined increasing CO, concentrations covering 2006
to 2100. For this analysis we chose the RCP 8.5 scenario, a pathway with the highest greenhouse gas
emissions, leading to 8.5 W/m? radiative forcing at the end of the 215 century [20]. Although just
a decade passed since 2006, it has been reported that the emission concentration in 2100 is projected to
follow RCP 8.5 [21].

3. Sensitivity experiments: In order to assess the contribution of CO; fertilization and climate
effects on vegetation separately, we used an eight-model (highlighted in Table 1) ensemble to compare
three CMIP5 experiments, each of which was run for 140 years and experiences a constant CO, of
preindustrial level and/or CO; increasing by 1%/year to 4xCO,: (1) In the fertilization experiment
CO; increases by 1%/ year to 4xCO, for the land surface, but stays constant at preindustrial level for
the atmosphere, and thus the climate effect is suppressed and the CO; fertilization effect is dominant
on land (the official experiment ID is esmFixClim1); (2) in the climate experiment CO; increases for the
atmosphere, but stays constant for the land surface, and hence the CO, fertilization effect is suppressed
and the climate impact dominates (esmFdbk1); (3) in the combined experiment CO, concentration
increases for the full Earth system (1pctCO2).

To calculate the ensemble mean, at first, we remapped all the CMIP5 data into quarter degree grid
data using the bilinear interpolation method. Then, we calculated the ensemble mean for each quarter
degree grid from the available modeled data.

In this paper, gross primary production (GPP) was chosen from available CMIP5 land variables as
the representation of photosynthesis. GPP is the amount of photosynthesis by vegetation per unit area,
from which respiration is not subtracted. In the budget analysis, net biome production (NBP), which
accounts for respiration and disturbance, should be the key flux of vegetation response. However,
these experiments are not CO, emission driven, but rather CO, concentration driven, and the results of
the carbon budget of vegetation do not change the atmospheric CO, concentration. Thus, GPP, which
is equivalent to photosynthesis, can represent vegetation growth better than NBP. We also used LAI as
the representative of carbon storage because LAI can be compared to satellite estimates.

The vegetation response in the historical run, RCP 8.5, and combined experiments in sensitivity
experiments can be simplified by the linear models as follows:

AGPP = a ACO, + b AClim + f ACIiM fyggpack, 1)

where ACO,, AClim, and AClim feedback Tepresent change in CO, concentration, change in one of the
limiting climate factors but only caused by the radiative effect of the change in CO, concentration, and
feedback of climate by changing GPP through the fertilization effect, respectively. The coefficients a, b,
and f assume a simple linear system. The term ACIinn oo pqck represents the feedback of GPP through
effects on climate, such as the effect of a change in cloud cover due to increasing evapotranspiration.

The fertilization experiment examines how higher CO, affects climate and vegetation via increases
in leaves’ internal CO; concentration, which should in turn reduce stomatal conductance transpiration.
As a result, climate feedback occurs as decreasing cloud cover whilst increasing soil moisture, runoff,
and solar radiation [11,22,23]. So, the fertilization experiment can be expressed as:

AGPP = a ACO; + fAClimeedbﬂCk/ )

It is noteworthy that ACO, includes the effect of changing water use efficiency because it is
directly affected by increasing CO, concentrations, not through changing climate.

The climate experiment shows how higher CO, affects vegetation via the traditional greenhouse
effect on climate. The fertilization effect of increasing CO, on vegetation was suppressed. The climate
experiment can be expressed as:

AGPP = b AClim, (3)
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For mapping purposes, the outputs were firstly re-gridded to 0.5 x 0.5 degree resolution, using
the bilinear interpolation method, to be consistent with the limiting factor data [9].

2.2. GIMMS-LAI3G

The GIMMS-LAI3G data were derived from the Global Inventory Modeling and Mapping Studies
(GIMMS) Normalized Differential Vegetation Index (NDVI) using the neural network algorithm [24].
We aggregated the 1/12 degree spatial resolution LAI data into the half degree data prior to monthly
and annual analysis. To be consistent with historical CMIP5 runs that end in 2005, we used
GIMMS-LAI3g data from overlapping the period 1982-2005.

2.3. CRU/CRUNCEP

We used 0.5 x 0.5 degree monthly temperature and precipitation from Climate Research Unit
(CRU-TS3.23) and solar radiation data from CRU National Centers for Environmental Prediction
version 4 (CRUNCEP-V4, a blend of CRU data and NCEP- National Center for Atmospheric Research
(NCAR) reanalysis data) [25]. CRU data are interpolated gridded datasets from monthly observations.
To be consistent with historical CMIP5 runs, we used CRU/CRUNCEP data from overlapping the
period with Global Inventory Modeling and Mapping Studies (GIMMS)-LAI data during 1982-2005.

2.4. NDP026

We reanalyzed the ground-based total cloud cover observations in Numeric Data Package
NDPO6 [26], following methodology outlined in Warren et al. [27]. Briefly, the methodology consists of
estimating seasonal trends at each of the stations, then averaging these trends over a 10 x 10 degree
grid. We compared these estimated trends with those predicted by CMIP5 models for the period of
1971-2005 using a chi-squared test for independence. Several modeling studies showed the connection
between low clouds over land and increased levels of CO, in the atmosphere [28,29]. As such, it would
have been more appropriate to use changes in low cloud cover in our analysis. However, CMIP5 did
not mandate modeling teams to submit low, medium, and high cloud simulations separately. Only
total cloud cover was required from the modeling teams, hence we used total cloud cover data in
our analysis.

2.5. Limiting Factor Analysis

We analyzed global changes in the three regions defined by the climate factor—temperature,
precipitation, or radiation—that is most limiting to GPP. Following Nemani et al. [9], we calculated the
strength of the limiting factor based on monthly climate data of minimum temperature, precipitation,
and cloudy day. Then, we defined the three regions using the highest value among the three data
(Figure 1a).

2.6. Estimation of Precipitation Equivalent Water

Increases in atmospheric CO; are known to increase the water use efficiency (WUE) of vegetation,
estimated as amount of carbon gained per unit amount of water used [11,22,30]. While WUE increases
globally with CO,, its changes over precipitation-limited regions are of particular significance for
plant growth. To assess the contribution of improved WUE in precipitation-limited regions, we used
a slightly different metric called precipitation use efficiency (PUE). PUE is estimated as GPP per unit
amount of precipitation. The changes in PUE between the first (2006-2015) and last decades (2090-2099)
are then translated to changes in precipitation equivalent, PE; (mm), as follows:

Pfirst

PE, = (GPP],;st - GPPfiTSt) x Wf”’“

- ( Plast - Pfirst)/ (4)
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where GPPyjys; and GPP; are GPP (kgC/ m?) for the first and last decades of the 21st century, and
Prirst and Py are precipitation received at each of the grid cells during the first and last decades.

- Precipitation limited
B Radiation limited

Temperature limited

o

-8-6-4-20 2 4 6 8 °C

o mm ——

T mm
-16-12-8 -4 0 4 8 12 16 /month 0 10 20 30 40 50 /month

Figure 1. Earth system models project easing of temperature, precipitation, and radiation constraints
to growth. A map of potential climate limiting factors to plant growth ((a) air temperature in blue,
precipitation in red, solar radiation in green) was used to guide the spatial analysis of simulated
changes in climate and how such changes could impact plant growth around the world. Using outputs
from Earth system models of CMIP5 we estimated ensemble mean differences in 2090-2099 minus
2006-2015 monthly air temperature (b), solar radiation (c), precipitation (d), and precipitation use
efficiency (expressed as precipitation equivalent; see Methods) (e). Changes in constraints by regional
mean: temperature-limited, easing 94%, and no significant change 6%; precipitation-limited, easing
23%, tightening 16%, and no significant change 61%,; radiation-limited, easing 45%, tightening 19%,
and no significant change 36%.

2.7. Mann—Kendall Test

The Mann—Kendall test detects the presence of a monotonic trend in time-series data [31]. The test
is broadly used because it does not require the assumption of normal distribution of the time-series
data. We use the Mann-Kendall test as the significance test for the annual or seasonal data.
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3. Results

3.1. Annual Mean Trend and Climate Feedback to Vegetation

The multi-model ensemble mean shows pervasive future changes in vegetation structure and
function by the end of this century under the high-emission RCP 8.5 scenario: LAI increases by up
to 60% and GPP increases by up to 100% (Figure 2). LAI significantly increases globally except for
Amazon, Mexico, and Southern Africa (Figure 2a). GPP also significantly increases for nearly the entire
vegetated planet (Figure 2b), though the magnitudes may be uncertain [32]. The percentage changes
are higher in the high latitude regions for LAI, while changes in magnitude of LAI and GPP are higher
in both the high latitude and tropical regions. A few tropical and semi-arid areas show decreases in
LAI, but none of the changes are statistically significant. The results of increasing LAI are consistent
with Mahowald et al. [33].
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Figure 2. Greening of the Earth. Simulated changes in leaf area index (LAI) and gross primary
production (GPP) from the Earth system models of CMIP5. Shown are differences in annual average
mean LAI (a) and annual total GPP (b) at each grid cell for 2090-2099 minus 2006-2015. Stippling
shows statistically significant differences among models from a Wilcoxon signed rank test at the 95%
level. Right subplots are latitude average of LAI and GPP for 2006-2015 (blue) and 2090-2099 (green).

We divided the climate (Figure 3) and the vegetation (Figure 4) response in the RCP 8.5 scenario
into the temperature-limited, precipitation-limited, and radiation-limited regions. Temperature and
precipitation increase for all the three regions, while radiation increases only in the radiation-limited
area (Figure 3). Thus, all the climate factors contribute to vegetation growth in addition to the CO,
fertilization effect. As a result, all the three different climate-limited regions experience increases in
ensemble GPP and LAI throughout the 21st century (Figure 4). LAI in the temperature-limited region
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shows large variability among the models compared to GPP, which implies the difficulty in modeling
respiration and allocation ratios. LAI in the radiation-limited region shows a significant increase, but
the magnitude of increase is small due to the saturation of the leaf increase.

By the last decade of the 21st century, the summary of the projections shows that annual climate
constraints will ease for 51% of the Earth’s vegetated land area (i.e., warmer in the temperature-limited
region), tighten in 11% of the land area, with the remainder experiencing no change. The degree of
easing varies, from 94% in the temperature-limited region and 23% in the precipitation-limited region,
to 45% in the radiation-limited region (Figure 1b—d).
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Figure 3. Climate responses from the Earth system models of CMIP5, summarized over the three
climate-limiting regions. The simulations represent RCP 8.5, a pathway with the highest greenhouse
gas emissions. Ensemble means and the percentiles show progressive relief of the main limiting
factor for each region. Models diverge substantially towards the end of the simulation period, but
almost all trends are statistically significant (see p-values in each panel). Changes in temperature
(a—c), precipitation (d—f), and radiation (g-i) are expressed as percent of initial values in 2006. Outputs
of Community Earth System Model, version 1-Biogeochemistry (CESM1-BGC), red line, are shown
as examples of results from Earth system models incorporating nitrogen cycling. The p-value was
calculated from Mann-Kendall trend test.
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Figure 4. Vegetation responses from the Earth system models of CMIP5, summarized over the three
climate-limiting regions. Same as Figure 3, except for changes in transpiration (a—c), GPP (d—f), and
LAI (g-i).

3.2. Seasonal Trend in Climate and Vegetation

The changes in LAI and GPP are underlain not only by changes in annual climate but also by
seasonal climate changes. Seasonal changes in climate (Figure 5) are associated with increased LAl and
GPP (Figure 6), particularly for the temperature-limited region (note that we present seasonal analyses
for the Northern Hemisphere only, to avoid contrasting seasonal patterns in the Southern Hemisphere
and because the Northern Hemisphere accounts for 68% of total land area).

Boreal summers (June, July, and August: JJA) in temperature-limited regions become warmer,
wetter, and brighter (Figure 5a,d,g); conditions that, at least in current Earth system models, lead to a
summertime spike in LAI and GPP increases (Figure 6m,p). The precipitation increase is largest in
the boreal fall (September, October, and November: SON); warming is at least 4 °C in all months, and
increases to nearly 10 °C in winter. The JJA increase in solar radiation approaches 10 W/m?, but is
offset by winter decreases (Figure 5g), leading to no net change in the annual mean (Figure 3g).
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Figure 5. Easing of seasonal constraints to vegetation growth. Simulated changes in monthly climate
and vegetation in the three climate-limiting regions: temperature, (a—c); precipitation, (d—f); and
radiation, (g-i). Bars show climatological values (2006-2015), lines show ensemble mean monthly
changes from Earth system models of CMIP5. Circles indicate that the trend in the 2006-2099 ensemble
mean is significant at the 95% level from a Mann—Kendall trend test, while plus signs show that
the Wilcoxon signed rank test is significant at the 95%. Shading is used to highlight changes in the
limiting factor for each of the three regions (e.g., blue shading highlights temperature changes in the
temperature-limited region).
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Figure 6. Easing of seasonal constraints to vegetation growth. Same was Figure 5, except for
transpiration, a-c; GPP, d—f; and LAIL g-i.

3.3. Sensitivity Experiments for Climate and Vegetation

Increased CO; affects LAT and GPP through climate change, through both the greenhouse effect
and CO; fertilization effect, but the CMIP5 ensemble for the RCP 8.5 scenario cannot separate the
importance of the two processes [19]. To isolate their varying importance, we generate an eight-model
ensemble (highlighted in Table 1), comparing results from the sensitivity experiments.

At first, we summarized the climate responses to increasing CO, concentration in these sensitivity
experiments. The esmFdbkl experiment shows that radiative effects clearly dominate projected
warming, the signature feature of climate change (compare black and red lines in Figures 7a—c
and 8a,d,g). Radiative effects also drive other key aspects of climate change, such as Arctic amplification
and land—sea warming contrast (Figure 8a), equatorial and high-latitude increases in precipitation
(Figure 8b), and high-latitude dimming from increases in fall/winter cloud cover (Figure 8c) [34].
Meanwhile, the esmFixClim experiment revealed that, except for increases in radiation for the
temperature-limited region in JJA (Figure 7g), the vegetation physiological effect has little effect
on region-averaged climate (e.g., near-zero changes in Figure 7a—f). Spatially, the physiological effects
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on climate are more consistent than the radiative effects, and include a slight drying (Figure 8e) and
brightening because of reduced cloud cover (Figure 8f) over most land surfaces.
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Figure 7. Additive and counteracting impacts of CO; on climate. Simulated changes in climate
and vegetation from the CMIP5 eight-model ensemble in response to increasing CO, from 280 ppm
by 1%/year for 140 years: temperature, a-c; precipitation, d—-f; and radiation, g-i. The changes
are the mean of the last ten years minus the mean of the first ten years (see Figures 8 and 10 for
a spatial representation of the changes). In order to assess the contribution of radiative and vegetation
physiological effects on climate and vegetation, three experiments were carried out: (1) CO, has
a radiative forcing on climate but no direct effect on vegetation; (2) CO, has a vegetation physiological
impact, primarily on internal CO, concentration and stomatal conductance, but does not directly
alter radiative forcing; and (3) CO, has a combined effect on both radiative forcing and physiological
impacts. Shading is used to highlight changes in the limiting factor for each of the three regions (e.g.,
blue shading highlights temperature changes in the temperature-limited region). Circles indicate that
the trend in the 140-year ensemble mean is significant at the 95% level from a Mann—Kendall trend test.
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to temperature and precipitation, the CO, fertilization effect alone can account for much, and in some
cases, almost all, of the simulated changes in GPP and LAI in the combined experiment (compare blue
and red lines in Figure 9d—i). Increases in LAI and GPP in the FixClim1 experiment appear to be driven
by more radiation (because of reduced cloud cover) and reduced transpiration (therefore increased
soil water), both of which are consistent with stomatal down-regulation following CO, increases [35].
As shown in the esmFdbk1 experiment, in contrast, the climate change induced by radiative forcing
has near-zero effects on simulated GPP for all three regions (black line in Figure 9d—f), except for
a small positive effect on GPP in the boreal spring of the temperature-limited region. Spatially, the
ordinal impact on GPP and LAI often reverses between the esmFdbk1 and esmFixClim1 experiments,
much of the Southern Hemisphere switching from a reduction (Figure 10b,c) to an enhancement

with
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Figure 8. Spatial distribution of the additive and counteracting impacts of CO, on climate limiting
factors. Temperature, (a,d,g); precipitation, b,e h; and solar radiation, (¢ f,i). In order to assess the
contribution of radiative and vegetation physiological effects on climate and vegetation, we used an
eight-model [highlighted in Table 1] ensemble to compare three CMIP5 experiments, each of which
was run for 140 years and experiences a constant CO; at pre-industrial levels and/or CO, increasing
by 1%/year to 4xCO;: (1) In the radiative experiment (a—c), CO, increases for the atmosphere but stays
constant for vegetation and the carbon cycle and hence the direct effects of CO, on plants are suppressed;
(2) in the vegetation physiology experiment (d—f), CO, increases by 1%/year to 4xCO, for vegetation
and the carbon cycle—thereby reducing stomatal conductance and providing CO, fertilization—but
stays constant at 280 ppm for the atmosphere and thus the radiative effect is suppressed; (3) in the
combined experiment (g-i), CO, concentration increases for the full Earth system. The changes are the
mean of the last ten years minus the mean of the first ten years. Stippling indicates that the trend in the
140-year ensemble mean is significant at the 95% level from a Mann-Kendall trend test.

On the other hand, the summary of the vegetation response to increasing CO, concentration shows
pposite of the climate response in the sensitivity experiment. In spite of inducing climate changes

(Figure 10e,f).
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Figure 9. Additive and counteracting impacts of CO, on vegetation. Same as Figure 7 except for
transpiration, a—c; GPP, d—f; and LAI, g-i.

For seven out of nine comparisons, the esmFdbkl and esmFixClim1 experiments produce
offsetting impacts on LAI and GPP (Figure 9). The largest differences are in the radiation-limited region,
where the esmFdbk1 experiment slightly reduces GPP and the esmFixClim1 experiment increases GPP
by as much as 0.15 kg C/ m?/month in JJA (compare blue and red lines in Figure 9f); LAI changes
switch from about —0.5 to 1.0 (compare blue and red lines in Figure 9i). The temperature-limited
region is an exception, where, for both LAI and GPP, the esmFdbk1 and esmFixClim1 experiments
are additive (Figure 9m,p). In particular, high northern latitudes are the one clear location where
both the esmFdbk1 and esmFixClim1 experiments increase LAI (Figure 10c,f) and GPP (Figure 10b,e),
supporting recent conclusions of a strong climate imprint on the broad region of high-latitude during
the observational era [36].

The critical role of vegetation physiology is clear in the precipitation-limited region, which
experiences the least easing and an almost equal area with precipitation reductions (Figure 1d). But
the region also sees a statistically significant increase in simulated equivalent precipitation water in
64% of its area (equivalent to up to 50 mm/month of water in some areas, Figure 1le) and increases in
LAI and GPP (Figure 9¢,h), in spite of near-zero changes in simulated annual (Figure 4b) and seasonal
(Figure 6b) transpiration. While these patterns depict a more efficient use of available water resources
and a progressive greening, the physiological response of plants to higher CO, in semi-arid regions
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appears to depend on local variations in simulated precipitation, which remain highly uncertain in
CMIP5 simulations [37].
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Figure 10. Spatial distribution of the additive and counteracting impacts of CO, on vegetation. Same
as Figure 8 except for transpiration, a, d, g; GPP, b, e, h; and LAI ¢, f, i.

3.4. Decomposing Vegetation Growth Into Three Factors

The results indicate that the climate feedback substantially contributed to the growth of vegetation
by relaxing climate constraints. Although it is well known that the climate feedback can positively or
negatively influence the growth of vegetation, it has not been quantitatively assessed at the global scale.
The sensitivity experiments allow us to quantitatively evaluate the climate feedback to vegetation
(f AClit feeqpack in Equation (1)). We assumed that the ratio of GPP change to change in climate
variables is constant (i.e., b = f = const.). At first, we calculated AGPP / AClim (i.e., b) in the climate
experiment using the linear regression of annual GPP on annual mean climate variables. Then,
we calculated a ACO, by subtracting f AClimmfeeqpack from GPP increase in Equation (2). Finally,
b AClim was derived from Equation (3) by subtracting a ACO; and f AClitt feegpack by assuming the
additive relationship of the fertilization effect and the climate change effect.

The percentage ratios of the contribution of each term (i.e., a ACO,, bAClim, and f AClitn feegpact)
were shown for each limited region in Figure 11. In the temperature-limited region, all the three terms
substantially contributed to the increase in GPP, and the annual average of the climate feedback
contribution was 17%. The snow-albedo feedback can account for the climate feedback [38,39].
The climate feedback added 37% more increase in GPP than the radiative warming effect alone.
The total contribution of climate feedback and climate is 63%, which is the highest contribution among
the three climate-limited regions. The contribution is much higher in winter than summer because the
temperature did not limit GPP in the summer.

In the precipitation limited area, there was almost no contribution of the climate feedback effect.
This result can be explained by the relatively low water-recycling ratio compared to the humid area [40].
The moisture from the other regions controls the precipitation trend in the water-limited region, so that
the influence of changing water use efficiency on the region is negligible.

In the radiation-limited area, the contribution of the climate feedback is 7%, while the radiative
climate change negatively affects 24% of the increase in GPP. The feedback was caused by the decreasing
trend in cloud cover through change in water use efficiency [35]. The magnitude of the contribution of
the climate feedback changes with model selection due to the difficulty in modeling clouds in GCMs.
Thus, the feedback contribution can be underestimated, especially when a low resolution GCM cannot
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represent well the increase in regional convective clouds caused by the enhanced water cycle that
results from added vegetation growth.
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Figure 11. Monthly contribution of climate feedback and radiative climate change to vegetation
growth in increases in CO; by 1%/ year to 4xCO, experiment (1pctCO2) for each climate-limited area.
The monthly contribution was calculated for each climate-limited region. The green and purple bars
show the contribution of climate feedback and radiative climate change, respectively. In each region,
the total of the contribution (CO, fertilization, climate feedback, and radiative climate change) was
summed up to 100%.

4. Discussion

Our analysis suggests fundamental future increases in the amount of vegetation and
photosynthesis (LAI and GPP in Figure 1), mainly arising from relaxing climate constraints on
vegetation growth. This feedback effect can explain the discrepancy between the models and the
observation in the {3 factor [14]. We argue that the results are consistent with three lines of observational
evidence and a considerable body of paleoclimatic evidence of dramatically different vegetation
composition during past high-CO, periods [41,42].
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First, if our central claim that vegetation physiological process reduces transpiration, reduces
cloud cover, and increases radiation is correct, then cloud cover, particularly low-level clouds, which
strongly influence the planetary shortwave radiation budget, should decrease. Recent climate modeling
studies indeed simulate a decrease in low-level cloudiness due to the vegetation physiological
effect [23,29,35]. Further, several modeling studies indicate that the rapid adjustments of the
troposphere for the combined radiative and physiological effects of increased CO, are associated
with a decrease in low-level cloud cover over land, but increased boundary layer cloud cover over
oceans [29,43,44]. We re-analyzed the NDP026 ground observation of cloud cover [26] and show that
the modeled processes have indeed occurred over the period 1971 to 2005 using the Mann-Kendall
trend test,. During this period, cloud cover significantly decreased by a few percent points per decade
over much of the land surface, and increased over the ocean (Figure 12).

] decreasing cloud cover  [[] increasing cloud cover
[ Trends in observations and CMIP5 models agree

Figure 12. Changes in observed (NDP026) and CMIP5-simulated cloud cover are consistent with
a COy-induced down-regulation of stomatal conductance, resulting in reduced transpiration. Trends
from observations are shown as decreasing (red) or increasing (blue) annual average cloud cover
for 1971-2005: Red would tend to support our hypothesis of reduced transpiration and cloud cover
as a result of stomatal down-regulation. If the CMIP5 trend and the observed trend have the same
sign, the corresponding box is hatched. Location and shape of boxes corresponds to the coverage
in the observational dataset, the 1971-2005 comparison period represent the overlap between the
observational dataset and the historical CMIP5 runs. A change during the mid-1990s in cloud cover
observation methodology in the US precluded their use in trend evaluation in NDP026. A chi-squared
test between the two data sets rejected the null-hypothesis that they are independent (p = 0.05).
Chi-squared tests performed on the two data sets at seasonal scales yielded the following p-values:
December January February (0.22), March April May (0.05), June July August (0.26), and September
October November (0.01).

Second, the same models we used for future projections under RCP 8.5 produce simulations
of the historical climate and vegetation that are broadly consistent with independent observations
(Figure 13). Although historical skill does not guarantee future performance, region-level simulations
of climatological temperature, and precipitation are statistically indistinguishable from the Climate
Research Unit (CRU) product [25] in all months (Figure 13a,b). Simulated radiation, assessed for the
radiation-limited regions of the Northern hemisphere against the CRUNCEP radiation dataset, has
climatological differences of up to 15 W/m?, but a similar seasonal cycle (Figure 13e). The Earth system
models also capture seasonal satellite-observed variations in LAI in all three regions (Figure 13b,d,f).
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Figure 13. Performance of Earth system models used in CMIP5 against observations (1982-2005) in
each of the climate-limiting regions. CMIP5 seasonality for climate and vegetation are ensemble means
of each of the parameters. Shading represents standard deviation around the ensemble mean from the
CMIP5 models. Observed seasonality in climate and vegetation over the same period is calculated from
Climate Research Unit (CRU) (temperature, precipitation), CRU National Centers for Environmental
Prediction version (CRUNCEP) (radiation), and Global Inventory Modeling and Mapping Studies Leaf
Area Index (GIMMS) LAL

Third, the projected changes in LAl and climate are already apparent in the observational era.
Satellite data show that LAI has increased from 1982 to 2005 for all three regions (Figure 14b,d,f); the
CRU product shows warming in the temperature-limited region (Figure 14a), increased precipitation in
the precipitation-limited region (Figure 14c), and reduced cloud cover in the radiation-limited region
(Figure 14e). Consistent with these changes in climate and the biosphere, terrestrial ecosystems have
been shown as net sink for carbon in recent decades [45,46]. Thus, the 21st century changes to climate
and greening do not appear anomalous or implausible, when viewed in the context of recent history.

Numerous processes, including extreme climatic events [47], could reduce the projected changes
in LAI and GPP. But the paleoclimate record also shows that profound changes in vegetation have
occurred in the past, particularly in high latitudes, where the temperature-limited region appears
to benefit the most from physical climate changes, mediated through vegetation physiological
mechanisms. The early Eocene greenhouse climate, for example, supported redwoods at 78° N
paleo-latitude under CO; levels that are similar to the modern levels [42]. The deep-time perspective,
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albeit associated with different time scales and continental configurations, therefore, does not appear
to rule out the sort of major changes to vegetation seen in the 21st century projections [48].
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Figure 14. Performance of Earth system models in capturing the observed trends in climate and
vegetation. Observed trends in annual mean climate and satellite-derived LAI from 1982 to 2005 are
shown as average responses over the three climate-limiting regions. Ensemble mean of CMIP5 models
over the same period do not capture the inter-annual variability, but appear to capture the overall
trends in climate and vegetation. The first year of each series is set to zero to emphasize the magnitude
of the trend and deviation between the trend lines. The p-values indicate the level of significance for the
trends in observations only (CRU, CRUNCEP, GIMMS, and cloud cover data from NDP026). Shading
around the CMIP5 ensemble mean indicates 25-75 percentile.

We focused on two elemental components of terrestrial ecosystems—the amount of leafy material
and gross carbon fixation—but do not provide insights into respiratory and net carbon fluxes, carbon
stocks, such as biomass and soil carbon, and vegetation dynamics. The CMIP5 models, especially
low-resolution models, cannot count the extreme events, such as forest fires or hurricanes. The FACE
experiments also suggest that non-climate limiting factors, such as nitrogen and phosphorous [49],
might supersede climate limitations in the future (although the inclusion of a nitrogen cycle produces
results that are within the uncertainties of the full ensemble; see red lines in Figures 3 and 4).
The available state-of-the-art Earth system models; however, depict a late 21st century world in

which vegetation physiology interacts with pervasive changes to annual and seasonal climate to create
a greener land surface.
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5. Conclusions

We analyzed the climate feedback on vegetation using CMIP5 model experiments for each
climate-limited region. In contrast to the climate trend induced by the radiative effect, the positive
trend in GPP and LAI can be attributed mainly to the CO; fertilization effect. While CO, fertilization
was the main driver of the increasing trend in vegetation, the climate feedback on vegetation also
contributed to 17% and 7% of vegetation growth in temperature-limited and radiation-limited regions,
respectively. These feedbacks provide additional sensitivity to the CO, fertilization, and can explain
the discrepancy of the {3 factor between models and observation. The observed trend corroborates the
importance of the climate feedback in explaining the greening earth.
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Abstract: Our goal was to investigate the influence of bias correction methods on climate simulations
over the European domain. We calculated the Képpen—Geiger climate classification using five
individual regional climate models (RCM) of the ENSEMBLES project in the European domain
during the period 1961—-1990. The simulated precipitation and temperature data were corrected
using the European daily high-resolution gridded dataset (E-OBS) observed data by five methods:
(i) the empirical quantile mapping of precipitation and temperature, (ii) the quantile mapping of
precipitation and temperature based on gamma and Generalized Pareto Distribution of precipitation,
(iii) local intensity scaling, (iv) the power transformation of precipitation and (v) the variance scaling
of temperature bias corrections. The individual bias correction methods had a significant effect on
the climate classification, but the degree of this effect varied among the RCMs. Our results on the
performance of bias correction differ from previous results described in the literature where these
corrections were implemented over river catchments. We conclude that the effect of bias correction
may depend on the region of model domain. These results suggest that distribution free bias
correction approaches are the most suitable for large domain sizes such as the pan-European domain.

Keywords: Regional Climate Model; climate classification; bias correction methods;
precipitation; temperature

1. Introduction

Climate classifications are frequently applied tools for evaluating the real climate system. One of
the oldest and still widely accepted systems of climate types was introduced by Wladimir Képpen [1]
and later modified by Geiger [2] and additionally by Trewartha [3-7]. Képpen divided eleven climate
types based on annual and monthly changes in temperature and precipitation. Trewartha modified the
Koppen classification so that the classifications based on the main quality differences and the vegetation
characteristics were better taken into consideration. The so-called Képpen-Geiger (K-G) climate
classification is derived directly from eco-biological vegetation characteristics within the individual
regions of the Earth, which make it suitable for assessing climate change impacts on ecosystems. It is
based on annual and monthly mean values of temperature and precipitation and distinguishes five
main vegetation groups: the equatorial zone (A), the arid zone (B), the warm temperate zone (C), the
snow zone (D) and the polar zone (E). The main groups are further divided into subtypes, reflecting
the annual course of air temperature or precipitation and their monthly values compared to a defined
threshold. For a detailed overview of all K-G classes and their spatial distribution around the world,
we refer to [8]. K-G classification can be applied either to the real observed data of the Earth’s climate
or present or future conditions simulated by climate models [5,7,9,10]. Some studies, e.g., [11,12] have
used the Koppen—Trewartha classification [13] to map the extent of climate change in Europe using
an ensemble mean of regional climate models (RCMs) and simulations, considering the uncertainty
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related to driving global climate models (GCMs). However, the fact remains that all studies based on
climate models should deal with model errors carefully before drawing conclusions.

According to [14], model errors can be caused by the initial and boundary conditions,
parameterization, physical formulation, internal variability or model shortcomings [15-19]. Model
errors can be divided into two categories: unsystematic errors (random) and systematic errors (bias).
Random errors stem from the internal variability of climate models, which are a dominant source
of uncertainty for shorter (decadal) timescales in model simulations [20]. Bias is defined as any
systematic discrepancy of model simulation and observation. Systematic errors can originate either
from inadequately constrained parameters or from model structures that are unable to describe the
physical process of interest [21]. Model bias is the most prevalent source of uncertainty for longer
(century) timescales [20]. Moreover, bias corrected climate model outputs may lead to a significant
response in some impact models as decision support tools [22-24].

In our previous work [25] we applied the K-G classification as a diagnostic tool of climate change
for six RCM experiments originally produced as a part of the EU FP6 project, ENSEMBLES [26]. Every
experiment represented one specific RCM, driven by one of two GCMs. The simulations followed the
A1B emission scenario of Intergovernmental Panel on Climate Change (IPCC) [27,28], and the results
were evaluated for the near (2021—2050) and far (2071—2100) future periods. The model simulations
were subjected to validation and bias correction using the empirical distribution mapping technique
on E-OBS [29] observed data as a reference. We found that warmer climate type increased in each
RCM for the future but the degree of their extension was different among them. These differences
came from the different GCM applications as the driver, the different physical packages of RCMs and
the different representations of natural variability in individual models.

Owing to the fact that any choice of bias correction method can be an additional source of
uncertainty [23], in this study, we aim to quantify the impacts of different bias correction techniques on
the simulated distribution of K-G zones over Europe. The influence of different bias correction methods
has been studied over small geographical domains, usually select river basins in Scandinavia [30],
North America [31], or North-estern China [32]. In these studies, the performance of bias correction
methods was investigated by statistical indices. References [31] and [30] suggested distribution-based
methods, while [32] found that the quantile mapping and power transformation of precipitation
methods performed equally best in terms of the frequency-based indices, while the local intensity
scaling (LOCI) method performed the best in terms of the time-series-based indices. We intend to test
the performance of bias correction over a large pan-European domain, as the bias varies in regions of
the domain. Moreover, we study the bias correction performance by implementing Képpen-Geiger
climate classification.

Our two major research questions are as follows:

Which bias correction methods of precipitation and temperature are able to reproduce climate
classification based on the observed parameters in the 1961-1990 time period?

Which bias correction methods of precipitation and temperature are the most reliable for climate
prediction over the whole pan-European domain?

This paper is organized as follows: In Section 2, a short description of the K-G classification,
selected models and applied bias corrections are presented. In Section 3, the resulting climate
classification with respect to the individual bias correction method is presented. Section 4 contains a
discussion of our findings and Section 5 offers the conclusions we draw.

2. Materials and Methods

2.1. K-G Classification

Koppen and Geiger classified climate based on annual and monthly mean values of temperature
and precipitation. Table 1 contains the methodology to calculate K-G climate zones in Europe based
on [8].
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Table 1. Key to calculate K-G zones in Europe and their third index. Pann is the accumulated annual

precipitation. Pmin is the precipitation of the driest month. Psmin, Psmax, Pwmin and Pwmax are

defined as the lowest and highest monthly precipitation values for the summer and winter half-years.

Pth is the dryness threshold. Tann is the annual mean temperature, and the monthly mean temperatures

of the warmest and coldest months are marked by Tmax and Tmin, respectively. The precipitation and

temperature are given in mm and °C, respectively.

Type Description Criterion
B Arid climates Pann< 10 Py,
BS Steppe climates Pann> 5 Py,
BW Desert climates Pann < 5Py,
C Warm temperate climates —3°C <Tpin< +18°C
Cs Warm temperate climates with dry summers Psmin< Puwmin, Pwmaﬁi Psmin and Pymin< 40
Cw Warm temperate climates with dry winters Pywmin< Psmin and Psmax> 10 Pyymin
Cf Warm temperate climates, fully humid neither Cs nor Cw
D Snow climates Tmin < —=3°C
Ds Snow climates with dry summers Pemin< Pumin, Pwma";; Psmin and Pmin< 40
Dw Snow climates with dry winters Pywmin< Psmin and Psmax> 10 Pyymin
Df Snow climates, fully humid neither Ds nor Dw
E Polar climates Tmax< + 10 °C
ET Tundra climates 0°C < Tmax<+10°C
EF Frost climates Tmax< 0 °C
third index for C and D climate zones
Type Description Criterion
a Hot summers Tmean> 22°C
b Warm summers not (a) and at least 4 Tmon > +10 °C
C Cool summers and cold winters not (b) and Tyin> —38°C
d Extremely continental like (c) and Ty < —38°C
third index for B climate zone
Type Description Criterion
Hot steppe/desert Tann > +18 °C
Cold steppe/desert Tann< +18 °C

The dryness threshold is calculated by

2{Tann} if at leust%ofthe annual precipitation occurs € winter

Py, =

2{Tann} + 28 if at least%ofthe annual precipitation occurs € summer .

2{Tuann} + 14 otherwise
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2.2. Datasets and Bias Corrections

For the analysis of bias correction influence on K-G zone distribution in Europe, we used
simulations of five regional climate models from the ENSEMBLES project, as summarized in Table 2.
The large scale forcing for two RCMs was taken from driving ARPEGE GCM, and three of them were
driven by ECHAMS5-r3 GCM. The E-OBS version 10 gridded dataset of daily station observations with
a spatial resolution of 0.25° in longitude and latitude was used as a reference dataset for validation
and bias correction in the period from 1961 to 1990. Before the direct comparison of models and
observations, the RCMs were interpolated from their native grids to the E-OBS 0.25 ° regular grid by

the nearest neighbour remapping method.

Table 2. The institute, global climate models (GCMs), regional climate models (RCMs) and resolution

of chosen models from the ENSEMBLES EU project.

INSTITUTE/

REFERENCE GeM

RCM

RESOLUTION

Centre National de Researches
1 Météorologiques (CNRM)/ ARPEGE
[33]

ALADIN

25 km

Danish Meteorological Institute (DMI)/

134] ARPEGE

HIRHAM

25 km

Koninklijk Nederlands Meteorologisch
Instituut
3 (KNMI)/ ECHAMS5-r3

[35]

RACMO2

25 km

Swedish Meteorological and Hydrological
4 Institute (SMHI)/ ECHAMS5-r3
[36]

RCA

25 km

International Centre for Theoretical Physics
5 (ICTP)/ ECHAMS5-13
[37]

RegCM

25 km

The simulated climate zones were analysed in the Alps (AL), the British Isles (BI), Eastern
Europe (EA), France (FR), the Iberian Peninsula (IP), the Mediterranean (MD), Mid-Europe (ME) and

Scandinavian (SC) regions (Figure 1) specified in the framework of the PRUDENCE project [38].

120



Climate 2019, 7, 18

elevation (m)

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Figure 1. Subdomains based on the Prudence project: the Alps (AL), the British Isles (BI), Eastern
Europe (EA), France (FR), the Iberian Peninsula (IP), the Mediterranean (MD), Mid-Europe (ME) and
Scandinavia (SC).

Figure 2 demonstrates the simulated K-G zones without bias correction. Large differences can be
seen between the simulated zones and between the simulated and observed zones. The distribution of
K-G zones varied from the K-G zones based on the observed parameters in the case of ARPEGE driven
RCMs. HIRHAM RCM produced dryer climate zones in each region owing to the underestimated
precipitation. It produced Csa and Csb zones instead of Cfb in France, Mid-Europe, Eastern Europe
and in the Mediterranean and Dsb instead of Dfb in the Alps. Furthermore, the extension of BSk
was extremely large in the Iberian Peninsula and in Eastern Europe. Both HIRHAM and ALADIN
overestimated the Tundra climate (ET) zone in Scandinavia. In ALADIN simulation the Cfb zone was
overestimated in the Iberian Peninsula and in the Italian Peninsula, while it was underestimated in
Eastern Europe, in the Mediterranean and on the Western coast of France. The ECHAMS5-r3 forced
RCMs produced better K-G simulations but the RegCM simulated a wetter climate in the Iberian
Peninsula and the Mediterranean, whilst RACMO2 and RCA produced drier climate zones in the
Mediterranean and Eastern Europe. Each of them overestimated the ET zone in the Alps.
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Figure 2. Simulated K-G climate classification according to E-OBS (A) and in ALADIN (B), HIRHAM
(C), RegCM (D), RAMCMO2 (E) and RCA (F) without bias correction.

We applied the following bias correction methods: i) the empirical quantile mapping (eQM) of
precipitation and temperature [15], ii) quantile mapping of precipitation and temperature based
on a gamma + Generalized Pareto Distribution (gpQM) [39], iii) the power transformation of
precipitation [40,41] the variance scaling of temperature [23], and iv) the local intensity scaling
(LOCT) [42].

The daily mean precipitation and temperature values were used for the bias corrections.

2.2.1. Empirical Quantile Mapping

Empirical quantile mapping correction was used for correcting the nonparametric empirical
cumulative distribution function in simulated daily data. This method calibrates the simulated
Cumulative Distribution Function (CDF) by adding both the mean delta change and the individual
delta changes in the corresponding quantiles to the observed quantiles. The implemented eQM
obtained the correction function for 99 percentiles of observed and simulated distribution and linearly
interpolated between two percentiles [15]. Outside the range of percentiles, e.g., for the 99th percentile,
a constant correction was applied. In the case of precipitation, a 1 mm threshold value was considered
so that the precipitation was redefined to zero if the value was less than 1 mm. We applied this bias
correction with a 90-day moving window.

2.2.2. Quantile Mapping Based on Gamma + Generalized Pareto Distribution

Quantile mapping based on gamma + generalized Pareto distribution is a quantile mapping
method similar to eQM but assumes that the observed and simulated precipitation density distribution
are correctly approximated by gamma, and the temperature density distribution is correctly
approximated by Gaussian distribution. Therefore, it uses theoretical distribution in the quantile
mapping instead of empirical distribution. Due to the fact that gamma distribution is a light-tailed
distribution, it is combined with a general Pareto distribution [39]. The observed and simulated
quantiles were interpolated by inverse distance weighting. The 1 mm threshold cut off was also
applied to precipitation in this approach. The gpQM bias correction with a 90-day moving window in
the case of precipitation was used. Owing to the fact that the seasonal temperature density distribution
cannot be approximated by Gaussian distribution in some places in Europe [43], the temperature gpQM
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correction produces a large number of infinitive values with a 90-day moving window. Therefore,
gpQM was applied only in the case of precipitation.

2.2.3. Power Transformation of Precipitation

Power transformation of precipitation can be used for adjusting the variance statistics of
precipitation. Simulated monthly precipitation is powered by a “b” value that guarantees the coefficient
of variance (CV) of the simulated daily precipitation matches the CV of the observed daily precipitation.
This power “b” value is estimated on a monthly basis using a 90-day window centred on the interval
with a root-finding algorithm. Thereafter, the powered precipitation series is multiplied by the standard
linear scaling parameter, which was calculated by dividing the monthly mean observed precipitation
by the monthly mean powered simulated precipitation.

2.2.4. Variance Scaling of Temperature

Correspondingly, variance scaling of temperature corrects both the mean and variance values
of temperature. In the first step, the temperature mean was corrected with the difference between
the observed and simulated climatological monthly means. After that, the mean-corrected simulated
temperature was shifted on a monthly basis to the zero mean. Thereafter, the standard deviation of the
shifted temperature was scaled based on the ratio of the climatological monthly standard deviation of
the observed and simulated data. Finally, the standard deviation corrected time series were shifted
back using the corrected mean.

2.2.5. Local Intensity Scaling of Precipitation

The local intensity scaling correction corrects the mean as well as both the wet-day frequencies
and wet-day intensities of precipitation. The frequency of wet-days in the case of observation considers
those days when the precipitation value is higher than the 1 mm threshold.

The model’s wet-day threshold was determined from the daily RCM precipitation series such
that the threshold exceedance matched the wet-day frequency in the observed series. The scaling
factor of this correction was calculated based on the ratio of the climatological monthly mean wet-day
intensities between the observations and the RCMs with the adjusted wet-day thresholds. Subsequently,
the simulated monthly precipitation values were adjusted with the model’s wet-day threshold and
multiplied by the scaling factor. Finally, the daily simulated precipitation was downscaled from the
calibrated monthly scale such that the precipitation values were redefined to zero on those days when
the observed precipitation was less than 1 mm.

The equations of bias correction methods are detailed in [44]. Bias corrections and K-G
classification were implemented in Matlab by the MeteoLab [45] and Weaclim [46] toolboxes. The
figures were created by NCAR Command Language [47].

3. Results

3.1. Empirical Quantile Mapping with a 90-Day Moving Window

The application of eQM bias correction with a 90-day moving window improved the climate
classification. RCMs simulated appropriate climate zones in each region with the exception of
HIRHAM (Figure 3). In the case of HIRHAM RCM, the climate zone simulation was improved
in the Northern regions, e.g, in Scandinavia, the British Isles and Mid-Europe, but it still produced
dryer climate zones in the Iberian Peninsula, the Mediterranean and Eastern Europe. In the other
RCMs, the extension of climate zones differed from the observed ones mainly in the Iberia Peninsula,
in the Alps, in the Mediterranean and in Eastern Europe. The difference in the frequency of the
occurrence of the climate zones was only 1-2% between the RCMs with exception of HIRHAM in each
region. For example, the occurrence of the Cfb zone in the Alps was 53%, 51%, 50% and 50% according
to the ALADIN, RegCM, RACMO2 and RCA simulations, respectively.
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Figure 3. Simulated K-G climate classification according to E-OBS (A) and empirical quantile mapping
(eQM) corrected precipitation and temperature with 90-day moving window in ALADIN (B), HIRHAM
(C), RegCM (D), RAMCMO?2 (E) and RCA (F).

The precipitation was mainly underestimated in each season except in the British Isles in winter
(DJF) (Table 3a). The eQM with a 90-day moving window decreased the residual temperature bias in
DJF but increased it in summer (JJA) in ALADIN, HIRHAM and RegCM in some regions (Table 3b).

Table 3. Residual bias of seasonal amount of simulated precipitation (a) and of seasonal mean of
simulated temperature (b) in the case of eQM bias correction in eight different regions: the Alps (AL),
the British Isles (BI), Eastern Europe (EA), France (FR), the Iberia Peninsula (IP), the Mediterranean
(MD), Mid-Europe (ME) and Scandinavia (SC) in DJF and JJA The bias values are in % and in °C in the
case of precipitation and temperature, respectively.

a) ALADIN HIRHAM RegCM RACMO2 RCA
Region  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL -2 -9 2 —23 4 —6 -5 —6 -5 —7
BI 1 -2 2 -7 1 -3 0 -3 1 -2
EA -8 =il —4 —17 -7 —6 -8 -3 -9 -3
FR -1 -5 0 —20 -6 0 -6 -5 -7 —4
IP -6 -5 -8 —23 -8 —11 -8 —21 -9 —23
MD -6 -8 0 —34 —4 -9 —4 -9 -5 —14
ME -4 -9 -2 —12 —4 -3 -5 -3 -5 -2
sC -6 ~1 -3 -8 -3 -2 -2 -2 —4 1

-100 =50 -25 -10 10 25 50 100
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Table 3. Cont.

b) ALADIN HIRHAM RegCM RACMO2 RCA
Region  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL 0.2 0.1 03 —04 03 0.1 0.1 0.1 —0.1 0.0
BI 03 0.0 02 03 02 0.0 0.1 0.1 0.1 0.1
EA 05 —02 0.4 0.8 0.4 0.0 02 0.0 0.0 0.0
FR 03 0.0 02 03 02 02 0.0 03 0.0 0.1
P 0.1 05 —0.1 03 0.1 0.6 0.0 03 0.0 0.1
MD 0.1 06 0.1 -03 0.2 0.4 0.0 0.4 —0.1 02
ME 05 02 05 —0.7 03 —0.1 02 0.0 0.0 0.0
sC 0.1 —06 03 —0.8 02 0.0 02 0.0 —0.1 0.0

5 2 1 05-05 -1 -2 -5

3.2. Quantile Mapping Based on a Gamma + Generalized Pareto Distribution with a 90-Day Moving Window

Owing to the fact the seasonal temperature probability distribution does not fit a Gaussian
distribution due to non-Gaussian tails occurrence, the gpQM bias correction with a 90-day moving
window was implemented only on the precipitation data. The gpQM with a 90-day moving
window bias-corrected precipitation was combined with eQM with 90-day moving window corrected
temperature values for the calculation of K-G zones. The gpQM correction with a moving window also
improved the climate classification, but it resulted in dryer climate zones in some regions compared to
the eQM correction (Figure 4). The Csb and BSk ratio was larger in the Mediterranean and Eastern
Europe, respectively, according to the gpQM in each RCM. Owing to gpQM method the extension of dry
zones (Csa, Csb, Dsb), the Csb zone was predominant in France, Mid-Europe and the Mediterranean,
and the BSk was overestimated in the Iberian Peninsula and Eastern Europe in HIRHAM model.

Figure 4. Simulated K-G climate classification according to E-OBS (A) and quantile mapping of
precipitation and temperature based on a gamma + Generalized Pareto Distribution (gpQM) correction
of precipitation and eQM correction of temperature with 90-day moving window in ALADIN (B),
HIRHAM (C), RegCM (D), RAMCMO2 (E) and RCA (F).
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The residual precipitation bias was variable. The precipitation was overestimated in some regions,
mainly in DJF. Although eQM correction resulted in better K-G classification, the residual bias of gpQM
correction was smaller in some regions (e.g., in the Mediterranean in the case of RegCM) (Table 4).

Table 4. Residual bias in the seasonal amount of simulated precipitation (a) in the case of gpQM bias
correction in eight different regions: the Alps (AL), the British Isles (BI), Eastern Europe (EA), France
(FR), the Iberian Peninsula (IP), the Mediterranean (MD), Mid-Europe (ME) and Scandinavia (SC) in
DJF and JJA. The bias values are in %.

ALADIN HIRHAM RegCM RACMO?2 RCA
Region  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL 3 12 0 —57 5 11 0 — 3 —10
BI -2 -5 -3 —39 3 -2 3 —4 5 1
EA 3 —20 6 —46 3 —11 -2 =2 -3 -3
FR 5 —11 -6 —57 0 4 -1 -9 1 -3
P —11 ~10 —33 —67 -3 —11 -3 —36 -5 —30
MD -7 ~15 —14 —68 0 —15 —4 —49 -3 —25
ME 8 ~16 8 —42 5 —4 1 -9 1 4
e -7 ~1 3 —19 -1 1 2 -2 -3 8

-100 -50 -2 -10 10 25 50 100

3.3. Power Transformation of Precipitation and Variance Scaling of Temperature

The power transformation of precipitation has been implemented in smaller domains in Europe,
such as the basin of the river Meuse [40] and the mesoscale catchments of Sweden [30], where the
precipitation is significant. In our work, the power value of precipitation was calculated with Brent’s
root-finding algorithm [48]. It is possible that the mean value of precipitation is near zero in the dryer
regions. This zero mean value may have caused an invalid value in the coefficient of variation of
precipitation that stopped the root-finding algorithm and produced incorrect K-G zones (this is not
shown). To get around this issue, we applied two conditions before running the root-finding algorithm.
The first condition was to ignore the RCM precipitation values if they were missing values. The second
was to ignore the RCM precipitation values if their mean value was zero, as this causes an invalid
value. Thanks to the above-mentioned conditions, the power transformation of precipitation combined
with the variance scaling of temperature created the correct K-G classification in each RCM. Negligible
differences were seen between the observed and simulated K-G zones (Figure 5). The difference in
the frequency of occurrence of climate zones between observations and simulations was zero in each
region with the exception of ALADIN. ALADIN simulated larger Cfb and smaller Csb extension in the
Iberian Peninsula and in the Mediterranean regions where the difference from the observations was
only 2%. Due to these facts, power transformation of precipitation and variance scaling of temperature
appear to be the most suitable for climate classification in the whole pan-European domain.
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Figure 5. Simulated K-G climate classification according to E-OBS (A) and power transformation of
precipitation and variance scaling of temperature correction in ALADIN (B), HIRHAM (C), RegCM
(D), RAMCMO2 (E) and RCA (F).

The value of residual precipitation bias was similar in each RCM, with the exception of HIRHAM,
where the residual bias values were zero (Table 5.). Furthermore, the bias was almost identical, except
for HIRHAM, which means that power transformation is not dependent on the RCMs. The modelled
temperature was almost commensurate with the observed data when variance scaling correction
was implemented.

Table 5. Residual bias of seasonal amount of simulated precipitation in the case of power transformation
of the precipitation bias correction method in eight different regions: the Alps (AL), the British Isles
(BI), Eastern Europe (EA), France (FR), the Iberian Peninsula (IP), the Mediterranean (MD), Mid-Europe
(ME) and Scandinavia (SC) in DJF and JJA. The bias values are in %.

ALADIN HIRHAM RegCM RACMO?2 RCA
Region  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL 0 —6 0 0 0 —6 0 —6 —1 —6
BI -8 14 0 0 -8 14 -8 14 -8 14
EA -9 —14 0 0 -9 —14 -9 —14 -9 —14
FR -5 4 0 0 -5 3 -5 3 -5 4
P —i2 8 0 0 ~12 7 ~12 7 ~12 7
MD -10 0 1 0 -10 4 -10 4 -10 4
ME -9 —11 0 0 -9 ~10 -9 ~10 -9 ~10
sC ~12 10 0 0 ~12 10 ~12 10 ~12 9

-100 -50 -25 -10 10 25 50 100

3.4. Local Intensity Scaling of Precipitation and Variance Scaling of Temperature

Due to the fact that local intensity scaling correction can be applied only to precipitation, it was
combined with variance scaling of temperature for the calculation of the K-G classification. Both
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corrections are distribution free and correct the diagnostics, as well as the mean. Owing to these facts,
the difference between the observed and simulated zones was also negligible, only 1-2% (Figure 6).
Apart from that, the RCMs resulted in very similar values.

Figure 6. Simulated K-G climate classification according to E-OBS (A) and local intensity scaling of
precipitation and variance scaling of temperature correction in ALADIN (B), HIRHAM (C), RegCM
(D), RAMCMO2 (E) and RCA (F).

In the case of LOCI correction, the residual seasonal precipitation bias was the smallest compared
to the other precipitation correction methods, except in the case of the HIRHAM RCM compared
to power transformation of the precipitation method (Table 6). This caused a negative bias in both
seasons in each RCM. Although the seasonal residual bias values were smaller than in the case of
power transformation of precipitation, the minimum and maximum monthly precipitation values of
the RCMs were closer to the observed minimum and maximum monthly precipitation values by power
transformation in both seasons (not shown). These values determined the subtypes of the K-G zones.
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Table 6. Residual bias of the seasonal amount of simulated precipitation in the case of local intensity
scaling of the precipitation bias correction method in eight different regions: the Alps (AL), the
British Isles (BI), Eastern Europe (EA), France (FR), the Iberia Peninsula (IP), the Mediterranean (MD),
Mid-Europe (ME) and Scandinavia (SC) in DJF and JJA. The bias values are in %.

ALADIN HIRHAM RegCM RACMO?2 RCA
Regio  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL -1 -1 —1 -1 ~1 -1 ~1 —1 ~1 —1
BI -2 -2 -2 -2 -2 -2 -2 -2 -2 -2
EA -6 -1 -6 -2 -6 -1 -6 -1 -6 -2
FR -2 -2 -2 -2 -2 -2 -2 -2 -2 -2
P -1 -2 -1 -2 -1 -2 -1 -2 -1 -2
MD -2 -1 -2 —1 -2 -1 -2 1 -2 -1
ME -5 -2 -6 -2 -5 -2 -6 -2 -6 -2
e -5 -2 -5 -2 -5 -2 -5 -2 -5 -2

-100 -50 25 -10 10 25 50 100

3.5. Cross-Validation of Bias Corrections

Cross-validation was applied to test bias corrections. Due to the observed annual precipitation
and temperature values being nearly stationary (not shown) in the 1961-2000 period, we applied a
split-sample test (SST) as advocated by [49]. The parameters were split into calibration and test periods.
The bias corrections were calibrated in the first twenty years of 1961-1980, and the corrections were
implemented in the second twenty years of 1981-2000. The corrections were validated by the K-G
zone simulation in the test period, and the results were compared with the K-G zones based on the
observed data in the test period.

3.5.1. Validation of Empirical Quantile Correction

Figure 7 shows the simulated K-G distribution based on the validated eQM values of precipitation
and temperature compared to K-G zones according to observed parameters in the test period.
The ECHAMS5-r3 RCMs produced similar results, whilst HIRHAM resulted in a drier climate in
Eastern Europe and in the Mediterranean compared to the ALADIN model where the Csb zone was
predominant. Each RCM significantly underestimated the BSk zone in the Iberian Peninsula compared
to the K-G zones based on observations. In Scandinavia, the ET zone was overestimated with the
exception of the ALADIN model, and the Dsc zone expanded in the RACMO2 and RCA models.
Moreover, the DSb zone occurred in the RegCM model. In the ECHAMS5-13 driven RCMs, the Dfb zone
shifted southwards in Southern Scandinavia. The ratio of the Dfb zone decreased in the Carpathians
in Eastern Europe in each RCM. The Cfa zone diminished in the Eastern region of Eastern Europe in
the HIRHAM, RACMO2 and RCA models. Moreover, the BSk zone occurred in Eastern Europe in
ARPEGE-driven RCMs. The difference between the simulated and observed K-G zones was negligible
in Mid-Europe and in the British Isles. The ECHAM5-r3 RCMs simulated a Csb zone in the Western
region of France.
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Figure 7. Simulated K-G climate classification according to E-OBS (A) and eQM corrected precipitation
and temperature with 90-day moving window in ALADIN (B), HIRHAM (C), RegCM (D), RAMCMO2
(E) and RCA (F) in the test period in 1981—2000.

The residual bias of precipitation varied during the season and the eQM correction strongly
depended on the regions and the RCMs (Table 7a). Larger residual bias was found in France, in the
Iberian Peninsula and in the Mediterranean in each RCM with the exception of ALADIN. The residual
bias of temperature was smaller than 1 °C, except in HIRHAM in Scandinavia in the DJF season
(Table 7b).

Table 7. Residual bias of the seasonal amount of simulated precipitation (a) and of the seasonal mean
of the simulated temperature (b) in the case of eQM bias correction in the test period in eight different
regions: the Alps (AL), the British Isles (BI), Eastern Europe (EA), France (FR), the Iberia Peninsula (IP),
the Mediterranean (MD), Mid-Europe (ME) and Scandinavia (SC) in DJF and JJA. The bias values are
in % and in °C for precipitation and temperature, respectively.

a) ALADIN HIRHAM RegCM RACMO?2 RCA
Region DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA

AL ) 3 7 —26 3 -9 1 -2 3 -5
BI -9 7 ~10 0 —i2 -7 -15 -9 -15 —ilil
EA -3 5 2 -6 4 0 0 5 3 3
FR -8 4 -6 —24 —ily —il3 —ily ~19 ~18 17
P 9 3 5 -17 13 -1 14 ~18 11 —21
MD 0 -5 7 —23 14 0 18 12 12 3
ME -7 10 -5 —4 -7 -2 —14 -2 -8 -1
sC —18 0 ~15 -8 —14 -9 —11 —11 =13 -9

-100 -50 -25 -10 10 25 50 100
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Table 7. Cont.

b) ALADIN HIRHAM RegCM RACMO2 RCA
Region  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL 03 —04 0.3 —04  —02 —04 —05 —05 —06 —05
BI 05 —05 03 —07 —-03 —03 —04 —02 —05 —04
EA 0.1 0.1 0.1 0.0 0.0 -05 —01  —06 —02  —06
FR 02 —09 0.2 —09 —06 —04 —07 —03 —09 —05
P -03 —02 —03 —04 —05 0.1 —05 0.1 —0.6 0.1
MD 0.2 02 02 —02 0.1 -05 —01  —07 —02  —06
ME 02 03 03 -05 —-02 -05 —03 —06 —04 —07
sC 0.9 0.4 1.1 -01  —01  —03 0.0 -04  —01  —02

5 2 1 05 -05 -1 -2 -5

3.5.2. Validation of Quantile Mapping Based on a Gamma + Generalized Pareto Distribution
of Precipitation

Figure 8. demonstrates the simulated K-G zones according to the gpQM of precipitation and eQM
of temperature combination during the test period. The gpQM of precipitation resulted in dryer climate
zones compare to eQM in Mediterranean region, and a BSk zone was produced in the Southeastern
area of Easter-Europe in each RCM except RegCM (Figure 8). The BSK zone dominantly decreased
in the Iberian Peninsula in each RCM except HIRHAM. Moreover, significant extension of Csb was
simulated in the HIRHAM model in France, Mid-Europe, EasternEurope, in the Mediterranean and in
the Southwestern area of the British Isles. In this model, a larger area was covered by the BSk zone
than in the other models in the Iberian Peninsula and in Eastern Europe.

Kepper-Gelger classHication
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Figure 8. Simulated K-G climate classification according to E-OBS (A) and gpQM corrected
precipitation and eQM corrected temperature with a 90-day moving window in ALADIN (B), HIRHAM
(C), RegCM (D), RAMCMO2 (E) and RCA (F) in the test period in 1981—2000.
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Although gpQM correction of precipitation resulted in a larger bias in K-G simulation in several
regions compared to the eQM correction, the remained bias was smaller in France and in Scandinavia
in ECHAMS5-13 forced RCMs (Table 8). Furthermore, gpQM produced a smaller residual bias in the
RegCM model in the British Isles as well.

Table 8. Residual bias of seasonal amount of simulated precipitation in the case of gpQM bias correction
in the test period in eight different regions: the Alps (AL), the British Isles (BI), Eastern Europe (EA),
France (FR), the Iberian Peninsula (IP), the Mediterranean (MD), Mid-Europe (ME) and Scandinavia
(SC) in DJF and JJA. The bias values are in %.

ALADIN HIRHAM RegCM RACMO?2 RCA
Region  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL 6 0 6 —59 11 —12 10 —20 12 —8
BI -10 3 ~13 —36 -9 -5 —11 -9 ~10 -6
EA 12 -7 11 —40 14 -5 7 —15 9 4
FR 0 -7 ~10 —62 ~10 ~10 —11 —23 -10 —17
IP 7 -2 —24 —64 21 0 20 —34 16 -33
MD 1 —14 -8 —62 17 -8 16 —42 15 —16
ME 7 2 3 -38 1 -1 -8 -7 -2 6
sC ~19 0 —11 —19 ~10 -5 -7 -9 —11 0

-100 -50 -25 -10 10 25 50 100

3.5.3. Validation of Power Transformation of Precipitation and Variance Scaling of Temperature

The power transformation of precipitation and variance scaling of temperature bias corrections
resulted in similar K-G zone distributions in each RCM (Figure 9). The extension of K-G zones was
different between the RCMs and differed from the observed ones. The ECHAMS5-r3 forced RCMs and
HIRHAM simulated larger, while ALADIN resulted in a smaller ET fraction in Scandinavia. Moreover,
ECHAMS5-r3 forced RCMs simulated a large Dsc zone fraction in the Scandinavian mountains. The
ratio of the Dfb zone decreased in the Carpathians in Eastern Europe in each RCM. The Cfa zone
expanded in Eastern Europe according to ARPEGE forced RCMs, whilst it decreased in ECHAM5-13
driven models. In the Western part of France, the Csb zone was simulated with the exception of the
ALADIN model. In the Mediterranean and in the Iberian Peninsula, the BSk zone was underestimated
in each RCM.
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Figure 9. Simulated K-G climate classification according to E-OBS (A) and power transformation of
precipitation and variance scaling of temperature correction in ALADIN (B), HIRHAM (C), RegCM
(D), RAMCMO2? (E) and RCA (F) in the test period in 1981—2000.

Even though eQM produced a very small residual bias in ALADIN and RegCM in the
Mediterranean and in RACMO?2 in Eastern-Europe, the power transformation of precipitation better
reproduced the K-G zone distribution. Furthermore, the power transformation of precipitation
resulted in a smaller residual bias in Scandinavia, France and in the British Isles in both seasons, and in
Mid-Europe in winter compared to eQM (Table 9a). The difference between the eQM and the variance
scaling corrected temperature was negligible (Table 9b).

Table 9. Residual bias of seasonal amount of simulated precipitation (a) in the case of power
transformation of precipitation and the seasonal mean of the simulated temperature, (b) in the case of
variance scaling of the temperature bias correction methods in the test period in eight different regions:
the Alps (AL), the British Isles (BI), Eastern Europe (EA), France (FR), the Iberia Peninsula (IP), the
Mediterranean (MD), Mid-Europe (ME) and Scandinavia (SC) in DJF and JJA. The bias values are in %
and in °C for precipitation and temperature, respectively.

a) ALADIN HIRHAM RegCM RACMO?2 RCA
Region  DJF JTA DJF JJA DJF JJA DJF JJA DJF JJA
AL 1 16 4 —7 7 -2 8 7 6 5
BI -8 9 —12 9 —12 -5 —15 -6 —15 -9
EA 5 20 4 11 11 8 11 8 14 9
FR -7 10 -7 -9 —11 12 —11 —14 —11 —11
P 15 12 14 EEl > 11 26 5 25 —4
MD 7 3 8 23 20 7 24 20 20 15
ME -3 23 —4 8 -3 4 -8 3 -2 3
sC ~12 1 —12 1 —11 -6 -8 -9 -9 -8

-100 50 -25 -10 10 25 50 100
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Table 9. Cont.

b) ALADIN HIRHAM RegCM RACMO2 RCA
Region  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL 0.1 —0.8 02 —08 —-05 —04 —07 —06 —06 —06
BI 04 —0.6 02 -07 —06 —03 —06 —02 —06 —04
EA -02 -01 —-01 —01 —02 —05 —-03 —05 —02  —06
FR 0.1 —1.1 0.1 =41 -07 —04 —09 —04 —09 —05
P -03 —05 —02 —06 —06 0.1 —0.6 0.1 —0.7 0.0
MD 0.1 —0.1 0.2 —04 0.0 -05 —01  —08 —02  —07
ME —01  —06 0.1 —06 —04 —04 —05 —05 —04 —06
sC 0.8 0.4 0.9 0.0 -02 -02 —02  —03 0.0 02

5 2 1 0.5 -05 -1 -2 -5

3.5.4. Validation of Local Intensity Scaling of Precipitation

The local intensity scaling of precipitation was also combined with the variance scaled of
temperature to calculate the K-G zone. This combination produced a similar K-G distribution as
the combination of power transformation of precipitation and variance scaling of temperature in
some regions except in the HIRHAM RCM (Figure 10). Based on the LOCI bias correction, the Csb
climate zone occurred in Eastern Europe, and the BSk zone decreased in the Eastern region of the
Mediterranean. The extension of the Dsc zone in Scandinavia and the extension of the Csb zone in
Western France decreased in the ECHAMS5-13 driven RCMs compared to the power transformation
variance scaling bias correction combination.

Kepper-Gelger classllcation
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Figure 10. Simulated K-G climate classification according to E-OBS (A) and local intensity scaling of
precipitation and variance scaling of temperature correction in ALADIN (B), HIRHAM (C), RegCM
(D), RAMCMO?2? (E) and RCA (F) in the test period in 1981—2000.
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The residual bias of LOCI was extremely large in the HIRHAM model in the Iberian Peninsula
in summer (Table 10). The residual bias increased in France compared to power transformation of
the precipitation method. In contrast to this, the residual bias was smaller in Eastern Europe in the
ECHAMS5-r3 forced RCMs.

Table 10. Residual bias of the seasonal amount of simulated precipitation (a) in the case of local
intensity scaling of the precipitation bias correction method in the test period in eight different regions:
the Alps (AL), the British Isles (BI), Eastern Europe (EA), France (FR), the Iberia Peninsula (IP), the
Mediterranean (MD), Mid-Europe (ME) and Scandinavia (SC) in DJF and JJA. The bias values are in
%. The extremely large bias in the case of HIRHAM RCM in IP in the in JJA season is denoted by NA
where the bias value is about 3 x 10'2.

ALADIN HIRHAM RegCM RACMO?2 RCA
Regio  DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA
AL 0 18 5 -3 7 -2 8 8 8 4
BI ~10 8 —14 9 —14 -7 —il7 -9 —ily 12
EA -1 19 -3 11 4 6 4 7 7 6
FR ~11 8 —11 -6 -15 ~16 ~16 —18 ~16 ~16
P 13 14 11 NA 24 12 24 4 22 —4
MD 4 5 6 43 19 5 23 27 18 14

ME -9 2 -9 6 -9 2 —14 0 -8 0
e ~16 0 ~16 ~1 ~15 -8 —13 —11 —14 -10

-100 -50 -25 -10 10 25 50 100

4. Discussion

The results confirmed our supposition that bias corrections have a significant effect on climate
classification. The effect of the bias correction varied among the models and the regions of the model
domains. Table 11 shows the differences between the observed and simulated Képpen—Geiger climate
zones in each region. The results were received by the calculation of the number of grid points where
the simulated and observed K-G zones were different in each region, and then this number was divided
with the number of grid points of the regions. The eQOM and gpQM resulted in the largest differences
between the RCMs. These differences stemmed from the correction of precipitation. Simulated
precipitation is very sensitive to the properties of a model, e.g., physical parameterization, surface
properties, and resolution; hence, the distribution of precipitation varied among the RCMs. In the
HIRHAM model, eQM and gpQM produced drier negative bias, i.e., dryer zones in almost the entire
studied area. The dominance of these dry climate classes originated from the surface properties in the
HIRHAM model, the 1 mm threshold value of precipitation and the correction method. Unlike the
other RMCs, HIRHAM has only one soil moisture layer [50], which results in a smaller water-holding
capacity, which probably causes a negative feedback effect on precipitation formation. Owing to the
threshold value, most of the daily mean precipitation values were less than 1 mm, which were resized
to zero. This threshold value also caused negative precipitation bias in the JJA season. Moreover,
the eQM corrected the ranked category, but not the value of the variable. Hence, the precipitation
(or temperature) values transformed into “very high” values correspond to what observations tell us
about actual “very high “values [15]. Notwithstanding that the eQM is expected to be the best method
according to some literature [15,51,52], but according to some studies, the distribution-based methods
improve the RCMs [31,44,53]. The remaining large biases may originate from the weakness of linear
extrapolation of the cumulative distribution of parameters.
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Table 11. Disagreement between observed and simulated K-G zones in eight different regions: the Alps
(AL), the British Isles (BI), Eastern Europe (EA), France (FR), the Iberia Peninsula (IP), the Mediterranean
(MD), Mid-Europe (ME) and Scandinavia (SC) and in the whole study area in DJF and JJA in the case
of eQM-eQM, gpQM-eQM, power transformation of precipitation and variance scaling of temperature
and LOCI and variance scaling of temperature bias correction combination. The values are in %.

DISAGREEMEINT BI EA FR P MD ME SC S,ﬁ‘ff
eQM-eQM
ALADIN 89 15 155 88 2 17.8 23 45 9
HIRHAM 386 15 29.5 442 316 354 24 7.8 20
RegCM 9.4 13 10.3 15 162 17.2 07 6 8.4
RACMO2 89 22 12.9 15 12.9 19 07 6.4 9
RCA 10.3 25 8.6 1 14.2 11.7 0.9 10.5 9
Ensemble 5, 1.8 154 114 17.4 202 14 7.0
mean
gpQM-eQM
ALADIN 118 2.7 185 39.3 19.3 29.9 34 47 13.1
HRHAVGSIE 469 ¥4 OSSN 69 89 382
RegCM 9.9 15 10.9 25 17.4 21.8 05 6.6 9.4
RACMO2 247 24 17.5 6.4 19.5 36.8 15 72 13.7
RCA 18.1 25 10 47 19.5 20.1 0.9 11.2 114
Ensemble 11.2 209 30.4 254 329 10.6 7.7
mean
power_variance
ALADIN 12 0 0 0 29 38 0 0.2 08
HIRHAM 0 0 0 0 0 0 0 0.2 0.1
RegCM 0 0 0 0 0 0 0 0.2 0.1
RACMO2 0 0 0 0 0 0 0 02 0.1
RCA 0 0 0 0 11 0 0 02 02
Ensemble 0.0 0.0 0.0 0.8 08 0.0 0.2
mean
loci-variance
ALADIN 0 0 03 12 27 11 0.8 03 07
HIRHAM 0 0 04 25 32 14 08 03 08
RegCM 0 0 03 12 27 1.1 08 03 07
RACMO2 0 0 03 12 29 34 08 03 0.9
RCA 0 0 03 12 26 12 08 03 07
Ensemble 0 03 14 2.8 16 0.8 03
mean
100 50 30 15 5

The model results corrected by the gpQM resulted in a similar climate classification to the eQM
corrected simulations, regardless of the gpQM using gamma and generalized Pareto distributions. The
remained bias can be explained by the fact that daily precipitation cannot be adequately expressed by
gamma distribution for every region of Europe [54].

The power transformation of precipitation and the local intensity scaling of precipitation combined
with the variance scaling of temperature performed correct K-G zone distribution with a negligible
difference from the observed one. Furthermore, they resulted in very similar values in each of the
RCMs. Their independence on the model and regions of the model domain can be explained by the
fact that these are distribution-free correction approaches. Furthermore, they are also able to adjust
the variance statistics of the precipitation time series, the simulated wet-day intensity, the wet-day
frequency of precipitation and the variance and the mean values of temperature.
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The bias correction methods were validated through a split-sample test by calculating the K-G
zones in the 1981—2000 time period, except for the local intensity scaling of precipitation. According
to the climate classification, the power transformation of precipitation and the variance scaling of
temperature combination performed best in terms of K-G zones, despite the fact that the eQM bias
correction methods had a smaller residual bias value in some RCMs, e.g., in ALADIN in the JJA season.

The bias correction methods were tested by the differential split-sample test in [44]. According
to the statistical evaluation of the bias corrections in the test period, they found that the best method
was distribution mapping based on gamma distribution, which was able to correct statistical moments
other than means and standard deviations. Their findings presumably stemmed from their decision to
choose smaller sized domains, in which only one European region was taken into account. We found
the eQM and gpQM of precipitation had great limitations in the larger sized pan-European domain
and produced incorrect climate classification in each RCM.

5. Conclusions

In this paper, the influence of bias corrections on K-G climate classification was investigated.
Climate classification was calculated by eQM-corrected precipitation and temperature, by a
combination of gpQM-corrected precipitation and eQM of temperature, by a combination of power
transformation of precipitation and variance scaling of temperature, or by a combination of LOCI for
precipitation and variance scaling for temperature. These bias correction methods were applied in five
25 km resolution ENSEMBLE RCMs in the historical time period of 1961—1990 and their results were
compared with climate classification based on E-OBS-observed precipitation and temperature values
to study their performance. The corrections were tested by a split-sample test, where the 1961—-1980
period was training, and the corrections were validated in the 19812000 period. Subsequently, the
climate classification was evaluated in eight individual subdomains: the Alps, the British Isles, Eastern
Europe, France, the Iberian Peninsula, the Mediterranean, Mid-Europe and Scandinavia, defined
according to the methodology devised for the PRUDENCE project.

When assessing the performance of the bias correction methods, we found similar results for eQM-
and gpQM-corrected K-G classifications when daily data were used during the whole 30-year time
period (not shown). Both of them were strongly dependent on the RCM, as the simulated climate zones
varied between these RCMs. Moreover, the simulated climate zones significantly differed from the
observed ones. These differences stemmed from the large bias in the seasonal precipitation amount. The
90-day moving window improved these correction methods. In comparison, a combination of LOCI
and power transformation for precipitation with variance scaling of temperature, respectively, properly
reproduced the climate zones by each of the RCMs in each region in the historical period. Furthermore,
their test run contained the smallest differences from the observed K-G zones in most regions.

Our results suggest that the eQM and gpQM methods manifest a strong dependence on the spatial
distribution of parameters, and this dependence causes a limitation in climate classification considering
the large domain. Conversely, power transformation—and local intensity scaling of precipitation and
variance scaling of temperature corrections-also generated a smaller bias between the simulated and
observed parameters, except in HIRHAM in JJA, but their combination produced better results in
climate classification for the whole European domain. This can be explained by the fact that they are
distribution-free approaches.

This study is valid for Europe as a whole, since it was based on the E-OBS dataset with a resolution
that may be coarser than that of some small regions studied in the quoted papers, where dense national
datasets could be used. In the latter case, the statistical properties of the points reflect the smaller
area and the results of the method evaluations could be different. It was beyond the scope of this
study to devote itself to the several high-resolution gridded datasets that exist in Europe, but this
will be the topic of future investigation using the next generation EURO-CORDEX regional climate
model simulations.
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Abstract: The study of climate, in such a diverse climatic region as the Caucasus, is necessary in
order to evaluate the influence of local factors on the formation of temperature and precipitation
regimes in its various climatic zones. This study is based on the instrumental data (temperatures
and precipitation) from 20 weather stations, located on the territory of the Caucasian region during
1961-2011. Mathematical statistics, trend analysis, and rescaled range Methods were used. It was
found that the warming trend prevailed in all climatic zones, it intensified since the beginning
of global warming (since 1976), while the changes in precipitation were not so unidirectional.
The maximum warming was observed in the summer (on average by 0.3 °C/10 years) in all climatic
zones. Persistence trends were investigated using the Hurst exponent H (range of variation 0-1),
which showed a higher trend persistence of annual mean temperature changes (H = 0.8) compared to
annual sum precipitations (H = 0.64). Spatial-correlation analysis performed for precipitations and
temperatures showed a rapid decrease in the correlation between precipitations at various weather
stations from R = 1 to R = 0.5, on a distance scale from 0 to 200 km. In contrast to precipitation, a high
correlation (R = 1.0-0.7) was observed between regional weather stations temperatures at a distance
scale from 0 to 1000 km, which indicates synchronous temperature changes in all climatic zones
(unlike precipitation).

Keywords: temperature; precipitations; warming; Hurst exponent; persistence; spatial correlation;
Caucasian region

1. Introduction

The problem of climate change is extremely urgent today. The global climate on our planet
is changing rapidly. In this regard, an increasing number of studies are being devoted to this
problem [1-17]. The Russia territory is more sensitive to the effects of climate than the Northern
Hemisphere and the rest of the globe. Throughout Russia, the average growth rate of average annual
air temperature has been 0.46 °C/10 years in 1976-2017. This is 2.5 times the growth rate of global
temperature over the same period: 0.18 °C/10 years, and more than 1.5 times the average warming
rate of surface air over the Earth’s land: 0.28 °C/10 years (estimates according to the Hadley Center
and the University of East Anglia: HADCRUT4, CRUTEM4) [18].

Observations of regional climate show that atmospheric phenomena are more significant and
variable in regional rather than globally. Many factors affect the climatic features of the south of Russia,
including zonal and altitudinal zonality. The geographic position in temperate latitudes contributes to
the formation of a moderately continental type of climate, while the Caucasus Mountains serve as a
climate cliff between the temperate and subtropical zones. The Caucasus region has significant impact
on climatic features, which is supported by air masses, bringing the Mediterranean warm moist air.

Climate 2019, 7, 11; d0i:10.3390/¢li7010011 141 www.mdpi.com/journal/climate
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An important factor is the difference in altitudes from the Caspian lowland (—28 m from sea level) to
the peaks of the North Caucasus, with the highest point in Europe—Mount Elbrus with a height of
5642 m. According to the nature of the relief, the North Caucasus is usually divided into three zones:
the plain (Black Sea zone, steppe, Caspian zone), with a height above sea level (a.s.l.) of less than
500 m a.s.1; foothills (500-1000 m a.s.l.); mountain (>1000 m a.s.l.) and high-mountain (>2000 m a.s.L.).
The issues of climate change in areas of the National Park “Prielbrusye” (the high-mountain zone)
and the Sochi National Park (the Black Sea zone) are especially important, since they can be beyond
landscapes causing disturbance of the ecosystem balance [19-25].

An important aspect of this region is an assessment of the regional response of the mountain
climate against the backdrop of global warming, to study the glaciers deglaciation mechanisms.
As research continues into climate of the Caucasus region, it becomes apparent that unfortunately,
the historical information about climate fluctuations in the high mountains of the Caucasus is very
scarce and not systematized. Due to the lack of long-term observations in mountainous areas,
some authors [26] restored to the meteorological regime of the corresponding area according to
NCEP/NCAR reanalysis, and corrected the information using data from individual instrumental
observations. Others [27] restored to the series of temperatures and precipitation at the meteorogical
stations Teberda (1280 m a.s.l, Teberda state biosphere reserve) and Terskol (2144 m a.s.l.,
Elbrus national park) of the Caucasus region, using dendroclimatological methods.

In the first case [26], for the restored meteorological regime in the Caucasus from 1948 to 2013,
fragmentary observation materials of the first Elbrus expedition in July-August 1934-1935 [28], and of
the second Elbrus expedition in 1957-1959, and in 1961-1962 (Institute of Geography, USSR Academy
of Sciences) [29] were used. Analysis of the recovered data for the period 1948-2013 have shown that
in the area of Mount Elbrus during the warm season, the positive trend does not go beyond the limits
of natural variability, and the change in the average annual temperature is characterized as a stable
value “—0.01 °C/10 years”.

According to the results from the dendrological analysis [28], it was concluded that the mountain
landscapes of Teberda and Terskol in 1960-2005 was characterized by relatively stable climatic
conditions. In general, in this area there is a tendency to a slight increase in the air temperature
in individual months, and to an increase in annual precipitation. However, under the conditions of an
extremely rare network of meteorological observations, it is difficult to reliably determine the causes
of this phenomenon, and attribute the differences due to the influence of local factors or the lack of
representativeness of weather stations.

The series thus restored have one significant drawback for the study, they cover different time
intervals, and the statistical characteristics of such meteorological series cannot be compared to each
other. In addition, reanalysis of the data obtained using satellite meteorology can lead to heterogeneity
of the series until the mid 70s.

The only way to somewhat reliably estimate regional climate change is by statistical analysis of
long series of instrumental data covering the same time span, such as the approach in this paper.

The report from the Intergovernmental Panel on Climate Change (IPCC) of 31 March 2014 states
that there are more significant climate changes on all continents, and spaces [30]. The observed effects
of climate change have affected ecosystems of land and ocean, some sources of human livelihoods,
water supply systems, agriculture, and human health. In this context, the study of climate and the
identification of its possible consequences, have now become scientific problems that attract great
attention from researchers around the world.

2. Materials and Methods

The focus of our study was climate of the Caucasian region (southern Russia), whose territory in
the context of the article was limited to 41.28-47.14 degrees north latitude (°N) and 38.58-48.17 degrees
east longitude (°E).
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To study the climate in different regions of southern Russia, we used data from meteorological
instrumental observations (1961-2011) by 20 weather stations, of the state observational network
of Roshydromet and provided by the North Caucasian Administration for Hydrometeorology and
Environmental Monitoring. (Table 1 and Figure 1). The data of the time series were homogeneous,
throughout the period under study the location of the stations remained constant (outside populated
areas), and the so-called urban warming did not affect them. The average, maximum, and minimum
seasonal and annual temperatures in the south of Russia were investigated.

Table 1. Geographical location of weather stations inside the Caucasian region.

Height above the Sea

. : o H o
No n/n Weather Stations Longitude (°N), Latitude (°E) Level, m (m a.s.l.)

Plain stations (<500 m a.s.1.)

1 Sochi (Black Sea zone) 43.35° N; 39.73° E 57
2 Krasnodar (steppe zone) 45.20° N; 38.58° E 26
3 Izobil'nyi (steppe zone) 45.22° N; 32.42° E 194
4 Mozdok (steppe zone) 43.44° N; 44.39° E 126
5 Prokhladnaya (steppe zone) 43.46° N; 44.05° E 198
6 Rostov-on-Don (steppe zone) 47.14° N; 39.44° E 64
7 Maykop (steppe zone) 44.37° N; 40.05° E 270
8 Derbent (Caspian zone) 42.04° N; 48.17° E 30
9 Kizlyar (Caspian zone) 43.51° N; 46.43° E —-17
10 Makhachkala (Caspian zone) 42.59° N; 47.31° E 173
11 Izberg (Caspian zone) 42.34° N; 47.45° E 21
Foothill stations (500-1000 m a.s.l.)
12 Stavropol 45.03° N; 41.58° E 540
13 Cherkessk 44.17° N; 42.04° E 526
14 Kislovodsk 43.54° N; 42.43° E 819
15 Nalchik 43.22° N; 43.24° E 500
16 Vladikavkaz 43.21° N; 44.40° E 680
17 Buinaksk 42.49° N; 47.07° E 560
Mountain stations (1000-2000 m a.s.l.)
18 Teberda 43.45° N; 41.73° E 1280
19 Akhty 41.28° N; 47.44° E 1054
High-mountain station (>2000 m a.s.L.)
20 Terskol 43.15° N; 42.30° E 2144

In previous studies [31,32], trends in the amount of precipitation and daily maximums of
precipitation were analyzed in the Caucasus region, an analysis of the temperature regime was added
in this study. In the series of temperatures, averaged values, anomalies (deviations of the observed
value from the norm), and trends for the four seasons and the calendar year (January—December) were
considered. The climatic norm was considered to be the mean multi-year value of the considered
climate variable for the base period of 1961-1990 [33]. The anomalies were calculated for each year as
the difference between the current value and the norm of the corresponding climate variable (average
1961-1990). In the series of mean temperature and sum precipitation, the data were averaged within
the calendar seasons of each year (the winter season included December of the previous year) and for
the year as a whole. Maximum and minimum temperatures were defined as the largest and lowest
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values for a certain period (month). The absolute maximum (minimum) was the largest (smallest)
value was observed at least once in a month. We used absolute maxima and minima for each month of
the season during the period 1961-2011.
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Figure 1. Geographical location of weather stations inside the Caucasian region.

Time series were investigated by statistical methods, as well as by means of the STATISTICA,
SPSS 15.0 programs [34-36], spatial fields of distributions were constructed using the geoinformation
system Golden Software Surfer 8 [37]. Linear trends characterizing the trend of the considered value
over the entire observation period from 1961 to 2011, and from 1976 (the beginning of global warming)
were built in Excel. The estimation of the linear trend coefficients was considered the least squares
method degrees per decade, °C/10 years.

To accept the hypothesis regarding the presence of a statistically significant linear trend,
a 95% significance level () was adopted and determined through a determination coefficient R
characterizing the share of the trend in the explained variance (D, %). Using the coefficient of
determination R?, it was possible to check the significance of the trend. For this, the F-criterion

was determined:
RZ n—k—1

T1-R k7
where k is the number of trend equation coefficients. The constructed linear regression trend was
significant with a level of significance «, if the inequality held:

F 1)

F> Flfoc;k;nfkfl (2)
Quantile Fy_ ., —k—1 calculated in Excel by expressing FINV(a; k;n — k — 1).

The lower threshold value of the coefficient of determination, which determines the statistical
significance of the trend at a 95% confidence interval, was D = 8% (for n = 51, 1961-2011).
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Climate of the Caucasus region, which includes various climatic zones (Table 1 and Figure 1),
was primarily determined by its position in the temperate latitudinal climate zone.

The North Caucasus mountain system prevents the movement of cold air masses from
north to south, and warm from south-west and west to north-east and east. A complex local
circulation is created in the mountains with the separation of the two temperate zone regions:
the Atlantic-continental (plain, foothill) and the mountain (high-mountain). At the same time,
atmospheric processes in the region are complicated by local factors, namely the complex orography
of the North Caucasus. Due to the complexity of climate formation in such a complex orographically
heterogeneous terrain, the correlation of meteorological parameters of stations located in different
climatic zones was of interest.

The spatial structures of the air temperature fields and precipitation fields were analyzed from
weather station data in different climatic zones, and spatial correlation relationships between them
were determined depending on the scale of the distance between them.

The study assessed the persistence of climate change. As its integral characteristic, the rescaled
range method (R/S analysis) and fractal properties of time series (Hurst exponent H), were used [38—44].
By using the rescaled range method for the first time, the British hydrologist Harold Hurst studied the
rise of the Nile River, as well as the sequence of measurements of atmospheric temperature, rainfall,
river flow parameters, thickness of annual wood growth rings, and other natural processes [38].
The method is based on the analysis of the range R of the meteorological parameter (the largest and
smallest value in the segment under study), and the standard deviation S and its dependence on the
period of the studied time ¢. The Hurst exponent can distinguish a random series from a nonrandom
one, even if the random series is not Gaussian (that is, not normally distributed).

To calibrate the time series, Hurst introduced a dimensionless ratio by dividing the range R by
the standard deviation S of the observations. The range of R, is the difference between the maximum
and minimum levels of accumulated deviation X,.

R, = max(Xk — %Xn> — mil’l(Xk — %Xn>, 3

where X, = x1+x0+...+x,,n>1;

Xy—accumulated deviation in n steps (t periods);
Ry—deviation range in n steps, where
)n: X—X2n
Sy = %—empirical standard deviation;
Xy = X;;/n—empirical average;
Ry /Sy—normalized range of accumulated sums Ry, k < n.

Based on the formula for Brownian motion, the system displacement (normalized range) Hurst
proposed to calculate using the following relation:

Ru/Sn = (at), )
from where In(Ry/Sy)
N(Ky/on

() ©

where H is the Hurst exponent, varying from 0 to 1; R, /S, is the rescaled range; t is the studied
period, and a is a constant. The value of the coefficient H characterizes the ratio of the strength of the
trend (deterministic factor) to noise level (random factor). The indicator H is a tool for determining
the systems persistence behavior and gives an answer to the question of what the next value of the
investigated series would be, more or less than the current value. The processes for which H = 0.5 have
an independent data distribution, and are characterized by the absence of a trend (classical Brownian
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motion). Time sequences for which H is greater than 0.5 are classified as persistent, preserving the
existing trend. If the increments were positive for some time in the past—there was an increase—then
on the average there will be an increase, this corresponds to a good predictability of the series. Thus,
for a process with H > 0.5 there is a tendency to increase in the future, the effect of long-term memory
is preserved. The case 0 < H < 0.5 is characterized by antipersistence and is characterized by an
alternating tendency.

On a large empirical material, it was found that the Hurst index value of the series of various
natural processes is grouped in the interval H = 0.72-0.74. [38,41]. The question of why this is so
remains open. Note that our average value of the Hurst index for time series of temperatures H = 0.74,
also fell in this interval.

3. Analysis and Discussion

Using the method of spatial correlations, the spatial relationships between surface air temperature
and precipitation at individual stations of the studied region were determined. This described the
general spatial patterns of temperature and precipitation in the region, and generated a preliminary
assessment of the features of regional climate formation.

Reference [45] describes that in all climatic zones of the region, changes in mean annual
temperatures, unlike precipitation, were synchronous in time (Figure 2). In addition to the main
climate-forming factors (radiation and circulation), climate of the Caucasus region is greatly influenced
by the relief of the terrain, the orography of the terrain, and the distance of weather stations from
each other. Figure 2b shows that changes in the precipitation regime in different climatic zones,
unlike changes in the temperature regime (Figure 2a), were not synchronous.
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Figure 2. The course of average annual temperatures (a), and precipitation sums (b) according to data
from 20 weather stations in southern Russia.

Apparently, this can be explained by influence of the same centers of low-frequency atmosphere
variability, which by means of synoptic scale objects (cyclones, anticyclones, etc.), exert a distant
influence on the climate in certain regions of Eurasia and are sources of anomalies in various
meteorological fields.

The wide range of mean temperature dispersions and their rate of change in different climatic
zones was also determined by the stations’ location (from Rostov-on-Don in the north to Derbent in
the south, and from Sochi in the west to Isberg in the east of the Caucasian region). Figure 2 show that
the average annual temperature was maximum in Sochi (red line, t,y = 14.18 °C), and minimum in
Terskol (black line, t,y = 2.5 °C). In all climatic zones, temperature changes occured synchronously,
while temperature changes of stations within each climatic zone fit into their ranges.

The method of calculating spatial correlations was used to determine the spatial relationships
of meteorological parameters (temperature, precipitation), measured at stations of different climatic
zones of the southern Russia. Let x; (j) be the average annual air temperatures or the precipitation
sums at some station i, wherej =1, ... Nj, j is the year, N; is the total number of measurements. Similar
measurements at another station, /, respectively, x; (k), where [ =1, ... Ny, i is the year, Ny is the total
number of measurements. For joint analysis, it was necessary that N; = Ni. The available series with
average annual temperatures and precipitation sums of 20 stations satisfied this requirement.

The linear relationship between series x; (j) and x; (k) was quantitatively expressed by the Pearson
correlation coefficient Rj. Calculating all possible combinations of R, we obtained matrices A,
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where ¢ = T (temperature) or ¢ = P (precipitation), symmetric with respect to the main diagonal,
which consisted of units (correlation matrices). The latter can be associated with the same matrix Z of
distances between each pair of matrices. The distance (L) between stations was calculated based on the
geographical coordinates (latitude @, longitude A, Table 1) of each of the station pairs according to
the formula:

L = arccos(sin@1sin@?2 + cos@1cos@2cosAN) (6)

Scatter diagrams of correlation matrices for air temperature and precipitation in the investigated
region are presented in Figure 3. Each matrix elements was shown depending on the distance of the
stations from each other, set in the distance matrices. Comparison of Figure 3a,b implied a significant
difference in the correlation structure of the fields.
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Figure 3. Spatial correlation of precipitation (a), and temperature (b) of the 20 weather stations,
depending on the distance between them: the x-axis—distance between pairs of stations; and the
y-axis—the correlations between the meteorological parameters (temperature, precipitation) of the
20 weather stations.

The spatial correlation of precipitation for all climatic zones tended to zero for scales of
distances of the order of 600 km, and took negative values (from —0.04 to —0.2) for pairs of stations
Derbent—Cherkessk, Derbent—Teberda, Derbent—Terskol, Derbent—Sochi, and Derbent—Maykop.

Such an inverse relationship between the precipitations of these stations can be explained, firstly,
by the special geographical position of Derbent. Derbent is located on the western shore of the Caspian
Sea (42.04° N; 48.17° E, 30 m a.s.l.), where the mountains of the Greater Caucasus are closest to the
Caspian Sea, leaving only a narrow three-kilometer strip of plain, forming a semi-dry subtropical
climate. Secondly, the great difference in altitude, and the remoteness of Derbent from other stations.

If we set the correlation threshold R = 0.5, it can be seen from Figure 3a that the correlation of
precipitation decreased from R = 0.7 to R = 0.5 at a distance of 200 km, and it decreased further passing
through R = 0 at a distance from 600 to 800 km.

The temperature correlations of different weather stations were quite high at distances from 0 to
1000 km, and lay mainly in a narrow range from R =1 to R = 0.7 for plain, foothill, and mountain zones.
The correlation between the temperatures of the Terskol (high-mountain zone) station with other
stations was lower and varied from R = 1 to a threshold value R = 0.50 only for Terskol-Rostov-on-Don
(R =0.554) and Terskol-Derbent (R = 0.485).

Thus, the magnitude of temperature correlation depended mainly on the stations’ location relative
to height above sea level. In addition to this factor, the correlation of precipitation was determined by
the geographical location of the weather stations (orography of the terrain) and the stations’ remoteness
from each other. The obtained values of the spatial correlation of temperature and precipitation
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explained the synchronous course of temperature variation in all climatic zones, and the regional
precipitation regime in all climatic zones of southern Russia (Figure 2.)

Various estimates of the change in global surface air temperature have been given [1-5,46,47].
From the second half of the 20th century, and in the first decade of the 21st century, the rate of
temperature growth on average has varied in the range 0.17 £ 0.01 °C. According to our estimates,
the warming trend across the Caucasus region corresponds to the overall trend of global temperature
changes over the same period. Table 2 shows that the average annual temperature increased during
the period 19612011 at 0.2 °C/10 years, while in 1961-1975 there was an insignificant negative trend,
and since 1976 the temperature growth rate reached 0.43 °C/10 years with the trend contribution to
the explained variance D = 31.5%. The same trend was observed for all seasonal temperatures.

Table 2. Characteristics of seasonal and annual average air temperatures in the south of Russia.

Temperature, °C Winter Spring Summer Autumn Annual
Average temperature, B
19612011 0.5 9.4 20.8 10.8 10.1
Standard deviation,
19612011 1.5 0.9 1.0 1.1 0.8
Anomalies,
19612011 0.3 0.1 0.4 0.1 0.2
The angular coefficient of the trend 0.22 0.08 0.33 ** 0.15 0.2
(1961-2011), °C/10 years (D*, %) (4.4%) (1.6%) (23%) (4.1%) (13%)
The angular coefficient of the trend —1.34 0.16 0.07 0.17 —0.32
(1961-1975), °C/10 years (D, %) (9.2%) (0.5%) (0.1%) (0.7%) (3.3%)
The angular coefficient of the trend 0.38 0.21 0.65 0.47 0.43
(1976-2011), °C/10 years (D, %) (9.3%) (6.1%) (41%) (18.4%) (31.5%)

* D, the trend contribution to the explained variance. ** statistically significant trends are marked in bold (1 = 51).

Negative trend of the average winter temperature in 1961-1975 (—1.34 °C/10 years) since 1976
changed to a positive direction (+0.38 °C/10 years). Interannual variability of temperature from all
seasons was greatest in the winter season, 1.5 °C. The main reason for the large winter variability was
the large temperature difference in winter between low and high latitudes. Since 1976, the growth
rate of all other seasonal temperatures increased. If in the period 1961-2011 the trend of seasonal
temperatures was statistically significant only in the summer season (0.33 °C/10 years, D = 23%),
in the modern period, trends in autumn (0.47 °C/10 years, D = 18.4%) and winter (0.38 °C/10 years,
D =9.3%) were added to statistically significant trends. The maximum value of seasonal anomalies
(AT = 0.4 °C) was also observed for summer temperatures. Since the mid 90s of the 20th century,
there have been exceptionally positive anomalies in summer temperatures.

Next, we performed a comparative analysis of temperatures (average, maximum, minimum)
within all climatic zones of the Caucasus region. The average values of mean annual temperatures,
their standard deviation, characterizing the interannual variability, as well as the upper and lower
boundaries of the intervals of mean annual air temperature in different climatic zones (at 95%
confidence intervals) are presented in Table 3. The lower and upper limits of the confidence intervals of
the mean annual temperature, according to data from the Black Sea, Caspian, steppe, piedmont,
and mountain weather stations, intersect. The average annual temperature in Terskol (2.5 °C,
taking into account the interannual variability from 1.22 °C to 3.78 °C) was significantly lower than
the rest, which was explained by the high altitude zoning. This station was also characterized by the
stability of the change in annual temperature (0.01 °C/10 years). In our study, a high-altitude zone
was distinguished (Terskol, 2144 m a.s.1.) with a negative trend of average annual temperature for the
period 1961-2011 (—0.01 °C/10 years), and for the years 1961-1975 (—0.01 °C/10 years). Since 1976,
the negative trend changed its direction to positive (+0.05 °C/10 years).
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Table 3. Characteristics of the temperature regime of surface air in the different climatic zones of
southern Russia.

Temperature Black Sea‘ Steppe Caspian Foothill Mountain High-Mountain
Zone (Sochi) Zone Zone Zone Zone (Terskol)
Average temperature tay (), °C
Annual
temperature 14.18 (0.72) 10.82(0.92)  12.38(0.82)  9.24 (0.91) 8.05 (0.78) 2.5 (0.64)
(st. deviation)
Upper bound * 15.62 12.67 14.02 11.05 9.6 3.78
Lower bound 12.74 8.98 10.73 7.43 6.49 1.22
Rates of change of average temperature, °C/10 year (D, %)
Annual
(a) 1961-2011 0.06 (2%) 0.25 (14%) 0.21 (17%) 0.23 (17%) 0.17 (11%) —0.01 (0%)
(b) 1961-1975 —0.3 (4%) —0.03(2%)  —037(5%)  —0.45 (7%) —0.5 (6%) 0.2 (2%)
(0)1976-2011  0.31 (19.6%) 0.48 (28%) 0.42 (30%) 05(33%)  0.38 (24.7%) 0.05 (0.7%)
Winter —0.04 (0.2%) 0.3 (6%) 0.18 (4%) 0.27 (6%) 0.14 (2%) —0.02 (0%)
Spring —0.03 (0.2%) 0.09 (2%) 0.11 (4%) 0.1 (2%) 0.06 (1%) —0.07 (1%)
Summer 0.28 (19%) 0.34 (20%) 0.26 (18%) 0.37 (22%) 0.35 (30%) 0.29 (25%)
Autumn 0.07 (1%) 0.16 (4%) 0.15 (4%) 0.19 (6%) 0.13 (3%) —0.07 (1%)

* the upper (lower) boundary of the mean temperature (tmean & 2 0) at 95% confidence interval; ** statistically
significant trends are marked in bold (1 = 51).

Changes in the average annual air temperature in different climatic zones of southern Russia were
also represented by three periods: 1961-2011, 1961-1975, and 1976-2011 in Table 3. During the period
1961-2011 in all climatic zones of southern Russia, with the exception of the Black Sea zone (Sochi) and
the high-mountain zone (Terskol), an average annual temperature increased from 0.17 °C/10 years in
the mountain zone to 0.26 °C/10 years in the steppe zone. In the Black Sea zone, the rate of change in
the mean annual temperature was 0.06 °C/10 years, and 0.01 °C/10 years in the high-mountain zone,
which characterizes a stable temperature regime in these zones. According to the station Makhachkala
(the Caspian region), it also received insignificant rates of change in the average annual temperature
by 0.08 °C/10 years. The stability of average annual temperatures (0.08 °C/10 years) in Makhachkala
was observed against the background of an increase in absolute maximums of temperatures, and an
equally significant decrease in absolute minimums of temperatures.

It is probably due to regional features of the terrain: large water bodies (Black Sea, Caspian Sea)
and snow massifs in the high-mountain zone that smooth out the amplitude of the change in the mean
annual temperature.

During periods of seasonal average temperatures in all climatic conditions from 1961 to 2011,
a stable pattern of temperature growth rates was observed in summer seasons: from 0.26 °C/10 years
(D = 18%) in the Caspian zone to 0.37 °C/10 years (D = 22%) in the foothill zone.

The results of calculations of the Hurst exponent for determining the trend-persistence of
precipitation and temperature series are presented in Table 4. Table 4 shows that the persistence
indicators for temperature trends significantly exceeded the values for precipitation, and it
characterizes the persistence and long-term changes in the temperature regime. The highest persistence
trends have been observed at average annual, summer temperatures (H = 0.80), and autumn
temperatures (H = 0.73). The annual, summer (H = 0.75), and autumn maximums (H = 0.70), in addition
to spring minimum temperatures (H = 0.72) have had persistent trends. Since fractality is associated
with determinism [41], it can be assumed that the summer warming observed in recent decades is a
consequence of the coordinated influence of a number of climate-forming factors.
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Table 4. Hurst exponent for climatic characteristics according to the data from 20 weather stations in
the southern Russia.

Hurst Exponent (Standard Deviation), H (5)

Meteoparameters
Winter Spring Summer Autumn Annual
1 2 3 4 5 6

Precipitation total 0.63 (0.06) 0.62 (0.07) 0.61 (0.07) 0.68 (0.06) 0.64 (0.09)
Daily maximums of precipitation 0.62 (0.07) 0.59 (0.08) 0.63 (0.06) 0.63 (0.07) 0.62 (0.06)
Average temperature 0.70 (0.05) 0.64 (0.08) 0.80 (0.05) 0.73 (0.05) 0.80 (0.06)
Maximum temperature 0.66 (0.07) 0.64 (0.06) 0.75 (0.05) 0.70 (0.08) 0.75 (0.04)
Minimum temperature 0.68 (0.08) 0.72 (0.08) 0.68 (0.09) 0.61 (0.08) 0.67 (0.08)

Previous studies [31] have found that, with the exception of the steppe and Black Sea zones,
seasonal increase in precipitation amounts prevail. At the same time, an autumn increase in
precipitation amounts was observed at all stations without exception. For annual sums of precipitation,
in 27% of the steppe stations studied and in 10% of foothill stations, they decreased, for all other
meteorological stations an increase was observed in annual sums of precipitation. In this case, Table 4
shows that in the autumn, for all stations the highest Hurst exponent value was observed both for the
sum of precipitation and for the daily maximums H = 0.63, which characterized the persistence of the
identified trends for a long period.

We used the data from Tables 3 and 4 to visualize changes in summer temperature regimes with
indicators characterizing the statistical stability and persistence of the detected changes. Figure 4
shows the rates of change in the mean annual temperature (°C/10 years) with the coefficient of
determination (D, %) for different climatic zones, against the background of the distribution fields of
the Hurst exponent (H). It is seen from Figure 4 that the increase in average summer temperatures is
not only distinguished by its high values in all climatic zones, but by the highest Hurst coefficients
that characterize the persistence of the obtained trends. In the summer season, Hurst’s exponent had
a small spread of values from H = 0.79 in the steppe and Caspian zones, to H = 0.82 in the foothill,
mountainous areas, from which a steady increase in average summer temperatures should be expected.
The highest Hurst exponents characterized the process of growth of these temperatures as persistent,
having a long-term memory, with a high probability of continuing in the future.

Thus for average, maximum, and minimum temperatures, the Hurst exponent lies in the range
0.5 < H <1, and all processes belong to the class of persistent ones that preserve the existing trends.
Such a long-term memory takes place regardless of time scale. All annual changes are correlated
with all future annual changes. The existing trend of rising surface air temperatures will continue in
the future, at least for the next 50 years (for the period analyzed using the rescaled range method).
Since fractality is related to determinism [34,36], it can be assumed that the increase in temperature
observed in recent decades is a consequence of the coordinated effect of a variety of climate-forming
factors, both natural and anthropogenic.
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Figure 4. The rates of change in the average temperature (°C/10 years) with the coefficients of
determination (D, %) in the summer season for different climatic zones, against the background of the
trend-persistence field (the Hurst exponent H in color).

4. Conclusions

This study allowed us to approach the question different climatic zones sensitivity (plains,
foothills, mountains) to climate change, and whether warming differs in mountains vs. plains. This is
important because changes in temperature and precipitation in the mountains lead to significant
changes in the hydrological cycle, in particular, to the observed process of deglaciation of the Caucasus
glaciers. Furthermore, climate change in the areas of intensive farming in the south of Russia (plain,
foothill) must be taken into account when solving problems in agriculture.

According to our study results, and taking into account previous studies of climate change in the
Caucasus region, it became clear that the warming tendency prevails in all climatic zones with some
features. Changes in the precipitation regime are not so unidirectional.

1. In the period 1961-2011, the average annual temperature in the entire territory of the southern
Russia increased by 0.2 °C/10 years (D = 13%) with the most persistent trend being during the summer
season (0.33 °C/10 years, D = 23%).

2. In all climatic zones of southern Russia, with the exception of the Black Sea zone (Sochi) and
the high-mountain (Terskol), average annual and season temperatures have increased during 50 years
of observation. In Sochi and Terskol, a statistically significant increase was observed only at average
summer temperatures.

Since the beginning of global warming (since 1976), there has been the significant increase in the
growth of average, maximum, and minimum temperatures in all climatic zones.

3. A change in the precipitation regime does not manifest itself as clearly as changes in temperature.
During all seasons, increase and decrease in seasonal precipitation amounts occurred, but statistically
insignificant. In all climatic zones, an increase in the amount of precipitation was observed in the
autumn season, which was statistically significant in the steppe region.
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4. Based on the study of the fractal properties of time series of precipitation and air temperature
in the surface layer of the atmosphere in all climatic zones of southern Russia, it is shown that the
Hurst exponent of the temperature (H = 0.74) trend significantly exceeds the Hurst exponent of
the trend of precipitation (H = 0.63). It characterizes the persistence and long-term changes in the
temperature regime. Of these, the trends of the average annual, summer (H = 0.80), and autumn
(H = 0.73) temperatures are allocated. The changes in the maximum annual, summer (H = 0.75) and
autumn (H = 0.70) temperatures, as well as minimum temperatures in spring (H = 0.72. High Hurst
performance characterizes the process of increasing temperatures as constant, in contrast to increasing
precipitation, having a long-term memory and with a high probability of continuation in the future.

5. Spatial correlation analysis performed for mean temperatures and precipitation sums of all
climatic zones showed a high correlation (R = 1.0-0.7) between average temperatures of different
climatic zones at distances of 0-1000 km between stations, and a decrease in correlation from 1 to 0.5
between precipitation sums at a scale of distances from 0 to 200 km.
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Abstract: Heat waves are considered one of the most noteworthy extreme events all over the
world due to their crucial impacts on both society and the environment. For the present article,
a relatively new heat wave index, which was primarily introduced for the study of extreme warming
conditions over Australia (Excess Heat Factor (EHF, hereafter)), was applied over Greece (eastern
Mediterranean) for a 55-year period in order to examine its applicability to a region with different
climatic characteristics (compared to Australia) and its ability to define previous exceptional heat
waves. The computation of the EHF index for the period 1958-2012 demonstrated that, during the
warm period of the year (June, July, August, and September (JJAS)), Greece experiences approximately
20 days per year with positive anomalous conditions (EHF > 0) with positive statistically significant
trends for all stations under study. Moreover, an average of 128 spells with a duration of 3 to 10
consecutive days with positive EHF values were found during the examined 55-year period. As the
duration of the spell was extended, their frequency lessened. Finally, it was found that the EHF index
not only detected, identified, and described efficiently the characteristics of the heat waves, but it also
provided additional useful information regarding the impact of these abnormal warming conditions
on the human ability to adapt to them.

Keywords: temperature; heat wave; excess heat factor; acclimatization; Greece

1. Introduction

Heat waves have been a phenomenon of great worldwide interest due to their substantial
societal and environmental impacts. These impacts intensify the necessity of measuring, studying,
and even predicting these extreme hot conditions especially in the impacted communities and the
affected regions [1] because remarkably warmer weather can have a direct negative effect on health,
especially for the vulnerable elderly population [2-5]. There is also a global demonstration that extreme
temperatures are highly correlated with human mortality [6-8], making heat waves one of the natural
hazards with the greatest percentage of casualties [3,9]. Langlois et al. [10] mention that even though
people tend to adapt and acclimatize themselves to temperature changes, if this change is sudden and
abrupt, it can then cause certain heat-related diseases or even death.

Nevertheless, there is no single and standard definition of the physical nature of a heat wave and
their overall description remains quite broad [11]. Heat waves are usually described as periods of
exceptionally hot weather. However, the intensity of this temperature rise as well as the duration of the
extreme warm consecutive days and the time of year that they occur are important aspects necessary
to categorize a hot event as a heat wave. In general, a heat wave is an acute period of extreme warmth
during the summer months, whereas the respective hot periods during winter are referred to as warm
spells [12].

In order to define suitable metrics for waves, scientists have instituted either absolute or relative
approaches [13]. Even though experts differ in the selection of thresholds and duration, the first
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approach is based on the meteorological/climatological values of certain parameters, such as daily
mean temperature, maximum and minimum temperatures, temperature indices, duration, and relative
humidity, whereas the relative approach also incorporates human acclimatization to weather and uses
more human-related bioclimatic indices (e.g., [14-17]). Thus, the diverse definitions of a heat wave
mainly depend on the scope that is being studied. If the climatological-statistical characteristics of
these extreme hot events are of primary interest to the researcher, then straightforward metrics are
being used. On the other hand, if the study is more human-centered, then the impact of the heat
wave on people’s health is the main drive and different approaches are used [11,18]. It should also
be mentioned that due to the fact that most of the heat wave indices are developed for a specific use
and a specific target group or sector, they are most of the time not flexible and cannot be applied to
different regions or for different purposes [1].

Moreover, since temperature is increasing on a global scale, the interest concerning heat waves
is also increasing as they are expected to become more frequent, more intense, and of longer
duration [19,20]. Especially with respect to the Mediterranean region, which will probably experience a
much larger number of heat waves in the future, particularly during the summer months (e.g., [21-25]),
the need to define these extreme events efficiently becomes more and more urgent, due to their severe
impacts on several aspects of human lives [26-28]. In Greece, which is the center of interest in the
present study, heat waves have been analyzed by several researchers using different approaches,
methodologies, and metrics either from a statistical or a more bioclimatological point of view
(e.g., [24,29-33]).

However, in this study, an attempt was made to carry out an in-depth analysis of Greece’s heat
waves with a relatively new index, developed primarily for assessing heat waves in Australia [34]
but which had recently been applied to the Czech Republic [35] and the Balkan Peninsula (Romania),
where Greece is also located [3]. This index, defined as the excess heat factor (EHF) and described in
detail in the next paragraph, is actually a set of indices, whose major advantage is that it combines both
the statistical and the human-impact aspects of the heat wave. Moreover, with respect to temperature,
not only maximum but also minimum temperatures were used for their definition. Adding Tmin on
a heat wave index is not only climatologically tempting [1], but high minimum temperature values
intensify the heat wave conditions, also increasing the degree of heat stress [34,36]. In addition,
Karl and Knight [37] underlined that no relief from high minimum temperatures, for more than three
consecutive days, could have crucial impacts on human health. Finally, another advantage of the excess
heat factor index is that it takes into consideration not only the temperature conditions of the specific
day but also of the previous two ones, which can intensify or reduce the heat wave’s magnitude [1].

In the next section of this study, the methodology for the EHF index computation is analyzed as
well as the data that are being used. Moreover, the statistical characteristics and results of the index
are presented for the stations under study as well as the assessment of the EHF’s ability to define and
describe two representative heat waves (July 1987 and July 2007) that occurred in Greece during the
past few years. Finally, the conclusions derived from the study as well as a literature discussion of
them can be found in the last station of this research article.

2. Materials and Methods

The identification and determination of heat waves over the study area (Greece) was achieved
using the computation of the excess heat factor (EHF) index, which provides a measure of the
environmental temperature load [10] and the intensity of a potential heat wave [12]. The EHF is
the product of the multiplication of two other excess heat indices (EHIs), namely, EHI,. and EHljg.

EHF = EHI;, x max{1, EHI,q] @)
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EHI, is defined as:

EHlaccl = 2)

Ti+Tiqa+Tio| |Tis+...Tix
3 30 !

where the first term of Equation (2) is the average daily Tmean for a three-day period and the second
term is the average daily Tmean of the preceding thirty days. As proposed by Nairn et al. [34], this is
an acclimatization index and its positive (negative) values are related to hot (cold) weather conditions.
It determines a period of heat that is warmer than the recent past [10], and it should be highlighted
that this index is not influenced by the potential general warming trend [34]. This index describes
an important factor of the influence of heat to the population because, even though humans tend to
acclimatize themselves to their environmental local climate according to the temperature variations
throughout the year, they may be unprepared to an abrupt temperature rise above that of the recent
past [12]. Thus, positive EHI, values indicate a lack of acclimatization to the warmer temperatures
which may result in negative health impacts.

The second term of the EHF equation is the significance index (EHI;s) defined by the
following equation:
Ti+Tia+Tio

EHIsig = 3

— Tos, ®)
which is calculated by the difference of the average daily Tmean for a three-day period minus the
95th percentile of the daily Tmean. The percentile is computed for a reference period of 30 years
(1971-2000) using the daily values of the mean temperatures for all days throughout the year. A heat
wave occurs when EHI;, is positive, while the comparison with the 95th percentile measures the
statistical significance of the heat event [30]. The authors also underline the fact that, since Tos is
computed for a fixed climatological period, the EHl;; (contrary to the EHI, ) is expected to become
more extreme under a general warming trend.

Therefore, the excess heat factor expresses the long-term temperature anomalies amplified by the
short-term ones [10], and the days with positive EHF values indicate heat wave conditions, while the
higher the values of the index, the more intense is the heat wave. However, according to Perking and
Alexander [1], a heat wave episode will be defined when at least three consecutive days present EHF
values above zero.

Finally, daily Tmean in all the above indices should be computed by averaging the Tmin and
Tmax daily values since the diurnal temperature variation is highly associated with the ability of the
biological systems to recover from high heat load. Hence, for this study, the daily Tmin and Tmax time
series, derived from 14 meteorological stations, were used for a 55-year period starting from 1958 to
2012, for the computation of the Tmean values. Except for the data for the Thessaloniki station which
were available from the meteorological station of the Aristotle University of Thessaloniki (AUTh),
the remaining station data were provided by the Hellenic National Meteorological Service (HNMS).
These data were proven to be homogenous according to the Alexandersson test [38] and had no gaps.
The geographical distribution of the station locations is presented in Figure 1.

It is worth mentioning at this point that although abnormally warm conditions may occur even
during the winter months, it was decided in this case to compute the EHF index for the hottest period
of the year, that is, June, July, August, and September (the JJAS period) since summer heat waves
tend to be more intense with severe impacts for humans during these months. Finally, adopting
the definition used by Perkins and Alexander [1] who mentioned that a heat wave occurs when the
abnormally hot conditions (EHF > 0) persist for more than three consecutive days, the duration of
spells longer than 3 days was calculated for the 14 stations under study during the 55-year time period.
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Geographical Location of the stations under study
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Figure 1. Geographical distribution of the stations under study. For each station, the altitude where it
is located can be found on the right of the map. For each station, the average Tmin, Tmax, and Tmean
values for the period 1958-2012 are provided. The sign of the trend of these time series is found in the
brackets (). The asterisk indicates the statistical significance of the trends at the 95% level of significance.

3. Results

3.1. Statistical Analysis and Aspects of the EHF Index

Primarily required for the definition of the EHlg index, the 95th percentile of the Tmean was
computed for a standard period of 30 years from 1971 to 2000. It was found that the Tgs values varied
from 24.8 °C to 28.7 °C. The lowest percentile values were observed over Kozani, a station in the west
continental part of Greece, followed by Alexandroupoli (25.4 °C) in the north. Kozani is a typical
continental station, of quite high altitude (400 m), and that is the main reason for the low Tmean
95th percentile values found. On the other hand, the second minimum of Alexandroupoli can be
explained by the fact that this station is found in the northeastern part of Greece, and even though it is
a coastal station, it presents an intense continental influence especially during winter, which explains
the low 95th percentiles. The highest values were found in Elliniko in central Greece (28.5 °C) and the
maximum was found in Samos, an island station over the southeastern Aegean Sea (28.7 °C) (Figure 2).

95th Tmean percentile (period 1971-2000)
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Figure 2. The 95th Tmean percentiles for the stations under study for the period 1971-2000.
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As mentioned in the previous section, the analysis focused on the hot period of the year (JJAS) for
the years from 1958 to 2012. The average number of days in the hot period of the year in Greece when
the EHF index presented positive values varied from 17.9 (Larissa) to 23.9 (Kozani). This indicates
that for approximately 20 days per year the stations under study experienced heat wave conditions
(Table 1). In addition, although Kozani was the station with the lowest Tos5 percentile value, generally
characterized by a relatively colder climate in comparison to the rest of the stations, it showed the
highest average positive EHF days.

Table 1. Average, maximum and trends of the days with positive EHF values for June, July, August,
and September (JJAS) for the period 1958-2012. All the trends were found statistically significant at the
95% level according to Kendall’s tau test.

Average Positive EHF Days ~ Max. Positive EHF Days Trend Positive EHF Days

Alexandroupoli 23.0 72 (2012) +0.76
Elliniko 21.7 76 (2011) +0.41
Heraklio 185 51 (2010) +0.41
Kalamata 22.8 80 (2012) +0.65
Kerkira 21.5 71 (2012) +0.56
Kozani 239 77 (2008) +0.79
Larissa 17.9 56 (2012) +0.44
Mitilini 21.0 63 (2007) +0.63
Naxos 22.8 89 (2010) +1.14
Rodos 19.4 50 (2012) +0.34
Samos 21.0 67 (2012) +0.89
Skiros 195 52 (2007) +0.41
Souda 179 49 (2012) +0.45
Thessaloniki 21.9 63 (2012) +0.58

Moreover, the results regarding the year with the maximum number of days with EHF > 0
indicated that, for all of the stations, they occurred at the end of the examined time period, most of
them being in 2012. It seems that during that year, Greece was characterized, in summer, by very
intense warm conditions that lasted up to 80 days (Kalamata). However, the absolute maximum was
observed in Naxos (89 days) two years earlier (2010). These abnormally hot days tended to become
more frequent throughout the examined period, since positive trends were found in all the stations
ranging from +3.4 days/decade in Rodos to +11.4 days/decade in Naxos (Table 1). The smaller trend
in Rodos could be attributed to the geographical position of the station, in the northwest part of the
island, which is highly influenced by the Etesian winds during the summer. The maximum in Naxos
could also be related to the location of the station, which is more “protected” from the Etesian winds.
Regardless of the trend values, it is worth mentioning that after the application of Kendall’s tau test
at a significance level of 95%, all of them were found statistically significant. This comes as a robust
indication that the days of abnormally increased temperatures do significantly increase during the
examined period and it is not just a random rise (Table 2). This finding encouraged the application of
another statistical analysis, based on the application of the Mann-Kendall t test method [39], in order
to identify breakpoints on the EHF time series. The results from this test are presented in Figure 3.
It can be clearly seen from the normal curve in all stations that the time series of the positive EHF
days present a statistically significant positive trend that exceeds the statistical significance level (95%)
during the last years of the examined period. In addition, according to the criteria of this test [39],
in all stations under study, an abrupt change (breakpoint) of the specific parameter is observed (a clear
”X” shape between the normal and the retrograde curve). The actual year of the breakpoint is not the
same in every station but it can be placed from the mid-90s until the first years of the 21st century.
More specifically, the earliest breakpoint is in Samos (1993) and the latest one is in the Thessaloniki
station (2002) (Figure 3).
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Apart from the examination of the number of days with positive EHF values, the study of the
spells of positive EHF is also included (Table 2). These heat wave spells were classified in four classes
(Ist class: 3 to 10 days, 2nd class: 11 to 20 days, 3rd class: 21 to 30 days, and 4th class: >30 days).
In addition, the maximum spell duration was computed in order to provide a magnitude of the most
extreme heat waves in terms of duration.

As expected, the most frequent spells are the ones belonging to the first class, with an average
number of 122.7 spells during the years of study. The most heat waves with 3 to 10 days duration were
found for the Kalamata station (146 spells) followed by the Kozani station (140 spells). These “shorter”
heat waves were less frequent for two stations in the north of Greece, namely, Alexandroupoli and
Kerkira with 106 and 105 spells, respectively. As the duration of the heat waves becomes longer,
their frequency decreases. For the second heat wave class, the highest number of spells was found in
Alexandroupoli and Elliniko (26 spells) and the lowest one was found in Larissa and Souda (15 spells),
whereas for the third class the frequency of the heat waves did not exceed 7 (heat waves with a duration
from 21 to 30 days) which was recorded at the Mitilini station over the eastern Aegean Sea. Regarding
heat waves with a duration longer than 30 days, none were observed in the Heraklio, Larissa, Skiros,
and Souda stations during the 55-year time period. On the other hand, seven (7) such heat waves were
found for the Naxos station in the central Aegean Sea and five (5) were found in Kerkira in the Ionian
Sea. Finally, calculating the maximum heat wave in each station during the examined period, it should
be noted that during the year 2012, Kerkira and Kozani experienced 58 and 57 consecutive days,
respectively, of abnormal hot conditions with positive EHF values. The maximum for this parameter
(the duration of the maximum spell) is found in general over continental stations, over the western
parts of the country, where the Etesian winds lack influence, during the summer months. Conversely,
the minimum is observed for island stations where the sea probably plays an important role in cooling
(temperature drop), especially during the night. It should also be highlighted that for most of the
stations, this extremely long heat wave was detected during the last three years of the study period
(2010, 2011, and 2012), especially the last year. This is in agreement with the general finding that 2012
is considered, on a planetary scale, as one of the warmest years all over the world according to the
World Meteorological Organization (WMO).

Table 2. Number of heat wave spells (consecutive days with EHF values > 0.0) during the study period
1958-2012 for the 14 stations under study.

3-10 Days  11-20 Days 21-30 Days >30Days  Maximum Spell Duration

Alexandroupoli 106 26 5 4 45 days (2012)
Elliniko 127 26 2 1 37 days (2011)
Heraklio 119 21 1 0 30 days (2010)

Kalamata 146 20 2 2 57 days (2012)
Kerkira 105 23 3 5 58 days (2012)
Kozani 140 23 5 1 32 days (2008)
Larissa 117 15 3 0 28 days (2012)
Mitilini 116 20 7 1 32 days (2011)
Naxos 106 19 2 7 57 days (2010)
Rodos 130 20 0 1 33 days (2012)
Samos 124 19 5 1 39 days (2012)
Skiros 134 18 2 0 25 days (2010)
Souda 132 15 0 0 18 days (1999)

Thessaloniki 116 22 5 1 38 days (2012)
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3.2. Examination of the EHF Index in “Capturing” Two Characteristic Heat Waves in Greece

3.2.1. The Heat Wave of the Year 1987

Listed as one of the major natural disasters by Berz [40], the heat wave of the summer of 1987 in
Greece resulted in over a thousand deaths all over the country due to heat strokes, heat exhaustion,
and heart-related conditions [16,30]. As a result, the heat wave of 1987 has been the subject of
several studies, all agreeing that even though higher absolute Tmax values had been recorded before,
the duration of these very intense and severe hot conditions was the main characteristic of this specific
heat wave [29]. Using two physiological discomfort indices, Giles et al. [41] confirmed that this heat
wave was continuous. For nine consecutive days, from 19 to 27 July [29], Tmax values exceeded 40 °C
for most areas of Greece [41]; minimum temperatures were also relatively high and the days of the
heat waves were characterized by a rather small diurnal range [29]. Matzarakis and Mayer [30] also
mention that the thermal indices used in their study showed a very high thermal stress on people.
Especially in the case of Athens, each afternoon was considered as “extremely hot” [31] and the heat
wave was found to be more intense in northern Greece, especially in Thessaloniki [31,41].

Because of the above characteristics of the heat wave of 1987, this study now attempted to
investigate if the EHF index was efficient enough to detect the heat wave, to identify it, and to provide
a thorough analysis of this extremely hot summer in Greece. For this purpose, the acclimatization
and the significance indices (EHI,. and EHl;) as well as the EHF index were computed during the
month of July 1987 for the 14 stations under study in comparison with the daily Tmean of that month
and the Tmean95 of the reference period 1971-2000 (Figure 4). For all the stations, a gradual increase
of the Tmean daily values was observed, rising above the Tmean95 value from 17 to 18 July. The peak
of these daily values was found during days 25 to 27 of the month, and they dropped again below the
95th percentile at the end of the month (from 29 to 30 July 1987). If the study of the heat wave was
based only on the daily mean temperatures that exceeded the Tmean95, then the duration of the heat
wave would be defined from days 18 to 30 of the month. However, using the EHF index, additional
and more detailed information was provided.

More specifically, EHI, began to have positive values much sooner, on 12-13 July, meaning that
the averaged three-day temperature was higher than the recent past, according to the index definition.
This indicated that there was now a lack of human acclimatization to the upcoming warmer conditions,
which could result in an adverse impact on their everyday life and health [12]. Thus, even though the
“actual” heat wave had not started, this rising index (EHI,j) indicated that humans were not able to
physically adapt to this warming, which could be used as a useful alert for heat wave policy management
measures. The second computed index (EHLg) turned positive for several days (in general on 20 July).
This was the starting point of the heat wave, since by definition, the EHjg values should be positive in
order to consider the temperature conditions abnormally hot, higher than the 95th percentile Tmean.
Both the indices dropped below zero (yellow line in Figure 4) at the end of July, either on day 29 or 30
of the month. In most of the stations, these were the same days that the daily Tmean also fell below
the 95th percentile value. Overall, the examination of the combined EHF index showed that the heat
wave of July 1987 started on day 20 of the month (in most of the stations under study) ending on day 30
when the EHF values were again negative. An interesting finding of the application of this index was
that the peak of the heat wave was not placed on the same day that the actual daily mean temperature
values reached their maximum, but one or two days later. In addition, it is worth mentioning that during
this specific heat wave, not only were the temperatures exceptionally high (indicated by the EHljg) but,
due to the rapid temperature increase, people did not have the chance to acclimatize themselves to these
new “much hotter” conditions (positive EHI, ), resulting in harmful effects on their health. Moreover,
the previous studies’ finding that the heat wave was more intense in northern Greece was also detected
from the index application that showed higher values for the stations in the northern parts of the country.
It is obvious that the definition and the description of this heat wave using the EHF match the previous
findings, making it a suitable index for the study of heat waves.
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3.2.2. The Heat Wave of the Year 2007

Occurring twenty years after the previous heat wave, the extreme hot conditions experienced
during the summer of 2007 have been the subject of several climatological studies. Greece has
experienced record-breaking temperatures in most of its regions [33] and the most extreme maximum
temperatures appeared during the last days of each of the summer months [24], mainly between days
21 and 29. Theoharatos et al. [42] mentioned that especially in July, the daily Tmax values repeatedly
exceeded 40 °C, while the regions where the population experienced discomfort (high discomfort
index (DI) values) were Thessalia, Sterea Ellada, and western Pelloponisos. The impacts of this heat
wave were substantial with an increase in forest fires, changes in the hydrological balance, and large
losses in the agricultural and energy sectors [24,43]. Similarly to the previous paragraph, the three
examined indices were computed on a daily basis during July 2007 in order to evaluate their ability to
capture and describe the extreme temperatures in Greece during that year (Figure 5).

In most of the stations used in this study, the extreme hot conditions seemed to have started from
days 15 to 17 of the month when the daily Tmean exceeded the 95th percentile. However, in most of
the stations, the days approximately from 7 to 10 July also surpassed the Tmean95. According to the
actual index values, the onset of the heat wave was determined one or two days later from the dates
of the Tmean > 95th percentile, 16-18 July, and continued until the end of the month. This was the
starting point where the EHI;; was positive, a necessary condition for the determination of a heat
wave. Regarding the acclimatization index, it started to present positive values on the same dates as
the EHlI;ig. Yet, in some stations (Souda, Skiros, Naxos, Mitilini, Alexandroupoli, Heraklio, Kalamata),
it went negative sooner than the actual ending of the heat wave. This means, according to Nairn and
Fawecett [12] that in some cases of longer heat waves, there may be some human adaptation to the
extreme hot conditions, decreasing their impact on human health. For example, in the case of Skiros,
EHI, .y dropped below zero on 28 July, whereas the end of the heat wave occurred two days later.
This characteristic of the heat wave, due to its duration, was not observed in the previous heat wave
case (July 1987).

Finally, one of the main issues observed in the computation of the EHF index was its magnitude
which differed substantially from one station to the other. This means that even though all of Greece
experienced heat wave conditions, its intensity varied considerably (Figure 5). The maximum index
values were found for the stations of Kozani, Kerkira, Larissa, and Samos and the lowest ones were
found in Rodos. On the other hand, the findings from all stations were in agreement that the peak
(the highest EHF value) was found either on day 25 or 26 of the month and that the heat wave then
started to wane.
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4. Discussion and Conclusions

The statistical characteristics of the combined heat wave index (excess heat factor (EHF)), as well as
its ability to identify and describe efficiently previously recorded heat waves over Greece, was the main
objective of the present study. Daily maximum and minimum temperature time series from 14 stations
distributed over the geographical Greek region were employed for a 55-year period (1958-2018).
This index introduced relatively recently [34] had, to the author’s knowledge, never been used before
in Greece. Although it was primarily proposed for the monitoring of heat waves in Australia [10,12,34],
it was also used during 2018 for heat wave detection in another Balkan country, Romania [3].

Apart from the fact that it is the first time that the EHF index is being used over the center of
interest, the main reasons for its selection are the following:

e  Itincorporates not only Tmax but also Tmin values which is an important parameter that should be
taken under consideration especially if the heat wave study is more human-centered. Temperature
rise is undoubtedly related to human health; however, the overnight high temperature impedes
the night discharge and results in excess heat stress and an enhancement of the heat wave
conditions [1,44-46].

e It measures daily temperature values for a three-day period (average) rather than the single
temperature of one day, making it more sensitive to temperature changes as it considers also
previous day conditions. [1].

e The first term of the EHF (EHls) provides a measure of the statistical significance of the heating
as it is compared with a fixed percentile value (95th percentile of a defined period which, in this
case, was chosen to be 1971-2000).

e The second term (EHI,) compares the examined warm conditions with the recent past (previous
30 days) providing an indication of the people’s acclimatization ability to this unusual heat.
Conversely to the EHI;¢, EHI, ) does not change under a general climate-change warming [12].

e Overall, the application of the EHF can provide information both about the statistical
characteristics of a heat wave but also about its effect on humans.

The computation of the EHF index for the period 1958-2012 demonstrated that, during the warm
period of the year (JJAS), Greece experienced approximately 20 days per year with positive anomalous
conditions (EHF > 0) with no discrepancies worth mentioning among the stations. In addition,
these days tended to become more frequent (with positive statistically significant trends for all stations
under study), agreeing with the general consideration of an increase in extreme hot events in the
future over the Mediterranean [20]. The years that had the largest number of days with positive
EHF values were the last ones of the time period used (2007 to 2012). Up to 89 days in Naxos,
for 2010, were observed, where it seemed that most days of the summer season were characterized as
abnormally hot.

However, since, according to Perkins and Alexander [1] a heat wave is defined when at least
three or more consecutive days have positive anomalies, the spells of these days were also computed
according to the index values. The selected stations presented an average of 128 spells with a duration
of 3 to 10 days during the examined 55-year period. As the duration of the spell was extended,
their frequency lessened. Four stations, mainly island ones, did not present any heat waves longer than
30 consecutive days, whereas others such as Kozani and Kerkira which are located at the northwestern
part of Greece experienced an intense heat wave in 2012 lasting 58 and 57 days, respectively.

Apart from the significant insight into the heat wave statistical characteristics obtained from
the EHF, an attempt was made in the study to assess its ability to record previous heat waves since
the index was primarily introduced for another area with very different climatic characteristics from
Greece. After its application to the daily temperature data for July 1987 (one of the most intense heat
waves recorded in Greece), it was found that the index identified very efficiently both the duration
and the intensity of the heat wave. In addition, the acclimatization index showed that the heating
conditions were quite rapid, not allowing people to adapt to them a few days earlier than the defined
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start of the heat wave. The index was also able to capture the fact that the heat wave was more intense
in the northern parts of the country where the EHF values were higher. Conversely, regarding the
second heat wave case of July 2007, the computation of the EHF index made it clear that the heating
conditions had a different intensity level over Greece since its values differed substantially among
the stations. Moreover, the lack of human acclimatization started in this case on the same dates as
the beginning of the main heat wave event (a few days of positive value index were also observed
during the first days of July). However, the EHI, turned negative, for several stations, before the end
of the heat wave, meaning that people started to adapt to these extreme conditions due to the longer
duration of this specific heat wave.

Overall, the main conclusion of this study is that the EHF index applies not only to the detection
and analysis of heat waves in Greece, but it also provides information about the conditions that may
or may not have an impact on human health and well-being. Future work includes plans to examine
other years which, according to the EHF, seemed to have been extremely hot with extended heat waves
such as in the year 2012.
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Abstract: This paper assessed the current and mid-century trends in rainfall and temperature over the
Mono River watershed. It considered observation data for the period 1981-2010 and projection data
from the regional climate model (RCM), REMO, for the period 2018-2050 under emission scenarios
RCP4.5 and RCP8.5. Rainfall data were interpolated using ordinary kriging. Mann-Kendall, Pettitt
and Standardized Normal Homogeneity (SNH) tests were used for trends and break-points detection.
Rainfall interannual variability analysis was based on standardized precipitation index (SPI), whereas
anomalies indices were considered for temperature. Results revealed that on an annual scale and
all over the watershed, temperature and rainfall showed an increasing trend during the observation
period. By 2050, both scenarios projected an increase in temperature compared to the baseline period
1981-2010, whereas annual rainfall will be characterized by high variabilities. Rainfall seasonal cycle
is expected to change in the watershed: In the south, the second rainfall peak, which usually occurs in
September, will be extended to October with a higher value. In the central and northern parts, rainfall
regime is projected to be characterized by late onsets, a peak in September and lower precipitation
until June and higher thereafter. The highest increase and decrease in monthly precipitation are
expected in the northern part of the watershed. Therefore, identifying relevant adaptation strategies
is recommended.

Keywords: Mono River watershed; trend analysis; climate

1. Introduction

Modifications in the climate as a result of both natural and anthropogenic processes have raised
considerable concerns (such as more frequent and intense rainfall, droughts, dry spells, violent winds,
etc.), as they induce adverse impacts on several development sectors [1].

In recent decades, weather and climate extremes such as droughts, heat waves, wild fires, floods
and storms have increased in frequency and intensity in several regions of the world. In fact, Vincent
et al. [2] noticed that the percentage of warm nights is increasing while that of cold nights is decreasing
in South-America. In addition, the US Climate Change Science Program underscored the fact that
heavy precipitations have become more frequent and intense in Northern America [3]. In central
Asia, Savitskaya [4] reported that, during the last 50 years, there was high variability in the pattern of
precipitation, whereas winter has become warmer in the entire region.
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Furthermore, in tropical Africa a significant increase in temperature, about 0.15 °C per decade,
was detected over the period 1979-2010 [5]. Consequently, high fatality rates are recorded in
developing countries because of their high reliance on natural resources and their limited coping
capacities [6]. Several authors highlighted that, since the 1970s, the number of natural disasters
(flood, drought, windstorm, epidemic and famine) has been increasing in sub-Saharan Africa [7-9].
In 2012, central and western Africa were hit by severe floods which affected 1,538,242 people and
caused 340 deaths as of September of that year. Moreover, flood events of 2010 have been recorded in
West Africa as one of the most disastrous during the last decade. In 2010 only, Benin lost about USD
262 million [10], whereas Togo recorded about USD 43.934 million as damage and loss in the same
year [11].

Thus, there is a need to carry out future climate analysis in order to foresee potential hazards
and ultimately to develop appropriate strategies to combat them. According to the fifth assessment
report AR5, “global surface temperature change for the end of the 21st century is likely to exceed
1.5 °C relative to 1850-1900 for all RCP scenarios except RCP2.6” [12]. However, it is clear that
climate-change impacts will be time and location specific [13]. Therefore, undertaking climate
projection at regional and local level will contribute to more accurate and relevant actions towards
human security.

As in many other watersheds in the world, climate trend analyses have been carried out in the
Mono watershed [14-18]. Ntajal et al. [18] noted that, over the period 1961-2013, at local scale, there
is a significant decreasing trend in rainfall at the station of Sokode (upstream), while an insignificant
increase in rainfall is observed in the downstream (Atakpame, Sotouboua, Aklakou and Tabligbo).
The same assessment was conducted by Amoussou [15] for the period 1961-2000 using a cubic
spatial interpolation for rainfall data in the watershed. The results showed an overall decreasing
trend of rainfall. So far, however, there are few climate related studies which have addressed future
climate projection in the Mono River watershed, despite the fact that people living at the downstream
usually experience flood events during rainy seasons. The divergence noted among the results of
previous studies makes it important to keep assessing climate trend in the watershed, mainly over a
recent period. Therefore, this study aims at assessing current and future climate change in the Mono
River watershed.

2. Materials and Methods

2.1. Study Area

The Mono River watershed occupies an area of 27,822 km? shared between two West-African
countries, Togo and Benin. Specifically, it is located between the latitudes 06°16’ N and 09°20’' N,
and the longitudes 0°42" E and 2°25 E (Figure 1). The major part of the basin lies in Togo’s territory,
totaling 21,750 km?, whereas that of Benin stretches to 6072 km?. The river serves as natural border
between the two countries in the southern part. The climate is tropical (two rainy seasons and two
dry seasons) downstream and subequatorial (one rainy season and one dry season) upstream.
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Figure 1. Location of Mono watershed and considered rain gauges.

2.2. Data Used

Both observation and projection data were used. Daily observed rainfall and temperature were
collected from meteorological institutes of Benin and Togo (DMN, Direction de la Météorologie
Nationale) for the period 1981-2010. That period is the current normal used for climatological analysis,
and this study aims at taking it into account, as previous studies have already accounted for other
normals [15,17,18]. As presented by Figure 1, rainfall data were collected at 24 rain gauges within and
around Mono watershed (not farther than 25 km). As for temperature data, they were collected from
three synoptic stations located in the watershed: Tabligbo, Atakpamé and Sokodé.

Projected data were provided by the regional climate model (RCM), REMO (Table 1). Rainfall and
temperature data were extracted for the period 2018-2050 and under two representative concentration
pathways: RCP4.5 (intermediate pathway) and RCP8.5 (most extreme pathway). Akinsanola et al. [19]
have already noticed that REMO fairly simulates rainfall in West Africa and concluded that it can
be used for future climate projections in the region. However, the use of a multi-model ensemble
approach (more than one model) is recommended in order to better estimate the actual climate and
improve the robustness of climate change projections [20-22].
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Table 1. Characteristics of the regional climate model (RCM), REMO.

Model Name Institute Driven Model
Helmholtz-Zentrum Geesthacht, Max Planck Institute—Earth
REMO2009 Climate Service Center, Max System Model running on low

Planck Institute for Meteorology resolution grid (MPI-ESMLR)

These data were accessed online (https://www.cordex.org) in the context of the Coordinated
Regional Climate Downscaling Experiment (CORDEX) over Africa at 0.44° resolution.

2.3. Methods

2.3.1. Trend Analysis

Trends and breakpoints were assessed using the non-parametric test of Mann-Kendall first,
followed by the Pettitt and SNH tests The Mann-Kendall test is used in order to establish whether
there is a trend (increasing or decreasing) in the time series. It is done with a confidence level of 95%,
and the hypotheses are:

Hp: there is no trend in rainfall time series;
Hj: there is a trend in rainfall time series.

For both Pettitt and SNH tests, significance level o« = 0.05, and the hypotheses are:

Hp: there is no change in annual rainfall data;
H;: there is a date at which there is a change in the data.

Moreover, in order to assess the trend of annual rainfall at watershed scale, and because rainfall
data are not measured in every single grid of the watershed, spatial interpolation was required.
In the scope of this study, ordinary kriging (OK) was chosen over other methods—such as arithmetic
mean, Thiessen polygon, inverse distance weighting—because (i) it takes into account not only the
distance between observation stations and estimation point but also the distance between stations
taken two by two; (ii) it is a stochastic method which provides the best linear unbiased predictions;
(iii) the interpolation error can be estimated [23]. Nonetheless, one of the limitations of kriging is that it
is not suitable when there are few observation points. Kriging was basically developed for geostatistics
purposes [24] but is widely used in climatology. It is worth noting that the ‘backbone” of kriging is
the variogram which explains the variance of the studied variable with respect to distance between
observation points. Equation (1) presents the formula of variogram

¥(0) = g7 L G) ==+ 1)’ M

Il
—_

where y(h) is the variogram, N (/) the number of coupled points separated by the distance &, z(p;) the
observed rainfall at location p;, and z(p; + h) the observed rainfall at location p; + h.

Furthermore, considering the fact that rainfall regime in Mono watershed is not homogenous,
rainfall trend analysis is carried out with respect to three latitude-based regions, as done in previous
studies [15,18]. The regions are defined as follows: latitude < 7, 7 < latitude < 8 and latitude > 8.
Hereinafter, these regions are respectively referred to as southern part, central part and northern part
of the Mono watershed.

Analysis of temperature trends over the watershed was conducted on the arithmetic mean from
the stations of Tabligbo, Sokodé and Atakpamé.
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2.3.2. Interannual Rainfall Variability Analysis

The standardized precipitation index (SPI) [25] is a tool recommended by the World
Meteorological Organization (WMO) and widely used for quantifying the precipitation deficit over
different timescales (3 to 48 months). For the selected timescale, rainfall records are fitted with a
probability distribution which is then transformed into a normal distribution so that the mean SPI
for the location and desired period is zero. Hence, this method improves the common anomaly
method (Equation (2)), which does not take into account the fact that rainfall is typically not normally
distributed for a cumulative period of 12 months or less.

Xi — Xm

1) = 222, @)
where I(i), x;, X, and o are respectively the standardized index of year i, the value for the year i, the
average and the standard deviation of the time series.

In the present study, the SPI 12 (for 12 month’s timescale) is used to assess rainfall deficit or excess
on a yearly basis. Moreover, SPI 12 is the one recommended for watershed analysis [26]. Table 2
presents the guidelines for analyzing SPI values [25,26].

Table 2. Standardized precipitation index (SPI) values and their meanings.

SPI Value Meaning
2.0 and plus Extremely wet
1.5t01.99 Very wet
1.0to 1.49 Moderately wet
—0.99 to 0.99 Near normal
—1to —1.49 Moderately dry
—1.5to —1.99 Severely dry
—2 and less Extremely dry

2.3.3. Future Climate Analysis

Raw outputs from RCMs must be corrected prior to local impact studies because of the bias
they encompass. There are several bias correction methods but in this study, the methods of
delta, linear scaling and empirical quantile mapping (EQM) are used because they have produced
satisfactory results in previous studies carried out in similar climatic regions [27-29]. The results of
Ntcha M'po et al. [27], Essou and Brissette [30] and Speth et al. [31], who bias-corrected REMO data
in the Ouémé watershed (Benin), guided the choice of correction methods in this study. Rainfall was
corrected with delta method in the south, multiplicative scaling in the central part and EQM in the
north. As for temperature data, they were corrected using only EQM.

2.3.4. Percentage of Relative Change in Rainfall Seasonal Cycle
It is computed using Equation (3).

Ryroim — R
o = proj,m obs,m % 100 (3)
Robs,m

where, P, Rprojm and Ryps , are respectively the percentage of change for mth month, average
projected rainfall for month m, and the average rainfall of month m during observation period.
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3. Results and Discussion
3.1. Trends and Interannual Variability in Rainfall

3.1.1. Present Rainfall Pattern

The pattern of monthly rainfall varies from one part of the watershed to the other. The southern
and northern parts are respectively characterized by bimodal and unimodal rainfall regime, whereas,
a transitory (neither bimodal nor unimodal) regime was found in the central region (Figure 2).

Seasonal cycle

Rainfall {mm)

0 T T T T T T T T T T 1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

——Center ——South =———North

Figure 2. Rainfall seasonal cycles in Mono watershed.

In the south, two peaks are respectively recorded in June and September, while the unique peak
in the northern part occurs in August. On the other side, the rainy season in the central part lasts
from March to September. These results are in line with previous research findings [15,17,18]. Thus,
the bimodal or unimodal characteristics of the precipitation regime seem not to change over the recent
periods compared to the historical period.

The results of the Mann-Kendall test (Table 3) underscored the fact that rainfall in the three regions
of Mono watershed had an increasing trend during the period 1981 to 2010.

Table 3. Results of break-point detection and Mann-Kendall test on observed rainfall.

. Break-Point Detection Mann-Kendall Test
Region
Tests Break-Point p-Value p-Value Sen’s Slope
Pettitt 2001 0.0695
South SNH 2001 0.0497 0.0022 9.99
Pettitt 1987 0.3113
Centre SNH 1983 0.0217 0.0385 7.56
Pettitt 1987 0.0952
North SNH 1983 0.0025 0.0295 6.49

As presented in Table 3 and Figure 3, the SNH test detected break points in the time series while
the Pettitt test did not.
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The change noted in the center and the north may be related to the well-known 1970s and 1980s
droughts which affected many West-African countries and was documented by several authors such
as Le Barbé and Lebel [32], Le Barbé et al. [33] and Le lay and Galle [34].
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Figure 3. Standardized Normal Homogeneity (SNH) test on observed annual rainfall time series in the
south (a), center (b) and north (c).

Figure 4 presents the results of the SPI computation.

According to the baseline period, the longest dry period is 1981-1986 in the south, 1981-1983
in the central part and 1981-1984 in the north. In addition, the driest year is 1992 in the south,
and 1983 for both the center and north. As for years of highest excess, it is 2010 in the south and
1995 in central and northern parts. It is worth noting that, in the three regions, the longest dry period
falls in the 1980s drought events. After this specific period no extreme drought occurred (except in
1992 in the south), and there were more years above normal than below. Overall, the period after
1990 is characterized by more wet years, and it explains the trends highlighted by statistical tests
performed above. Similar results have been reported in other watersheds in West Africa by several
authors, such as Adeyeri et al. [35] in Komadugu-Yobe basin, Nicholson et al. [36] over West Africa,
Ozer et al. [37] over the Sahelian region, and by Lawin [38] and Attogouinon et al. [39] in the upper
Ouémé river valley. However, this shift to wetter condition is region dependent, because other studies
reported a decreasing trend in rainfall patterns over West-Africa [40,41].
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Figure 4. Standardized precipitation index of observed annual rainfall in the south (a), center (b) and
north (c).

3.1.2. Future Rainfall Pattern

The results of break-point detection and the Mann-Kendall test performed on annual rainfall
under RCP4.5 and RCP8.5 are summarized in Table 4.

The results of homogeneity tests and the Mann-Kendall test suggest that, all over the watershed,
there is neither break-point nor a linear trend in annual rainfall time series, under emission
scenarios RCP4.5 and RCP8.5. Statistically, rainfall time series are homogenous and present no
trend. Nonetheless, some variabilities are observed. Specifically, in the northern part and for RCP8.5,
rainfall might decrease by 2035 and increase thereafter. The increase in annual precipitation over recent
decades in Mono river watershed seems not to be maintained in the future. Future pattern of rainfall
may be marked by high variabilities. Such an absence of significant trend in rainfall is also reported by
N'Tcha M'Po et al. [40] in Ouémé river basin by 2050, using a REMO model. Similarly, Lawin et al. [42]
reported no trend in rainfall pattern in the Imbo north plain region in Burundi under central Africa
climatology using an ensemble of eight regional climate models.

180



Climate 2019, 7, 8

Table 4. Results of break-point detection and Mann-Kendall test on annual rainfall under RCP4.5 and

RCPS.5.
. . Break-Point Detection Mann-Kendall Test
Scenario Region
Result Break-Point p-Value p-Value Sen’s Slope
Pettitt test 2021 0.621
South SNH test 2049 0.942 0.914 —0.097
RCP45 Pettitt test 2033 0.346
Center SNH test 2033 0.525 0.285 2293
Pettitt test 2031 0.129
North SNH test 2031 0.155 0.091 4427
Pettitt test 2029 0.0731
South SNH test 2024 0.842 0.588 ~1510
RCP8.5 Pettitt test 2029 0.673
Center SNH test 2029 0.712 0.653 —1.341
Pettitt test 2041 0.324
North SNH test 2041 0.104 0.394 3.296

The SPI computed for each region emphasizes this variability (Figure 5).

Under RCP4.5, the number of projected deficit years in the watershed increases slightly from
south to north. The years 2020 and 2024 are projected to be extremely wet in the south, whereas
2031 is expected to be extremely dry in the north. However, under RCP8.5, the projected number
of deficit years decreases from south to north. The year 2033 is projected to be extremely dry in the
north, and again, years 2020 and 2024 for this scenario are expected to be extremely wet in the south.
The agreement of both scenarios for years 2020 and 2024 shows that those years will potentially be
characterized by extreme precipitations. Furthermore, from south to north, RCP8.5 projects more
extremely wet years than RCP4.5.

Furthermore, the pattern of the seasonal cycle of rainfall is expected to undergo some
modifications. In the southern part (Figure 6a), rainfall seasonal cycle is projected to keep its bimodal
pattern under RCP4.5 and RCP8.5. In addition, both scenarios project almost the same pattern. As in
the normal period, the first peak is recorded in June but with a slightly lower amount. The second
peak, which normally occurs in September, is expected to extend to October with a higher value.

In the central and northern parts (Figure 6b,c), and under RCP4.5 and RCP8.5, the rainfall
regime is projected to be characterized by late onsets and lower precipitation until June, compared to
observations, and higher thereafter. Both scenarios converge on the fact that rainfall peak will probably
occur in September. The northern part is expected to keep its unimodal pattern under both scenarios,
whereas a shift from a transitional regime to a unimodal one is expected in the central region.

Projected future rainfall regimes under the two scenarios are quite similar, apart from in August,
where RCP4.5 predicted a slightly larger amount than RCP8.5, and an inverse proportion was predicted
in June

Moreover, on a monthly scale, Figure 7 depicts how the rainfall seasonal cycle is expected to
change under RCP4.5 and RCP8.5 compared to the baseline period.

Under RCP4.5, the relative change in monthly rainfall varies from —5.5% to 8.4% in the southern
part, —29.9% to 22.2% in the central part and —39% to 91.4% in the northern part. For RCP8.5,
the expected change ranges from —3.5% to 5.8% in the southern part, —55% to 20% in the central
part and —64% to 85.9% in the northern part. Therefore, the biggest changes (both increase and
decrease) in monthly rainfall are expected in the northern part of the watershed, regardless of the
scenario considered. According to RCP4.5 and with respect to the observation period, the highest
rainfall decrease during the period 2018-2050 is expected to occur in February, whereas January and
November will record the highest increases.
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Figure 5. Standardized precipitation index of annual rainfall under RCP4.5 (left panel) and RCP8.5
(right panel).
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Under RCP8.5, the highest decrease is projected to affect rainfall in February, whereas the highest
increase is expected in November. Thus, the two scenarios project more than 70% increase of rainfall in
the month of November by 2050, compared to the observation period. In addition, the highest increase
is projected by RCP4.5 and the highest decrease by RCP8.5. Globally substantial changes are expected
prior to and at the end of rainy seasons.

3.2. Temperature Trend

3.2.1. Present Temperature Change

The two homogeneity tests performed on annual temperature revealed the presence of break-point
in the time series (Figure 8).
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Figure 8. Pettit test (a) and SNH test (b) performed on annual temperature over the period 1981-2010.

The Pettitt test indicates that since 1996 mean annual temperature has increased by 0.51 °C in
Mono watershed compared to the period 1981-1995, whereas the results of the SNH test implies
an increase of 0.52 °C from the period 1981-1996 to 1997-2010. In addition, the Mann-Kendall test
suggested a significant increasing trend (p-value = 3.457 x 1070 and 7 = 0.6).

Anomalies computation revealed that, from 1981 to 1997, temperature was globally below and
near normal, but since 1998 it has stayed above the normal (Figure 9).
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Figure 9. Anomaly of mean annual temperature in Mono watershed.

It therefore corroborates the outputs from homogeneity tests. In addition, these results are
in line with previous studies which noted similar increasing trend of temperature in West Africa
(Badjana [43] in the Kara river basin of Togo, Kabo-Bah et al. [44] in the Ghana part of Volta river basin,
Oguntunde et al. [45] at Ibadan and Collins [5] over the West-African region).
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3.2.2. Future Temperature Change

Under RCP4.5, the homogeneity tests detected break-points at different dates, but they got an
agreement under RCP8.5 (Figure 10). Under the intermediate scenario, the Pettitt test indicated that,
from the period 2018-2031 to 2032-2050, temperature may increase by 0.36 °C. On the other side, SNH
test projected an increase of 0.39 °C from 2018-2027 to 2028-2050. For the high pathway scenario, both
tests agreed on an increase of 0.87 °C from the period 2018-2038 to 2039-2050.
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Figure 10. Pettitt test (upper panel) and SNH test (lower panel) performed on temperature under
RCP4.5 and RCP8.5.

Regardless of the scenario used, an overall significant increasing trend in temperature is expected
by 2050 (Table 5).

Figure 11 depicts anomalies of temperature under RCP4.5 and RCP8.5.

For both emission scenarios, the number of years above normal is higher compared to the number
of years below normal. Therefore, future climate in Mono river watershed is projected to be warmer
by 2050. Such an increasing trend by 2050 has been reported by Nelson et al. [46] in Togo. Similarly,
Opyerinde [47] reported a consistently increasing trend in temperature over the Niger River Basin, 5% to
10% under RCP4.5 and 5% to 20% under RCP8.5, using an ensemble model from eight regional climate
models. In the Massili basin of Burkina Faso, Bontogho [29] reported an increase in temperature by
1.8 °C (RCP4.5) and 3.0 °C (RCP8.5) from 1971 to 2050 using the regional model HIRHAMS. Badou [48]
reported a temperature increase of up to 0.48 °C under RCP4.5 and up to 0.45 °C under RCP8.5 using
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the REMO model in the Benin part of Niger River basin. Overall, all models and scenarios considered
by several authors converge to a moderate to high increase of temperature all over the world.

Table 5. Results of Mann-Kendall test on annual temperature under RCP4.5 and RCP8.5.

. Break-Point Detection Mann-Kendall Test
Scenario
Result Break-Point p-Value p-Value Sen’s Slope
Pettit test 2031 0.0039
RCP4.5 SNH test 2027 0.0103 0.0003 0.017
Pettitt test 2038 0.0082
RCP8.5 SNH test 2038 0.0029 0.0009 0.028
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Figure 11. Temperature anomaly under RCP4.5 (a) and RCP8.5 (b).

4. Conclusions

This paper examined the trend in annual rainfall and annual temperature of Mono river watershed
over the observation period 1981-2010 and by 2050 using the regional model REMO under RCP4.5 and
RCP8.5. It also assessed the monthly pattern of rainfall over the same periods. During the last three
decades, rainfall and temperature have been increasing all over the Mono River watershed. By 2050
and under emission scenarios RCP4.5 and RCP8.5, annual rainfall is projected to be characterized by
high variability, whereas a significant increasing trend is projected for annual temperature (warmer
future climate). For each of the three defined regions (south, center and north), and under both
emission scenarios, the seasonal cycle of rainfall is expected to change: In the southern part, the first
peak is projected to reduce slightly, whereas the second peak is expected to increase and shift to
October; however, in the central and northern parts, it is expected that there will be late onset of
rainfall and higher peaks. In addition, the seasonal cycle of rainfall in the central part is expected to
shift from a transitional regime to a unimodal one. Moreover, on a monthly scale, the northern part
of the watershed is expected to record the highest increase and decrease in rainfall regardless of the
emission scenario considered. These considerable changes in the monthly rainfall of the northern part
are expected to occur globally in the dry season, thus indicating potential extreme events. Considering
the projected trends and patterns for rainfall and temperature over Mono watershed by 2050, it is
recommended that experts identify and implement relevant adaptation strategies.
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Abstract: Climate change is anticipated to influence future wildfire activity in complicated, and
potentially unexpected ways. Specifically, the probability distribution of wildfire size may change
so that incidents that were historically rare become more frequent. Given that fires in the upper
tails of the size distribution are associated with serious economic, public health, and environmental
impacts, it is important for decision-makers to plan for these anticipated changes. However, at least
two kinds of structural uncertainties hinder reliable estimation of these quantities—those associated
with the future climate and those associated with the impacts. In this paper, we incorporate these
structural uncertainties into projections of very-large fire (VLF)—those in the upper 95th percentile
of the regional size distribution—frequencies in the Continental United States during the last half
of the 21st century by using Bayesian model averaging. Under both moderate and high carbon
emission scenarios, large increases in VLF frequency are predicted, with larger increases typically
observed under the highest carbon emission scenarios. We also report other changes to future wildfire
characteristics such as large fire frequency, seasonality, and the conditional likelihood of very-large
fire events.

Keywords: mega-fires; Bayesian-model averaging; model uncertainty; climate-fire models

1. Introduction

Although representing only a small fraction of the total number of fires, very-large fires (VLFs)
are events often associated with dramatic economic, human health, and environmental risks that are
unlike most other wildfires. The most salient and immediate economic impacts are suppression costs
and property losses (Barrett 2018, [1]), which are often relatively large in VLFs compared to other
smaller events (Gonzalez-Cabdn 1983 [2], Stephens et al., 2014 [3]). In addition to these direct costs,
there is a suite of indirect economic impacts—such as damages from post-fire hazards, rehabilitation
costs, lost tax and business revenue from community evacuations (Dale 2009 [4])—that are increasingly
probable and costly in larger wildfires (Neary et al., 2003 [5], Peppin et al., 2011 [6], Beverly and
Bothwell 2011 [7], Beverly et al., 2011 [8]). VLFs have the potential to burn large areas of vegetation
and emit tremendous quantities of smoke within a short duration of time, which can adversely
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impact air quality for months at a time (Stephens et al., 2014 [3]), even at long distances from any
active burning (Forster et al., 2001 [9], Val Martin et al., 2013 [10]). The large areas of active burning
and sudden increase in air pollutants pose numerous risks to public health (Reid et al., 2016 [11])
and safety (Achtemeier 2009 [12], Stephens et al., 2014 [3]); and hospital admissions and treatment
costs are expected to increase during VLFs (Moeltner et al., 2013 [13]). Although there are some
ecological benefits of fire, VLFs have also been associated with significant, deleterious, and sometimes
irreversible environmental changes. These include the production of environmental conditions
conducive to the establishment of invasive species (Crawford et al., 2001 [14]), loss of ecosystem
services (Rocca et al., 2014 [15]), and long-term modifications to forest structure (Haffey et al., 2018 [16]).
Given the disproportionate costs VLFs pose to economic, social and environmental values, there is a
broad need across disciplines, to better understand patterns and trends of their occurrence to mitigate
future hazards. There is even greater urgency for this given that multiple lines of evidence suggest that
VLF frequency has increased (Williams 2013 [17], Dennision et al., 2014 [18], Barbero et al., 2014 [19])
and will continue to increase into the future (Stavros et al., 2014 [20], Barbero et al., 2015 [21]). Still,
there are several challenges to obtaining reliable predictions of future wildfire activity, many of which
are related to various kinds of scientific unknowns or uncertainties. These uncertainties can come from
many sources (Chen et al., 2018 [22]) and can be associated with a particular quantity of interest—what
will the future frequency of very-large fire events be?—or associated with model structures—how
are environmental conditions related to very-large fire frequency? The latter is referred to as model
or structural uncertainties, which can have significant effects on the conclusions one draws from an
analysis (Morgan et al., 1992 [23], Syphard et al., 2018 [24]). In the context of forecasting future wildfire
activities, these structural uncertainties can arise from the selection of vegetation models (Sitch et al.,
2008 [25], Syphard et al., 2018 [24]), assumed anthropogenic effects (Westerling et al., 2011 [26]), as well
as greenhouse gas emmissions and their effects on the environment.

Structural uncertainties associated with the characteristics of the future environment are
commonly accounted for in long-term climate impact studies through the use of multiple General
Circulation Models (GCMs). Each GCM predicts climatological responses based on unique
assumptions regarding chemical and physical interactions between a suite of factors including land,
water, atmosphere, and the cryosphere. These models can be used to forecast future climate by
forcing the models to observe historical atmospheric conditions and running the models forward
using representative concentration pathways (RCPs) as plausible carbon emission scenarios. There
are four future RCP scenarios, which are labeled RCP 8.5, RCP 6, RCP 4.5, and RCP 2.6; each assumes
various levels of fossil fuel use and economic activity. The suffix labels correspond to the approximate
2100 radiative forcing levels. For instance, the high-emission (RCP 8.5) scenario corresponds to an
approximate radiative forcing increase of 8.5 W/m? by 2100 compared to pre-industrial conditions.
Since the choice of GCM and RCP can be thought of as competing plausible models of the future
environment, and the precise climatological response and quantities of greenhouse gases that will be
emitted and sequestered prior to 2100 are unknown, it makes sense to interpret them as structural
uncertainties (Taylor et al., 2012 [27]).

In addition to the structural uncertainty arising from relating greenhouse gas emission scenarios
to climatological impacts, structural uncertainty further arises when relating climatological variables
to an impact of interest. In the context of fire, these relationships could include weather patterns
such as temperature, precipitation, atmospheric moisture, winds, and clouds. Identifying and
describing the relationship between these variables and VLFs is an immensely complex and
subjective process, as there can be many competing hypotheses. For instance, temperature controls
landscape flammability, is associated with thunderstorm activity and by extension ignition frequency
(Flannigan et al., 2009 [28]), mediates tree mortality through drought (Allen et al., 2010 [29]) and insect
pests (Bentz et al., 2010 [30]), and influences the length of the snow-free season (Westerling 2016 [31]).
Additionally, the timing and amount of precipitation can also influence wildfire behavior in parallel
with temperature by controlling the availability of fine fuels (Meyn et al., 2007 [32]), fuel moisture
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(Flannigan et al., 2016 [33]), and distribution of flammable species (Bradley et al., 2016 [34]). Multiple
weather variables may adequately measure a common phenomenon associated with wildfire risk, such
as drought (Zargar et al., 2011 [35]), resulting in highly correlated covariates that when utilized in
wildfire risk prediction, produce models with near-identical goodness-of-fit. Hence, although statistical
models can be a useful tool for representing and identifying the relative importance of relationships
between the environment and fire, they are still only approximations to reality. Confounding of
unmeasured variables like vegetation management (Holsinger et al., 2016 [36]) may influence the
predicted importance of some weather variables, which can make model selection challenging. In
some cases, the same suite of covariates can be used to make predictions with multiple mathematical
representations (Mallick and Gelfand 1994 [37]), presenting an additional level of uncertainty that is
easily overlooked. Given the frequency with which we face structural uncertainties when modeling
highly complex phenomena like wildfire, it is extremely risky to select any single model as an
approximation of this phenomena, and a more robust approach should explore results from multiple
models (Morgan et al., 1992 [23], Littel et al., 2011 [38]).

Bayesian model averaging is flexible and a commonly used method of accounting for structural
uncertainties like these, lessening many of the risks of traditional model selection techniques and
improving performance across a variety of metrics (Raftery and Zheng 2003 [39]). Within this
framework, model weights, which are assumed to be uncertain, are used to combine covariates or
predictions from multiple sources into a single probability distribution. The uncertainties in the model
weights are represented using the posterior, which is a probability distribution representing the belief in
the model parameters conditional on the observed data. While posteriors provide a natural framework
for interpreting uncertainties, in practice, closed form expressions of the posterior are non-trivial and
direct calculation is often impossible. Hence, simulation methods like Markov Chain Monte Carlo
are typically used to generate samples from the distribution, which are in turn used to approximate
the quantities that are of interest to the analyst (Fragoso et al., 2018 [40]). Computational barriers to
Markov Chain Monte Carlo techniques have diminished greatly since they were first introduced, and a
range of recently developed software options such as JAGS (Plummer 2003 [41]), Stan (Carpenter et al.,
2017 [42]), and Integrated Nested Laplace Approximations (Rue et al., 2009 [43]) have facilitated the
application of these methods in novel and previously infeasible contexts (Monnahan et al., 2017 [44]).

Hence, in this paper, we account for both kinds of structural uncertainty—uncertainty from the
climate models and uncertainty from the choice of VLF models—using Bayesian model averaging to
generate predictions of event frequency in the last half of the 21st century in the Continental United
States. In Section 2, we present the methods used to produce robust predictions of future wildfire
activity using GCMs and multiple fire occurrence models. In Section 3, the results of this analysis are
available and demonstrate that increases in VLF activity should be expected in many regions in the
Continental United States at the end of the century. In Section 4, we close the paper with a discussion
of the implications of this analysis to decision-makers and researchers.

2. Methods

2.1. Fire Occurrence Data

Data from the Monitoring Trends in Burn Severity (MTBS) project [45] , which describes individual
fire size and severity based on changes in satellite imagery, are used to measure monthly fire occurrence.
The original dataset included all detected fire events within the continental United States for the
years 1984-2015 and is further filtered to remove all events 404 hectares or smaller, or that were
non-wildfire. The filtered data are grouped into 18 regions with broadly similar climate and vegetation
characteristics using a geospatial dataset of ecosystem divisions (Figure 1, Bailey 2016 [46]). For each
region, two binary time series were constructed: one representing large fire (LF) occurrence, and
another representing very-large fire (VLF) occurrence. The LF occurrence time series, X; r ¢, reports
“1” if at least 1 event of at least 404 hectares is recorded during that month; otherwise, it reports
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“0”. The VLF occurrence time series, Xy r , records “1” if at least 1 VLF—one that exceeds the 95th
percentile of the region’s filtered MTBS burn area records (Table 1)—is recorded during that month and
region; otherwise, it reports “0”. The Marine Division had one fire event and the Subtropical Regime
Mountain had no VLF events during 1984-2005, and both were dropped from further consideration,
yielding a total of 16 independent ecoregional analyses. All of the time series are split into a tuning
dataset (1984-2005) and a training dataset (2006-2015).
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Figure 1. Map of multi-model mean temperature changes between 1955-2005 and 2050-2099 over
the relevant Bailey’s divisions under the representative concentration pathway (RCP) 4.5 (top) and
RCP 8.5 emission scenarios (bottom). Regions with insufficient fire occurrence data for analysis are

colored white.
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Table 1. Very-large fire cutoffs, the number of fires, large fire months, and very-large fire months for
two time periods: 1984-2005 and 2006-2015.

Total # of Fires ~ # of Large Fire Months  # of Very-Large Fire Months

Domain Division 95th Size Percentile (ha)
’84-°05 ‘0615  '84-05 ‘06-'15  '84-05 ’06-"15
Temperate Desert (TD) 16,007 1623 833 119 55 22 19
Temperate Desert
Regime Mountains 11,765 121 78 52 31 5 4
(TDRM)
Temperate Steppe (TS) 11,664 464 347 119 70 13 13
Temperate Steppe
Dry Regime Mountains 19,853 798 541 101 56 14 13
(TSRM)
Tropical /Subtropical
Desert (TSTD) 11,616 365 254 94 57 10 9
Tropical /Subtropical
Regime Mountains 13,169 168 143 71 45 7 7
(TSTRM)
Tropical /Subtropical
Steppe (TSTS) 10,243 388 546 126 79 10 16
Hot Continental (HC) 6180 267 75 67 41 11 2
Hot Continental
Regime Mountains 4586 169 45 30 27 4 1
(HCRM)
Marine Regime
Mountains Redwood 21,776 136 130 48 3 6 5
Forest Province
Temperate (MaRM)
Mediterranean (Me) 10,980 149 64 82 35 6 3
Mediterranean Regime
Mountains (MeRM) 17,772 799 374 143 60 16 17
Prairie (P) 6707 155 275 47 56 5 9
Subtropical (ST) 5908 431 312 149 82 16 14
Subtropical Regime
Mountains (SRM) 3927 4 16 3 12 0 1
Warm Continental
(WO) 6466 73 20 40 12 1 4
Humid Savanna (S) 20,623 89 45 44 24 5 2

2.2. Meteorological Covariates

Regional averages of gridded weather variables from the University of Idaho gridMET dataset [47]
are used to calculate 12 weather predictors that will provide coarse scale environmental descriptions
during each month between 1984-2015. Of these 12 weather predictors, four are measures of
temperature; six are measures of moisture levels, and two measure wind characteristics. The four
temperature metrics are based on monthly space-time averages of daily average temperature,
which are calculated by dividing the sum of the daily maximum and minimum values by two
(Weiss et al., 2005 [48]). The quantity hereafter referred to as seasonality measures intra-annual
temperature variability by normalizing monthly temperature averages by the mean and standard
deviation of all 360 measurements in the most recent 30 years of data (e.g., 1986-2015). The inter-annual
temperature variability is captured with a quantity referred to as the departure from normal, which
instead normalizes by the mean and standard deviation of 30 measurements in the most recent 30 years
of data that correspond to same month as the raw measurement. The remaining temperature metrics
are the rolling 12-month minimum and maximum temperature, which will record extreme temperature
events that have potential for delayed impacts on wildfire activity. The six moisture level metrics are
average specific humidity and precipitation totals over five time periods (1, 3, 6, 12 and 24-month time
windows). In addition to a simple space-time average of wind speed at 10 m, the maximum daily
space-time average each month was also included as a covariate of the fire occurrence probabilities.
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2.3. Probability Estimation Trees

Two quantities are estimated for each month and region, the probability that at least one LF
(>404 hectares) occurs and the probability that a VLF occurs conditional on the occurrence of at least
one LF. These probabilities are estimated using multi-model averages of a flexible and powerful type
of binary classifier known as a probability estimation tree (PET). PETs use decision-tree structures
to recursively divide the data with binary splits, eventually grouping all the data into mutually
exclusive categories or leaves. With respect to the response, the splits create increasingly homogeneous
clusters of observations, which also occupy an increasingly specific portion of the covariate space.
Within the context of this analysis, we have 12 meteorological predictors available to form these
categories, so that months—in which certain fire events did or did not occur—can be grouped into
categories describing broadly similar environmental conditions. Prediction is performed by using
the relevant covariates to identify the appropriate category, and taking the empirical frequency of
the binary responses in that category as a probability estimate (Provost and Domingos 2000 [49]).
While it is well known that predictions based on individual decision tree algorithms can be highly
variable with significant levels of structural instability (Wang et al., 2016 [50]), these pathologies are
often lessened through the use of model averaging (Provost and Domingos 2000 [49]). To that end,
a suite of 100 PETs are generated for each region and for both probabilities of interest; and we will
hereafter refer to each collection of 100 PETs as a ‘forest’. Each individual PET within a forest is
generated stochastically by applying the C4.5 learning algorithm without pruning (Quinlan 1993 [51];
Provost and Domingos 2000 [49]) to a random sample of the training dataset via the Roughly Balanced
Bootstrapping algorithm (Hido et al., 2009 [52]). The LF forests and the conditional VLF forests are
constructed somewhat differently in that the LF forests sample from all months in the training dataset,
while the VLF forests are based only on samples of months in which at least one LF has occurred. In
other words, the LF forests will discriminate between LF and no-fire months, and the VLF forests will
discriminate between LF and VLF months. Identification of important predictors within each forest
are assessed using two summary statistics: (1) the frequency that a predictor is present in the PETs;
and (2) the frequency that a predictor is used in the first split of the PETs. The former identifies the
frequency with which a given meteorological predictor is used at all within the forest, and the latter
identifies the frequency with which a meteorological predictor is the best determinant of the response
on a randomly generated dataset.

2.4. Multi-Model Very-Large Fire Predictions

The structural uncertainties arising from training PETs to observed meteorological data are
compounded by structural uncertainties arising from the application of these models to long-term
climate forecasts. To improve the quality of the probability estimates and VLF occurrence forecasts,
multi-model averages of fire event probabilities are used to integrate both sources of structural
uncertainty: the choice of the PET and selection of the climate model. The final probability estimates
are assumed to be an average of predictions from all combination pairs of the 100 PETs within each
forest and 13 modeled weather datasets; a total of 1300 individual predictions for each region, month,
and probability of interest. The modeled weather data used to make PET predictions come from the
second version of regional Multivariate Adaptive Constructed Analogs (MACA) [47] dataset that was
trained on gridMET, and downscaled with 13 GCMs: bce-csm1-1-m, BNU-ESM, CanESM2, CCSM4,
CNRM-CMS5, CSIRO-Mk3-6-0, GFDL-ESM2M, HadGEM2-ES365, inmcm4, IPSL-CM5A-MR, MIROCS,
MRI-CGCMS3, NorESM1-M.

The multi-model averages are calculated using both unweighted and weighted approaches. The
unweighted approach assigns equal weight to each individual prediction and assumes that each PET
and climate model is equally credible. The weighted approach assigns unequal weights to predictions
from each pairing of PETs and climate models, to try to bias-correct the multi-model averages and
optimize predictive performance. The final weight applied to each individual prediction is the product
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of two independent components: a climate model weight and a PET weight. For a specified region
and month, we can write the estimated probabilities as,

100 13
PLF = 2 2 ULF,iVjPLF i,
i=1j=1
100 13
PVLF = E 2 WYLF,iOjPVLF,ij-
i=1j=1

Here, u, ; represents the weight applied to the predictions from PET i, vj represents the weight
applied to predictions utilizing climate model j, and p.;; is the prediction obtained from PET i
utilizing climate model j. We estimate the weight components using a fully Bayesian approach that
incorporates fire occurrence and modeled climate forcings from 1984-2005, as well as probabilistic
representations of possible parameter estimates. Via Bayes rule, we know that the posterior of the
model weight components, § = Wip, WyLe, 7, is proportional to the product of the likelihood and
prior probability distributions. The likelihood component represents the probability of observing the
fire occurrence time series, X = X, X yLr, assuming that they were generated from a Bernoulli
process parameterized with our weighted multi-model averages:

Xpps ~ Bernoulli(frry),

Xyrr, ~ Bernoulli(py e X1F,)-

The prior component, p(6), which is a probability density function representing our a priori belief
regarding the parameter values, is defined using independent Dirichlet priors with uninformative
concentration parameters:

7LF1 7VLF/ 7 ~ Dirichlet(?)‘

The posterior was approximated using Just Another Gibbs Sampler (JAGS) software
(Plummer 2003 [41]) and the runjags package in R (R Development Core Team 2008 [53]). An initial set
of 30,000 samples were generated from three parallel Markov Chain Monte Carlo chains using a burn-in
interval of 10,000 steps, adaptive phase of 10,000 steps, and thinning interval of 100. Calculations were
performed on a MacBook Pro (Quanta Computer, Inc, Shanghai, China) with a 2.7 GHz Intel Core i7
processor (Hillsboro, Oregon, USA). Convergence was monitored visually, and also via the calculation
of the potential scale reduction factor, using the range of the central 90th percentile of the marginal
posteriors as a test statistic (Brooks and Gelman 1998 [54]). We assume that the second half of the
chain has approximately converged if the maximum potential scale reduction factor fell below 1.01.
If the chain had not converged, then it was continued in batches of 1000 iterations until the maximum
potential scale reduction factor was less than 1.01 (Gelman and Shirley 2011 [55]). To provide guidance
to future analysts looking to perform similar analyses, an informal computational comparison of
JAGS (Version 4.3.0) and Stan software (Version 2.17.3) was completed, which is described in the
supplementary materials. The final VLF probabilities can then be calculated by averaging both
probabilities of interest—either with point estimate averages of the model weights or using the full
posterior in the weighted approach—and applying Bayes rule (Figure 2). The resulting distribution
of VLF probability time series is then used to estimate the changes in VLF frequency in the future by
finding the difference between the expected number of VLFs in the historical climate (1956-2005), and
the expected number of VLFs in the future (2050-2099) under moderate and severe warming scenarios,
RCP 4.5 and RCP 8.5, respectively.
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Figure 2. Workflow of very-large fire probability calculations. In the prediction phase, probability
estimates are calculated for every combination pair of climate model and probability estimation
tree. The model-averaging phase combines these predictions into probability estimates using either
a weighted or unweighted averages. The final phase uses Bayes rule to calculate the very-large fire
probability as the product of both components from the model-averaging phase.

2.5. Ensemble Assessment

The ability of the multi-model averages to estimate observed VLF frequencies was quantified over
the temporal range of the extant MTBS fire occurrence record at three non-overlapping time periods.
Two of the three time periods correspond to the tuning (1984-2005), training (2006-2015) datasets that
were used to bias correct and fit the initial suite of PETs respectively. Additionally, a testing dataset
independent of the information used to build the multi-model averages was constructed using 2016
MTBS occurrence data. For each time period, a sample of 100,000 probability time series were drawn
from the relevant multi-model average posterior, which were then used to simulate the distribution
of VLF counts predicted during that time period. Note that the 2016 fire data used to independently
validate the multi-model averages represent an updated version of the MTBS data that was unavailable
during the PET training and tuning stages, and that slight differences in the total number of large
(>404 hectares) incidents between 1984-2015 were observed in the two versions. Specifically, the
original MTBS dataset reported 10,295 large incidents between 19842015, while the updated version
reported 10,298 large incidents during that same period.

3. Results

3.1. Important Predictors of Very-Large Fires

The diversity of predictors used in the PETs was high, and the important meteorological variables
varied by region, the summary statistic, and the type of fire probability. Temperature metrics,
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in particular seasonality, are a commonly utilized weather predictor in LF forests, and in 10 of the 16 LF
forests, seasonality is present in 90 or more of the PETs. On the other hand, while temperature metrics
are frequently utilized when constructing PETs, they are not always the optimal splitting criterion.
For instance, in the Savanna, Prairie, and Hot Continental Regime Mountains, precipitation metrics
overwhelmingly replace temperature based metrics as the optimal discriminant of large and no fire
months, and in other regions such as the Subtropical and Hot Continental Division, this designation is
highly uncertain.

The importance of temperature metrics also varied by the type of fire probability considered, with
temperature metrics more commonly identified as the optimal split criterion in LF forests compared to
VLEF forests. This sensitivity of PET structure to the type of fire probability could also arise in other
ways. For example, in the Hot Continental Regime Mountains, the LF forest overwhelmingly relies
on precipitation metrics for prediction, while the corresponding VLF forest utilizes no predictors
and reports a constant conditional VLF probability. Similarly, in the Tropical/Subtropical Regime
Mountains and Prairie divisions, conditional VLF forests tended to identify wind metrics as the optimal
split criterion much more frequently than in the LF forests. Additionally, PET complexity tended to
be lower in VLF forests than in the LF forests. The average number of variables used per PET, size,
and the number of leaves were inflated in the latter, and weather invariant null models were only ever
observed in the VLF forests. The variability in the optimal splitting criterion was also higher in the
VLEF forests, suggesting a relative lack of certainty regarding the optimal discriminant in conditional
VLF probabilities compared to LF probabilities. Weighting did not appear to drastically influence the
relative contribution of the weather predictors within each forest (Figure 3).
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Figure 3. Summary statistics of each forest of probability estimation trees. The top panels show the
percentage of probability estimation trees (PETs) in each forest that uses a particular weather predictor
for at least one split. The bottom panels show the percentage of PETs for which a weather predictor is

selected as the optimal splitting criterion. The relative contribution of each first-split variable under the

unweighted (left) and weighted (right) averaging methods are displayed side-by-side.
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3.2. Climate Change and Very-Large Fire Occurrence

In most divisions, the expected number of VLFs is predicted to increase in 2050-2099 compared
to 1956-2005. The Marine Regime Mountains Redwood Forest division is predicted to have the
largest absolute increase with about 13 additional fires per decade under the RCP 4.5 scenario and
about 18 additional fires per decade under the RCP 8.5 scenario. For most of the regions under
consideration, the average predicted increase ranges from near-zero to several additional VLF per
decade relative to historical predictions. In some regions, like Mediterranean and Savanna divisions,
the multi-model average predicts slight decreases in VLF activity. The largest absolute decrease
occurred in Mediterranean California, which is predicted to have about one less VLF per decade
relative to historical predictions under both RCP scenarios. In general, increases in VLF frequency are
more severe under the RCP 8.5 scenario than under the RCP 4.5 scenario, although the sensitivity to
RCP scenario varies by division (Figure 4). The largest absolute difference in average VLFs per decade
between the RCP 8.5 and RCP 4.5 scenarios was in the Marine Regime Redwood Forest division,
which had about 5 additional VLFs in the RCP 8.5 scenario. Although the Hot Continental Regime
Mountains predicts a larger VLF count per decade under the RCP 4.5 scenario than the RCP 8.5, the
difference is negligibly small. The median difference between the RCP 8.5 and RCP 4.5 scenario across
the 16 ecoregions was 0.9 additional VLFs per decade under the RCP 8.5 scenario.
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Figure 4. Kernel density estimates of the posterior and mean of the number of additional very-large
fires per year relative to the 19562005 reference period per year by ecoregion under the representative
concentration pathway (RCP) 4.5 (blue) and RCP 8.5 (red) scenarios arranged by magnitude of change.
The excess very-large fire frequency is calculated by randomly sampling (1 = 10°) from the posterior
of historical (1956-2005) and future (2050-2099) multi-model averages and calculating the difference.

Future changes in VLF frequency may or may not be uniformly distributed throughout the year.
The largest absolute monthly changes in VLF frequency are observed in the Marine Regime Mountain
Redwood Forest division during the summer months, while the shoulder months are not predicted to
drastically differ from present day VLF frequency. In contrast to the predictions in the Marine Regime
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Mountain Redwood Forest division, semi-uniform changes in VLF frequency are also predicted in
some regions. For instance, the Subtropical division is predicted to have about 6-8 additional VLF
events during the last half of the 21st century relative to the 1956-2005 reference period, but shows no
strong preference as to what month these events will occur. For nearly all regions and months, VLF
frequency is predicted to increase or show no change compared to historical reference conditions, with
the Prairie division being an example of the former and the Hot Continental Regime Mountains the
latter. The Mediterranean division is an exception to this pattern, as reductions in future very-large fire
frequency are predicted from October to May (Figure 5).
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Figure 5. Predicted intra-annual changes in very-large fire frequency across sixteen biogeographical
regions within the Continental United States under the RCP 4.5 (blue) and RCP 8.5 (red). The central
90th percentile and mean of the excess very-large fires are based on 1,000,000 random samples of the
posterior multi-model average very-large fire probabilities from the historical (1956-2005) and future
(2050-2099) scenarios.

The changes in overall VLF frequency are predicted to be a result of changes in both model
components: the LF and conditional VLF occurrence probabilities. For divisions like Marine Regime
Mountains Redwood Forest, both probabilities increase, implying that the LF months will become
increasingly frequent and a larger proportion of the months classified as LF will become VLF
months. Other divisions showed increases in only one of the model components. In the Temperate
Steppe Regime Mountain division, only conditional VLF probabilities are predicted to increase,
and in the Tropical/Subtropical Steppe division, only LF probabilities are anticipated to increase.
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Significant decreases in the model components are only predicted in the Mediterranean and Tropical
Subtropical Regime Mountains divisions, which respectively have decreases in the conditional VLF
and LF probability components in 2050-2099 compared to 1956-2005 climate model forcings. The
Mediterranean LF probability components are predicted to increase, while the conditional VLF
probability component is expected to remain the same in the Tropical Subtropical Regime Mountains
division. In general, the changes in model components are greater in the RCP 8.5 scenario compared
to the RCP 4.5 scenario, although the differences between the two future scenarios were nearly
imperceptible in some regions (Figure 6).
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Figure 6. Simulated change in monthly multi-model large-fire and conditional very-large fire
probability estimates across biogeographical divisions of the continental United States. The point cloud
is a sample of 100,000 differences in average posterior probability components under the historical
(1956-2005) and future scenarios (2050-2099); with the RCP 8.5 scenario colored red and RCP 4.5
colored blue. The solid black lines represent the central 90th percentile and the dashed lines are
horizontal and vertical lines passing through the origin.

3.3. Ensemble Assessment

The proportion of simulated VLF counts equal to or below the observed values varied by region
and time period, and the frequency with which this quantity fell within the central 95th percentile
of the simulated VLF counts informs us of the overall quality of the multi-model average forecasts.
Using this performance metric, the highest ensemble quality occurs in regions where the central 95th
percentile of simulated VLF counts covers the observed VLF counts in all three time periods, which
was observed in the Marine Regime Mountains Redwood Forest, Prairie, Hot Continental, Temperate
Desert Regime Mountains, and Savanna divisions. In as many regions, this quantity fell in the central
95th percentile for the testing and tuning time periods only, or in the testing and training time periods
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only. This was observed in the Temperate Steppe Regime Mountains, Temperate Steppe, Temperate
Desert, Mediterranean Regime Mountains, and Tropical/Subtropical Steppe divisions. Predictive
performance was occasionally poor in the tuning and training time periods, but good during the
testing time period, as was observed in the Warm Continental, Subtropical, and Tropical/Subtropical
Desert divisions. In the Mediterranean division, the ensembles performed well on the tuning and
training time periods, but showed poor performance when predicting data they were not already
optimized on. The lowest model quality was seen in the Tropical /Subtropical Regime Mountains,
where observed VLF counts were covered by the central 95th percentile in the tuning time period only,
and in the Hot Continental Regime Mountains, where the central 95th percentile of the simulated VLF
counts never covered the observed quantity.
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Figure 7. Simulated and actual very-large fire month counts for each region and three time periods:
1984-2005, 2006-2015, and 2016. A sample of 100,000 simulated very-large fire (VLF) counts are
produced under historical (grey), RCP 4.5 (blue), and RCP 8.5 (red) scenarios by randomly selecting a
VLF probability time series from the posterior and randomly generating a VLF occurrence time series.
The observed VLF counts are represented with arrows.

Consistent underestimation, where the observed VLF count was equal to or greater than the
median simulated VLF count in all three time periods, was reported in nine of the sixteen regions
considered. The magnitude of these underestimates ranged from very minor, as in the Temperate
Desert, to quite severe, as in the Hot Continental Regime Mountains. Consistent overestimates were
much less frequently observed, with only the Marine Regime Mountains Redwood Forest and Warm
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Continental divisions reporting observed VLF counts equal to or less than the median simulated
VLEF counts in every time period. Five regions had VLF counts that were located to the left or
right of the median depending on the time period considered. The Temperate Steppe, Prairie, and
Tropical/Subtropical Steppe divisions simulations tended to underestimate the true VLF counts, while
the opposite was observed in Temperate Steppe Regime Mountains and Hot Continental divisions.

The simulated distributions did not appear to be strongly sensitive to the choice of RCP scenario
during the temporal extent of the training (2006-2015) and testing (2016) time periods, as there are
only slight differences between them during those times (Figure 7).

4. Discussion

4.1. Important Predictors of Very-Large Fires

Wildfire events are associated with a number of factors (Flannigan et al., 2009 [28]) that may vary in
space (Stavros et al., 2014 [56], Barbero et al., 2015 [57], Arpaci et al., 2013 [58], Flannigan et al., 2006 [59]),
and may reveal themselves only under certain conditions (Slocum et al., 2010 [60], Krueger et al.,
2015 [61]); it should not then be unexpected that model variability can often be high. Attempts
to identify any single factor as most closely associated with VLFs are frustrated by the complex
behavior of wildfires, competition among models, data limitations, and diversity of performance
criterion. Despite the ubiquity of structural and other uncertainties, the relative importance of various
coarse scale meteorological factors to specific wildfire activities could be gauged by observing the
frequency with which they were utilized to make predictions. In some cases, a meteorological variable
could, with high confidence, be readily identified as important to predicting VLFs in a particular
region. In the Temperate Desert division, seasonality was frequently utilized in PETs for both wildfire
probabilities, and was also often identified as the optimal splitting criterion. More typically, however,
some level of structural uncertainty was present and identifying a best predictor was not always as
obvious. In the Subtropical division, LF forest, temperature and precipitation based variables were
identified as the optimal splitting criterion with nearly equal frequency. In the Mediterranean Regime
Mountains division, seasonality was frequently the optimal splitting criterion in the LF forest, but
it was much less common in the VLF forest. Moreover, in the Mediterranean division, wind-based
metrics were frequently utilized in LF forests in the Mediterranean forest, but not as a first-split in the
PETs. Model variability could be particularly high in the LF forests in the Eastern Continental United
States. Precipitation based variables were overwhelmingly preferred in extreme southern Florida
and in the Appalachians, but wind based variables were preferred in the Hot Continental division;
Temperature was slightly preferred in the Warm Continental division, and as already mentioned, the
Subtropical region showed no strong preference with regard splitting criterion. Although some regions
showed preferences for certain weather variables, model variability was fairly high in the VLF forests.

Although these structural uncertainties are sometimes obstacles to identifying important
meteorological relationships with VLFs, they are also critical to understanding the true level of
confidence we have in observed correlations and safeguard against overconfident conclusions. While
clearly notable levels of model variability could be encountered across multiple factors, robust
patterns and trends could still be inferred. For instance, we note that, in most of the West, with
the exception of the Great Plains and the Tropical /Subtropical portions of the Southwest, temperature
based metrics were often the best predictor of LFs and were commonly used in LF forests. In the
remaining Western areas, temperature metrics were less useful and instead precipitation metrics were
selected as the optimal splitting criterion. This apparent preference for precipitation based metrics
over temperature based ones in these regions may be related to the characteristics of fuel-limited
versus climate-limited fire regimes (Meyn et al., 2007 [32]), or due to a relative inability of seasonal
temperature fluctuations to match wildfire activity compared to precipitation. The relative popularity
of wind-based variables in very-large forests compared to very-large forests is also interesting, as wind
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has been reported to have variable influence on wildfire activity depending on fire size and geographic
location (Slocum et al., 2010 [60]).

4.2. Climate Change and Very-Large Fire Occurrence

For both RCP scenarios and nearly all divisions, complex changes to wildfire activity are predicted
that will result in an overall increase in the frequency of VLFs, which is largely consistent with many
other projections (Flannigan et al., 2009 [28], Barbero et al., 2015 [21] ). While overall increases in the
frequency of these events are predicted using robust methods, the exact nature of these changes remain
unclear. It is not certain, for instance, if the range of fire sizes will remain largely static in the future and
only frequency of exceptionally large events will increase; or if the size distribution will shift, so that
burn areas exceed historic records. These distinctions are important because the relative costs of these
two competing possibilities are likely to vary across decision makers. The Mediterranean division was
somewhat of an exception to the overall reported increases in VLF activity. Westerling et al. (2011 [26])
project either no change or modest increases in LF activity in much of lowland California, and large
increases in mid- and high-elevation locations, which at first seems inconsistent with the predicted
decrease in VLF activity, although there are a few explanations. Firstly, by considering a larger number
of climate models and predictive models, the range of results in this analysis will be inherently more
variable, and marginal results seen in other studies could emerge as significant when these structural
uncertainties are incorporated. Secondly, as shown in this study, the environmental drivers of large
and conditional VLF probabilities can vary, and differences regarding the definition of LF can result
in variability amongst methodologies (Slocum et al., 2010 [60]). Thirdly, differences between the
covariates considered and model structure are likely to alter the predictions across analyses. For
instance, anthropogenic and vegetation effects on wildfire activity were omitted in this study, but are
known to be an important influence of wildfire activity in California (Syphard et al., 2007 [62]) and
elsewhere (Syphard et al., 2017 [63]).

The months in which VLF activity was historically highest may not necessarily apply in the
second half of the 21st century, and noticeable changes in intra-annual patterns, usually increases,
of VLF activity were predicted in most scenarios and regions. Some regions, like Temperature Desert
Regime Mountains and Marine Regime Mountains Redwood Forests, are predicted to have increases
in VLF frequency only during a limited portion of the year, while others, like the Subtropical division,
are predicted to have a relatively uniform increase in VLF frequency throughout the year. Given that
simultaneous increases in VLF probabilities are anticipated in multiple independent regions, it is likely
that VLF activity will change in ways that will increase resource strain. Indeed, the results of this
study suggest that, depending on the emission scenario, between 12-13 regions will have future VLF
frequencies that exceed the historical record, and that intra-annual increases in VLF occurrence are
often predicted during the same time of year in spatially distinct regions.

In addition to changes to intra-annual patterns of overall VLF frequency, it is important to
acknowledge that the overall increases in VLF frequency are the product of two processes: changes in
LF and conditional VLF probabilities. Any increase in VLF frequency is then the result of one of three
scenarios: an increase in both probabilities, and increase in LF frequency only, or an increase in the
frequency that LFs become VLFs. These specific changes in model components may be of particular
relevance to firefighting, public health professionals, and other decision-makers who will—due to
differences in the impacts of the events—react to no-fire, LF, and VLF months differently and require
guidance regarding the characteristics of the novel future wildfire regimes. Reducing the uncertainty as
to which emission scenario the future will resemble should also be a priority for decision-makers and
researchers, as the predicted changes tend to be more exaggerated under the RCP 8.5 scenario compared
to the RCP 4.5, which should influence adaptation and mitigation efforts of future wildfire impacts.

205



Climate 2018, 6, 100

4.3. Caveats and Future Work

While the simultaneous acknowledgement of structural uncertainties in the climate models
and PETs represents an interesting approach, there are still a number of uncertainties that were not
addressed in this climate impact analysis. The limited availability of reliable and consistently recorded
(e.g., satellite-based) measurements of wildfire activity (Taylor et al., 2013 [64]) and the inherent rarity
of VLF events remain significant obstacles to validating predictions and estimating underlying model
structures. The validation results should be considered as the current state of knowledge regarding
the ensemble’s predictive ability, and may change when more data becomes available in the future.
If inter-annual variability in wildfire activity is high, then the validation results used in this study may
be based on particularly predictable or unpredictable fire years, and therefore not be representative of
the actual performance. Longer duration datasets would be preferred, and thirty year climatologies
are often considered ideal (Arguez and Vose 2011 [65]), but the entire range of available burn area
data only extends 33 years and it is unlikely that longer time scale meteorological associations with
VLF activity will be accurately captured with the relative brevity of data (Westerling and Swetnam
2003 [66], Marlon et al., 2012 [67]). Moreover, if recent increases in VLF activity are indicative of a
sudden a shift into overall wildfire patterns unlike what has been observed in the past, then forecasting
future activities based on historical relationships could be inadequate. For instance, the two events
occurring in the Hot Continental Regime Mountains in 2016 were quite unusual in historical terms, as
only four VLF months were reported from 19842005, and only one VLF was reported from 2006-2015.

Data limitations may also be qualitative, and many of the remaining important structural
uncertainties are due to unconsidered covariates, like vegetation changes, suppression effort, and
population growth, that were not modeled due to data inavailability, practical considerations,
and challenges related to predicting these quantities in the future. While the PETs used in
this study produced a diverse suite of predictive models and are known to be highly unstable
(Wang et al., 2016 [50]), there are many other lingering sources of structural uncertainty that could still
be incorporated. For instance, generalized linear models could be used instead, which take a number
of mathematical structures depending on the choice of link and response functions (Clyde 2003 [68]).
Similarly, various data transformations could be used to generate competing models of the wildfire
activities. Alternative models could be constructed that condense the two model components into
VLF occurrence probabilities only, so that the event space of each month is purely binary. Instead of
biogeographical classification of regions, the Continental United States could be partitioned using
administrative or other boundaries to generate VLF predictions relevant to specific stakeholders.
Hence, clearly a broad variety of other structural uncertainties still exist that could potentially influence
predictions of future VLF frequency in the second half of the century.

It is important to understand that the VLF probabilities do not inform us as to what will actually
happen, but rather communicates the degree of uncertainty about future outcomes conditional on
carbon emission scenarios. For this reason, some tolerance to deviations between observed and
expected VLF frequencies should be considered, as should the fact that the predictions were based
on modeled climate data as opposed to direct observations. Still, in many regions, the ensemble
performance was relatively adequate and the simulated distribution of fire counts covered the
observations. Moreover, when deviations occurred, they tended to underestimate the future VLF
counts. Hence, the overall claim that VLF counts will increase in the future under climate change is
supported by the results of this study, as well as through the work of others (Stavros et al., 2014 [56],
Barbero et al., 2015 [21]). Stochastic uncertainty will be critical when explicitly linking changes
to VLF occurrence to human activities and for assessing the future levels of VLF simultaneity
(Tedim et al., 2018 [69]) and is a factor that would be well addressed using the methods described
here, but is beyond the scope of this paper. The inherent stochasticity of the PET construction process
suggests that repeated applications of this methodology in the future may yield slight variations to the
results presented here.
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Interestingly, a standard factor analysis revealed that more than 86 percent of the variability
in predicted probabilities could be attributed to variance amongst the PETs rather than variance
amongst the climate models, and while the PETs are an inherently unstable choice of predictive
model, this suggests that structural uncertainties should receive the attention of climate impact
researchers in much the same way that the choice of climate model does. Further exploration of these
structural uncertainties in climate impact analyses cannot be recommended enough in future analyses,
as they inform not only of future impacts, but the reliability of these predictions, which can influence
decision-maker behaviors in a variety of ways (Weber and Johnson 2009 [70]).

5. Conclusions

While the key conclusion from this research was that fires that were historically considered
very-large and rare are likely to become increasingly frequent in most regions of the Continental
United States at the end of the 21st century, there are also a number of other complexities in future
wildfire activity that may be of further relevance to researchers and decision-makers. For instance,
although temperature based metrics were often important for prediction, this analysis also found
that the identification of important predictors could be highly uncertain across a number of factors,
which should be ignored at one’s peril. Moreover, even using the relatively simple probabilistic
models we developed, rich details regarding future wildfire activities were constructed that reasonably
matched observed fire frequencies and were dynamic in terms of intra-annual trends, fire frequency,
simultaneous fire occurrence, and the readiness with which LFs become VLFs. Although overall
increases are predicted, we also observed exceptions and regional variability. In the Northwestern
United States, VLF frequencies were predicted to increase, with nearly two additional events per year,
and increases close to one additional VLF per year were fairly commonly throughout much of the
Continental United States as well. In rare instances, the potential for decreases in VLF activity was also
reported, most surprisingly in Mediterranean California.

The cumulative impact of these changes are anticipated to affect decision-makers in various ways
and the techniques described here have a number of benefits for addressing their needs. For instance,
the presented Bayesian model averaging techniques avoids many of the risks of traditional model
selection techniques that are especially dangerous when predicting complex phenomena such as
wildfire. Moreover, this method simultaneously provides a natural method of calculating important
event probabilities that are critical to informed decision-making. While uncertainty in climate models
is well understood amongst climate impact researchers, these results highlight the hidden sources
of structural uncertainty, and encourage the use of Bayesian model averaging to reconcile them into
robust forecasts of future wildfire and other impacts resulting from climate change.
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Abstract: An objective definition of climatologically homogeneous areas in the southern Balkans
is attempted with the use of daily 0.25° x 0.25° ERA5 meteorological data of air temperature, dew
point, zonal and meridional wind components, Convective Available Potential Energy, Convective
Inhibition, and total cloud cover. The classification of the various grid points into climatologically
homogeneous areas is carried out by applying Principal Component Analysis and K-means Cluster
Analysis on the mean spatial anomaly patterns of the above parameters for the 10-year period of 2008
to 2017. According to the results, 12 climatologically homogenous areas are found. From these areas,
eight are mainly over the sea and four are mainly over the land. The mean intra-annual variations
of the spatial anomalies of the above parameters reveal the main climatic characteristics of these
areas for the above period. These characteristics refer, for example, to how much warmer or cloudy
the climate of a specific area is in a specific season relatively to the rest of the geographical domain.
The continentality, the latitude, the altitude, the orientation, and the seasonal variability of the thermal
and dynamic factors affecting the Mediterranean region are responsible for the climate characteristics
of the 12 areas and the differences among them.

Keywords: Mediterranean climate; cluster analysis; objective classification; ERA5

1. Introduction

The Mediterranean Sea is located in a transitional climatic area between Europe, Africa, and Asia
and its climate is widely known as “the Mediterranean climate”. The Mediterranean climate is generally
characterized by considerable seasonal variations in almost all climatic parameters, for example
air temperature, cloudiness, precipitation, lightning activity, etc. [1-5]. Although these seasonal
variations appear over the whole Mediterranean region, they present significant differences among
the various subregions. These differences are connected to various atmospheric and geographical
factors. The position and the variability of the large-scale atmospheric circulation systems (e.g., the
subtropical anticyclone of the North Atlantic and the south Asian summer low) and the global
atmospheric oscillations affecting the region are dominant atmospheric circulation factors connected
to the significant spatial variability of climate within the Mediterranean region [6-8]. The North
Atlantic Oscillation (NAO), which refers to the sea level pressure seesaw between the Icelandic low
and the subtropical anticyclone of the North Atlantic, affects the atmospheric conditions over most
of the Mediterranean region. Specifically, positive/negative values of the NAO index are generally
connected to below /above normal cyclonic activity and precipitation over the Mediterranean [9,10].
The Arctic Oscillation (AO) is connected to the variation of the intensity of the polar low. Positive
values of the AO index are generally associated with anticyclonic conditions and dryness over the
Mediterranean, while negative AO index values are connected to the transfer of cold masses towards
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the south and the prevalence of cyclonic activity and above normal precipitation over the same
region [11,12]. The North Sea-Caspian Pattern (NCP) is a pressure seesaw between the North Sea
and the Caspian Sea. A positive phase of NCP is accompanied by northeasterly flow over a part of
the Eastern Mediterranean (Balkans and Western Turkey), while a negative phase is accompanied
by southwesterly flow over the same regions [13,14]. Furthermore, the spatial variability of climate
characteristics is enhanced by the complicated geographical features of the region (coastline, relief,
land—sea alteration), which affect significantly most of the climatic parameters including temperature,
cloudiness, precipitation, and wind. For example, the windward or leeward character of a specific
region, as well as its distance from the sea, plays an important role on its cloudiness and precipitation
regimes. These regimes are strongly affected by the associated atmospheric humidity and static stability
levels and the frequent prevalence of adiabatic sink (warming) or rise (cooling) [3,15]. Considering
the above atmospheric and geographical features of the Mediterranean region and the associated
high spatial variability of its climate, climatological studies, which can be carried out with the use of
high-resolution meteorological data, would lead to interesting results referring to the detailed spatial
characteristics of the Mediterranean climate. This is further supported by the fact that the future
climatic changes, as they are forecasted by the climatic models, are also expected to be characterized
by high spatial variability over the same region [16,17].

The climate of the Balkans, a Mediterranean subregion of great climatological interest, has been
extensively studied by means of the spatial regimes of specific climatic parameters [18,19] and their
connection to specific atmospheric circulation modes [20]. The impacts of the acting teleconnections,
global warming, and local surface warming (land-atmosphere interactions) reveal high spatial
complexity over the region. Most studies involve station meteorological data and/or Reanalysis
data of spatial resolution up to 1° x 1°. Moreover, an attempt for a climate regionalization of the
Balkan Peninsula has been made with the application of Cluster Analysis on station sea level pressure
data over the region [21]. Nowadays, the recently introduced ERA5 high resolution meteorological data
set [22] provides the scientific community with an extra useful tool for studying the spatial variability
of climate over a region with relatively complex relief. The southern Balkans is such a region and the
present study aims at examining this variability by defining climatologically homogeneous subregions
within it, i.e., subregions with characteristic seasonal variations of the main climatic parameters. This is
achieved with the application of a multivariate statistical scheme including Principal Component
Analysis and Cluster Analysis on the high-resolution ERA5 meteorological data set. The temporal
availability of the data set is at the moment restricted to the recent 10-year period of 2008 to 2017.
Although this period is relatively short, not being sufficient for the full establishment of the statistical
parameters connected to the climate of the region, the general characteristics of the spatial variability of
climate, especially those that are significantly influenced by the complicated relief, can be highlighted
by means of the high spatial resolution and the reliability of the recently introduced data set.

2. Materials and Methods

The data used in the present study are daily (0OUTC and 12UTC) 0.25° x 0.25° grid point values of
air temperature (AT), dew point temperature (DP), zonal (ZW) and meridional (MW) wind components,
Convective Available Potential Energy (CAPE), Convective Inhibition (CIN), and total cloud cover
(TCC) for the southern Balkans area (19°-29° E, 34°-42° N) (Figure 1) for the 10-year period of 2008
to 2017, obtained from the ERA5 Reanalysis data set [22]. The selection of the above parameters has
been made taking into account that their values over the examined area are directly connected to the
climate of the region, by either determining its main characteristics (AT, DP, ZW, MW, and TCC) or
being responsible for the in situ extreme precipitation events related to thunderstorms (CAPE and
CIN). This is not the case for other parameters for example sea level pressure or geopotential height,
which affect the climate characteristics of the region indirectly and remotely and have to be examined
over a broader area. Also, the data corresponds to 00UTC and 12UTC hours in order to involve both
midnight and midday atmospheric conditions, which are generally different especially during the
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warm period of the year, mainly because of the intense daytime land warming and the development
of small-scale circulations (e.g., see breezes). ERA5 is a recently introduced ECWF data set, which
provides hourly values of many atmospheric, land, and oceanic parameters at a horizontal resolution
of 31 km on 137 levels from the surface up to 0.01 hPa (~80 km above the earth’s surface). It combines
large quantities of historical observations into global estimates with the use of advanced modeling
and data assimilation procedures [22]. For each of the above parameters (AT, DP, ZW, MW, CAPE,
CIN, and TCC) and time (00UTC and 12UTC), the 2008-2017 long-term mean spatial anomaly patterns
are calculated for each of the 365 calendar days of the year. The spatial anomaly pattern of a specific
parameter for a specific calendar day is calculated by subtracting the spatial average from the value
of each grid point. Thus, a matrix containing all the long-term mean spatial anomaly patterns of the
above parameters at 00UTC and 12UTC for the 365 calendar days of the year is constructed. Each
column of the matrix corresponds to a specific parameter, a specific hour (0OUTCor 12UTC) and a
specific calendar date of the year, while each line corresponds to a specific grid point of the study area.
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Figure 1. The geographical domain used.

Principal Component Analysis (PCA), with varimax rotation, is applied on the above matrix as a
dimensionality reduction tool. PCA is a multivariate statistical method which projects a set of possibly
correlated variables onto a set of uncorrelated variables, which are called principal components. Only
the statistically significant components are used for the next step and their number is indicated by the
SCREE plot and the physical hypostasis of the results [23,24]. Next, K-Means Cluster Analysis (CA)
is applied on the time series of the standardized significant principal components in order to group
grid points, and thus to define the areas with homogenous climate characteristics regarding the spatial
anomalies of specific climatic parameters during specific sub-periods of the year. CA is a statistical
method that classifies cases of a set of variables into objectively defined distinct and homogeneous
clusters. The squared Euclidean distance is selected to be the measure of similarity, while the k-means
technique succeeds in the continuous rearrangement of the cases in new clusters optimizing the final
classification [25-27]. The optimum number of clusters is indicated by the distortion test [28]. For the
grid points classified into each of the clusters, the mean intra-annual variations of all the climatic
parameters are constructed. These intra-annual variations are smoothed by averaging the daily values
over each of the 73 (365/5) 5-day periods of the year. In this way the main climate characteristics of
the objectively defined areas regarding the magnitude of each climatic parameter, relatively to the
spatial average, during the year, are revealed. The methodology scheme, which is followed in the
present study and is described in the above paragraphs, is presented in Figure 2. Finally, a comparison
between the ERA5 and ERA-Interim data sets is carried out for the common period of 2008 to 2017.
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This comparison involves air temperature and total cloud cover, parameters which are connected to
the most significant climate characteristics, and it is performed separately for the land and the sea
areas. For this purpose, daily values of ERA-Interim 1° x 1° grid point data of air temperature and
total cloud cover are also used [29].

365 days 365 days 365 days
11,21, .., 3112 1/1,2/1, ..., 31/12 1/1,2/1, ..., 31/12 PC, PC,, .., PCq
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Figure 2. The methodology scheme used in the present study.
3. Results

The application of PCA leads to six PCs accounting for 74% of the total variance and the application
of CA leads to 12 clusters (Figure 2). The 12 clusters correspond to specific geographical areas, which
are presented in Figure 3. Each area is characterized by specific seasonal variations of the climatic
parameters’ spatial anomalies, which are presented in Figures 4-9. The main climatic characteristics of
each cluster (subregion) are presented in the following paragraphs.

-9 TAMMAMAMANAN T FAMAMAMAMANANANANAAANANAN A AT AL 222
9 O TAMAANANANANAA T AR T T ANAAMAAANANANANANAAANAN T 1 T AT 11 AN 22 2
9 9 OANAMAAANANANAAN T 1 1 1 1 T AMAMAMMANAANN T 1 ] TAUNIANLT 1 222 219
999 TAMAMNT 11 1T TANNLT TAMAAAT T 117 TANMWIAUNNALL 222
9 A0 T AN T 1 AN T AL ANNANIAUNIAL L 2D 2L 2
9 9A0T T AV T | AMTAM A AT IANANLL 227222 1
9911 TAMAMNTT 1AM AN U 2PALD. -9l L L L
999 1 1AMAMAANT 4 ] 11 223 AT 1Tt 111 1
99 B A e s
999991 TAMNTAUNANIL 2272096001111 1111
99 99 9 9 T AMNMMMIAINNINL 2722222929220 1T 1111111
99999901 TAMTANANNANIL 20622227299 A0 SAOAOAONOT 1 1 1 1
999099099411 ] TANANLLL L 22729909 %D SA0A0\0A0A0A0A0 ]
9999990 OA2T 1] 1T IANNNLLTL 2222909 D0 D SA0A0A0A0A0A0A0A0AD
999999959800 ] TANNNUIANLL 222 D O 29D S A0A0A0A0ABA0A0A0AD
999 9290 9 IAMLEALIANINUAUNIAIALY 2 © 9 © D 4P 37 ATA0ACA0A0ARABA0A0AD
a¥ r\(\r\‘\(\.‘(\\(\ 1\"7/"7”‘7"7A0’71'L(’1’1%%%% 2 Q (\(\A\(\A\(\’\A(\.(\mﬂ
AAADO OGO OGADT 11 TAAALY 3722222 0 9 9 % 2 0215 A040A0ABA0A0A0AD
AAAAAADQ Q0NN TANMNIALSE 3D 2229 099 F 0B 9 ©A040A0ARA0A0A0AD
AAAAAAANDGOOAART 1422233220000 0 %22 2 2 5A0N0ADA0A040
AAAALAAAADQQNY 232333222900 2%9209895%5 DA0A0A00
AAAAAAAAAQDDAIFBIALD DD D D22 D900 D DD 08D 055556 5A0D
AAAAAAAAAAADDRBIRDBD3DBBDIBAALANDAMANDSGHOS
AAAAAAAAAAAALADD23B333D3333AMAAAANLADOEHSG
\ \ AAA R R R B R e B o o e
AAAAAAAAAAAAADD32333 D333 3AMMMAMAAANDDDDD
AAALAAANAAAA \3%%%\%?F%B\IBAAA AAMNAAANDDSD
AAAANAAAAANAAAAND DD IARDTARANANLD A & & & & A A A ADSH
AAAAAAAAAAAAADDD3333DFAMMNET DA AAAAAAAANDS S
AAAAAAAAAAAAADD233333333332DAMMMAAMMAAND
AAAAAAAAAAAAADDD333D333333D5 D0 AMNMALLADL
AAAAAAAAAAAAADD3333D333333D5D33AANANANNA
A—RIR A 4o aa0a0 g8 a0aa000 X80 s s s RE AN

Figure 3. The spatial distribution of the 12 clusters.
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Figure 4. Mean intra-annual variations of the spatial anomalies of the meteorological parameters for the
areas of clusters 1 and 2. Continuous and dashed lines correspond to 12UTC and 00UTC respectively.

217



Climate 2018, 6, 96

Cluster 3 - Air temperature

Cluster 3 - Dew point temperature

Cluster 3 - Zonal wind (u)

JJFMAMIJ JASONTD

3 3 3
2 2 2
1 e e 1 e 1 i o
0 i 0 0
-1 -1 -1
2 2 2
3 3 3
FMAMIJ JASOND JFMAMIJ J ASOND JFMAMIJ J ASOND
Cluster 3 - Meridional wind (v) Cluster 3 - CAPE Cluster3 - CIN
3 3
2 2
1 1 R
0 ks : 2V 0 e A A
A 1 1
2 2 2
3 3 3
FMAMIJ J ASOND JJFMAMIJ J ASOND JJFMAMIJ J ASOND
Cluster 3 - Total cloud cover
3
2
1
0
2
3
J FMAMIJ J ASOND
Cluster 4 - Air temperature Cluster 4 - Dew point temperature Cluster 4 - Zonal wind (u)
3 3 3
2 2 2
1 1 RIS 1 NAAAL [
0 i~ il 0 0
K] Pt 1 1
2 2 2
3 3 3
FMAMIJ J ASONTD J FMAMIJ J ASOND J FMAMIJ J ASOND
Cluster 4 - Meridional wind (v) Cluster 4 - CAPE Cluster 4 - CIN
3
2
1
oA 0 : -
b \N“f 1
2 2
-3 -3 -3
FMAMIJ J ASONTD JJFMAMIJ J A S OND JJFMAMIJ J ASOND
Cluster 4 - Total cloud cover
3
2
1
0 o
. DM AA a2 b J
-2
-3

Figure 5. As in Figure 4, but for clusters 3 and 4.
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Figure 6. As in Figure 4, but for clusters 5 and 6.
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Figure 7. As in Figure 4, but for clusters 7 and 8.
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Figure 8. As in Figure 4, but for clusters 9 and 10.
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Figure 9. As in Figure 4, but for clusters 11 and 12.

Cluster 1 comprises the grid points of the southern Ionian Sea (Figure 3). The intra-annual
variations of the anomalies of the climatic parameters in this area are presented in Figure 4. It is
seen that 12UTC air temperature over the southern Ionian is higher than the spatial average from

222




Climate 2018, 6, 96

the middle of September to the middle of April by one standard deviation, while it is lower than the
spatial average by half standard deviation during the rest of the year. This is not valid for 00UTC air
temperature which is equally higher than the spatial average during the whole year. These seasonal
variations of temperature anomalies are due to the fact that at night sea-surface is generally warmer
than land during the whole year, while during daytime this is valid only for the cold period as for the
warm period the high insolation leads to intense land warming and highest temperature anomalies
over the land. For the rest of the parameters, there is not any notable difference between 00UTC
and 12UTC intra-annual variations, except for cloud cover, which presents a small difference in
summer. Dew point is about one standard deviation above the spatial average during the whole year.
The zonal wind component is higher than the spatial average during almost the whole year with
highest values in winter, while the meridional wind component is highest during late autumn. Both
wind seasonal variations are in agreement with the high frequency of southwesterly winds associated
with the passages of Mediterranean depressions during late autumn and winter. CAPE and CIN
spatial anomalies are highest in summer and early autumn when they are approximately one standard
deviation higher than the spatial average. This agrees with the findings of Lolis [30] for the spatial
distribution of CAPE in the Mediterranean region. Finally, total cloud cover is generally lower than
the spatial average during the whole year except autumn, while for late spring and summer 12UTC
anomalies are considerably lower than 00UTC anomalies. The low cloud cover values relatively to the
spatial average during late spring and summer are due to the convective cloud development over the
land during the same period [1].

Cluster 2 contains a relatively narrow geographical zone mainly covered by the sea, which is
extended from the western central Aegean to the Marmara Sea and the Black Sea, while it includes also
a part of Eastern Thrace (Figure 3). According to the intra-annual variations of the anomalies (Figure 4),
it appears that the nighttime temperature is near the spatial average during the whole year, while
the daytime temperature is below the spatial average. The prevalence of low daytime temperature
anomalies is probably a result of the frequent and/or strong northeast winds in both the cold and the
warm period appearing in the anomalies of the wind components. The northeast winds over this area
are mainly a result of stationary synoptic conditions, which in the warm period are associated with the
prevalence of the etesian winds [31,32]. The CAPE and CIN anomalies do not present considerable
variations during the year, while cloud cover is generally above the spatial average during the whole
year. An exception exists for summer during daytime when the spatial maximum of cloud cover is
located over the land because of the intense land warming there.

Clusters 3, 4, and 5 comprise the southern Aegean and the sea area south of Crete and the
Dodecanese islands (Figure 3). According to the intra-annual variations of the spatial anomalies
(Figures 5 and 6), the above area is characterized by a remarkable difference between the daytime
and nighttime temperature anomalies during the warm period, which was the case for the previously
analyzed neighboring sea area of cluster 1 (southern Ionian Sea). Other characteristics of the areas of
clusters 3, 4, and 5 are the positive anomalies of the zonal wind component during the whole year,
the autumn CAPE and CIN maxima and the negative anomalies of cloud cover which are mainly
associated with the low latitude and the large distance from the land in summer and the absence of
orographic effect in winter. The main differences among the areas of the above three clusters mainly
refer to the sign and the magnitude of the meridional wind, CAPE and CIN anomalies. Specifically, one
of the main differences is that the area of cluster 5 is characterized by high CAPE and CIN variations
relatively to the other two areas, while two maxima appear instead of one, the first in spring and the
second in autumn.

Cluster 6 corresponds to the northern Aegean (Figure 3). In this area, the 12UTC air temperature
anomalies are remarkably lower than the 00UTC ones, not only during the warm period as is the
case for the rest of the sea areas, but during the whole year (Figure 6). This can be attributed to the
frequent advection of cold masses from the neighboring continental areas of the Balkans to the Aegean
via the frequent northeasterly winds in winter. This justification is also supported by the negative
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anomalies of the zonal and meridional wind components in winter. In the warm period, it is seen
that the daytime meridional wind component anomalies are remarkably higher than the nighttime
ones, which can be attributed to the effect of the southerly sea breeze from the Aegean to the coasts of
Macedonia and Thrace and the weak etesian winds (relative to the rest of the Aegean Sea). Regarding
the rest of the parameters, cloud cover is slightly above the spatial average, while CAPE and CIN are
higher than the spatial average during late spring and early summer.

Cluster 7 comprises inland areas which are mainly areas of intermediate altitudes between the
plains and the mountainous ones (Figure 3). Such areas are shown over both the Balkan Peninsula
and northwestern Asia Minor. According to the intra-annual variation of the anomalies (Figure 7),
their climate is characterized by low temperatures during winter and high daytime and low nighttime
temperatures during summer. The low nighttime temperature anomalies prevailing during the whole
year are connected to the inland character of the areas favoring nighttime radiative cooling and the
presence of high altitude mountainous areas in their vicinity favoring the development of mountain
breezes. Another characteristic of cluster 7 is the high cloud cover values associated with the windward
character of the regions favoring the formation of orographic clouds in the cold period and the inland
character of the region favoring convective cloud development in the warm period [1].

Cluster 8 comprises the area of central and eastern Aegean Sea (Figure 3), which presents most of
the climate characteristics found for the rest of sea areas. The remarkable difference between daytime
and nighttime temperature anomalies during summer and the high dew point anomalies during
the whole year are among these characteristics, while furthermore it has to be noted that the high
negative meridional wind anomalies are in agreement with the fact that the north etesian winds are
very frequent, persistent, and strong over this area [32].

Cluster 9 corresponds to the north Ionian Sea and the coasts of northwestern Greece and Albania
(Figure 3). The main characteristics of the seasonal variations of the anomalies (Figure 8) are (i) the
difference between daytime and nighttime air temperatures in summer, which has been found for
most sea areas; (ii) the difference between daytime and nighttime zonal wind component anomalies in
the warm period, which is due to the sea breeze circulation between the Ionian Sea and the Balkan
Peninsula; and (iii) the broad and strong summer maximum of CAPE (approximately two standard
deviations above the spatial average), which in agreement with the climatology of CAPE in the
Mediterranean region [30].

Cluster 10 comprises the areas of northwestern Peloponnese and southwestern Asia Minor
(Figure 3). These areas are characterized by very high daytime air temperature in the warm period
of the year relative to the spatial average, low values of dew point during the whole year, low
values of CAPE and CIN during summer and autumn, and approximately one standard deviation
difference between daytime and nighttime zonal wind anomalies (Figure 8). The high 12UTC summer
temperature anomalies are due to the intense land warming and the katabatic character of the etesian
winds over the above areas.

Cluster 11 corresponds to the high altitude mountainous areas of the southern Balkans, which
include the Pindus and Rodopi mountain ranges (Figure 3). The very low air temperature and dew
point values and the very high values of cloudiness relatively to the spatial averages are the main
climate characteristics of these areas. Also, the spring maximum of daytime CAPE is responsible for
the frequent appearance of air mass thunderstorms during the same season, as this maximum is not
accompanied by a corresponding maximum of CIN (Figure 9).

Cluster 12 comprises mainly the plains of eastern Greek mainland, Thrace, and Crete (Figure 3).
The climate over these areas is relatively warm and dry during the whole year as it can be seen in the
seasonal variations of temperature and dew point. Furthermore, upper air static stability appears to
be stronger relatively to the other areas, while cloud cover is slightly higher than the spatial average,
especially at noon (Figure 9).

Finally, in order to validate the results that are based on the ERA5 database, an attempt is made
to compare them with that of the ERA-Interim database. The ERA-Interim data used refer to 1° x 1°
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grid point values and the parameters of air temperature and total cloud cover (00OUTC and 12UTC) are
selected as an example. The 12 clusters are separated into two categories: land (clusters 7, 10, 11, and
12) and sea (clusters 1,2, 3,4, 5, 6, 8, and 9). For the integer coordinates of the two datasets (the common
grid points) and for the above two parameters, the scatterplots of the spatial mean daily values are
constructed and are presented for the land and sea clusters in Figures 10 and 11. According to the
results, there is a very high linear correlation between the two datasets for both land and sea areas: R
is higher than 0.98 for air temperature, while it is equal to 0.92 for cloud cover. These values imply a
high degree of covariability between the two data sets even for cloud cover, which is a very sensitive
parameter to the variations of dynamic and geomorphologic factors. The agreement between the two
data sets is also reflected to the mean intra-annual variations of the spatial anomalies of air temperature
and total cloud cover for the 12 clusters. These variations have been calculated also for ERA-Interim
data set for all clusters and the results are found to be similar to the ones of ERA5. The small differences
found can be mainly attributed to the different resolution of the data sets. In Figure 12, an example of
this comparison is presented for clusters 1 and 11, which correspond to sea and mountainous areas,
respectively. As it can be seen, the intra-annual variations of air temperature and cloud cover for
both 00UTC and 12UTC are quite similar and this is also supported by the corresponding correlation
coefficients. For cluster 1, these correlation coefficients are 0.95 and 0.99 for 00UTC and 12UTC air
temperature and 0.81 and 0.88 for 00UTC and 12UTC total cloud cover, respectively. The corresponding
coefficients for cluster 11 are 0.94 and 0.90 for 00UTC and 12UTC air temperature and 0.89 and 0.98
for 00UTC and 12UTC total cloud cover, respectively. The high correlation coefficients enhance the
reliability of the results and confirm the suitability of both data sets for such climatic studies.
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Figure 10. Scatterplots of the spatial mean values of ERA-Interim and ERA5 air temperature and total
cloud cover for the areas of clusters 7 and 10-12 (land areas).
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Figure 12. The mean intra-annual variations of the spatial anomalies of air temperature and total
cloud cover for clusters 1 and 11. Black lines represent the ERA5 dataset while red lines represent the
ERA-Interim dataset. Solid and dashed lines correspond to 12UTC and 00UTC, respectively.

4. Discussion

The division of the southern Balkans into 12 areas with characteristic homogeneous climatic
characteristics confirms the significant spatial variability of climate, which is directly connected to
the complicated coastline and relief of the greater region. For each area, the deviations of the climatic
parameters from the spatial averages have to be examined and interpreted taking into account that
some spatial averages can be affected by the portion between land and sea coverage of the geographical
domain. The 12 areas can be generally distributed into two groups depending on whether they are sea
or land areas. The first group consists of eight areas which are mainly over the sea, while the second
group consists of the rest four areas which are over the land. The areas of each group present some
common characteristics that they are connected to the effect of land or sea surface to the temperature,
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humidity, or stability characteristics of the overlying air, but they also present significant differences
based on the specific geographical position, atmospheric circulation, orientation, latitude, and altitude
characteristics of each area. The sea areas are generally characterized by (i) high dew point values
due to the high evaporation rates which lead to saturation conditions and (ii) low summer daytime
temperatures relatively to the land areas due to the high thermal capacity and conductivity of the
water. Their differences refer mainly to the wind, cloud cover, and stability characteristics, which are
significantly affected by the latitude and their location relatively to large-scale circulation systems
(extend of the Azores high, Asian thermal low, etc.) [20,21] being responsible for the prevalence of
specific wind regimes, for example the etesian winds [31]. On the other hand, the land areas are
generally characterized by (i) high summer daytime temperatures relatively to the sea areas due to
the low thermal capacity and conductivity of soil, (ii) low dew point values because of the lower
evaporation rates relatively to the sea areas, and (iii) static instability maxima in spring associated
with the high solar radiation and lapse rate values during this season. Their differences refer mainly to
wind, static and dynamic instability, and cloud cover regimes, which are significantly affected by the
orientation and the altitude of the areas via their effect on the orographic cloud development and the
lifted condensation level [33]. The climatologically homogenous areas and their geographical borders
present both similarities and differences compared with the results of the recent climate regionalization
made by Nojarov [21], but it has to be taken into account that Nojarov has made the regionalization
using sea level pressure, while in the present work a set of meteorological parameters including
temperature, cloudiness, etc., over the study area is used.

Also, it has to be mentioned that the above characteristics of the 12 regions refer to the 10-year
period of 2008 to 2017 and may present significant deviations from the corresponding climate
characteristics of the past and the future decades. The derived 2008-2017 regional characteristics
could simply be an expression of coinciding several dynamical factors (i.e., North Atlantic Oscillation,
teleconnection with Indian monsoon, and climate change), which can sometimes hinder or amplify the
derived spatial relationships/features. In order to detect such deviations, data availability for a very
longer period and climate simulations for the future decades are needed [34-36].

The special type of climatic classification, which has been achieved in the present study with the
use of the recently released ERA5 high resolution data set, can be considered as an initial attempt for
climate classifications using high resolution grid point data. As mentioned above, such a classification
can be significantly improved in the future when the database will have been extended to the past and
a longer data period will be available (now only available from 2008). This will allow the incorporation
of precipitation data in the classification, which is not used at the moment because of (i) the fact
that they consist of forecast and not of analysis values and (ii) the relatively short 10-year period
does not allow the establishment of the main statistical parameters, including the long-term averages.
However, the study provides significant evidence about the spatial variability of the climate and it can
be considered as a useful tool by the scientists dealing with the Mediterranean climate. Also, it has to
be taken into account that the spatial variations of the associated parameters might change under the
influence of the ongoing climatic change [37].

5. Conclusions

In the present work an objective definition of 12 climatologically homogeneous areas in the southern
Balkans has been carried out for the 10-year period of 2008 to 2017 with the use of 0.25° x 0.25° ERA5
meteorological data and the following main conclusions can be drawn.

1. The high resolution of the ERA5 data set reveal spatial variations in climate which are connected
to the complicated relief of the region and cannot be adequately described with the use of a low
resolution data set.

2. The geographical distribution of land and sea is one of the dominant factors affecting the definition
and the geographical borders of the 12 areas.
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The complicated geographical relief of the area being responsible for the windward or leeward
character of the various subregions affects significantly the spatial distribution of humidity and
cloud cover.

There are significant differences between nighttime and daytime cloud cover over the land areas.
The low thermal capacity and conductivity of the soil allow the significant influence of daytime
radiative heating of its surface on the temperature and static stability regimes of the lowest
atmospheric layers, regulating convection and cloud development.

There are significant differences between nighttime and daytime wind regimes, especially near the
coasts. These differences are associated with the development of diurnal small-scale circulations
between land and sea (see breezes).

The main climatic characteristics of the 12 areas for the above period have been also confirmed
with the use of the ERA-Interim data base. Strong similarity is found between the ERA5 and
the ERA-Interim results. The small differences that exist are mainly associated to the different
resolution of the data sets.

A time extension of the high resolution data set to the past would allow the full establishment of
the statistical parameters associated with the climate of the region.

The effect of the future climate change on the characteristics of the 12 areas revealed in the present
work can be examined using also the results of climate model simulations and it is an interesting
subject for a future research work.
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Abstract: The variability of temperature and precipitation influenced by El Nifio-Southern Oscillation
(ENSO) is potentially one of key factors contributing to vegetation product in southern Africa.
Thus, understanding large-scale ocean—atmospheric phenomena like the ENSO and Indian Ocean
Dipole/Dipole Mode Index (DMI) is important. In this study, 16 years (2002-2017) of Moderate
Resolution Imaging Spectroradiometer (MODIS) Terra/Aqua 16-day normalized difference vegetation
index (NDVI), extracted and processed using JavaScript code editor in the Google Earth Engine (GEE)
platform was used to analyze the vegetation response pattern of the oldest proclaimed nature reserve
in Africa, the Hluhluwe-iMfolozi Park (HiP) to climatic variability. The MODIS enhanced vegetation
index (EVI), burned area index (BAI), and normalized difference infrared index (NDII) were also
analyzed. The study used the Modern Retrospective Analysis for the Research Application (MERRA)
model monthly mean soil temperature and precipitations. The Global Land Data Assimilation System
(GLDAS) evapotranspiration (ET) data were used to investigate the HiP vegetation water stress.
The region in the southern part of the HiP which has land cover dominated by savanna experienced
the most impact of the strong El Nifio. Both the HiP NDVI inter-annual Mann-Kendal trend test
and sequential Mann-Kendall (SQ-MK) test indicated a significant downward trend during the El
Nifo years of 2003 and 2014-2015. The SQ-MK significant trend turning point which was thought to
be associated with the 2014-2015 El Nifio periods begun in November 2012. The wavelet coherence
and coherence phase indicated a positive teleconnection/correlation between soil temperatures,
precipitation, soil moisture (NDII), and ET. This was explained by a dominant in-phase relationship
between the NDVI and climatic parameters especially at a period band of 8-16 months.

Keywords: drought; NDVI; ENSO; wavelet; time series analysis; Hluhluwe-iMfolozi Park;
Google Earth Engine

1. Introduction

Vegetation within protected areas such as game reserves provides wildlife and society with
indispensable ecosystem goods and services [1] including food, medicinal resources, aesthetic value,
and recreational opportunities [2]. However, inappropriate management and other disturbances affect
the potential productivity and spatial extent of this resource [3]. Thus, any factor that poses a threat
to vegetation and its associated benefits which could affect their productivity in the protected areas
needs to be identified and monitored. One such threat is an increase in temperature above normal as
well as a prolonged decline in precipitation and soil moisture, leading to extreme climatic events such
as droughts, which severely affect vegetation productivity [4]. Drought-related impacts are becoming
more multifaceted, as explained by their rapidly growing consequences in sectors such as recreation
and tourism, agriculture, and energy [5].

Climate 2018, 6, 95; doi:10.3390/¢cli6040095 231 www.mdpi.com/journal/climate



Climate 2018, 6, 95

The influence of drought on vegetation varies in the spatial and temporal scales, and these
are projected to increase with climate change [6,7]. This behavior affects wildlife, particularly in
semi-arid and arid environments where herbivory is strongly restricted by vegetation extent and water
availability [8]. In the north-east part of KwaZulu-Natal, South Africa, for example, droughts are
becoming a recurrent and prominent feature [9,10], affecting vegetation, water and wildlife resources
notably in the Hluhluwe-iMfolozi Park (HiP), the oldest proclaimed game reserve in Africa, as reported
in this paper. Furthermore, these impacts have potential consequences that could incapacitate this
game reserve’s support of its specialist grazers such as rhinos [11].

Understanding the association between vegetation productivity and climatic variables such as
precipitation and temperature has, therefore, become a high priority. To address this, spatiotemporal
tools that can integrate climate data with other information of interest are required. Remotely sensed
data provide the opportunity to monitor vegetation dynamics in a systematic manner [12]. They play
a growing role in drought detection and management as they afford up-to-date information over
various time and geographic scales and complement alternative techniques such as field surveys [4]
and interviews [13]. Remote sensing’s systematic observation allows us to track vegetation conditions
from the 1970s to the present [14] and provides the means to integrate the record with causal factors.
This study investigates vegetative drought which is the vegetation stress as a function of moisture
deficit [15].

Several drought studies based on satellite-derived measurements have exploited key indicators
such as the (a) normalized difference vegetation index (NDVI), a ratio of the difference between the
near-infrared and red bands of the spectrum over the sum of the near-infrared and red bands [16,17],
which is a robust indicator of vegetation productivity [18]; (b) the normalized difference infrared
index (NDII) which contain additional information on water availability in the soil for use by
vegetation [19] as measured by the ratios of the near-infrared and short-wave infrared [20]; and (c) the
evapotranspiration (ET) which includes both the loss of root zone soil water through transpiration
(influenced by stomatal conductance), as well as evaporation from bare soil [21]. These studies have
enhanced our understanding of how vegetation reacts to drought events over time [22-25].

Hitherto, numerous studies have explored vegetation changes using NDVI in response to climatic
variability. Most have shown that vegetation is largely swayed by the El Nifio/Southern Oscillation
(ENSO) phenomenon and have been established to respond well to climatic variables [10,24,26,27].
These studies in different climatic regions have revealed climate-induced effects in key economic sectors
such as agriculture [28] and forestry [24,29]. Most recently, Huang et al. [30] used MODIS-derived
NDVI to demonstrate how vegetation responds to climate variation in the Ziya-Daqing basins of China.
Their results showed that the trends of growing season NDVI were significant in the forest, grassland,
and highlands of Taihang but insignificant in most plain drylands [27]. They also showed how
grassland, as the primary vegetation on the Qinghai-Tibet Plateau, has been increasingly influenced by
water availability due to droughts over the last decade.

Several factors make the HiP an ideal site for assessing the effects of drought on wildlife. First,
Bond et al. [31] established that droughts largely influence the extent of grazing vegetation in the
reserve. More recently, Xulu et al. [10] showed how the recent intense drought moderated the
vegetation health of commercial plantations located ~70 km from the park. Second, the HiP is
an important conservation area and ecotourism destination in South Africa [32], so the resultant
socio-economic impacts of ecosystem changes are of great concern. In this study, therefore, we aim
to evaluate the influence of climatic variability on vegetation in the game reserve over the period of
2002 to 2017. This is the first attempt to demonstrate the spatial dimension of the drought effects in
the HiP using satellite data. We show how to construct a MODIS-derived NDVI time series in the
GEE platform, and perform statistical tests to determine the causal influence of climatic variables in
the reserve.
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2. Materials and Methods

2.1. Study Area

This study was conducted at the Hluhluwe-iMfolozi Park, which covers 900 km? and extends
between 28°00’ S and 28°26’ S, and 31°43’ E and 32°09’ E in the northern KwaZulu-Natal, South Africa
(Figure 1). The reserve was established in 1895 and is managed by Ezemvelo KwaZulu-Natal
Wildlife (EKZN Wildlife). The landscape undulates with an altitude ranging from approximately
50 to 500 m.a.s.l. and comprises a mixture of soil types resulting from topographic and climatic
heterogeneity [33]. The terrain of the study area on the right side of Figure 1 was plotted using the
Global Multi-resolution Terrain Elevation Data 2010 data set. The version of this data is the Breakline
Emphasis, 7.5 arc-s, and is archived as USGS/GMTED2010 in the Google Earth Engine (GEE) JavaScript
platform. Land cover classification was also performed in the GEE environment so as to show the
types of vegetation cover in the HiP.
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Figure 1. The study area showing the Hluhluwe-iMfolozi Park in the north-eastern part of South Africa.

There are two main rivers that pass through this nature park, namely the Black and White
Umfolozi. The entire area of the park is fenced and borders on populated rural communities. Vegetation
varies from semi-deciduous forests in the north of Hluhluwe to open savanna woodlands in the
southern iMfolozi. Much of the area is dominated by woodland savanna interspersed with shrub
thicket [34]. The northern part of the park has hilly terrain and is dominated by forest. The climate
is subtropical with summer rainfall. It receives a mean annual rainfall ranging from 700 to 985 mm,
much of it occurring between October and March [35]. The park supports approximately 1200 plant
species, including 300 tree and 150 grass species.

2.2. Data

In order to investigate the variability of vegetation in the HiP in response to climatic conditions
as well as the recent intense drought of 2014-2016, we opted to use the monthly averaged MODIS
Terra/Aqua 16-day datasets measured for the period from 2002 to 2017 (16 years). With its considerable
time resolution (about for images per month) compared to other satellites, MODIS images were the
most appropriate for this study because of the size of the geographic area. The MODIS data used here
are archived in the GEE as image collection. This data product is generated from a MODIS/MCD43A4
version 6 surface reflectance composite. More details about the MCD43A4 MODIS/Terra and Aqua
nadir BRDF-adjusted reflectance daily level 3 global 500 m SIN grid V006 data can be found in a
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study by Schaaf et al. [36]. The data were extracted and processed using the JavaScript code editor in
the GEE platform (https:/ /earthengine.google.com/, Mountain View, CA, USA) (see Appendix A),
which provides possibilities of parallel computing and large data processing for even very large
study areas. For the purpose of this investigation, our main parameter is the NDVI, but we also
considered other vegetation indices such as the Enhanced Vegetation Index (EVI), the Burned Area
Index (BAI), and Normalized Difference Infrared Index (NDII). The BAI was also included in order to
determine the possible vegetation burning activity, which may have been triggered by drier conditions
associated with an intense drought period. NDII has been recently proven to be a robust indicator for
monitoring the moisture content in the root-zone from the observed moisture state of vegetation [19,21].
These spectral indices were calculated using the formulas:

NIR — R
NDVI= iR + R M
NIR — R
EVI = 2. 2
5NIR76R77.SB+1 @
_ 1
. 01+ ﬁI)IZR+ N ®)
NDII = {rrTswrrt

where R, NIR, and SWIR1 are spectral bands in the blue (450-500 nm), red (600-700 nm), near-infrared
(700-1300 nm), and shortwave infrared (1550-1750 nm) regions.

In this study, we derived the precipitation values averaged for the study area for the period
from 2002 to 2017 using the Climate Engine Application (CEA, http://climateengine.org/, Moscow,
ID, USA), while soil temperature monthly mean data was derived from the National Aeronautics
and Space Administration (NASA, Washington, DC, USA): http://giovanni.gsfc.nasa.gov. Both the
soil temperature and precipitation data are an output of the Modern Retrospective Analysis for the
Research Application (MERRA-2) model [37]. The MERRA model is an American global reanalysis
tool operating from 1979 onwards that is based on the NASA Goddard Earth Observation serving Data
Assimilation System version 5 (GEOS-5). The MERRA-2 model data are given at a spatial resolution of
0.67° x 0.50° at 1-hourly to 6-hourly intervals.

There is always an expected variability of surface water content due to changes in both weather
and climatic conditions. Therefore, in a study such as this one, it is essential to always investigate the
water lost to the atmosphere through both evaporation and transpiration. This can be an important
process as it could explain details about vegetation water stress. Given that the study area is a remote
area which does not have evaporation and/transpiration measurements records, we opted to use the
Global Land Data Assimilation System (GLDAS) evapotranspiration (ET) data. The GLDAS system
was designed to generate optimal fields of land surface and fluxes, and it is also capable of generating
quality controlled, spatially and temporally consistent, terrestrial hydrological data including ET and
other related parameters [38].

The ENSO phenomenon influences rainfall and temperature conditions largely over southern
Africa [39,40]. Previous studies have demonstrated how vegetation responds significantly to ENSO [40]
and the DMI [41] index as a measure of climatic conditions [42—44] in some parts of southern Africa.
Thus, in order to investigate changes in vegetation in the HiP due to variability in climatic conditions,
it is important to consider these climate indices. In this study, we used the Nifio3.4 monthly mean
time series retrieved from the National Oceanic and Atmospheric Administration (NOAA) website
(https:/ /www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/, Washington, DC, USA). The Nifio3.4 index
is calculated by taking the area-averaged sea-surface temperature (SST) within the Nifi03.4 region,
which is at 5° N-5° S longitude and 120° W-170° W latitude in the Pacific Ocean. On the other hand,
the DMI is calculated by taking the difference between the SST anomalies in the western (50° E-70° E;
10° 5-10° N) and eastern (90° E-110° E), (10° S-0° N) sectors of the equatorial Indian Ocean [41].
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The DMI data were downloaded from the website: http://www.jamstec.go.jp/frcgc/research/d1/
iod/iod/dipole_mode_index.html. The relevant time series of Nifio3.4 and DMI are shown in Figure 2.
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Figure 2. The standardized monthly Nifio3.4 (a) and dipole mode index (DMI) (b) time series for the
period from 1980 to 2017.

2.3. Multiple-Linear Regression

One of the principal objectives of this study is to quantify the effects of temperature, precipitation,
ET, soil moisture at root-zone (NDII), ENSO and DMI on the NDVI as a surrogate for vegetation in
the study area. Multiple-linear regression analysis (MLR), which is commonly used to explain the
relationship between one continuous dependent variable and two or more independent variables,
was employed. The MLR model output of a number 1 observations can be represented as

]/i:,BO =+ ,leiZ + -+ ,BpxiP 4+ siwherei:l,2,3,...,n (4)

where y; is the dependent variable (NDVI in this case), x;, represents the independent variables
(soil temperature, precipitation, Nifio3.4, and DMI in this case), B is the intercept, and By, B2, ... Bp
are the coefficients of the x terms. The term ¢; represents the error term, which the model always tries
to minimize.

2.4. Mann—Kendall Test

It is always useful to assess the monotonic trends in a time series of any geophysical data. In this
study, the Mann-Kendall test [45-47] was used. This is a non-parametric rank-based test method,
which is commonly used to identify monotonic trends in a time series of climate data, environmental
data, or hydrological data. Non-parametric methods are known to be resilient to outliers [48], hence it
is desirable to choose such methods. Based on a study by Kendall [47] and recently by Pohlert [49] and
others, the Mann-Kendall test statistic is calculated from the following formula:

n—1 n
S=3Y ) sign(X; — Xy) (5)

k=1 j=k+1

where
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+1, if x>1
sign(x) =< 0, if x=0 (©)
-1, ifx<1

The average value of S is E[S] = 0, and the variance ¢” is given by the following equation:

o= {n(n - 1)(2n + 5) — itj(tj - 1)(2t + 5)}/18 )

j=1

where t; is the number of data points in the jth tied group, and p is the number of the tied group in the
time series. It is important to mention that the summation operator in the above equation is applied
only in the case of tied groups in the time series in order to reduce the influence of individual values
in tied groups in the ranked statistics. On the assumption of random and independent time series,
the statistic S is approximately normally distributed provided that the following z-transformation
equation is used:
S—1ifs>1
z=14 0 ifS=0 8)
Sl ifS<1

8

The value of the S statistic is associated with the Kendall
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In regards to the z-transformation equation defined above, this study considered a 5% confidence
level, where the null hypothesis of no trend was rejected if |z| >1.96. Another important output of
the Mann-Kendall statistic is the Kendall T term, which is a measure of correlation which indicates the
strength of the relationship between any two independent variables. In this study, the Mann-Kendall
test system summarized above was applied to the NDVI data by writing a piece of code in R-project
and following the instructions by Pohlert [49].

The Mann-Kendall trend method can be extended into a sequential version of the Mann-Kendall
test statistic which is called the Sequential Mann-Kendall (SQ-MK). This method was proposed by
Reference [50], and it is used to detect approximate potential trends turning points in long-term
time series. This test method generates two time series, a forward/progressive one (u(t)) and a
backward/retrograde one (i (t)). In order to utilize the effectiveness of this trend detection method,
it is required that both the progressive and the retrograde time series are plotted in the same figure.
If they happen to cross each other and diverge beyond the specific threshold (+1.96 in this study),
then there is a statistically significant trend. The region where they cross each other indicates the
time period where the trend turning point begins [51]. Basically, this method is computed by using
ranked values of y; of a given time series (x1, x2,X3,...,X;) in the analyses. The magnitudes of
yi, (i=1,2,3,...,n) are compared with y;, (j =1,2,3,...,j — 1). At each comparison, the number of
cases where y; > y; are counted and then donated to ;. The statistic #; is thereafter defined by the
following equation:

i
t,‘ = Z n;
j=1

The mean and variance of the statistic f; are given by
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and
i(i — 1)(2i — 5)
72
Finally, the sequential values of statistic u(t;) which are standardized are calculated using the
following equation:

Var(tl-) =

u(t) = = E(ti)
Var(t;)

The above equation gives a forward sequential statistic which is normally called the progressive
statistic. In order to calculate the backward /retrograde statistic values (u'(t;)), the same time series
(x1, x2,3,...,xy) is used, but statistic values are computed by starting from the end of the time series.
The combination of the forward and backward sequential statistic allows for the detection of the
approximate beginning of a developing trend. Additionally, in this study, a 95% confidence level was
considered, which means critical limit values are +1.96. This method has been successfully utilized in
studies of trends detection in temperature [52,53] and precipitation [51,53,54].

2.5. Wavelet Transforms and Wavelet Coherence

In this study, we opted to employ the wavelet transform analyses method [55] because of its
ability to obtain a time-frequency representation of any continuous signal. Basically, the continuous
wavelet transform (CWT) of a given geophysical (in this case) time series is given by transforming the
time series into a time and frequency space. While there are several types of wavelets, the choice of the
wavelet function is determined by the data series, of which, for geophysical data, the Morlet wavelet
function has been shown to perform well [55-57]. Thus, the CWT [W), (s)] for a given time series (x;,
n=1,2,3,...,N) with respect to wavelet ¥ (n) is defined as:

WX(s) = nf X, ¥* {uét} (11)

n'—1 s

where s is the wavelet scale, 1’ is the translated time index, n is the localized time index, and ¥* is the
complex conjugate of the normalized wavelet. dt is the uniform time step (which is months in this
case). The wavelet power is calculated from | W,, (n)| 2 1In this study, the CWT statistical significance
at a 95% confidence level was estimated against a red noise model [55,57]. Using a continuous wavelet
transform analysis, it is also possible to quantify the relationship between two independent time
series of the same time step ¢f. In this study, the aim was to quantify the relationship between NDVI
averaged for the study area and selected climatic parameters. Following Grinsted et al. [57], for the
two time series of X and Y, with different CWT WX (s) and W) (s) values, the cross-wavelet transform
W;Y(s) is given by

WY (s) = WX (s) W, (s) (12)

111

where “*” represents the complex conjugate of the Y time series. The output of the above equation
can also assist in calculating the wavelet coherence. Basically, wavelet coherence is a measure of the
intensity of the covariance of the two time series in a time—frequency domain. This is an important
parameter because the cross-wavelet only gives a common power. Another important process is to
calculate the phase difference between the two time series. Here, the procedure is to estimate the mean
and confidence interval of the phase difference. Following a study by Grinsted et al. [57], we used the
circular mean of the phase-over regions with relatively high statistical significance that are inside the
cone of influence (COI) to quantify the phase relationship between any two independent time series.
As defined in a study by Zar [58] and also later by Grinsted et al. [57], the mean circulation of a set of
angles (2;,1=1,2,3,...,n) can be defined by the following equation:
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n n
ay = arg(X,Y) with X = ) cos(a;) and Y = ) _ sin(a;) (13)

i=1 i=1

Following the studies by Torrence et al. [55,57], the wavelet coherence between two independent
time series can be calculated using the following equation:

|S(sTWXY(s)) \2
S(s1WEE)) x (s 1wy ()7

R3(s) = (14)

where the parameter S is the smoothing operator defined by S(W, (s)) = Sscale (Stime (Wi (s))).
The parameter Sy, represents the smoothing in time. For further details about the theory of wavelet
analyses, the reader is referred to [55,57,59].

3. Results and Discussion

To investigate whether the El Nifio event of 2014-2016 can be classified as a strong El Nifio
event, a time series for the period from the beginning of the satellite era (1980) to 2017 was plotted
(see Figure 2a). We also considered the DMI index (Figure 2b) as a measure of climatic conditions
of the eastern part of southern Africa [43]. A general classification of ENSO events should contain 5
consecutive overlapping 3-month periods with SST anomalies below —0.5 for the La Nifia events and
above +0.5 for the El Nifio events.

In Figure 2a,b, both the El Nifo events and positive DMI are shaded in red, whereas La Nifia and
negative DMI are indicated in blue. To identify the strength of the ENSO events, the threshold is further
broken down to weak (0.5-0.9 SST anomaly), moderate (1.0-1.4 anomaly), and strong (>1.5 anomaly)
events. Figure 2a shows that the 2014-2016 El Nifio was one of the strongest since the beginning of
the record. Other notably strong El Nifio occurrences were in 1982/1983, 1997 /1998, and 2009/2010.
On the other hand, there were many episodes of positive DMI, with one such event in the 20142016
period, which seems to be in phase with the recent strong El Nifo of 2014-2016.

A composite of the NDVI index averaged for each year from 2002 to 2017 is shown in Figure 3.
In this figure, regions where there are greener colors indicate higher NDVI values, whereas the
brownish colors indicate low NDVI values. These results show that there seems to be a direct influence
of the ENSO in the vegetation of the HiP, especially during strong El Nifio years (2014-2016). It is
evident that during El Nifio years, there was a decline in NDVI values especially in the southern and
western parts of the study area. This is presumably because the vegetation of the northern part of the
HiP is dominated by a forest which is consist of indigenous trees which are believed to be drought
resistant (see Figure 1). Additionally, the contributing factor could be that the eastern part of the HiP is
benefiting from orographic lifting as it is situated in a high terrain (see Figure 1). The evidence of the
influence of El Nifio is more prominent during the strong El Nifio years such as 2003 and the recent
intense 2014-2016 drought period, as well as the 2008 non-ENSO drought period.

Figure 4a shows the deseasonalized monthly averaged MODIS NDVI time series for HiP from
2002 to 2017 (red line) plotted together with the 12 months running mean smooth trend (black dotted
line). The monthly mean NDVI values plotted in Figure 4a were calculated by taking an averaged of
MODIS images available in that month. In this study area, the MODIS satellite records four images
per month. In general, there is a steady trend of NDVI measured at the HiP beside some anomalies
observed in specific parts of the time series. This seems to be the case for southern Africa because
other studies also indicated a steady trend for this region [10]. Remarkably, during the 2014-2016
period, a period that coincided with the recent intense El Nifio, there was a sudden decrease in the
NDVI values which reduced to the lowest minimum value of about 0.3 in November 2015. During this
period, EVI values also decreased to minimum values of about 0.11 (results not shown here).
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Figure 3. The spatiotemporal variability of normalized difference vegetation index (NDVI) at the
Hluhluwe-iMfolozi Park for the period from 2002 to 2017. The scale represents the range of NDVI
values from 0 to 1.
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Figure 4. (a) The deseasonalized monthly mean NDVI time series for HiP. The continuous red line
indicates the trend estimate and the dashed red lines show the 95% confidence interval for the trend
based on resampling methods. (b,c) show the histogram and yearly mean time series, respectively.

A study by Mberego and Gwenzi [60] investigated the temporal patterns of precipitation and
vegetation variability over Zimbabwe during extreme dry and wet rainfall seasons using data covering
the period 1981-2005. Their NDVI time series indicated a steady trend over this period. However,
it seemed to be strongly affected by severe dry conditions, an observation which is consistent with the
results presented here. In this study, the deseasonalized monthly mean NDVI time series in Figure 4a
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(red line) indicates the possible response that corresponds to both dry and wet years, especially during
the most recent strong El Nifio events of 2003 and 2014-2016. In relation to the strength of the influence
of El Nifio in the south-western part of southern Africa, a study by Manatsa et al. [61] analyzed
agricultural drought in Zimbabwe using the standardized precipitation index (SPI). They reported the
1991-1992 period as the period which experienced the most extreme drought conditions. A little later,
observations by Mberego and Gwenzi [60] reported the year 2002-2003 as the drought period with the
most prolonged time of relatively low NDVI values in their time series. While our study does indicate
a significant influence of the 2003 El Nifo event in the HiP NDVI values, the observations presented
here indicate that 20142016 was the longest period with low NDVI values. Thus, 2014-2016 could
be regarded as the most recent intense El Nifio period, with a maximum effect on vegetation in the
HiP. The NDVI values dropped from a value ~0.65 in November 2013 to 0.3 in November 2015. This is
also verified by a much smoother representation of the NDVI in Figure 4c in which a reduction in
NDVI values is observed. This reduction coincides with the most recent strong El Nifio. Additionally,
a reduction which coincides with the El Nifio of 2003 (see Figure 4c). Another significant feature is a
strong peak, which reaches ~0.8 just after the Irina tropical storm, which occurred in early March 2012
(see Figure 4).

Figure 5 shows monthly mean time series values plotted together with their corresponding
12-month running-mean smooth trend for NDVI (Figure 5a), EVI (Figure 5b), BAI (Figure 5c),
soil temperature (Figure 5d), precipitation (Figure 5e), evapotranspiration (Figure 5f), and NDII
(Figure 5g). These monthly mean values are plotted together with their respective smooth trends,
which were calculated using the Breaks For Additive Season and Trend (BFAST) method, which is
described in details by Verbesselt et al. [62,63]. Basically, the BFAST method integrates the
decomposition of time series seasonal, trend, and remainder components of any satellite image
time series, and can be applied to any other type of time series in the geosciences that deals with
seasonal or non-seasonal time series. The period of the most recent intense drought (2014-2016) is
indicated by the grey shaded box in each figure. In general, all the parameters show a seasonal cycle in
terms of monthly means.

There is an expected resemblance between the NDVI and EVI observations in both the monthly
mean time series and the smooth trend, with a clear indication of the effect of the 2014-2016 drought
period. These observations are consistent with a study by Xulu et al. [10], who investigated the
response of commercial forestry to the recent strong and broad El Nifio event in a region which is 70
km south-east of the HiP. In their study, Xulu et al. [10] reported a significant decline of NDVI values
which corresponded to the 2014-2016 El Nifio years [10]. Although the influence of the 2014-2016 El
Nifio in the HiP seems to be the strongest, it follows the same pattern as that reported by Anyamba et
al. [40] in their study of the influence of both El Nifio and La Nifia in the vegetation status over eastern
and southern Africa. Considering the level of browning of vegetation demonstrated in Figure 3 for the
years 2014-2016, it is necessary to consider the possible fire activity given the relatively dry conditions
in the HiP. Figure 5c indicates that during the period of the intense drought of 20142016 there was
an increase in fire incidences in the HiP. This is revealed by a rise in the BAI values of the smooth
trend to its maximum level of approximately 50 in November 2015. During the 2014-2016 period,
the HiP experienced an unprecedented decline in the total precipitation per month (see Figure 5d).
During the same period, the soil temperature increased to its highest maximum (see Figure 5e). The
GLDAS monthly mean ET time series shown in Figure 5f indicates a declining trend during the period
2014-2016, which indicated a possible vegetation stress. In order to investigate the moisture content at
root-zone, the NDII index was used. The NDII (Figure 5g) indicates a similar pattern to that of the
NDVI and EVI time series. It is observed in Figure 5a that the NDII had a steady trend (0.10) during
the period 20022013 which was followed by a sudden decrease which reached a minimum value of
—0.06 in November 2015.
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Figure 5. The monthly mean time series values of (a) NDVI, (b) Enhanced Vegetation Index (EVI),
(c) Burned Area (BAI), and Modern Retrospective Analysis for the Research Application (MERRA-2)
model soil temperature (d) and precipitation (e), Global Land Data Assimilation System (GILDAS)
evapotranspiration (f) and Normalized Difference Infrared Index (NDII) (g). The dotted lines represent
the 12-month smooth trends.

The 12-month running mean smooth trends extracted using the BFAST method for NDVI, EVI,
and BAI plotted against anomalies of climatic forcers Nifio3.4 and DMI are shown in Figure 6. This plot
was constructed to investigate any possible 2-dimensional teleconnection between vegetation condition
and the Nifi03.4 and DMI climatic forcers, respectively. The panels on the left represent the vegetation
indices versus Nifio3.4, and the panels on the right show the vegetation indices versus DMI. Both the
NDVI (Figure 6a) and EVI (Figure 6b) values show a fairly steady pattern for most parts of the time
series, which vary between NDVI values of 0.50 and 0.60, and between EVI values of 0.28 and 0.34.
However, both the NDVI and EVI values seem to be enhanced by the extreme amount of rainfall that
was brought by the tropical cyclone Irina during early 2012 in the eastern part of southern Africa.
In that year, NDVI values increased to a maximum value of approximately 0.62, whereas the more
sensitive EVI index reached its maximum of approximately 0.38. The strong peaks that were observed
during 2004 for both the NDVI and EVI time series correspond to the greening of vegetation in the
HiP which was produced by heavy rainfall that was brought by tropical cyclone Elite in January
2004 [64]. NDVI values were observed to decrease sharply from late 2013 until they reached their
minimum of approximately 0.40 in 2015 before beginning to recover to normal average conditions in
2017. This pattern is also depicted in the EVI time series and is directly linked to the stronger and more
extensive 20142016 El Nifio event. Similar results were also presented in a study by Xulu et al. [10],
who investigated the influence of recent droughts on forest plantations in Zululand. The notable
browning observed in Figure 3 for years 2014, 2015 and 2016, which was also revealed by the NDVI
and EVI time series (Figure 5), seems to represent favorable conditions for biomass burning in the
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HiP. This is revealed by the unprecedented sudden increase of BAI values to its highest maximum of
approximately 50, which coincides with the enhancement of Nifio3.4 during 2014-2016 (Figure 6e).
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Figure 6. The (a,b) NDVI, (c,d) EVI and (e,f) BAI (blue dashed line) 12-month smooth trends versus
Nifi03.4 (left panels) and DMI (right panels) for the period from 2002 to 2017 for the HiP.

The DMI was highly variable compared to the Nifi03.4 climatic forcer throughout the study period,
with several distinctive positive DMI values that reached a maximum of just below 1.0. Remarkably,
there is a strong peak that extends up to approximately 0.8 during the period band corresponding to
2014-2016 that coincided with the decline in NDVI and EVI and the increase of the ENSO and BAI time
series. We note here that the widespread browning observed during the 20142016 drought period
could have been accelerated by the fact that the climatic forcers, which are known to influence the
south-eastern part of southern Africa, may have been in phase during this period. This, of course,
needs further investigation; and is discussed below.

3.1. Correlations Statistics and Mann—Kendall Test

The Pearson correlation between NDVI and climatic variables used in this study for the whole
study record was derived. Figure 7 shows the heat map which summarizes the linear relationships
between all the parameters monitored in this study. In this figure, it is clear that there is a strong
correlation between NDVI and Soil temperature (r = 0.35), precipitation (r = 0.43), ET (v = 0.68),
and NDII (r = 0.92). On the other hand, there is a significance strong negative correlation between

242



Climate 2018, 6, 95

the NDVI and BAI, which is not surprising because greener vegetation reduces chances of biomass
burning, while the possibility of the satellite detecting a charcoal signal from burnt vegetation during
dry conditions is high. There is also a noteworthy negative (r = —0.27) correlation between NDVI and
Nifo3.4. The results shown in Figure 7 also reaffirm the strong relationship between soil temperature
with a strong correlation coefficient of » = 0.77. Considering that Figure 2 indicates some episodes
where a strong Nifo3.4 peak is in phase with the DMI peaks, the noteworthy correlation of r = 0.28
between these two climatic indices seems to reaffirm this.

Pearson
Dl Correlation
Nifio3.4 - - .0.2?

-1.0 -05 0.0 05 10

BAI 0.14 0.06

ET 0.15-0.11
Soil.Temp
Prec
NDI

Figure 7. The heat map of Pearson correlation coefficients for NDVI, NDII, precipitation (Prec),
soil temperature (Soil.Temo), ET, BAI, Nifo3.4, and DMIL.

Figure 8 shows the inter-annual variability of the Pearson linear correlation between the HiP
NDVI values and parameters such as BAI, Soil Temp, Prec, Nifio3.4, DMI, ET, and NDII for the
period from 2002 to 2017. The correlation between NDVI and EVI was not analyzed because the two
parameters closely resemble each other. In general, NDVI is positively correlated to soil temperature,
precipitation, ET and NDII through the study period. The NDVI-NDII correlation was the strongest
positive correlation with an average value of r = 0.91. This reaffirms the strong relationship between
vegetation water stress and soil moisture at the root-zone. The NDVI-ET correlation was observed
to be steady at an average correlation coefficient value of » = 0.65 during the period from 2002-2013.
However, this linear relationship decreased to = 0.40 and r = 0.30 in 2015 and 2016, respectively.
A study by [65] also used MODIS NDVI and GILDAS evapotranspiration data in order to investigate
the relationship between NDVI and evapotranspiration. In their study, they reported a steady positive
inter-annual variability of correlation coefficients with an average value of r = 0.58. As expected,
the NDVI-Nifi03.4 correlation is dominated by negative values which are observed to decrease during
the periods corresponding to El Nifio years. This is consistent with previous studies such as those
of Xulu et al. [10,40] who reported a significant influence of ENSO on the vegetation of southern
Africa, especially the north-eastern part. Moreover, a salient observation is that the greatest minimum
correlation recorded was in 2015, a year with a particularly strong El Nifio. The negative correlation
between DMI and NDVI also seems to be greater during the recent intense drought period, which could
indicate that Nifio3.4 and DMI were in phase during this time. The correlation between NDVI and the
BAl is expected to be strongly negative as greening is not conducive to biomass burning. However,
the results presented in Figure 8 indicate that there was a sudden increase in correlation between NDVI
and BAI in 2015 before it returned to its average position in 2016 and 2017. Overall, the inter-annual
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variation of almost all the study parameters indicates a noticeable change during El Nifio events in the
years 2003 and more prominently during the 2014-2016 period.
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Figure 8. The inter-annual variability of linear correlations between NDVI and BAI, Soil Temp, Prec,
Nifio3.4, DMI, ET, and NDII for the period 2002 to 2017.

A comprehensive summary of the MLR analysis statistics encompassing NDVI, temperature,
precipitation, Nifio3.4, and DMI is shown in Table 1. It should be mentioned that the soil temperature,
precipitation, ET, NDII, and Nifi03.4 were used in this model because of their well-known possible
influence on NDVI variability. The DMI climatic parameter was not used as an explanatory variable
in the MLR model because of its weak correlation with the NDVI. The results in Table 1 reveal a
statistically significant relationship between NDVI and soil temperature and between NDII and ET,
with p-values of 0.000386, <2.00 x 1016 and 0.000173, respectively. Both Precipitation and Nifio3.4
indicate a statistically insignificant association with the NDVI because of p-values which are far
greater than 0.05. A positive significant correlation between NDVI and Soil temperature, NDII,
and ET, which is also represented as in Figures 7 and 8, indicates that soil moisture, soil temperature,
and evapotranspiration play a significant role in vegetation health in the HiP. The significant but
negative correlation between Nifi03.4 and NDVI confirms the notion that ENSO variability plays a
role in the climatic conditions of southern Africa [35,52].

Table 1. The output of the Multiple Linear Regression (MLR) model in which Normalized
Difference Vegetation Index (NDVI) is a dependent variable and soil temperature, precipitation
(Soil Temp), Nifo3.4, Normalized Difference Infrared Index (NDII), Dipole Model Index (DMI),
and Evapotranspiration (ET) are independent variables.

Variable Estimate Std. Error t-Value p-Value Sig
Soil. Temp ~ —1.23 x 10792 339 x 107% -3.615 0.000386 o
Prec 7.35 x 1079 1.72 x 10-* 0.427 0.669736
Nifo3.4 —6.44 x 1079 762 x 1070 —0.845 0.399427
NDII 1.46 x 10*00 7.60 x 10792 19.214 <2.00 x 10716 ok
ET 4.03 x 10%03 1.05 x 10*03 3.833 0.000173

Significance codes: 0 “*** 0.001 “**” 0.01 *" 0.05".” 0.1 1.

In this study, the Mann-Kendall trend test was used for the analysis of the trend in the HiP
NDVI time series. The main advantage of this technique is that it provides a non-parametric test that
does not require data to be normally distributed, and it is not dependent on the magnitude of data.
Furthermore, this non-parametric test method has a low sensitivity to abrupt breaks in heterogeneous
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time series [66]. The Mann-Kendall test model was applied to the NDVI data, and the results are shown
in Figure 9. In summary, the z-score and p-value for the entire NDVI time series period (2002-2017)
were found to be —1.22 and 0.224, respectively. Both the z-score and the p-value seem to indicate that
there was a downward but not significant trend in the NDVI data. The indication of an insignificant
downward trend (negative z-score) presumably due to the unprecedented sudden reduction of the
NDVI values which coincided with the 2014-2016 drought. In order to investigate the influence of
drought conditions in the study area using the Mann-Kendall method, it is necessary to calculate the
inter-annual variation of Mann—Kendall z-scores. These Mann-Kendall z-scores were calculated from
monthly means for each year starting from 2002-2017.

(a)
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zZ-scores
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Figure 9. (a) The inter-annual variation of Mann-Kendall z-scores (o = 0.05, Z1 = -1.96, Z2 = 1.96) for
the HiP from 2002 to 2017. (b) Sequential statistics values of progressive (Prog) u(t) (solid red line) and
retrograde 1/ (t) (black solid line) obtained by Sequential Mann-Kendall (SQ-MK) test for HiP monthly
mean NDVI data for the period from 2002 to 2017.

Figure 9a shows the Mann-Kendall z-scores based on the 16 years of monthly average NDVI
data for the game reserve. In general, it is expected that vegetation will respond to climate fluctuating
conditions, and this is clearly depicted by significantly negative z-scores (less than Z1 = —1.96) during
strong El Nifio events (e.g., in 2003 and 2014/2015). The significant downward trend observed between
2014 to 2015 is the strongest such downward trend in the history of the MODIS NDVI data used in this
study; it demonstrates a clear response of the vegetation of the reserve to the strong El Nifio event of
2014-2016. Similar analysis and results comparable with those presented here were reported by Hou
et al. [24] in their study on the inter-annual variability in growing-season NDVI and its correlation
with climate variables in the south-western Karst region of China.

The sequential version of the Mann—Kendall test was applied to the NDVI monthly mean time
series so as to determine the approximates time periods of the beginning of a significant trend.
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Figure 9b shows the sequential statistic values of forward/progressive (Prog) u(t) (solid red line) and
retrograde (Retr) /() (black solid line) obtained by SQ-MK test for HiP monthly mean NDVI data
for the period from 2002 to 2017. There is a noticeable statistically significant downward trend which
seems to coincide with the 2003 and strongly the 2014-2016 strong El Nifio event. These independent
calculations are in agreement with the inter-annual variation of the Mann-Kendall z-scores results
presented in Figure 9a. In the case that seems to be associated with the 2014-2016 strong El Nifio events,
there is an apparent downward trend (indicated by the retrograde) that begins in November 2012 and
reaches the negative significant trend limit (—1.96) in April 2014. The retrograde statistic values stay
in significant negative territories during the period from April 2014 to May 2016 before it starts to
revert back to be within the 95% confidence level limits (£1.96). This trend is regarded as significant
because the progressive and retrograde curves intersect each other (turning point) within the limits
of the 95% confidence level. This significant trend turning point took place during November 2012.
Another significant downward trend was observed in late 2003, with the significant trend turning
point observed in June 2005.

The intensity of the 2014-2016 drought impact in the HiP has been identified to be identical to
that of the early 1980s [11]. Some of the additional factors that reportedly intensified the impact of the
2014-2016 drought include the reduction in the grazing lawns, siltation of rivers, and the increasing
number of carnivores [11]. The impact of the 2014-2016 drought did not only affect this natural
protected area (HiP), but also the comical plantations which are situated at about 70 km southwest of
the HiP [10], [67]. A study by Crous et al. [67] reported a large-scale dieback of Eucalyptus grandis x
E. urophylla (SClone) in the Zululand coastal plain, KwaZulu-Natal, South Africa, during the recent
intense drought. This was later supported by Xulu at al. [10], where they reported that the commercial
forest of kwaMbonambi, northern Zululand suffered drought stress during 2015.

3.2. Wawvelet Analyses

In order to analyze the localized variation of the spectral power within the time series, wavelet
analyses, the most common tool for this purpose, was conducted. As mentioned earlier, the wavelet
method assists by decomposing a time series into a time—frequency space, which makes it possible
to determine the dominant modes of variability and how they vary in time. Figure 10 shows the
normalized wavelet power spectra for the monthly mean NDVI, precipitation, soil temperature, DMI,
Nifio.3.4 NDII, and ET data. The results of the EVI wavelet analyses are not shown here because
this time series is identical to that of the NDVI. In Figure 10, the blue color indicates low wavelet
power, and the yellow color represents areas of high wavelet power. The horizontal axis is the time
scale (in years) and the vertical axis is the period (in months). The thick black line represents the 95%
confidence level. The areas of the wavelet power that are considered are those which are within the
cone-of-influence (indicated by the solid “u” shaped line). The con-of-influence indicates areas where
edge effects occur in the coherence data [55,57].

The NDVI of the HiP seems to follow the distinctive pattern of the seasonality of precipitation
in the north-eastern part of South Africa. The region experiences rainfall during the summer period
(December—February) and dry winter period (June-August). This is confirmed by a statistically
significant peak observed at around the 12-month cycle (see Figure 10a), which seems to correspond
with that of precipitation (Figure 10b). The wavelet power spectra of soil temperature (Figure 10c),
NDII (Figure 10f) and ET (Figure 10g) also indicate a strong peak at around the 12-month cycle. This is
plausible because wet seasons (summer in this case) lead to increased soil moisture and also create
conditions of low evapotranspiration and thus accelerate the greening process in the HiP. It should
also be noted that the NDVI wavelet power spectra have significant peaks showing the presence of the
semi-annual oscillation (6 months), which is observed during the distinctive period from 2006-2007 to
2011-2012. The semi-annual oscillation observed during the 2006-2007 period is also apparent in the
NDII wavelet power spectra. The results of the NDVI wavelet spectral presented here are remarkably
similar to the findings of Azzali and Menenti [12], who used a Fourier transform-based technique
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and reported a substantial seasonal change in NDVI for southern Africa. The significant power of
a period of 3-4 months that is observed during the distinctive period 2012-2013 and 2015-2016 in
the precipitation power spectra is perhaps related to cyclone Irina in early 2012 and the most recent
intense drought of 2014-2016. The wavelet power spectra of the DMI indicate a significant power peak
of distinctive periods in the 3-20 months band primarily during the period between 2008 and 2013.
On the other hand, the Nifio3.4 power spectra exhibit significant power peaks in the 8-32 months
band throughout the study period. It should be noted, however, that this frequency of occurrence of
peaks observed in the Nifio3.4 wavelet spectra is similar to that reported in the studies of Torrance and
Compo [55] and also of Jevrejeva et al. [56], who used a much longer time series of the ENSO signal.

IS

©

Period (months)

Period (months)

Period (months)

Figure 10. The normalized wavelet power spectra of monthly mean (a) NDVI, (b) precipitation, (c) Soil
temperature, (d) DMI, (e) Nifio3, (f) NDII, and (g) ET, plotted for the period from 2002 to 2017. The black
lines which encircle the yellowish colors indicate the areas of significance at the 95% confidence level

using the red noise model.

The wavelet coherence between NDVI-Nifi03.4, NDVI-DMI, NDVI-precipitation, NDVI-soil
temperature, NDVI-NDII, and NDVI-ET was investigated to determine whether NDVI significant
wavelet spectra peaks observed at a given time correspond with those observed by the other parameters.
Furthermore, the phase relationship between NDVI and the other parameters was calculated and
superimposed graphically in Figure 11. The phase relationship is represented by arrows, where two
cross-wavelet parameters are in phase if the arrows point to the right, anti-phase if the arrows point to
the left, and NDVI leading or lagging if the arrows point upwards or downwards, respectively.
The vectors were only plotted for areas where the squared coherence is greater or equal to 0.5.
More details about these calculations can be found in References [56,57] and later by studies by
Schulte et al. [59].
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Figure 11. The squared cross-wavelet power spectra for NDVI-Nino3.4, NDVI-DMI,
NDVI-precipitation, NDVI-soil temperature, NDVI-NDII, and NDVI-ET. The continuous black lines
demarcate the areas of significance at the 95% confidence level using the red noise model. The arrows
are vectors indicating the phase difference between the cross-wavelet parameters (see the legend in the
bottom left corner).

The local wavelet coherence spectra together with their distinctive cross-spectra phase for
NDVI-Nifi03.4, NDVI-DMI, NDVI-precipitation, NDVI-soil temperature, NDVI-NDIL, and NDVI-ET
are shown in Figure 11. In general, all the wavelet coherence spectra indicate that Nifio3.4, DMI,
precipitation, soil temperature, NDII, and ET do have some degree of coherence with the HiP
NDVI in a variety of both periods and timescales. However, it should be mentioned that because
statistically, the significant correlation between any two variables being investigated could occur by
chance, a significant commonality in a wavelet coherence spectra analysis does not necessarily imply
interconnection. Moreover, there is a possibility of smaller areas of wavelet coherence occurring by
chance, which would not indicate interconnection, whereas larger areas of significance are improbable
due to chance. For this reason, further investigation is required in regard to a possible teleconnection
between any two-time series.

A study by Torrance and Compo [55] investigated the periodicities present in a much longer
time series (1871-1996) of Nifio3.4 using Morlet wavelets and reported the domination of periods
greater than 12 months, with some episodes of shorter periods also present in their spectra. In this
study, the wavelet coherence between NDVI and Nifio3.4 indicates smaller or no areas of high
power significance, which is understandable because the 16-year monthly mean NDVI time series is
dominated by periodicities of less than 16 months (Figure 10a) whereas the Nifio3.4 wavelet spectra
are dominated by periodicities greater than 12 months. Remarkably, there is a significant power at
a period band of 22-27 months from 2014 to 2017 with cross-spectra phase pointing at the leading
position for Nifo3.4, which indicates that the recent strong El Nifio event may have started first before
the response of NDVI months after the El Nifio.
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The wavelet coherence between NDVI and DMI is observed to delineate some areas that have
high significant power at periods of 2-16 months. It is also important to mention that there are
significant peaks which are within the cone of influence at the period band 32-48 months during
2005-2007 and 2013-2014, respectively. The cross-wavelet phase during the years 2013-2014 indicates
that the DMI was leading the NDVI. This significant peak seems to be similar to that observed in
the Nifio3.4-NDVI wavelet coherence spectra, which indicates that it is possible that the DMI and
Nifi03.4 time series were in phase during this period. If so, their joint effect could have maximized
the browning observed during 2014-2016. The wavelet coherence between NDVI and precipitation,
soil temperature, and ET indicates high significant power during most parts of the study record.
In general, these spectra vectors are observed to have an in-phase relationship especially during the
period band 8-18 months. This pattern is also observed in the distinctive periods which are less than
8 months especially for the period band 2006-2013. The NDVI and soil temperature wavelet coherence
spectra delineate distinctive high power significance with an anti-phase relationship in a 2-8 months
band during 2006-2014. Apart from the two distinctive period bands of 2004-2006 and 2015-2017 of
high significant power during which the NDVI time series led the temperature time series during
the period band 9-14 months, the annual cycle is dominated by the in-phase relationship. Both these
scenarios indicate the possible teleconnection between the two time series. The dominant in-phase
relationship in the NDVI-precipitation, NDVI-soil temperature, and NDVI-ET suggests that these
parameters are positively correlated to the NDVI. This also indicates that the NDVI of the HiP follows
the seasonal cycle of precipitation and temperature that is experienced in this region of southern
Africa. As expected, the NDVI-NDII coherence spectra indicate a significant coherence at periods
greater than 3 months, with a dominant in-phase relationship which indicates a strong correlation
between NDVI and NDIL This is in agreement with the Pearson correlation coefficient results presented
in Figures 7 and 8.

Overall, factors such as DMI, Nino3.4, precipitation, soil temperature, NDII, and ET are shown
to influence NDVI at different distinctive periods and timescales. During the La Nifa years,
the relationship between NDVI and precipitation and temperature seemed to not indicate any alarming
patterns. However, during strong El Nifio years (especially broad and strong El Nifio years such as
the 2014-2016), intense droughts occur. This condition is associated with less humidity and cloud
cover, which allows for more solar radiation reaching the ground and accelerated evapotranspiration,
which impedes photosynthetic activity.

4. Conclusions

Time series analyses methods were employed in this study to investigate the basic structure
variability and trend of the HiP NDVI and its response to the variability of climatic conditions.
The results of this study indicate that drought stress reaction patterns of vegetation within HiP provide
temporal responses to climate variability, suggesting a strong causal influence. Both the NDVI and EVI
values, averaged over the study area, decreased suddenly during 20142016 to their greatest minima of
approximately 0.28 and 0.11, respectively, in 2015. The linear relationship between climatic indices and
NDVI indicated that precipitation soil temperature, soil moisture at root-zone (NDII), ET and to some
extent ENSO play a significant role in the variability of vegetation health. The Pearson correlation
r and MLR p-value for precipitation and ENSO were found to be 0.45 and 2.0 x 1077, and 0.27 and
8.4 x 107*, respectively. While some studies [17] reported temperature as the main meteorological
parameter that influences vegetation, in this study, we conclude that the influence of precipitation on
vegetation was more significant. Different areas of the HiP are affected differently by the strong El
Nifio signal because of the special variation of land cover. The southern part of the HiP was affected the
most because it is dominated by savanna. On the other hand, the northern part of the HiP seems to not
be affected presumably because land cover in this area is dominated by forests which are composed of
trees which are drought resistant. Moreover, terrain appears to have additional influence on the state
of vegetation in the reserve. For example, the lower NDVI values corresponded with the 2014-2016
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drought period, particularly in the south-western (flat) part of the reserve, whereas the northern
parts (hilly) seem to have benefited from orographic precipitation which promoted vegetation growth.
Terrain is also assumed to restrict wildlife grazing in hilly parts of the reserve where stable NDVI are
noticeable, placing more burden in flat areas that are accessible to most grazers.

The Mann-Kendall trend significance test and the sequential version of the Mann-Kendall test
statistic revealed a significant decreasing pattern of NDVI during the extreme drought periods of 2003
and 2014-2016, with unprecedented lowest minimum values of NDVI detected in 2015. This study has
also demonstrated how the wavelet coherence signal processing technique can serve in identifying
periodicities in NDVI time series and can also help demonstrate the temporal response of vegetation
status to environmental disturbances. The wavelet coherence power spectra indicate a strong influence
of precipitation, soil temperature, soil moisture, and ET on the viability of NDVI. This was revealed
by a dominant in-phase relationship between the climatic variables and NDVI, which suggests a
positive correlation.

While the El Nifio of 2014-2016 was both extended and strong, it is possible that its influence
in the study area was also supported by a corresponding positive DMI peak which took place at the
same time with the with the 2014-2016 El Nifio period. It is, therefore, desirable to use the wavelet
coherence technique and other methods to investigate the phase relationship between ENSO and DMI
for determining the corresponding influence of rainfall in the north-eastern part of South Africa.

Finally, we conclude that the recent intense drought of 20142016 influenced the spatiotemporal
pattern of the vegetation condition in the HiP. This holds more implications for the tourism potential
of the HiP with attractive grazers such as white rhinos and buffalos that were reportedly affected by
this event [11]. The results portend that the freely GEE-archived satellite data is a capable tool for
monitoring droughts with a high temporal resolution across game reserves located in drought-prone
areas of South Africa and other parts of the world.
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Appendix A

Here we show the Google Earth Engine interactive development environment. The dark green
area indicates the location of the Hluhluwe-iMfolozi Park in north-eastern South Africa. The NDVI
time series, which is averaged for the study area, is shown in the console part of the GEE interactive
development environment.
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Abstract: This study focusses on identifying a set of representative climate model projections for the
Upper Indus Basin (UIB). Although a large number of General Circulation Models (GCM) predictor
sets are available nowadays in the CMIP5 archive, the issue of their reliability for specific regions
must still be confronted. This situation makes it imperative to sort out the most appropriate single or
small-ensemble set of GCMs for the assessment of climate change impacts in a region. Here a set of
different approaches is adopted and applied for the step-wise shortlisting and selection of appropriate
climate models for the UIB under two RCPs: RCP 4.5 and RCP 8.5, based on: (a) range of projected
mean changes, (b) range of projected extreme changes, and (c) skill in reproducing the past climate.
Furthermore, because of higher uncertainties in climate projection for high mountainous regions like
the UIB, a wider range of future GCM climate projections is considered by using all possible extreme
future scenarios (wet-warm, wet-cold, dry-warm, dry-cold). Based on this two-fold procedure,
a limited number of climate models is pre-selected, from of which the final selection is done by
assigning ranks to the weighted score for each of the mentioned selection criteria. The dynamically
downscaled climate projections from the Coordinated Regional Downscaling Experiment (CORDEX)
available for the top-ranked GCMs are further statistically downscaled (bias-corrected) over the UIB.
The downscaled projections up to the year 2100 indicate temperature increases ranging between
2.3 °C and 9.0 °C and precipitation changes that range from a slight annual increase of 2.2% under
the drier scenarios to as high as 15.9% in the wet scenarios. Moreover, for all scenarios, future
precipitation will be more extreme, as the probability of wet days will decrease, while, at the same
time, precipitation intensities will increase. The spatial distribution of the downscaled predictors
across the UIB also shows similar patterns for all scenarios, with a distinct precipitation decrease over
the south-eastern parts of the basin, but an increase in the northeastern parts. These two features are
particularly intense for the “Dry-Warm” and the “Median” scenarios over the late 21st century.

Keywords: GCM; RCM; CMIP5; CORDEX; climate change; climate model selection; upper
Indus basin

1. Introduction

Future climate projections provided by general circulation models (GCMs) can serve as the
basic input for climate change impact studies on water resources. As the outputs from these general
circulation models (GCMs) have only coarse spatial resolution, and so are often not suitable as direct
input to distributed or semi-distributed hydrologic models, they have to be downscaled in most cases
to appropriate (higher) resolutions. Such a downscaling can be done either through applying statistical
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downscaling or through dynamical downscaling via use of a regional climate model (RCM) embedded
in a larger GCM.

Despite the availability of a large number of GCM outputs in the CMIP5 archive, and the on-going
improvements in their process representations, issues of large uncertainties with regard to the future
climate are not yet avoidable. The inherent uncertainties, along with other factors such as time
limitations, human resource availability, or computational constraints, make it imperative to sort
out the most appropriate individual GCM or small ensemble of GCMs suitable for downscaling and
subsequent use in the assessment of climate change impacts.

This aforementioned selection of GCMs is not simple or straightforward, as there can be nearly an
unlimited number of criteria and approaches through which climate models can be evaluated for their
skill and suitability for specific purposes and regions. In most cases, though, the selection can be based
either on a single criterion or a whole set of criteria. One approach may be to consider the total change
projected by the GCMs, in the means and/or extremes of a climate variable and its location on the
overall spectrum of the future projected by all GCMs. Another approach may place more emphasis on
the success of GCMs in simulating past climate for either the means, extremes, or seasonality [1,2] of the
study region. Additionally, there may be approaches based on some combination of the aforementioned
approaches. The first approach, which considers all the possible projected futures (stretching from
warm and wet to cold and dry, or opting for the middle path of all possible futures) is becoming
more relevant, especially in regions such as the Hindu Kush Himalayas (HKH) and UIB, where
GCMs/RCMs have been reported to struggle in simulating the past climate [3—6]. As no individual
model can be separated out as superior in simulating the past climate in the HKH region, it is therefore
important to consider the full range of possible projected futures when focusing on assessments of
climate change impacts.

The criteria to be used for selecting the most appropriate model runs are also defined based on
their intended purpose or the region. Both of these factors are important, as a different intended
uses my require consideration of assessment based on totally different skills or variables, while
the importance of a specific selection criteria may differ for different locations and topographically
contrasting areas. Additionally, as not all the available models may be equally good for specific
locations, regions or topographies, the need for the assessment of the ability of climate models to
reproduce important processes in the study region is vital and essential.

In the current study, we consider a combination of these approaches to shortlist climate model
runs, along with utilizing new and improved data for the past climate in the UIB [7] for assessment of
model skill in simulating the seasonal cycles in the region. The main aim of the study was to select a
set of GCM simulations that can represent the full spectrum of the future climate, as projected by the
entire pool of climate models, in term of both means and extremes, and which can be subsequently
used as climate forcing for hydrological modelling to assess a wider range of possible climate change
hydrological impacts, especially for the expected changes in water yield, annual cycle, high and low
flows, and floods.

The specific objectives of the study included:

1. To devise a procedure for the identification/filtering of a limited number of climate model runs
that can represent the full spectrum of future climate as projected by the entire pool of climate
models, in term of both means and extremes;

2. To devise procedures/methodologies for evaluating the skills of climate models in simulating the
annual climatic cycle of the recent past;

3. To select suitable climate model runs using the devised methodologies, based on their skills in
simulating past climate, as well as on their ability to represent specific parts of the full spectrum
of climate model projections; and

4. To downscale and/or bias correct the selected GCMs (or GCM-RCM chains, using the selected
GCMs as boundary conditions) through appropriate methods.
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2. Study Area and Data Used

2.1. Study Area

In the current study, the climate change model selection procedure was carried out for the UIB,
which is spread over the Hindu-Kush, Karakorum and Himalayan ranges, and feeds the largest
canal system in the world (Figure 1). This river basin is very important due to two main reasons:
first, the irrigated agriculture of Pakistan overwhelmingly depends on the inputs from this river
basin; and second, the region is probably a climate change hot-spot [8,9], with an extremely uncertain
future hydro-climatology. The future scenario data from the selected models are intended to be used,
after downscaling and bias correction, as input to the SWAT hydrological model [10] for quantifying
possible climate change impacts on the hydrological dynamics of the basin.

Climatic variables are usually strongly influenced by topographic altitude. Thus, the northern
valley floors of the UIB are arid and warm, with an annual precipitation of only 100-200 mm. These
totals increase to 600 mm at 4400 m altitude, and glaciological studies suggest annual accumulation
rates of 15002000 mm at height of 5500 m [11]. The UIB draws more than 50% of its water from
melting of seasonal and permanent snow cover in the Himalaya, Karakoram and the Hindu Kush
(HKH) mountains [5,12-15]. A rise in temperature in the UIB will, therefore, result in elevated melt
rates with huge impacts on the timing and magnitude of the generated flows. This will not only lead
to a higher average stream flow, but also to an increase in the occurrence and magnitude of extremes,
especially during high-precipitation events [16]. There is also the possibility that the peak flows may
shift to earlier months or other seasons, with a rise in temperature [5] in the UIB.

| Legend
@ Stream Gauge stations
- Mauntain Ranges
I—River and Tributries
[DUI8-Pakistan

jB Tebela Dam/Laka
32°M==—{— Adminstrative Boundries

Elevation
High : 8611

337N

Pakistal

Low : 90

Figure 1. Upper Indus Basin (UIB): Main catchments, meteorological stations, streams and tributaries.

All these facts make UIB a very sensitive region to possible climate change, and even, according to
some [17], a climate-change “hotspot”. However, despite the necessity of intensified investigations on
different aspects of climate change and its possible implications, the task is hindered by the harshness
of the environment and the unavailability of representative data. The climatic data available in the
UIB lacks suitable coverage, since the in situ meteorological observations in the UIB are sparse and
mostly taken at valley stations. Furthermore, the complex orography of the UIB region also affects the
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amounts, spatial patterns and seasonality of the precipitation. Therefore, neither the sparsely observed
station data and gridded data products based on them, nor the sensors-based data, fully represent the
precipitation regime of the region [6].

2.2. Data Used

2.2.1. GCM Outputs

In the IPCC 5th assessment report, four representative concentration pathways (RCPs) are
normally used as a basis for future climate modelling: one very high baseline emission scenario
(RCP8.5), two medium stabilization scenarios (RCP4.5 and RCP6) and one mitigated scenario (RCP2.6)
(Table 1).

Table 1. Representative concentration pathways (RCPs), their radiative forcing, emissions (CO,
equivalent and growth rate %) and temperature increase.

. . CO, Temperature CO;, Growth
RCP Radiative Forcing Equiv. (ppm)  Increase (°C) Pathway Rate (%)

RCP8.5 8.5 Wm~2 in 2100 1370 4.9 Rising ~2.5

Stabilization
-2 ~

RCP6.0 6 Wm™~ post 2100 850 3.0 without overshoot ~1

Stabilization
-2 ~
RCP4.5 4.5 Wm™~ post 2100 650 24 without overshoot ~1.5
RCP2g 3 Wm™? before 2100,
(RCP3P.D) declining to 2.6 Wm 2 490 15 Peak and decline ~1.6

by 2100

Source: [18-20]

The current study intended to include emission scenarios, covering a wider range of Radiative
forcing and future temperature anomaly, while remaining close to the reality and considering RCP’s
showing minimum differences with the 2005 onwards actual observed CO, emission trend and growth
rates. Keeping these prerequisites in mind, out of the four options: RCP2.6 was not considered in the
current selection as it seemed to be the least likely [18,21] and the mitigation effort implied by this RCP,
is unfeasible in the current circumstances [22,23], because it needs a sustained global CO, mitigation
rate of around 3% per year, not a likely prospect, at least in the near future [20].

Out of the remaining three RCPs, the high baseline emission scenario (RCP8.5) and one
medium-stabilization scenario (RCP4.5) were selected for the current study. The RCP8.5 was included
because it covers the higher end of radiative forcing, as well as the temperature change, and it is also
in line with the observed trend of around 3% in the average annual CO, emission growth rates for
2005-2012 [20,23].

For the medium-stabilization scenarios, both RCP4.5 and RCP6 are equally acceptable, but due
to time constraints, and because RCP4.5 shows a better match (~1.5%) of the trends of the average
annual CO; emission growth rates for the period of 2005-2012 than RCP6 (=1.0%) [20,23], RCP4.5 was
picked along RCP8.5 for the GCM selection procedure.

Additionally, in the current study, only the available GCM runs for the ensemble member r1p1il in
the CMIPS5 repository [24] are included in the initial list. This is done so as to keep open the possibility
of using dynamically downscaled projections (driven by the selected GCMs as boundary conditions)
by Regional Climate Models (RCMs), which in most cases have utilized boundary conditions from the
ensemble member r1p1il of the GCMs.

In the current study, a total number of 42 available model runs (ensemble member r1p1il) are
evaluated for RCP4.5 and of 39 for RCP8.5.
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2.2.2. Extremes Indices

For the assessment of model runs for extremes, the ETCCDI extremes indices are utilized.
The annual extremes of the daily CMIP5 data were acquired from the ETCCDI extremes indices
archive [25,26], provided at the “Canadian Centre for Climate Modelling and Analysis”. This data was
indirectly obtained and downloaded through the “KNMI Climate Explorer”, which is a web-based
research tool to investigate climate and climate change.

2.2.3. Observed Data

The climate station network in the UIB has historically been comprised of only a few low-altitude,
valley-based stations. Although the number of in situ observational points has increased since the
mid-nineties, with the installations of a few higher altitude automatic weather stations, the coverage is
still very thin, and the data is often not very representative, especially for different elevation zones.
Similarly, while most of the weather stations have become operational after the mid-nineties, long-term
data is a rare commodity and is only available at limited locations.

Similarly, owing to the complex orography of the UIB region and to the co-action of different
hydro-climatic regimes, neither the sparse observed station data or the gridded data products based
on them, nor the sensor-based climatic datasets fully represent the precipitation regime of the region [6,
16,27,28]. Several studies have pointed out that precipitation and other climatic variables in the HKH
region exhibit large changes over short distances and considerable vertical gradients [11,29-34].

In the absence of long-term climate data with acceptable representation of the UIB climate, most
climate-change studies have relied on either the very thin climatic observation network records or
the gridded datasets based on them. In all these cases, either the data have acceptable quality, but
shorter duration, or they have huge biases, especially, in the case of precipitation in regions with higher
altitudes. These biases are further amplified when this data is used as a reference for bias correction or
downscaling of climate projections, making the results questionable.

In the current study, therefore, a new long-term climate dataset was prepared (Figure 2). The work
related to this new long-term gridded data product [7] is not included in this paper, but we utilized
this new dataset instead of the readily available global or regional gridded historical climate datasets,
for bias correction, downscaling and assessment of the reliability of climate models for the simulation
of the past climate in the region.

These gridded precipitation and temperature data are derived, based on all the available in situ
observations available in the UIB, through reconstruction for the periods before the mid-nineties,
interpolation and correction for the orography and elevation-induced effects guided by available data
for runoff, actual evapotranspiration and glacier mass-balance [7].

2.2.4. RCM Outputs

Five CORDEX-SA experiments (Table 6), including IPSL-CM5A-MR_RCA4, MPI-ESM-LR_RCA4,
NorESM1-M_RCA4, Can ESM2_RegCM4-4, and GFDL-ESM2M_RCA4, were downscaled and bias
corrected. These five GCMs have been dynamically downscaled by CORDEX, using two different
RCMs (RCA4 and RegCM4). Their RCM outputs are at considerably finer scale (0.44°) then the
source GCMs.

3. Methods

3.1. Selection and Shortlisting of GCMs/RCMs

The full spectrum of GCM projections is wide, with large uncertainties attached [35-37], and it
cascades to even a larger spectrum when downscaled or translated into possible impacts. Furthermore,
the available future projections differ vastly from each other and may range from very wet to drier
or very warm to colder future climates, so that the models can be categorized as representing either
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Warm-Wet, Warm-Dry, Cold-Wet and Cold-Dry corners of the full spectrum, in addition to the
projections which are around the median tendency of future model projections.
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Figure 2. Reference climate data: (a) Mean annual precipitation (mm), (b) mean temperature- maximum
(°C), and (c) mean temperature- minimum (°C).

These issues have led to diverse views on how to select or use these climate model projections,
or even whether these climate models or their downscaled outputs should explicitly be used at all,
or should only be indirectly used, instead, as guides to generate a range of plausible scenarios more
suited for targeted impact studies and practical adaptation planning [38].

In mountainous regions, such as the Upper Indus Basin (UIB), the issue of how to proceed with
the climate change impact studies becomes more complicated, because not only may the uncertainties
shown by the climate models for these regions be even greater [4,39], but also because of the lower
margin for error, as the lives and livelihood of millions of people depend purely on the water resources
generated in these basins.

The usual approach of selecting results of a certain model or group of models or opting for a
scenario with the mean trend of future projections may not be practical, as the full range of possible
future climatic conditions needs to be covered in order to assess the full range of expected impacts
required for climate adaptation needs.

As mentioned earlier, the selection of GCMs can be done following different approaches and
may be based on a single criterion or a set of criteria. These approaches may include criteria such as:
the total amount of change in the mean and/or an extreme of a projected climate variable; the success
of a GCM in simulating the past climate for means or extremes; or maybe the skill in presenting the
same pattern of tele-connections that drive the climate of the study region, and so on.

The current study adopted a combination of some of these approaches and applied a step-wise
shortlisting of climate models based on a range of projected change in the (a) mean, (b) extremes, and
(c) skill in reproducing the past climate. As the aim was to arrive at a limited number of models that
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can represent not only all the possible futures as projected by the entire pool of climate models, but
also changes in climatic extremes, so that the selected model runs can provide representation of the
full spectrum of future climate projections by GCMs in terms of change in mean, as well as extremes.
In other words, for each selected RCP, we intended to filter and select five climate model runs, each
representing one the four corners of the spectrum or the median tendencies.

3.1.1. Shortlisting Based on Changes in the Means

As a first step, the total number of available model runs (ensemble member r1p1i1) for RCP4.5 (42)
and RCP8.5, (39) were evaluated and shortlisted based on the change presented by them, in terms of
the mean annual precipitation sum (AP) and the mean air temperature (AT), averaged across the UIB,
between the simulated reference period historical data (1976-2005) and the late 21st-century projected
data (2071-2100). The calculations were done using the web-based application “Climate Explorer”
managed by the Royal Netherlands Meteorological Institute (KNMI) (http://climexp.knmi.nl).

As our intention was to identify fewer model runs that best represent the four corners of the
full spectrum, as well as the central and middle tendencies, we first determined the 10th, 50th and
90th percentile values of AP and AT for the entire ensemble considered for each RCP, to explore the
extent of the full spectrum of the projected changes in temperature and precipitation under that RCP.
This was followed by determining the four (4) closest projections to each of the corners, as well as
the center of the spectrum. The total number of shortlisted model runs for each of the two RCPs then
amounted to 20.

Details of the different parts of the full spectrum considered during this study are as follows:

the Dry-Cold corner, represented by the 10th percentile AP as well as 10th percentile value of AT;
the Dry-Warm corner, represented by the 10th percentile AP but the 90th percentile value of AT;
the Wet-Cold corner, represented by the 90th percentile AP and the 10th percentile value of AT;
the Wet-Warm corner, represented by the 90th percentile values for both AP as well as AT;
and finally

e the median projected future climate, represented by the 50th percentile values of both AP and AT

The identification of the closest model runs to any corner point was done according to the
procedure suggested by [19]. It should be noted that 10th and 90th percentiles were selected as the
central points of the corners, rather than the maximum or minimum values, in order to avoid selection
of any outlier projections.

3.1.2. Ranking Based on Changes in Climate Extremes

To ascertain that preference will be given to those climate model runs that represent the full
range of projected change in extremes, all 20 shortlisted model runs for each of RCP4.5 and RCP8.5,
were further scrutinized and ranked based on their projected changes in climatic extremes. To that
end, the ETCCDI indices [25] (Table 2) were used to evaluate changes in climatic extremes for air
temperature, as well as precipitation. For the former, changes in the extremes were ranked and
evaluated based on two indices—the warm spell duration index (WSDI), and the cold spell duration
index (CSDI)—while for the latter, consecutive dry days (CDD) and the precipitation due to extremely
wet days (R99pTOT) were considered.

To keep the work manageable, we only analyzed four indices in total, two indices to represent
changes in precipitation extremes and two for changes in temperature extremes. Furthermore, as the
intended use of the selected climate model ensemble was to force the hydrological model for assessing
climate change impacts on both flows and extremes, we chose the four most obvious indicators of
precipitation and temperature extremes.

The R99pTOT (precipitation due to extremely wet days (>99th percentile)) and CDD (consecutive
dry days: maximum length of dry spell (P < 1 mm)) are appropriate indicators for precipitation
extremes and suitable for assessment of associated hydrological extremes. R99pTOT is an important
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indicator for wet spells in terms of their length and magnitude, which are both key influencing factors
in shaping extreme hydrological events (floods and high flows). Similarly, CDD is an important
indicator for dry spells that can provide a good opportunity for assessment of the associated low flow
episodes. The two temperature-related extreme indices used, i.e., WSDI (count of days in a span of at
least 6 days where TX > 90th percentile) and CSDI (count of days in a span of at least 6 days where TN
< 10th percentile), seemed best suited for their effects on evapotranspiration and cryospheric processes.
The snow and glacier melt/accumulation, as well as evapotranspiration dynamics, are very important
in the highly glacierized study area.

The changes in these indices, averaged over the UIB and over 30 years, between the reference
period (1976-2005) and the late 21st century projections (2071-2100), were calculated using the database
available at the ETCCDI extremes indices archive (http:/ /climexp.knmi.nl), constructed by [26,40].

Only the relevant index for the air temperature or for the precipitation was considered for each of
the previously selected group of models (a set of four) initially shortlisted models for each corner or
the center), so that for the models in the Wet-Warm corner, only the R99pTOT index for precipitation
and the WSDI index for temperature were considered, because they were the only relevant indices, as
R99pTOT indicates extreme precipitation events, while WSDI indicates warm spells (Table 2). The other
two indices, i.e., CDD and CSDI, were not considered in this case; however, they were the only indices
considered for models in the Dry-Cold corner. For each corner, the relevant indices were given scores
based on the ratio of the extreme index to the mean of that index, for all four models in a corner.
For example, in the Wet-Warm corner, the % change in R99pTOT for a single model is divided by the
mean of the % change in R99pTOT for all four models in that corner. The same procedure was applied
for WSDI and, finally, both scores were averaged to obtain a final score.

Table 2. List of ETCCDI extreme indices used during the GCM selection procedure.

Climate Variable ETCCDIIndex  Description of the ETCCDI Index

Precipitation due to extremely wet

R99pTOT ‘
Precipitation days (>99th percentile)
DD Consecutive dry days: maximum
length of dry spell (P <1 mm)
Warm spell duration index: count of
WSDI days in a span of at least 6 days where

Air Temperature TX > 90th percentile

Cold spell duration index: count of
CSDI days in a span of at least 6 days where
TN < 10th percentile

For each of the extreme indices, a weighted rank/skill score (Skgj) was calculated, with the highest
value among the group getting the highest weighted rank/skill score of 1, and the others getting a rank
according to their difference from this highest value, i.e.,

_ El,—El

Skpr =1 an

)
where Sk is the weighted rank for the specific extreme index EI, h denotes the highest index value in
a group, and t denotes the target index to be ranked.

Similarly, in the case of the change in means, i.e., AT (°C) and AP (%), the ranking (Sk;,) was done
based on the difference AT (°C) or AP (%) shown by each member with the percentile value relevant to

that group,
Sk —1 (A TorA P) 10, 50 or 90thpercentile - (A TorA P)target )
m=1-
(ATorA P)IO, 50 or 90" percentile
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3.1.3. Ranking Based on Skill in Reproducing the Reference Climate

The models were also evaluated with respect to their skill at simulating the past climate during the
reference period (1976-2005). The selected climate model simulations were compared to the reference
temperature and the precipitation gridded dataset [7] and were assigned skill scores. We did not use the
same method for assigning skill score to temperature and precipitation. For assessing the performance
of models in simulating past temperature, the method we applied was adopted from Perkins et al. [41].
In this method, the skill score for temperature is calculated based on the identification of similarities
between PDFs of modelled data and the observed reference data. A metric is generated to calculate
the cumulative minimum value of each binned value for the two distributions, which represent the
common area between two PDFs. This skill score (Skry,) can be expressed as follows:

n
SkTmp = 2 minimum (Zcp, Zops) 3)
1

where 7 is the number of bins used to calculate the PDF, Z¢, is the frequency of values in a given bin
from the model while Zcy, is the frequency of values in a given bin from the observed data. This skill
score is 1, when there is a perfect match between simulated and the observed data, while a score of 0
means no similarities at all.

The number of bins used in this study to generate the PDFs was 50.

In the case of precipitation, the skill score is calculated by a method proposed by [42] as the
product of five skill functions, each assessing similarities between modelled and observed data, while
covering different aspects of precipitation behavior. These five skill score functions for a particular
model j are listed below:
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where Acyyj and Agys are the areas below the simulated (climate model j) and the observed precipitation
cumulative density function (PDF) curves, respectively, and A+ and A— are the fractional areas over
(+) and under (—) the 50th percentile. P denotes the average annual precipitation over UIB and ¢ is the
standard deviation of the probability distribution function.

Each of the above factors is intended to cover different aspects of probability distribution
characteristics of the climate models, so that the distribution as a whole is taken into account through
the mean and the total area (Equations (4) and (7)), the smaller and higher precipitation amounts
are accounted for, through the 50th-percentile limit (Equations (5) and (6)), while the shape of the
distribution is defined through the variance (Equation (8)).
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These five factors are multiplied together to yield a single final skill score (Skpy,.) for precipitation
estimated by each model j:

Skprec = faj - foj - f3j " faj - foj )

As a final step, all the rankings/scores, based on the changes in the means and in the extremes, as
well as the skill scores for reproducing reference temperature and precipitation, are multiplied together
to get the final overall skill or rank as follows:

Final Skill Score = SkEh . SkElz . SkA T SkA P SkTemp . Skprec (10)

Under this skill score, a higher value indicates better performance, while a lower value indicates
otherwise. These skill scores can be further translated to a simple ranking of 1 to 4 for each group of
climate models.

The climate model selection procedure adopted in this study is in line with the approach and
methods suggested by [21,41,42], although with certain modifications in the evaluation criteria. For
assessing the performance of models in simulating past temperature, the method applied is adopted
from [41], while in the case of precipitation, guidance is taken from [42]. A major difference from [21]
in assessing model performances in simulating past climate is the use of a new long-term climate data
set and an additional evaluation step for assessing model runs for their skill in reproducing the annual
cycle of precipitation and temperature as well.

3.2. Downscaling and Bias Correction

After the shortlisting and ranking of the GCMs, the next step was to address the two primary
issues inhibiting impact studies: firstly, the coarse spatial scales represented by the GCM may not be as
fine as required by regional- and local-scale environmental modelling or impact studies; and secondly,
the GCM raw outputs, or their downscaled versions, are deemed to contain systematic errors (bias) of
certain magnitude, relative to the observational data, and therefore need post-processing by correcting
it with and towards observations prior their its use in environmental modelling or impact studies.

The downscaling can be done either by applying statistical downscaling methods or through
dynamical downscaling via application of a regional climate model (RCM). As dynamical downscaling
was too demanding in terms of time and computational resource requirements, we decided only
to explore whether any dynamically downscaled RCM projections were available for the already
shortlisted and ranked GCMs. The Coordinated Regional Downscaling Experiment (CORDEX) has
generated fine-scale climate projections for different regions of the world, of which the CORDEX-South
Asia experiments cover the UIB region. We found that CORDEX-RCM model projections were available
for four of the selected GCMs at the 1st rank and one GCM at the 2nd rank. These RCM projections
provide dynamically downscaled data at a resolution of ~50 km for all of our selected GCMs. The data
for the relevant GCM-RCM combinations were downloaded, but needed further downscaling, as the
scale was still not fine enough, and also needed to undergo bias correction before further use in
hydrological modelling.

This downscaling and bias correction was achieved by the Distribution Mapping method
(DM) [43], which was selected out of five different bias correction methods for the precipitation
climate variable. These methods included: (1) Linear Scaling (LS); (2) Local Intensity Scaling (LIS);
(3) Power Transformation (PT); (4) Distribution Mapping (DM); and (5) Distribution Mapping followed
by Intensity and frequency Scaling (DM-IS).

For the temperature, the selection was made after evaluating the performance of the following
three bias correction methods: (1) Linear Scaling (LS); (2) Variance Scaling (VS); and (3) Distribution
Mapping (DM). Further details of these methods can be found in [43].

The calibration and validation statistics, along with brief explanations, are provided as appendices
(Supplementary Materials: Appendix A, Tables Al and A2).
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4. Results
4.1. Selection of Climate Models

4.1.1. Shortlisting of Models: Changes in Climatic Means

The results of the initial shortlisting of the GCM model runs are given in Figures 3 and 4. In this
step, only those GCM runs were retained which showed minimal difference with the 10th, 50th and
90th percentile values of AT (°C) and AP (%), so that, for each RCP, we were left with sets of 4 GCM
runs at each corner and 4 in the middle, while the remaining model runs were not processed any
further. In this way, a total of 20 model runs were selected for each RCP.

It is worth mentioning that the range of projections for AT and AP for the RCP8.5 model pool
was much larger than for the RCP4.5 model pool. For the latter, more extreme RCP, AP ranges from
—5.42% t0 19.56%, and AT ranges from 1.26 °C to 5.41 °C; while for the former (RCP4.5), these ranges
are much higher, with AP ranging between —12.01% and 35.12% and AT between 1.48 °C and 8.57 °C.

The shortlisted GCM runs were also ranked according to their differences with the 10th, 50th or
90th percentile values in the respective corner or center. This ranking was intended for use in the final
selection step, so that those model runs which show closest representation of the group of models or
type of scenarios (Warm-Wet, Warm-Dry, Cold-Wet, Cold-Dry or the Median) get preference during
the final selection.

It should be noted that the term Cold used in the “Wet-Cold” and “Dry-Cold” scenarios does
not mean that the future temperatures will be colder than those of the reference period, but rather
indicates that the warming will be less than that of the Warm scenarios. Similarly, the term Dry in the
scenarios “Dry-Cold”and “Dry-Warm” is also only indicative of its comparative position relative to
other climate models.
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Figure 3. Projected changes in mean air temperature (AT) and annual precipitation sum (AP) between
2071 and 2100 and 1971 and 2000 for all included RCP4.5 GCM runs. Blue crosses indicate the 10th,
50th and 90th percentile values for AT and AP. The model runs shortlisted during this step are indicated
in red color.
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Figure 4. Similar to Figure 3, but for RCP8.5 GCM runs.
4.1.2. Ranking Based on Changes in Climatic Extremes

The 20 shortlisted model runs for each RCP were further scrutinized based on their projected
changes in climatic extremes. The details of the projected changes in selected extreme indices are given
in Table 3. The darker colors indicate the higher values, while the lighter indicates lower values. These
indices were given a weighted rank/score based on their difference from the highest value in the group
of four model runs in a corner.

Similar to the rank assigned based on changes in the means, this ranking was also intended for
use in the final selection step, so that the model runs, which show the largest changes in the extreme
indices for each of the corner: Warm-Wet, Warm-Dry, Cold-Wet or Cold-Dry, get preference during the
final selection. Unlike the four corners, evaluation based on the extreme indices was not carried out
for the central or the mean scenario.

The ranking and scores for means and extreme indices, as well as the skill scores for simulating
reference climate, are presented in Tables 4 and 5 for RCP4.5 and RCP8.5, respectively.

In most cases, the model run with the highest or the lowest changes in mean precipitation or
temperature coincide with the highest change in relevant extreme index as well.

The index A R99pTOT (%) was evaluated to represent the “Wet” scenarios, while the A CDD (%)
represented the “Dry” scenarios. Similarly, A WSDI (%) was considered for the “Warm” scenarios,
while A CSDI (%) was considered for the “Cold” scenarios. In this way, a set of two (2) indices out of
the four (4) were evaluated for each of the scenarios: Warm-Wet, Warm-Dry, Cold-Wet, and Cold-Dry.
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Table 3. Percentage change in ETCCDI indices (R99pTOT, CDD, WSDI, and CSDI) along with changes
in mean precipitation (AP) and temperature (AT), for all corners/scenarios (Warm-Wet, Warm-Dry,
Cold-Wet and Cold-Dry) and both RCPs (RCP4.5 and RCP8.5).

Projection Model AR99pTOT (%) ACDD (%) AWSDI(%) A CSDI(%) AP (%) (%) AT (°C)
RCP 4.5

CanESM2 29.0 —7.2 814 —96.2 13.0 3.6
HadGEM2-ES 28.6 12.5 1002 —98.7 3.7 3.6

Wet-Warm
MIROC5 76.4 —8.8 938 —96.3 12.1 4.0
MIROC-ESM-CHEM 19.8 2.2 611 —89.9 6.7 3.8
bee-csm1-1-m 453 -1.0 298 —87.6 5.0 2.2
GFDL-ESM2M 424 —49 202 —61.6 49 1.8

Wet-Cold
IPSL-CM5B-LR 322 —11.7 293 —81.6 52 2.0
MRI-CGCM3 59.6 -75 471 —89.8 9.0 22
ACCESS1-0 464 0.9 656 —92.1 3.47 3.5
CMCC-CMS 61.9 7.1 454 —89.8 —3.35 3.6

Dry-Warm
IPSL-CM5A-MR 545 12.0 604 —90.2 1.28 3.9
MIROC-ESM 26.8 1.8 718 —97.0 2.41 42
CCsM4 4.8 —0.8 323 —92.0 4.54 24
GFDL-ESM2G 16.2 —0.1 373 —70.9 2.14 22

Dry-Cold
inmemé4 2.0 43 216 —48.9 —5.29 42
MPI-ESM-LR 423 17.7 406 —89.1 —5.76 2.8

RCP 8.5

CanESM2 101.7 —12.3 1181 -97.3 18.5 6.7
GFDL-CM3 9.7 —5.0 1426 —100.0 9.0 8.6

Wet-Warm
MIROC5 257.2 —13.4 1640 —98.5 35.1 6.2
MIROC-ESM-CHEM 285 14.5 1314 —100.0 6.6 7.6
GFDL-ESM2G 95.9 -1.0 668 -99.0 126 4.7
GFDL-ESM2M 72.9 -3.1 1696 —95.5 13.5 4.2

Wet-Cold
CNRM-CM5 68.6 —35 638 —96.1 141 41
MRI-CGCM3 195.5 —12.6 1309 —98.4 241 4.6
IPSL-CM5A-LR 94.5 233 1022 —97.6 —12.01 7.0
IPSL-CM5A-MR 194.6 9.3 1358 —99.1 —2.95 7.1

Dry-Warm
MIROC-ESM 9.5 4.4 1521 —100.0 0.06 7.3
CMCC-CMS 143.9 18.8 985 —99.9 —2.26 6.0
MPI-ESM-LR 136.0 29.1 1067 —98.2 —4.49 52
CCsM4 483 7.0 871 —99.5 0.86 4.6

Dry-Cold
inmemé4 61.3 4.7 849 —85.9 1.48 41
NorESM1-M 107.1 3.5 1010 —98.6 6.01 4.6

4.1.3. Ranking Based on Skill in Reproducing the Reference Climate

After checking the model runs for their projected changes in means and extreme indices, they
were finally evaluated for their skill at reproducing the reference precipitation and temperature data.

The ranking for past performance utilized a new set of reference precipitation and temperature
data [7], averaged over the UIB. The skill scores were calculated following the procedure of Section 4.1.3,
and are presented in columns g and h in Tables 4 and 5. For most scenarios, the same models performed
better than the others for both RCPs in simulating past climate.
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After allocating the skill score based on the past performance, the final skill scores and ranks were
calculated by multiplying all the relevant skill scores allocated to each model run. The final ranks were
allocated to each scenario, with the highest rank allotted to the model run with highest final skill score,
and so on.

It is interesting to note that for the 4 scenarios, Warm-Dry, Cold-Wet, Cold-Dry and Median,
for both RCPs, the same GCMs get the highest skill scores and ranks. The only exception is the
Warm-Wet scenario, where different models top the ranking. In this scenario, for RCP4.5, the GCM
“MIROC5” is in the top rank, followed by “CanESM2”, while for RCP8.5, the ranking of these two
GCMs is reversed.

Table 4. Weighted ranks for all shortlisted RCP4.5 GCM runs based on change in means (e and f),
change in extremes (a, b, c and d) and their skill scores for simulating reference precipitation and air

temperature(g and h).
a b c d e f g h =
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CanESM2 0.38 0.85 0.97 0.63 0.79 0.36 0.57 2
HadGEM2-ES 0.37 1.00 0.94 0.39 0.73 0.29 0.29 3
Wet-Warm
MIROCS 1.00 0.94 0.95 0.72 0.81 0.38 1.93 1
MIROC-ESM-CHEM  0.26 0.61 1.00 0.71 0.71 0.25 0.20 4
bee-csm1-1-m 0.74 0.93 0.77 0.53 0.71 0.40 0.80 3
GFDL-ESM2M 0.71 0.75 0.97 0.52 0.79 0.41 0.88 2
Wet-Cold
IPSL-CM5B-LR 0.54 1.00 0.94 0.55 0.71 0.14 0.28 4
MRI-CGCM3 1.00 0.90 0.82 0.96 0.78 0.35 191 1
ACCESS1-0 0.07 0.91 0.93 0.78 0.77 0.35 0.14 2
CMCC-CMS 0.59 0.75 0.97 0.81 0.70 0.31 0.75 4
Dry-Warm
IPSL-CM5A-MR 1.00 1.00 0.97 0.59 0.79 0.33 1.52 1
MIROC-ESM 0.15 0.81 0.87 0.92 0.74 0.22 0.16 3
CCsM4 0.05 1.00 0.64 0.34 0.79 0.26 0.02 3
GFDL-ESM2G 0.00 0.77 0.58 0.56 0.75 0.32 0.00 4
Dry-Cold
inmcmé4 0.24 0.53 0.89 0.76 0.66 0.35 0.20 2
MPI-ESM-LR 0.98 0.97 0.75 0.72 0.75 0.32 1.23 1
NorESM1-M 0.94 0.58 0.79 0.43 1.83 1
bec-csm1-1-m 0.76 0.70 0.76 0.44 1.76 2
Mean
GFDL-ESM2G 0.87 0.85 0.75 0.32 1.77 2
CMCC-CMS 0.56 0.20 0.70 0.31 0.24 4
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Table 5. Similar to Table 4, but for RCP8.5.
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CanESM2 0.40 0.72 0.93 100 079 036 076 1
GFDL-CM3 0.04 0.87 0.80 0.48 0.71 0.39 0.04 3
Wet-Warm
MIROC5 1.00 1.00 0.86 0.10 0.81 0.38 0.27 2
MIROC-ESM-CHEM  0.11 0.80 0.94 0.36 0.71 0.25 0.05 3
GFDL-ESM2G 0.49 0.97 0.89 0.68 0.75 0.32 0.69 4
GFDL-ESM2M 0.50 1.00 1.00 0.73 0.79 0.34 0.97 2
Wet-Cold
CNRM-CM5 0.35 1.00 098 076 081 0.41 087 3
MRI-CGCM3 1.00 0.98 0.90 0.70 0.78 0.35 1.65 1
IPSL-CM5A-LR 1.00 0.67 0.98 0.41 0.79 0.33 0.71 2
IPSL-CM5A-MR 0.40 0.89 1.00 0.84 0.78 0.34 0.79 1
Dry-Warm
MIROC-ESM 0.19 1.00 0.98 0.60 0.74 0.22 0.18 4
CMCC-CMS 0.81 0.65 084 078 070 031 074 2
MPI-ESM-LR 1.00 0.86 0.73 0.96 0.75 0.31 1.42 1
NorESM1-M 0.12 0.85 0.64 0.01 0.79 0.50 0.00 2
Dry-Cold
CCsSM4 0.24 0.84 0.64 0.48 0.79 0.26 0.13 4
inmem4 0.16 1.00 0.57 0.42 0.66 0.34 0.09 2
NorESM1-ME 093 091 079 050 334 1
GFDL-ESM2G 0.95 0.09 0.75 0.32 0.21 2
Mean
CCSM4_rlilpl 0.93 0.13 0.79 0.26 0.25 2
bec-csm1-1 0.92 0.86 0.77 0.28 1.70 4

4.1.4. Limitations of the Model Selection Procedure

In the previous section, the step-wise shortlisting of the various climate models was based on
the range of projected change in (a) mean, (b) extremes, and (c) skill in reproducing the past climate.
Although the main aim of this approach was to combine the strengths of two different methodologies,
i.e., the selection of the GCMs based on the properties of the full range of projections and the selection
procedures based on past performance, certain limitations are unavoidable and need to be discussed.

First of all, the analysis considered only models selected based on the changes in the means and
only the ensemble member rIp1i1, resulting in a reduced number of GCM runs for evaluation and
possibly a smaller range of climatic extremes. This may also have led to possibly screening out models

which may have had better past performance.

Similarly, another issue is concerned with the scale at which the method was applied. During the
shortlisting step, and also during the evaluation of extreme indices, the projected changes or ETCCDI
extremes indices were averaged over the entire UIB, which has the possibility of decreasing the spatial

variation in projected changes.
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Additionally, the weighting of different skill scores in this study also differed for similar work,
such as [21]. In our study, the final skill score was a combination of scores allocated for change in
mean, change in extremes, and performance in reproducing past climate. This may have reduced
the chances of selecting the climate model with the best past performance, but increased the chance
of a better spread of scenarios over the entire range, while still taking past performance as a key
factor in selections. Our model selection approach also assumes that all the evaluated model runs
are independent of each other, which may not be the case, as some models use the same forcing and
validation data or may share similar model codes [44,45].

Despite these limitations, the adopted approach made it possible for us to identify a limited
number of model runs, representative of the full range of future projected means and extremes while
giving due preference to models which perform better at simulating the reference climate.

4.2. Bias Correction and Downscaling of Future Climate Scenarios

The future climate projections of the selected climate models needed to be downscaled and
corrected for biases, before further use in hydrological model simulation. Therefore, as a first option,
all the dynamically downscaled climate projections available for UIB were checked for whether
any Regional Climate Model (RCM) projections were available that have dynamically downscaled
projections for the already shortlisted GCM at first or second position in the ranking. We found
that, for both RCPs, the outputs of at least three (3) CORDEX-SA experiments were based on the
GCMs ranked 1st in our study (IPSL-CM5A-MR_RCA4, MPI-ESM-LR_RCA4 and NorESM1-M_RCA4).
The GSM CanESM2, which is at 2nd rank for RCP4.5 and at 1st for RCP8.5, has dynamically downscaled
projections under CORDEX-SA experiments, CanESM2_RegCM4-4. The output of one CORDEX-SA
experiment (GFDL-ESM2M_RCA4) was based on GFDL-ESM2M, which is ranked at 2nd position for
both the RCPs in our study (Tables 4 and 5).

It was decided to utilize the available dynamically downscaled data for our selected
GCMs, ranked at 1st or 2nd positions. Therefore, five CORDEX-SA experiments (Table 6),
including IPSL-CM5A-MR_RCA4, MPI-ESM-LR_RCA4, NorESM1-M_RCA4, Can ESM2_RegCM4-4,
and GFDL-ESM2M_RCA4 were selected for further processing and bias correction. These five GCMs
were dynamically downscaled by CORDEX using two different RCMs (RCA4 and RegCM4). Their
RCM outputs are at a considerably finer scale (0.44°) than the source GCMs.

Table 6. List of CORDEX South Asia experiments for RCP8.5 and their CMIP5-GCM forcing.

. Experiment
Nr Scenario Driving AOGCM RCM RCM Description
Name Short Form
<§ﬂ Abdus Salam International Centre
CanESM2_ for Theoretical Physics (ICTP)
- -~ O 4
1 Wet-Warm RegCM4-4 CAN CCCma-CanESM2 (1st) 2 Regional Climatic Model version 4
~ (RegCM4; [46])
2 Wet-Cold GF[I){LC_iiMZM’ GFDL NOAA-GFDL-GFDL-ESM2M (2nd)
3 Mean NorESMIM_— \or Nor-ESM1-M (Ist) 3 Rossby Centre regional
RCA4 Il atmospheric model version 4
~ .14
MPI-ESM-LR_ (RCA4; [47])
4  Dry-Cold RCA4 MPI MPI-ESM-LR (1st)
IPSL-CM5A-MR_
5 Dry-Warm RCA4 IPSL IPSL-CM5A-MR (1st)
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4.3. Projected Changes in Temperature and Precipitation

The five (5) selected (CORDEX-SA) RCM outputs were further bias-corrected using the
“distribution mapping technique” [43] for RCP4.5 and RCP8.5 for two sets of durations, i.e.,
mid-century (2041-2070) and end-century (2071-2100). Major properties of the downscaled projections
are given in Table 7.

Table 7. Future precipitation and temperature projections from 5 GCM models, 2 RCPs and 2 periods.

Precipitation (mm) Temperature (°C)
RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5
Values and (change %) Values and (change %) Values and change Values and change
@ @
> @ > ®
3 ES 5 ES = =
Model Duration 2 a 8 = o 3 5 6 N % ‘6 6
Bz . 2, 3. Ez E. 2, z. E _3 Y E _% _%
£ g % 2 E ] % g E c® e = PR
.- 2z 38 £T $E Lz %E & £z £ & Ex EZ
5 8E 3 & g5z 8E £5 gE L 8T 2% U RE 3%
&= £ 2 2 &= £ 3 2 & g 5 & g &
& 2 g & 3 3 = & & 2 & &
s £ g £ = =
~ ~

4170 539 19.7 1074 5.0 532 19.5  106.9 4.9 5.52 17.6 —6.1 6.3 18.4 —5.3
(2.9%)  (36.8%) (—7.8%) (13.2%) (1.7%) (354%) (—8.3%) (11.8%) (412) (3.85) (4.93) (4.91) (4.66) (5.70)

71-00 557 207 1074 5.2 502 20.5 94.4 54 7.7 191 36 104 219  —12
(6.2%)  (42.1%) (~7.8%) (17%) (—4.2%) (18%) (—1.9%) (22%) (6.33) (5.34) (7.44) (9.0) (8.17) (9.82)

IPSL-CM5A-MR.
RCA4

41270 536 186 1109 4.6 535 186 1085 4.7 4.0 162  —8.1 4.5 167 =77
(2.3%)  (29.1%) (—4.8%) (5.2%) (2.0%) (29.1%) (—6.9%) (7.3%) (2.64) (2.44) (2.85) (3.08) (2.99) (3.27)

71-00 537 187 1091 47 559 203 1061 5.1 5.5 174 —65 7.3 192 —49
(24%)  (41.1%) (—6.4%) (7.7%) (6.7%) (41.1%) (=8.9%) (15.5%) (4.11) (3.67) (4.48) (5.86) (5.51) (6.09)

MPI-ESM-LR.
RCA4

£1-70 536 203 109.0 49 555 211 1113 4.9 3.8 168  —8.0 43 179  -75
(24%)  (46.1%) (—6.4%) (10.7%) (6.0%) (46.1%) (—4.5%) (12.3%) (2.36) (3.03) (3.02) (2.92) (42) (3.53)

71200 537 203 1090 4.9 548 222 1070 52 4.9 177  —676 6.6 199 —51
(2.5%)  (54.4%) (—6.4%) (12%) (4.6%) (54.4%) (—8.2%) (17.5%) (3.50) (3.99) (4.23) (5.23) (6.16) (5.93)

NorESM1-M
RCA4

£1-70 540 179 1119 47 578 205 1149 49 3.8 160 —78 41 162  —7.0
(B1%)  (42.6%) (—4%) (7%)  (10.4%) (42.6%) (—1.4%) (11.1%) (2.41) (2.31) (3.22) (2.73) (2.43) (4.02)

71-00 536 194 1128 47 612 220 1147 52 51 1714 —64 6.6 188  —48
(22%)  (52.8%) (—3.2%) (5.7%) (16.8%) (52.8%) (—1.5%) (18.6%) (3.70) (3.42) (457) (522) (5.03) (6.17)

GFDL-ESM2M,
RCA4

| o £1-70 560 211 1196 47 557 207 1156 46 4.5 168 —78 49 169 7.2
EE (6.9%)  (43.8%) (2.7%) (6.4%) (6.3%) (43.8%) (—0.8%) (5.5%) (3.14) (3.08) (3.20) (3.51) (3.16) (3.75)
a0
c o0
S& 607 232 1172 5.05 590 218 1149 50 5.6 175  —65 7.4 200 —5.1

71-00 (15.9%) (516%) (0.6%) (148%) (125%) (L6%) (—13%) (132%) (424) (.8) (447) (603 (6.24) (589

Observed  1976-2005 524 14.4 116.5 4.4 524.1 14.4 116.5 4.4 14 13.7 —11.0 14 13.7 —11.0

The downscaled projections show changes in temperature ranging from 2.3 °C to 6.33 °C for
RCP4.5 and of 2.92 °C to 9.0 °C for RCP8.5. The downscaled and bias-corrected precipitation ranges
from a minor increase of 2.2% for the drier scenarios to as high as 15.9% for the wet scenarios.
Thus, both temperature and precipitation show increases, as do the extremes, since the probabilities
of the wet days are projected to decrease, while the precipitation intensities are projected to increase
unanimously by both RCPs.
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The spatial distribution of the projected future changes for precipitation and temperature across
the UIB also show certain distinct trends. Thus, the precipitation (Figure 5) over the mid-century
(2041-2070), as well as the late century (2071-2100), reveals for all scenarios a remarkable decrease in
the southeastern parts of the basin, but an increase in the northeastern parts. This decrease/increase is
particularly intense for the “Dry-Warm” and the “Median” scenarios over the late 21st century.

Model Precipitation (mm) - RCP4.5 Precipitation (mm) — RCPS8.5
ode]
| b-  2071-2100 c- 20412070 | d- 2071-2100

a- 20412070

gCMd-4
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Figure 5. Spatial distribution of projected precipitation change across the UIB over the mid (2014-2070)
and the late- (2071-2100) 21st century for 5 models and 2 RCPs. The figure is arranged in a tabular
form where the 1st and 2nd column represent projected change in precipitation for RCP 4.5, for the
mid-century (2014-2070) and the late-century (2071-2100), respectively, while the 3rd and 4th
columns show the projected change in the mid-century and the late-century precipitation for RCP 8.5,
respectively. The rows represent the climate models used.

The spatial distribution of the projected changes for in temperature (Figure 6) also shows
similarities across all scenarios, with the northern and northwestern parts of the basin exhibiting
higher increases, while the eastern and southern parts experience a comparatively smaller
temperature increase.

For RCP8.5, the projected temperature changes appear to be very high over the late 21st century
and this occurs under all scenarios, especially for the “Warm” scenarios, with an almost uniform spread
across the whole UIB. The projected temperature changes range for all RCPs and the two 20th-century
periods from a minimum increase of 3.76 °C (NorESM1-M_RCA4, RCP4.5, Period: 2041-2070) to
a maximum increase as high as 10.4 °C (IPSL-CM5A-MR_RCA4, RCP8.5 and period: 2071-2100).
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Temperature °C —rcp4.5 Temperature °C —rcp8.5
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Figure 6. Similar to Figure 5, but for temperature changes.

4.4. Limitations of the Downscaling and Bias Correction Approach Adopted

The downscaling and bias correction approaches described in the previous sections, although
adopted as the best available option considering the availability of time, resources and data, are still
not without limitations.

Firstly, we opted for using GCM-RCM chains for the already shortlisted climate model runs where
the RCM add further detail to global climate simulations and may provide regional- to local-scale
information, but their outputs are still subject to inherited or new systematic errors and may therefore
require a bias correction or further downscaling to a higher resolution, along with the fact that they
may also produce quite a different response in terms of the temperature and precipitation change
than the forcing GCMs. In fact, many authors recognized this affliction of GCM-RCM model chains
with systematic errors (biases) [48-55], but still the representation of explicit atmospheric and surface
processes and the level of spatial details provided by the RCMs [56] make them a better option for
regions with high topographic variability, The selection procedure may in future, though, directly
include the RCM runs instead of GCM, when an appropriate amount of RCM runs are available.

The systematic errors (biases) in GCM/RCM outputs make them unsuitable for certain uses,
and application of different bias-correction methods has increasingly become a standard procedure,
especially in climate change impact studies [57].

Although these bias correction approaches improve the agreement of climate model output with
observations, and therefore narrows the uncertainty range of predictions and simulations, they do
so without a sound physical basis [57]. At the same time, a growing number of authors are showing
reservations on the use of bias correction methods for a variety of reasons. Some argue that the main
assumption behind bias correction approaches is the stationarity of the correction parameters, which is
not realistic and may not be the case, especially under climate change [57,58]. While others believe that
as bias correction cannot overcome major climate model errors, inexperienced application might result
in ill-informed adaptation decisions [59]. Despite being critical of bias correction methods, many of
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these authors e.g., [57,59,60] acknowledge the need for some type of bias correction and recommend
different precautions to avoid any pitfalls.

5. Conclusions

It is essential to have representative future climate projections of appropriate quality for climate
change impact studies, especially in the water resource sector. Despite the availability of an increasing
number of GCM outputs in the CMIP5 archive and the on-going improvements in their process
representations, issues of large uncertainties in their future climate predictions cannot be avoided.
This situation, along with other factors, such as time, human resources or computational constraints,
make it imperative to sort out the most appropriate individual GCM or small ensemble of GCMs for a
more reliable assessment of climate change impacts.

The approach presented in the present study seeks the most suitable set of climate model runs,
while considering not only the full ranges of projected changes in terms of means and extremes by
different climate models, but also their skills in simulating the past climate in a reference period.

This selection procedure was applied for future climate projections over the Upper Indus Basin
for two representative concentration pathways (RCPs), the RCP 4.5 and RCP 8.5. All available model
runs for the r1plil ensemble member of each GCM in the CMIP5 repository were included in the
initial list. The total number of model runs available for RCP4.5 was 42, and 39 for RCP8.5.

Based on the huge uncertainties reported in the GCM runs for the UIB, all possible extreme future
scenarios (Wet-Warm, Wet-Cold, Dry-Warm, Dry-Cold) were considered, in addition to the selection
of GCMs representing the mean future climate change, with respect to both changes in the projected
means and the extremes. This procedure made it possible to arrive at a limited number of climate
models, from which the final selection was performed by assigning ranks based on the weighted score
for each of the mentioned selection criteria.

Finally, the precipitation and temperature time series of the selected GCM model runs were bias
corrected and further downscaled to the scale of the reference data by means of a distribution mapping
technique. The ensembles of the selected GCM runs for RCP4.5 and RCP8.5 scenarios show that
the uncertainty of future climate in the study region is very large for the raw data, as well as their
downscaled versions.

The downscaled projections indicate increases of temperature ranging between 2.3 °C and 9.0
°C and changes in precipitation that range from a slight annual increase of 2.2% under the drier
scenarios, to as high as 15.9% for the wet scenarios. Thus, for both temperature and precipitation,
the future projections under all scenarios and both RCP’s only show increases in the mean annual
values, with no negative trend. Moreover, for all scenarios, the future precipitation is projected to
be more extreme, as the probability of wet days decreases, while at the same time, the precipitation
intensities will increase.

The spatial distribution of the downscaled predictors, namely, the precipitation, also shows
distinct patterns across the UIB, such that this variable shows for all time periods/scenarios considered
a distinct decrease in the southeastern parts, but an increase in the northeastern parts of the basin.
This decrease/increase is particularly intense for the “Dry-Warm” and the “Median” scenarios over
the late 21st century.

Opverall, the future climate of the UIB region remains very uncertain, which justifies the selection
procedure proposed here to arrive at a wider range of possible climate scenarios that can then be
further utilized and translated into a wider spectrum of climate change impact scenarios.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2225-1154/6/4/89/s1.

Author Contributions: Conceptualization, A.J.K.; Formal analysis, A.J.K.; Investigation, A.J.K.; Methodology,
AJ.K,; Resources, M.K,; Supervision, M.K.; Validation, A.J] K.; Writing—original draft, A.J.K.; Writing—review &
editing, M.K.

Funding: This research received no external funding.

274



Climate 2018, 6, 89

Acknowledgments: We acknowledge provision of data by the following sources:

The data sets for changes in mean/extremes were acquired from “KNMI Climate Explorer”, web application
to analysis climate data statistically. It is part of the WMO Regional Climate Centre at KNMI, Netherland;
CORDEX-South Asia experiment, RCMs data, hosted at Centre for Climate Change Research (CCCR) at the
Indian Institute of Tropical Meteorology (II'TM).

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Biemans, H.; Speelman, L.H.; Ludwig, E.; Moors, E.J.; Wiltshire, A.J.; Kumar, P.; Gerten, D.; Kabat, P. Future
water resources for food production in five South Asian river basins and potential for adaptation—A
modeling study. Sci. Total Environ. 2013, 468, S117-S131. [CrossRef] [PubMed]

Pierce, D.W.; Barnett, T.P.; Santer, B.D.; Gleckler, P.J. Selecting global climate models for regional climate
change studies. Proc. Natl. Acad. Sci. USA 2009, 106, 8441-8446. [CrossRef] [PubMed]

Turner, A.G.; Annamalai, H. Climate change and the South Asian summer monsoon. Nat. Clim. Chang. 2012,
2, 587-595. [CrossRef]

Mishra, V. Climatic uncertainty in Himalayan water towers. J. Geophys. Res. Atmos. 2015, 120, 2689-2705.
[CrossRef]

Lutz, A.F; Immerzeel, W.W.,; Kraaijenbrink, PD.A.; Shrestha, A.B.; Bierkens, M.E.P. Climate Change Impacts
on the Upper Indus Hydrology: Sources, Shifts and Extremes. PLoS ONE 2016, 11, €0165630. [CrossRef]
[PubMed]

Palazzi, E.; Hardenberg, J.; von Provenzale, A. Precipitation in the Hindu-Kush Karakoram Himalaya:
Observations and future scenarios. J. Geophys. Res. Atmos. 2013, 118, 85-100. [CrossRef]

Khan, A.J.; Koch, M. Correction and Informed Regionalization of Precipitation Data in a High Mountainous
Region (Upper Indus Basin) and Its Effect on SWAT-Modelled Discharge. Water 2018, 10, 1557. [CrossRef]
De-Souza, K ; Kituyi, E.; Harvey, B.; Leone, M.; Murali, K.S.; Ford, ].D. Vulnerability to climate change in
three hot spots in Africa and Asia: Key issues for policy-relevant adaptation and resilience-building research.
Reg. Environ. Chang. 2015, 15, 747-753. [CrossRef]

Nepal, S.; Shrestha, A.B. Impact of climate change on the hydrological regime of the Indus, Ganges and
Brahmaputra river basins: A review of the literature. Inf. |. Water Resour. Dev. 2015, 31, 201-218. [CrossRef]
Arnold, ].G.; Srinivasan, R.; Muttiah, R.S.; Williams, J.R. Large area hydrologic modeling and assessment
part I: Model development. |. Am. Water Resour. Assoc. 1998, 34, 73-89. [CrossRef]

Wake, C.P. Glaciochemical Investigations as a Tool for Determining the Spatial and Seasonal Variation
of Snow Accumulation in the Central Karakoram, Northern Pakistan. Ann. Glaciol. 1989, 13, 279-284.
[CrossRef]

Tahir, A.A.; Chevallier, P.; Arnaud, Y.; Ahmad, B. Snow cover dynamics and hydrological regime of the
Hunza River basin, Karakoram Range, Northern Pakistan. Hydrol. Earth Syst. Sci. 2011, 15, 2275-2290.
[CrossRef]

Ali, K.F; de Boer, D.H. Spatial patterns and variation of suspended sediment yield in the upper Indus River
basin, northern Pakistan. J. Hydrol. 2007, 334, 368-387. [CrossRef]

Archer, D. Contrasting hydrological regimes in the upper Indus Basin. ]. Hydrol. 2003, 274, 198-210.
[CrossRef]

Immerzeel, WW.; van Beek, L.PH.; Bierkens, M.EP. Climate Change Will Affect the Asian Water Towers.
Science 2010, 328, 1382-1385. [CrossRef] [PubMed]

Wijngaard, R.R,; Lutz, A.F; Nepal, S.; Khanal, S.; Pradhananga, S.; Shrestha, A.B.; Immerzeel, WW. Future
changes in hydro-climatic extremes in the Upper Indus, Ganges, and Brahmaputra River basins. PLoS ONE
2017, 12, €0190224. [CrossRef] [PubMed]

Kilroy, G. A review of the biophysical impacts of climate change in three hotspot regions in Africa and Asia.
Reg. Environ. Chang. 2015, 15, 771-782. [CrossRef]

Van Vuuren, D.P.; Edmonds, J.; Kainuma, M.; Riahi, K.; Thomson, A.; Hibbard, K.; Hurtt, G.C.; Kram, T.;
Krey, V.; Lamarque, J.-F; et al. The representative concentration pathways: An overview. Clim. Chang. 2011,
109, 5-31. [CrossRef]

275



Climate 2018, 6, 89

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wayne, G.P. The Beginner’s Guide to Representative Concentration Pathways. Available online: https:
/ /www.skepticalscience.com/docs/RCP_Guide.pdf (accessed on 1 January 2018).

Peters, G.P.; Andrew, RM.; Boden, T.; Canadell, ].G.; Ciais, P.; Le Quéré, C.; Marland, G.; Raupach, M.R,;
Wilson, C. The challenge to keep global warming below 2 °C. Nat. Clim. Chang. 2013, 3, 4-6. [CrossRef]
Lutz, A.F; ter Maat, H.W.; Biemans, H.; Shrestha, A.B.; Wester, P.; Immerzeel, W.W. Selecting representative
climate models for climate change impact studies: An advanced envelope-based selection approach.
Int. J. Climatol. 2016, 36, 3988-4005. [CrossRef]

Mora, C.; Frazier, A.G.; Longman, R.J.; Dacks, R.S.; Walton, M.M.; Tong, E.J.; Sanchez, ].J.; Kaiser, L.R.;
Stender, Y.O.; Anderson, ].M.; et al. The projected timing of climate departure from recent variability. Nature
2013, 502, 183-187. [CrossRef] [PubMed]

Sanford, T.; Frumhoff, P.C.; Luers, A.; Gulledge, J. The climate policy narrative for a dangerously warming
world. Nat. Clim. Chang. 2014, 4, 164-166. [CrossRef]

Taylor, K.E.; Stouffer, R.J.; Meehl, G.A. An Overview of CMIP5 and the Experiment Design. Bull. Am.
Meteorol. Soc. 2012, 93, 485-498. [CrossRef]

Peterson, T.C. Climate change indices. WMO Bull. 2005, 54, 83-86.

Sillmann, J.; Kharin, V.V.; Zhang, X.; Zwiers, EW.; Bronaugh, D. Climate extremes indices in the CMIP5
multimodel ensemble: Part 1. Model evaluation in the present climate. J. Geophys. Res. Atmos. 2013, 118,
1716-1733. [CrossRef]

Yatagai, A.; Kamiguchi, K.; Arakawa, O.; Hamada, A.; Yasutomi, N.; Kitoh, A. APHRODITE: Constructing
a Long-Term Daily Gridded Precipitation Dataset for Asia Based on a Dense Network of Rain Gauges.
Bull. Am. Meteorol. Soc. 2012, 93, 1401-1415. [CrossRef]

Palazzi, E.; Filippi, L.; von Hardenberg, J. Insights into elevation-dependent warming in the Tibetan
Plateau-Himalayas from CMIP5 model simulations. Clim. Dyn. 2017, 48, 3991-4008. [CrossRef]

Dahri, Z.H.; Ludwig, E; Moors, E.; Ahmad, B.; Khan, A.; Kabat, P. An appraisal of precipitation distribution
in the high-altitude catchments of the Indus basin. Sci. Total Environ. 2016, 548, 289-306. [CrossRef]
[PubMed]

Pang, H.; Hou, S.; Kaspari, S.; Mayewski, P.A. Influence of regional precipitation patterns on stable isotopes
in ice cores from the central Himalayas. Cryosphere 2014, 8, 289-301. [CrossRef]

Hewitt, K. Glacier Change, Concentration, and Elevation Effects in the Karakoram Himalaya, Upper Indus
Basin. Mt. Res. Dev. 2011, 31, 188-200. [CrossRef]

Winiger, M.; Gumpert, M.; Yamout, H. Karakorum-Hindukush-western Himalaya: Assessing high-altitude
water resources. Hydrol. Process. 2005, 19, 2329-2338. [CrossRef]

Weiers, S. Zur Klimatologie des NW-Karakorum und Angrenzender Gebiete. Statistische Analysen Unter
Einbeziehung von Wettersatellitenbildern und Eines Geographischen Informationssystems (GIS); Kommission
bei F. Diimmler: Bonn, Germany, 1995.

Dhar, O.N.; Rakhecha, P.R. The Effect of Elevation on Monsoon Rainfall Distribution in the Central Himalayas.
In Monsoon Dynamics; Lighthill, M.]., Pearce, R.P,, Eds.; Cambridge University Press: New York, NY, USA,
1981; pp. 253-260.

Wilby, RL.; Dawson, C.W.; Murphy, C.; O’Connor, P.; Hawkins, E. The Statistical DownScaling
Model-Decision Centric (SDSM-DC): Conceptual basis and applications. Clim. Res. 2014, 61, 259-276.
[CrossRef]

Pielke, R.A.; Wilby, R.L. Regional climate downscaling: What's the point? Eos Trans. Am. Geophys. Union
2012, 93, 52-53. [CrossRef]

Stakhiv, E.Z. Pragmatic Approaches for Water Management Under Climate Change Uncertaintyl. J. Am.
Water Resour. Assoc. 2011, 47, 1183-1196. [CrossRef]

Wilby, R.L.; Dessai, S. Robust adaptation to climate change. Weather 2010, 65, 180-185. [CrossRef]

Sanjay, J.; Krishnan, R.; Shrestha, A.B.; Rajbhandari, R.; Ren, G.-Y. Downscaled climate change projections
for the Hindu Kush Himalayan region using CORDEX South Asia regional climate models. Adv. Clim.
Chang. Res. 2017, 8, 185-198. [CrossRef]

Sillmann, J.; Kharin, V.V.; Zwiers, EW.; Zhang, X.; Bronaugh, D. Climate extremes indices in the CMIP5
multimodel ensemble: Part 2. Future climate projections. J. Geophys. Res. Atmos. 2013, 118, 2473-2493.
[CrossRef]

276



Climate 2018, 6, 89

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Perkins, S.E.; Pitman, A.J.; Holbrook, N.J.; McAneney, J. Evaluation of the AR4 Climate Models’ Simulated
Daily Maximum Temperature, Minimum Temperature, and Precipitation over Australia Using Probability
Density Functions. J. Clim. 2007, 20, 4356-4376. [CrossRef]

Sanchez, E.; Romera, R.; Gaertner, M.A.; Gallardo, C.; Castro, M. A weighting proposal for an ensemble of
regional climate models over Europe driven by 1961-2000 ERA40 based on monthly precipitation probability
density functions. Atmos. Sci. Lett. 2009, 10, 241-248. [CrossRef]

Teutschbein, C.; Seibert, J. Bias correction of regional climate model simulations for hydrological
climate-change impact studies: Review and evaluation of different methods. J. Hydrol. 2012, 456, 12-29.
[CrossRef]

Knutti, R.; Masson, D.; Gettelman, A. Climate model genealogy: Generation CMIP5 and how we got there.
Geophys. Res. Lett. 2013, 40, 1194-1199. [CrossRef]

Jun, M.; Knutti, R.; Nychka, D.W. Local eigenvalue analysis of CMIP3 climate model errors. Tellus A Dyn.
Meteorol. Oceanogr. 2008, 60, 992-1000. [CrossRef]

Giorgi, F; Coppola, E.; Solmon, F; Mariotti, L.; Sylla, M.B.; Bi, X,; Elguindi, N.; Diro, G.T.; Nair, V,;
Giuliani, G.; et al. RegCM4: Model description and preliminary tests over multiple CORDEX domains.
Clim. Res. 2012, 52, 7-29. [CrossRef]

Samuelsson, P; Jones, C.G.; Will ‘En, U.; Ullerstig, A.; Gollvik, S.; Hansson, U.; Jansson, E.; Kjellstro, M.C.;
Nikulin, G.; Wyser, K. The Rossby Centre Regional Climate model RCA3: Model description and
performance. Tellus A Dyn. Meteorol. Oceanogr. 2011, 63, 4-23. [CrossRef]

Wilby, R.L.; Hay, L.E.; Gutowski, W.J.; Arritt, RW.; Takle, E.S.; Pan, Z.T.; Leavesley, G.H.; Clark, M.P.
Hydrological responses to dynamically and statistically downscaled climate model output. Geophys. Res. Lett.
2000, 27, 1199-1202. [CrossRef]

Wood, A.W.; Leung, L.R.; Sridhar, V.; Lettenmaier, D.P. Hydrologic implications of dynamical and statistical
approaches to downscaling climate model outputs. Clim. Chang. 2004, 62, 189-216. [CrossRef]

Randall, D.A.; Wood, R.A.; Bony, S.; Colman, R.; Fichefet, T.; Fyfe, J.; Kattsov, V.; Pitman, A.; Shukla, J.;
Srinivasan, J.; et al. Climate Models and Their Evaluation. In Climate Change 2007: The Physical Science Basis;
Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2007.

Piani, C.; Weedon, G.P.; Best, M.; Gomes, S.M.; Viterbo, P.; Hagemann, S.; Haerter, J.O. Statistical bias
correction of global simulated daily precipitation and temperature for the application of hydrological models.
J. Hydrol. 2010, 395, 199-215. [CrossRef]

Hagemann, S.; Chen, C.; Haerter, J.O.; Heinke, J.; Gerten, D.; Piani, C. Impact of a sta25 tistical bias
correction on the projected hydrological changes obtained from three GCMs and two hydrology models.
J. Hydrometeorol. 2016, 12, 556-578. [CrossRef]

Chen, C.; Haerter, ].O.; Hagemann, S.; Piani, C. On the contribution of statistical bias correction to the
uncertainty in the projected hydrological cycle, Geophys. Res. Lett. 2011, 38, L20403. [CrossRef]

Rojas, R.; Feyen, L.; Dosio, A.; Bavera, D. Improving pan-European hydrological simulation of extreme
events through statistical bias correction of RCM-driven climate simulations. Hydrol. Earth Syst. Sci. 2011,
15, 2599-2620. [CrossRef]

Haddeland, I.; Heinke, J.; Vo3, F; Eisner, S.; Chen, C.; Hagemann, S.; Ludwig, F. Effects of climate model
radiation, humidity and wind estimates on hydrological simulations. Hydrol. Earth Syst. Sci. 2012, 16,
305-318. [CrossRef]

Trzaska, S.; Schnarr, E.; A Review of Downscaling Methods for Climate Change Projections. United States
Agency for International Development (USAID) under the African and Latin American Resilience to Climate
Change (ARCC) Project by Tetra Tech ARD, Burlington, Vermont, USA. 2014, pp. 1-42. Available online:
http:/ /www.ciesin.org/documents /Downscaling CLEARED_000.pdf (accessed on 1 January 2018).
Ehret, U.; Zehe, E.; Wulfmeyer, V.; Warrach-Sagi, K.; Liebert, J. “HESS Opinions” Should we apply bias
correction to global and regional climate model data? Hydrol. Earth Syst. Sci. 2012, 16, 3391-3404. [CrossRef]
Vannitsem, S. Bias correction and post-processing under climate change. Nonlinear Process. Geophys. 2011, 18,
911-924. [CrossRef]

277



Climate 2018, 6, 89

59. Maraun, D.; Shepherd, T.G.; Widmann, M.; Zappa, G.; Walton, D.; Gutiérrez, ].M.; Hagemann, S.; Richter, L.;
Soares, PM.; Hall, A.; Mearns, L.O. Towards process-informed bias correction of climate change simulations.
Nat. Clim. Chang. 2017, 7, 764. [CrossRef]

60. Maraun, D. Bias correcting climate change simulations-a critical review. Curr. Clim. Chang. Rep. 2016, 2,
211-220. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

278



Atrticle

Estimating the Impact of Artificially Injected
Stratospheric Aerosols on the Global Mean
Surface Temperature in the 21th Century

Sergei A. Soldatenko

St. Petersburg Institute for Informatics and Automation of the Russian Academy of Sciences, No. 39, 14-th Line,
St. Petersburg 199178, Russia; soldatenko@iias.spb.su; Tel.: +7-931-354-0598

Received: 28 September 2018; Accepted: 26 October 2018; Published: 28 October 2018

Abstract: In this paper, we apply the optimal control theory to obtain the analytic solutions of
the two-component globally averaged energy balance model in order to estimate the influence of
solar radiation management (SRM) operations on the global mean surface temperature in the 21st
century. It is assumed that SRM is executed via injection of sulfur aerosols into the stratosphere to
limit the global temperature increase in the year 2100 by 1.5 °C and keeping global temperature
over the specified period (2020-2100) within 2 °C as required by the Paris climate agreement.
The radiative forcing produced by the rise in the atmospheric concentrations of greenhouse gases is
defined by the Representative Concentration Pathways and the 1pctCO, (1% per year CO, increase)
scenario. The goal of SRM is formulated in terms of extremal problem, which entails finding a
control function (the albedo of aerosol layer) that minimizes the amount of aerosols injected into the
upper atmosphere to satisfy the Paris climate target. For each climate change scenario, the optimal
albedo of the aerosol layer and the corresponding global mean surface temperature changes were
obtained. In addition, the aerosol emission rates required to create an aerosol cloud with optimal
optical properties were calculated.

Keywords: climate change; optimal control; geoengineering; climate manipulation

1. Introduction

Climate change is among the most significant threats to human civilization in the 21st century
and beyond [1]. The Paris Climate Accord proposed to hold average temperature increase “to well
below 2 °C above pre-industrial levels” and to pursue efforts to keep warming “below 1.5 °C above
pre-industrial levels” [2]. To reach these goals, eight countries have already presented long-term
low-emission strategies, which aims to reduce greenhouse gas emissions; several countries are currently
in the process of preparing such strategies [3]. Meanwhile, the World Meteorological Organization’s
(WMO) “Statement of the State of the Global Climate in 2017” released in January 2018 said, “The global
mean temperature in 2017 was approximately 1.1 °C above the pre-industrial era” [4]. There is high
confidence that planetary warming will continue throughout the 21st century even if we immediately
stopped emitting greenhouse gases into the atmosphere (e.g., References [5-9]). Some resent studies
(e.g., References [10-13]) suggest that geoengineering technologies can serve as a supplementary
measure to stabilize climate as “in the absence of external cooling influence” [14], it is hard to achieve
the Paris Agreement climate goals.

Solar radiation management (SRM) by injection of sulfur aerosols into the stratosphere [15,16] is
one of the most feasible and promising solutions for inducing negative radiative forcing (RF) from
aerosols in order to at least partially compensate the positive RF from atmospheric greenhouse gases.
The current state of understanding of climate engineering technologies, including SRM, has been
discussed in References [17-26]. Over the years, climate models have played a key role in exploring
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geoengineering techniques and predicting and quantifying their potential effects on Earth’s climate
(e.g., References [27-36]). Due to the uncertainties inherent in climate models that could not be
sufficiently reduced over the last decade [37], the resulting range of possible outcomes of hypothetical
geoengineering efforts remains quite vague. To handle the climate response uncertainties, some
studies (e.g., References [38-45]) have suggested modeling the Earth’s climate as a control system with
feedbacks, which allows planning scenarios for geoengineering using the so-called “design model”.
This formulation makes it possible to design the control law and calculate the amount of SRM forcing
as a function of time needed to offset the rise in global mean surface temperature due to human-caused
positive RE. Meanwhile, exploring Earth’s global climate as controlled dynamical system, we can
approach geoengineering from the perspective of optimal control theory [46—49]. Within the optimal
control framework, the goal of geoengineering can be formulated in terms of extremal problem, which
involves finding control functions and the corresponding climate system trajectory that minimize or
maximize a certain objective functional (also referred to as performance measure or index) subject to
various constraints (e.g., References [50,51]. If x is the state vector of climate system and u is the vector
of control variables, then the abstract extremal problem can be formulated as follows:

J(x,u) = extr, F(x,u) =0, (x, u)e M C X xU 1

The statement of this problem includes a set X x U on which the (real) functional J(x,u)
is defined and constraints imposed on state and control variables given by the model of control
object F(x, u) = 0 (dynamic constraints) and by the subset M in X x Y. The solution to the
extremal problem (Equation (1)) is the optimal process (x*, u*). Thus, by solving the optimal control
problem (OCP), we can obtain the mathematically rigorous control law and the corresponding system’s
trajectory that are relevant for the specified performance measure 7 (x, u).

This paper deals with a simple mathematical model for controlling the global mean surface
temperature Ty, in the 21st century by the injection of sulfur aerosols into the stratosphere to limit the
global temperature increase in the year 2100 by 1.5 °C above pre-industrial level and keeping global
temperature over the period of 20202100 within 2 °C as required by the Paris climate agreement.
The objective is to minimize resources (the total mass of aerosols) required to achieve the desired final
state of the climate system. In the model, the positive RF produced by the rise in the atmospheric
concentrations of greenhouse gases is specified in accordance with the Representative Concentration
Pathways [52] and the 1pctCO; (1% per year CO; increase) scenario.

The mathematical statement of OCP is the collection of the following key elements: objective
function defined to judge the effectiveness of control process, mathematical model of the controlled
object, equality and inequality constraints to be satisfied by state and control variables, and boundary
and initial conditions (if any) for state variables. To imitate the behavior of the climate system, we
applied a two-component energy balance model [53-55] in which the global mean surface temperature
anomaly (perturbation) represents the variable that interests us the most, and the albedo of the
global aerosol layer is designated as the control variable. We derived analytical expressions for both
the optimal albedo of the global aerosol layer and the corresponding change in the global mean
surface temperature.

The results of illustrative calculations are presented for the period 2020-2100. For each climate
change scenario, the optimal albedo of the aerosol layer—and therefore the aerosol emission rates—as
well as the associated global mean surface temperature changes were found.

We need to emphasize that the main reason for using such a model is that similar two-layer models
have been considered and analyzed in a number of papers considering the response to forced climate
change. For example, Geoffroy et al. [56,57] obtained and discussed the general analytical solutions of
the two-layer model for different hypothetical climate forcing scenarios and suggested the approach of
calibrating the model parameters to imitate the time response of coupled general circulation models
(CGCMs) from CMIP5 to radiative forcing. Gregory et al. [58] analyzed the two-layer model and
discussed the transient climate response, the global mean surface air temperature change under
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two scenarios: one with a step forcing (the abrupt 4xCO, experiment) and one with the 1pctCO,
scenario. Despite the fact that the two-layer model is one of the simplest tools to mimic climate
dynamics under external radiative forcing, it was able to simulate the evolution of average global
surface temperature over time in response to both abrupt and time-dependent forcing with reasonable
accuracy (e.g., References [56,59]).

In the two-layer model, climate control is carried out via changing Earth’s planetary albedo by
injection of sulfur aerosols into the stratosphere (“albedo modification”). Sulfur aerosols increase the
amount of sunlight that is scattered back to space, thereby reducing the amount of sunlight absorbed
by Earth. Inherently, the planetary albedo is an average of the local albedo, averaged over the entire
globe. The local albedo, in turn, is a highly variable dimensionless parameter that depends on a
number of local factors, such as the composition of the atmosphere and in particular the presence of
aerosols, the cloud amount and properties [60], the sea ice cover [61], the land use [62-64], the snow
cover [65], etc. A typical value of Earth’s planetary albedo is about 0.3 [66].

As change in the albedo of our planet is a powerful driver of climate (indeed, a 1% change in the
Earth'’s planetary albedo generates the radiative effect of 3.42 Wm 2, which is commensurate with radiative
forcing due to a doubling of CO, concentrations in the atmosphere), scientists have proposed “albedo
modification” as a powerful tool to deal with global warming (e.g., References [16,20,23,29,31,33,67]).

2. Materials and Methods

2.1. The Model of Control Object

The control object is Earth’s climate system. To simulate the climate system dynamics under the
influence of external radiative forcing, we have applied the mathematical model consisting of two
subsystems: One is the upper layer subsystem, which combines the atmosphere, the land surface,
and the upper ocean; the other is the lower layer subsystem, which represents the deep ocean [53-55].
The state of each subsystem is characterized by the corresponding temperature perturbation (anomaly)
with respect to initial climate “equilibrium” state. Denoting temperature anomalies for upper and
lower subsystems by T and Tp, respectively, the equations that govern these perturbations can be
written as follows:

aT

CUE = —AT — (T —Tp) + ARco, + (1 — x9)ARy4 2
daT,
Cp~ =7(T = Tp) ®)

Here, Ci; and Cp are the effective heat capacities of the upper and lower models, respectively
(note that Ciy < Cp); A is a climate radiative feedback parameter; -y is a coupling strength parameter
that describes the rate of heat loss by the upper layer; ARco, is the radiative forcing caused by global
increase in the atmospheric CO, concentration; AR 4 is the negative radiative forcing generated by the
artificial aerosols at the top of the atmosphere; and « is Earth’s planetary albedo. We will assume that
the temperature anomaly T is identified with the global mean surface temperature change T, [53,54].

Despite its simplicity, this model imitates climate changes under external radiative forcing with
reasonable accuracy [56-59]. We have chosen values of 7.34 W yr m—2 K~!, 105.5 W yr m—2 K},
113Wm 2K, and 0.7 Wm 2K ! for parameters Cy;, Cp, A, and 7, respectively. These values are
taken in accordance with values consistent with the CMIP5 multimodel mean under climate change
derived in Reference [56].

For convenience sake, we have rewritten the model Equations (2) and (3) as follows:

daT _ ARCOZ (1 — Dto)ARA
o = —aT +bTp + T cu @)
dTp
— =pT —pT,
g —PT—rip ©®)
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where A
AT
Cu 7 - Cu/ P* CD‘ (6)
Ordinary Differential Equations (4) and (5) represent a mathematical model of the object to
be controlled.

2.2. Parameterization of the Aerosols’ Radiative Effect

The climate control is assumed to be executed through the injection of nonabsorptive sulfate
aerosols into the stratosphere. Injected aerosol particles scatter shortwave solar radiation back to the
outer space and consequently change the radiative balance of our planet, increasing Earth’s planetary
albedo and therefore causing the negative RF at the top of the atmosphere [68-71]:

AR4 = —aaQo 7)

Here, a4 is the instant albedo of the global aerosol layer; Qg is the global average incoming
solar radiation on the top of the atmosphere defined as Qp = Iy/4, where Iy = 1368 W m? is a solar
constant [72,73]. Thus, to estimate the radiative effect of stratospheric aerosol, we need to calculate
the albedo a 4, which is considered as the control variable. However, in reality, we have the ability to
manipulate the emission rate of aerosols injected into the stratosphere E 4. To determine E 4 from the
known « 4, the mass balance equation is used:

LA _p, - 24 ®)

where T4 is the residence time of stratospheric aerosol particles; M, is the global mass of the
stratospheric aerosols, which is linearly related to the albedo a 4 [69]:

ap = Ma(Baka/QoSe) )

where the coefficient B4 = 24 W m2[70,71]; k4 = 7.6 ngf1 is the mass extinction coefficient [69];
S, is Earth’s area determined as S, = 47TR§, where R, = 6371 km is Earth’s radius.

In geoengineering, sulfate aerosol particles are not directly injected into the stratosphere but can
be formed from gaseous precursors, such as sulfur dioxide SO,, hydrogen sulfide H;S, carbonyl sulfide
OCS, or dimethyl sulfide (DMS), which then convert into aerosols. We will express the emission rate
of aerosol precursors as well as the mass of sulfate aerosols in units of sulfur, denoting them by Eg
(in Tg S yr~—1) and Mj (in Tg S), respectively. Assuming that 1 Tg of sulfur injected into the stratosphere
forms approximately 4 Tg of aerosol particles [74], we obtain that Es ~ E 4 /4 and Mg ~ M4 /4. As the
relationship between M, and a4 is linear, the following predictive equation for &4 can be derived
from Equation (8):

P4 —x'Es- 2 (10)
where x = QoS./ (4B84ka) =~ 2.39 x 10? Tg S.

Thus, solving the OCP, we can find the optimal control law &’ (t) and then calculate the optimal

aerosol emission rate E(t) using Equation (10).

2.3. Parameterization of the Anthropogenic Radiative Forcing

In energy balance models, simple empirical expressions are generally used to calculate radiative
forcing due to the increase in atmospheric greenhouse gases. For example, the radiative forcing
caused by a perturbation of the atmospheric burden of CO; can be parameterized as a function of CO,
only [75,76]: ARco, = & X In [Cco,(t)/ ngz}, where x (W m~2) is the empirical coefficient; Cco, (t)

(0)

is the CO, concentration at time #; and C, is the reference CO, concentration level. A typical
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value for the parameter « is near 5.35 W m? [75,76]. In our model, we have taken the total global
mean anthropogenic and natural radiative forcing ARy as prescribed by the different scenarios and
approximated by a linear function of time:

ARN = 1’]t (11)
where 7 is the annual rate of forcing (see Table 1).

Table 1. Annual radiative forcing rate 7.

Scenario RCP8.5 1pctCO, RCP6 RCP4.5
7 (Wm=2yr 1) 7.14x 1072 5.29x 1072 3.814x 1072 2.17x 1072

2.4. Optimal Control Problem Formulation

We let [tg, t¢] be a finite and fixed time interval. The OCP is defined as follows:
We find the control function a4 (t) generating the corresponding temperature anomalies T'(t) and
Tp(t) that minimizes the objective function:

J== / o (1)dt (12)

subject to the dynamics (4) and (5) and given initial T(tg) = 0 and Tp(tg) = 0, as well as final (terminal)
T(tf) = T/ conditions.

In this formulation, the terminal condition T/ is interpreted as a target change in the global mean
surface temperature at t = ¢, and the performance index (Equation (12)) characterizes the aerosol
consumption for SRM operations (recall that a4 and M, are linearly dependent functions). Thus, we
wish to minimize the mass of aerosols required to reach the target surface temperature change at the
final time. The global mean deep ocean temperature anomaly at the final time ¢ ¢ is not defined because
changes in the global mean surface temperature are of primary concern, while changes in the deep
ocean temperature are only of secondary concern. The total amount of aerosols annually emitted to
the stratosphere can be limited by the available technical equipment. In this case, the minimization
problem (Equation (12)) should be considered within the framework of control-constrained OCP.
The set of admissible controls is given formally by a4 € [0, U], where U is the maximum value of
technically feasible and affordable albedo « 4.

2.5. Method for Solving the Optimal Control Problem

Before proceeding further, we rewrite the model Equations (4) and (5) by replacing ARcp, with 7t
(11) and AR 4 with —a 4 Qg (7):

% = —aT +bTp +ct —qagu (13)
dT,
5 =pT—pTp (14)

where c =n/Cyand g = (1 — a9)Qo/Cy-
We solve the formulated OCP using the Pontryagin’s maximum principle (PMP) [47].
The Hamiltonian function for the problem (12) is defined as follows:

1
H = =2 + 1 (—aT + bTp + ct — qaa) + $2(pT — pTp) (15)
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where ¢ and 1, are time-varying Lagrange multipliers, also known as costate or adjoint variables,
which satisfy the adjoint system:

dgy  0H _

ar - oT lll/]] - plPZ (16)
dyp  oH _

ar _aTD - blpl + PI/JZ (17)

The PMP states that the optimal control a%(t) € [0, U] is one that would maximize the
Hamiltonian (Equation (13)) at each fixed time t € {to, trl:

o’y = arg maxH(xy) (18)
ap€l0,U]

Therefore, to find the optimal control a’, we must maximize H with respect to a4, where the
control belongs to the admissible control region w4 € [0, U]. The Hamiltonian maximization condition
is as follows:

oH
2y — =0 19
AT (19)

Thus, to find the optimal control and the corresponding climate system’s trajectory, we need
to solve the set of four ordinary Differential Equations (13), (14), (16), and (17) in four unknowns T,
Tp, 1, and 1P, with given initial and terminal conditions. As the variable Tp is not defined at ¢ fr the
following transversality condition for costate variable i, applies: ¢ (t f) = 0[48,49]. The analytic
expressions derived for the control variable & 4 and temperature anomalies T and Tp can be written
as follows:

aa(t) =—Cugq [Ulle/\lt + 6<A17A2)%21€A2t] (20)
T(t) = Ciaq <e}‘1t — e’\z“) + Cae M 4 Cue M 4 Fwot + 1wy (21)
—A —A
Tp(t) = chle—M + chze—Azm 22)
_ g2 _ 2 (M =A2)ts
G Dtl(qua]b) 97011 gt _ ao(a+a) Z v21€ ot | o
awy — ¢ awy + wy
t
Ty b

where C;, C3, and Cy4 are arbitrary integration constants (note that the integration constant
Cy = —Cie™M~2)); A; and A; are the eigenvalues of the coefficient matrix of the adjoint system,

Equations (14) and (15); v1; and v;; are the components of the corresponding eigenvectors.

o1 (M +p)

e A2+ Aq(a+p) + (ap — pb)
o Pon(Ma t p)ei
2 A2+ A1(a+p) + (ap — pb)
w, — Clap —pb) —pla+p)]
1= 2
(ap — pb)
__ Pc
w2 = ap — pb

The constants of integration are determined by applying the boundary conditions.
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If we consider climate engineering as a state-constrained OCP with constraints on the state
variables, then additional necessary conditions for optimality, known as the complementary slackness
conditions, should be specified [77]. In this study, we express the OCP with the following
state constraint:

T(t)<Cr Vte {to, tf] 23)

where Cr is the threshold parameter whose value should be set. The meaning of the condition
(Equation (23)) known as a path constraint is that throughout the geoengineering project, the global
mean surface temperature change should not exceed a certain value Cr, which is determined a priori.
We should highlight that state constraints add a great deal of complexity to the OCP [77,78].

3. Results and Discussion

In the calculations, we took calendar years 2020 and 2100 as the initial ty and the final (terminal)
t time, respectively, which meant that we were examining the climate control problem on the finite
time interval 2020-2100. To formulate the boundary conditions and impose a constraint on change in
the global mean surface temperature T; e, We assumed the following;:

- The temperature anomalies T and Tp were calculated relative to 2020, i.e., the boundary
conditions for T and Tp at t = ty were Ty = 0 and Tp, 2000 = 0, respectively, where the
numerical subscript referred to the year 2020.

- By 2020, Ty, would exceed the pre-industrial level by 1.1 °C, i.e., ATypp0 = 1.1.

- By 2100, Ty, would exceed the pre-industrial level by 1.5 °C, i.e., ATp190 = 1.5.

- For the 2020 to 2100 period, the rise in Tz, should not exceed 2 °C above the pre-industrial level.

Then, the permissible increase in the temperature anomaly T1o by year 2100 relative to 2020
would be Tr100 = ATz100 — AT2020 = 0.4 . This value represents the boundary condition for T at t = t;.
The threshold parameter, which defines a path constraint (Equation (23)),is Ct =2 — ATp = 0.9.

Changes in both global mean surface temperature and deep ocean temperature calculated for
different climate change scenarios in the absence of climate engineering interventions are illustrated in
Figure 1. The corresponding temperature changes in the year 2100 are shown in Table 2. According to
Reference [79], without additional measures to reduce GHG emissions (RCP8.5 scenario), increases in
global mean surface temperatures are expected to be between 3.7 and 4.8 °C by the year 2100 versus
pre-industrial levels (this range is based on median climate response). As seen in Table 2, by year
2100, the model outlined here projects globally averaged surface temperature increases of 4.26, 3.44,
and 2.80 °C for the RCP8.5, 1pctCO,, and RCP6.0 scenarios, respectively (relative to pre-industrial
period). Thus, geoengineering can be regarded as one of supplementary measures needed to achieve
the climate targets of the Paris Agreement.
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Figure 1. Changes in (a) global mean surface temperature and (b) deep ocean temperature calculated
for different climate change scenarios in the absence of climate engineering interventions.

Table 2. Calculated temperature changes T and Tp from 2020 to 2100 (changes relative to the
pre-industrial level are shown in brackets).

RCP8.5
3.16 (4.26)

RCP6.0
1.70 (2.80)

RCP4.5
0.96 (2.06)

Scenario

T (K)

lpCtCOZ
2.34 (3.44)

We considered results of calculations for the RCP8.5 (the worst-case) scenario in more detail.
Figure 2 shows (a) the optimal albedo of the global stratospheric aerosol layer, (b) the corresponding
surface temperature anomaly, (c) the mass of the global aerosol layer, and (d) the optimal emission rate
of aerosol particles calculated for RCP8.5 pathway with and without constraint on the global mean
surface temperature increase. In the absence of state constraint, the optimal albedo & and, accordingly,
the optimal emission rate of aerosol particles E§ would increase exponentially. This optimal aerosols
emission rate ensures that the target temperature anomaly Tp190 = 0.4 is satisfied. However, within
the given time interval 2020-2100, a temperature rise would exceed the set point Cr, i.e., T(t) > Cr
(the “overshooting” phenomenon [80]). The maximum increases in global mean surface temperature
for different climate change scenarios are presented in Table 3. The use of the constraint (Equation (21))
allows us to avoid overshoot; however, compared to the unconstrained case, keeping the increase
in global mean surface temperature below the target constrained level Ct would require additional
amount of aerosols (see Table 4). For example, for the RCP8.5 scenario, the total mass of aerosol
particles injected in the stratosphere from the year 2020 to 2100 is about 73.6 Tg S, which is about 2
times larger than Mg ,,,, calculated by solving an unconstrained OCP.
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Figure 2. Results for the RCP8.5 pathway: (a) optimal albedo of aerosol layer «’; (b) the corresponding
temperature anomaly T*; (c) total mass of aerosols M¢; and (d) the optimal emission rate Eg.

Table 3. Maximum global mean surface temperature anomaly T calculated without state constraint.

Scenario RCP8.5 1pctCO;, RCP6 RCP4.5
T (K) 2.48 1.84 1.34 0.78

Table 4. The mass of aerosols Mg, 4 (Tg S) injected into the stratosphere from 2020 to 2100.

Scenario RCP8.5 1pctCO; RCP6 RCP4.5
Mg o4 without state constraint 36.5 25.6 17.0 7.7
Mg 4o+ with state constraint 73.6 44.46 23.3 -

Results obtained for 1pctCO,, RCP6.0, and RCP4.5 scenarios are represented in Figures 3-5,
respectively. These figures show that the overshooting phenomenon is also observed for the 1pctCO,
and RCP6.0 scenarios. The only exception is the RCP4.5 scenario.
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Figure 3. Results for the 1pctCO, scenario: (a) optimal albedo of aerosol layer a’y ; (b) the corresponding
temperature anomaly T*; (c) total aerosol mass M¢; and (d) the optimal emission rate Eg.
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Figure 4. Cont.
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Figure 4. Results for the RCP6.0 pathway: (a) optimal albedo of aerosol layer «’; (b) the corresponding
temperature anomaly T*; (c) total mass of aerosols Mg; and (d) the optimal emission rate E.
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Figure 5. Results for the RCP4.5 pathway: (a) optimal albedo of aerosol layer «’; (b) the corresponding
temperature anomaly T*; (c) total mass of aerosols M¢; and (d) the optimal emission rate Eg.

If the optimal control problem is considered with control variable constraint xa (t) < U, then
the target value for the temperature anomaly in the year 2100 may not necessarily be achieved (this
depends on the value of the constraint U and the scenario in question). Assuming, for example, that
U = 0.02, then the corresponding instant mass of aerosols is estimated to be 4.8 Tg S. In such a case, for
the RCP8.5 scenario, the calculated temperature anomaly in the year 2100 relative to 2020 would exceed
the target value by 0.3 °C, which is equivalent to exceeding the pre-industrial level by 1.8 °C. It needs

289



Climate 2018, 6, 85

to be recalled that constraint on the control variable is associated with a possible limitation on resources
required to implement the project, namely, the amount of aerosols available to the project executors.

We emphasize that the results of calculations discussed above are for illustration purposes only.
The primary outcome presented in this paper is the optimal control-based approach that can be used
to design projects targeting purposeful manipulation of climate and weather.

4. Concluding Remarks

The use of fine aerosol particles, artificially injected into the stratosphere, is considered to
be one of the most effective and feasible measures to counter global warming in the 21st century
and beyond. Computer simulation using mathematical climate models of various degrees of
sophistication and complexity is the most popular and reliable technique for exploring and estimating
the effectiveness of stratospheric aerosol climate engineering and climate and weather manipulation.
Numerical simulation of climate engineering requires the design of fairly realistic scenarios for aerosol
injections. This paper introduced the optimal-control-based method for designing climate engineering
scenarios. Considering Earth’s climate as controlled dynamical system, we proposed to approach
geoengineering from the standpoint of the optimal control theory, thereby formulating the goal of
geoengineering projects in terms of extremal problem. The capability to apply this technique was
illustrated using the two-layer energy balance model in which the global mean surface temperature
anomaly and the deep ocean temperature perturbation were the state variables, and the emission rate
of aerosol precursors was the control variable. Solutions to the unconstrained as well as state and
control constrained problems were obtained on the basis of classical Pontryagin’s maximum principle.
The proposed method will provide additional useful insights for the development of optimal climate
manipulation strategies to counter global warming in the 21st century.
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Abstract: This study presents a method to investigate meteorological drought characteristics using
multiple climate models for multiple timescales under two representative concentration pathway
(RCP) scenarios, RCP4.5 and RCP8.5, during 2021-2050. The methods of delta change factor,
unequal weights, standardized precipitation index, Mann-Kendall and Sen’s slope are proposed
and applied with the main purpose of reducing uncertainty in climate projections and detection
of the projection trends in meteorological drought. Climate simulations of three regional climate
models driven by four global climate models are used to estimate weights for each run on the basic
of rank sum. The reliability is then assessed by comparing a weighted ensemble climate output
with observations during 1989-2008. Timescales of 1, 3, 6, 9, 12, and 24 months are considered to
calculate the standardized precipitation index, taking the Vu Gia-Thu Bon (VG-TB) as a pilot basin.
The results show efficient precipitation simulations using unequal weights. In the same timescales,
the occurrence of moderately wet events is smaller than that of moderately dry events under the
RCP4.5 scenario during 2021-2050. Events classified as “extremely wet”, “extremely dry”, “very wet”
and “severely dry” are expected to rarely occur under the RCP8.5 scenario.

Keywords: multiple climate models; standardized precipitation index (SPI); droughts; weights;
Vu Gia-Thu Bon

1. Introduction

Drought is a natural hazard related to a deficiency of precipitation for an extended period
that results in water shortage for some activities or for some economic sectors [1]. The meanings
of “drought” depend on different perspectives of stakeholders from farmers to meteorologists [2].
Commonly, according to the studies of droughts [3-5], the concept of drought is clustered
into four types consisting of meteorological, agricultural, hydrological and socioeconomic types.
The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report [6] emphasizes
that the world indeed has become more drought-prone during the past 25 years. Drought-affected
areas will likely increase in frequency and severity, with implications for sustainable development
(e.g., agriculture and forestry production or land degradation). Observed changes in characteristics
of droughts (i.e., more intense and longer duration droughts) are widely documented for a variety
of regional and ocean basin scales since the 1970s with the emphasis on tropics and substropics [6].
In comparison to the Medieval Climate Anomaly (950-1250), more megadroughts appeared in monsoon
Asia and wetter conditions became dominant in arid Central Asia and the South American monsoon
region during the Little Ice Age (1450-1850) [7]. Over a global scale, it is observed that the intensity
and/or duration of droughts likely increase in the Mediterranean and West Africa and decrease in
central North America and north-west Australia [6]. Increased drying is directly linked to higher
temperatures and decreased precipitation. It is noteworthy that the palaeoclimate records show that
droughts prolonging with a scale of decades or longer have been very likely a repetitive feature of
the climate in several regions over the last 2000 years [6].Overall, these studies show that several
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extreme droughts occured in the last millennium. Moreover, it poses questions about the uncertainty
of calculated results as well as how the projected droughts express their footprint on a local scale under
different scenarios of climate change. There is an urgent need to find away to evaluate the droughts.
This plays a central role in drought management strategies, and social responses to manage the risks
and mitigate the drought impacts.

To evaluate the impacts of droughts on different fields (e.g., water shortages, concomitant
shortages, crop growth), many drought indices have been developed and applied under timescales
of short- or long-term. These indices widely vary from simple indices (e.g., percentage of normal
precipitation) to sophisticated indices (e.g., Palmer drought severity index). Obviously, no drought
index is suitable for all circumstances of a specific region. Some indices can be better suited than
others for certain regional applications. Svoboda and Brian [8] showed some disadvantages of the
standardized precipitation index (SPI) such as an assumption of distribution that can bias the results,
particularly when examining short-duration events. In this study, however, the SPI index is still
selected to calculate the drought-related components for numerous reasons: (1) the SPI index has been
suggested and highlighted by the World Meteorological Organization [5], and nowadays many national
meteorological services and drought monitoring centers use it (e.g., in the US [9]; in Europea [10];
and in Canada [11]); (2) the SPI is a powerful, flexible indicator based on robust underlying probability
functions and it has high spatial coherence. Moreover, it is simple to calculate and needs only the
required input parameter of precipitation. More importantly, Salehnia et al. [12] showed that eight
precipitation-based drought indices, namely SPI, PNI (percent of normal index), DI (deciles index),
EDI (effective drought index), CZI (China-Z index), MCZI (modified CZI), RAI (rainfall anomaly index),
and ZSI (Z-score index) have similar trends; (3) lots of publications illustrated that precipitation data
alone could explain most of the variability of drought (e.g., [13]). Furthermore, some indices (i.e., SPI,
the standardized precipitation evapotranspiration index (SPEL [14]), the Palmer drought severity
index (PDSI: [15]); the self-calibrated PDSI [16] and the reconnaissance drought index (RDI: [17]))
have been tested on a global scale by Spinoni et al. [18]. They showed that these indices have more
difficulties than the SPI with possible error values such as a heat wave for a meteorological drought
for the SPEI index or unrealistic extreme values for the RDI index; (4) the SPI index is designed to
quantify the precipitation deficit for multiple timescales, reflecting the impact of drought on the water
availability. For example, shorter SPI timescales (from 1 to 6 months) mainly indicate the drought
index for agriculture practices like soil moisture conditions, whereas longer SPI timescales (from 12 to
48 months) indicate the drought index for hydrology like groundwater, streamflow and reservoir [5].
In this study, multiple timescales of the SPI index (1-, 3-, 6-, 9-, 12- and 24-month SPI) are considered
using multiple climate models. The reason for this is that Vietnam is an agricultural country and
has nearly 7000 reservoirs over the whole country. VG-TB has 6 reservoirs including the A Vuong,
DakMi 4, Song Tranh 2, Song Bung 4, Song Bung 4A and Song Bung 5 reservoirs.

For climate projections, strictly speaking, the understanding of nature and its representation in
climate models is mostly incomplete with sources of uncertainty (e.g., emissions of greenhouse gases,
parameterization schemes of convective cloud and land surface, grid systems, map projections and
climatic forcing factors). Thus, to be more reliable and accurate for climate projections, a combination of
multiple climate models is widely applied. This pragmatic approach has received much attention over
the availability of numerical weather and climate forecasts from institutions and centers of weather and
climate research. To date, the metadata has been constructed such as the Ensemble-Based Predictions of
Climate Changes and Their Impacts (ENSEMBLES) project [19] and phase 3, phase 5 and phase 6 of the
Coupled Model Intercomparison Project (CMIP3, CMIP5 and CMIP6) using multiple climate models.
Usually, the simplest method of constructing a multiple climate model is used with “equal weighting”
in which weights equal 1/M, where M is the number of models. In a more sophisticated manner,
the approach of “unequal weighting” or “optimum weighting” is voted. Weigel et al. [1] discussed
two ways of “equal weighting” and “unequal weighting”. The study showed that “equal weighting”
from multiple models perform better than the single models. Furthermore, the projection errors can
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be further eliminated by using “unequal weighting”. To get this, however, single model skills and
relative contributions of the joint model error are required. More importantly, Timothy et al. [20]
used a statistical test to define whether an ensembles of multi models with “unequal weighting” is
significantly better than without “unequal weighting”. The study showed that a value for the relatively
small global fraction is illustrated with the method of “unequal weighting”. Sanderson et al. [18]
suggested a weighting scheme to eliminate some aspects of model codependency in the ensemble.
Also, a weighting strategy for an ensemble of CMIP5 was presented by Sanderson et al. [21] in the
fourth National Climate Assessment. In general, these studies use a distance metric of models to
observations and the distance metric of a pair of models i and j, and a relationship to convert those into
a weight. The equal weighting is, remarkably, often used to develop the global ensemble scenarios as a
safer and more transparent way to combine models [1], but unequal weights can be better for some
areas of the global [20]. In most cases of existing ensemble members, the application of any kind of
weighting to ensemble variance is mostly discarded, but only considered the weighted mean [1,22,23].
This can ignore the intermodel relationships and unexpected values, as extreme weather variables can
potentially be more sensitive to changes in the variance [24]. In addition, ensemble members typically
come from the same model.

In the context of changing climate, studies in drought events at scales of region and basin are
valuable for understanding their evolution and impacts on a wide range of fields (e.g., agriculture,
socio-economic, environment and natural resources) that occur over certain areas. In this sense,
the present study aims to evaluate the wet and drought events in the 21stcentury using multiple
climate models for multiple timescales. The precipitation projections from multiple regional climate
models driven by multiple global climate models are separately corrected using the method of delta
change factor. In addition, an unequal weight method is proposed in the expectation of a better
performance of multiple climate projections of precipitation at basin scale in Vietnam as a case study:.
Weights for each climate simulation are calculated on the basic of rank sum metric of each climate
simulation. The rank sum is defined from statistical indices of each climate simulation in comparison
with observation. In comparison with the existing methods mentioned above, this approach can
measure not only the absolute performance of each model, but the performance compared with the
other models in the ensemble with its ranks. The methods of the non-parametric Mann-Kendall (MK)
test [25,26] and Sen’s slope [27] are then applied to detect the projection trends in meteorological
drought for multiple timescales at a significance level of 0.05. The reason for this is that the MK test
is widely applied [28-30] with advantages of a rank correlation without any request of a particular
distribution of data and not affected by the data errors and outliers.

2. Materials and Methodology

2.1. Description of the Case Study Area: Vu Gia-Thu Bon Basin

A plot basin, Vu Gia-Thu Bon (VG-TB), is selected in this study. It is located in central Vietnam,
elongating from 16°55' through 14°55’ and from 107°15’ through 108°24 and covers a total of area of
approximately 12,577 km?. The VG-TB basin is surrounded by two main provincial administrative
territories Quang Nam and Da Nang. The basin is characterized by a steep topography and the altitude
ranging from 0 m at the coast to 2567 m in elevation above sea level (m.a.s.l) in the west (Figure 1).
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Figure 1. Network of hydro-meteorological stations at Vu Gia-Thu Bon (VG-TB) basin.

2.2. Data

2.2.1. Observational Data

The monthly precipitation records are obtained from the Vietnam HydroMeteorological Data
Center of the Ministry of National Resources and Environment of Vietham (MONRE). They are
aggregated from the daily series of data. There are two national rain gauge stations (i.e., Danang and
Tramy). Other stations including Ainghia, Camle, Giaothuy, Caulau, Hien, Hiepduc, Hoian, Khamduc,
Nongson, Queson, Thanhmy and Tienphuoc are popular rain gauge stations which operate manually
on the base of volunteers. The location of these stations is displayed on Figure 1. The data is available
from 1986-2015.

2.2.2. Gridded Data

The precipitation products are from different assembliese of regional models: (1) The Regional
Climate Model version 4 (RegCM4), developed by the International Centre for Theoretical Physics
(ICTP). The dynamical structure of RegCM4 firstly developed at the National Center of Atmosphere
Research (NCAR) and Penn State University (PSU) for a hydrostatic version of the Meso-scale Model
(MMS5). A detailed description of RegCM4 can be found in Giorgi et al. [31]. The model output
of HadGEM2-AO produced by the National Institute of Meteorological Research (NIMR)/Korea
Meteorological Administration (KMA) are used as an initial and boundary conditions, referred to
REG/HadGEM. Details of HadGEM2-AO are given by Collins et al. [32]; (2) The model of
SNU-MM5(Seoul National University Meso-scale Model version 5) [33] is based on a hydrostatic
version of the Meso-scale Model and the community land model version 3 (CLM3). The future climatic
projections are produced with the HadGEM2-AO, referred to SNU/HadGEM; (3) A regional spectral
model, which is also known as Regional Model Program (RMP) of the Global /Regional Integrated
Model System (GRIMs) [34] is used in this study. The dynamic frame of RMP is rooted in the National
Center for Environmental Prediction (NCEP) RSM. More detailed information about the GRIMs-RMP
is provided by Hong et al. [34]. This model is driven by the HadGEM2-AO, referred to RSM/HadGEM;
(4) The RegCM4 is forced by the model of Max Planck Institute for Meteorology Earth System Model
MR (MPI-ESM-MR), which has an ocean horizontal resolution of 0.4° x 0.4° and atmosphere horizontal
resolution of 1.9° x 1.9°. It is written under a short symbol of REG/MPI; (5) The RegCM4 is forced by
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the model of Institut Pierre Simon Laplace CM5A-LR (IPSL-CM5A-LR), which is the low-resolution
version of the IPSL-CM5A Earth system model. It has a horizontal resolution of 1.875° x 3.75° with
39 vertical level for the atmosphere and about 2° (with a meridional increased resolution of 0.5°
near the equator) and with 31 vertical levels for the ocean. In this study, it implies to REG/IPSL;
(6) The RegCM4 is forced by the model of Irish Centre for High-End Computing European community
Earth-System (ICHEC-EC-EARTH), which is a new Earth system model on the basic of the operational
seasonal forecast system of the European Centre for Medium-Range Weather Forecasts (ECMWFE).
This case is written with a short symbol of the REG/ICHEC. More importantly, all simulations and
projections of climatic are run under two IPCC RCP4.5/8.5 scenarios. The RCP4.5 is a stabilization
scenario where total radiative forcing is stabilized before 2100 by employment of a range of technologies
and strategies for reducing greenhouse gas emissions. Meanwhile, the RCP8.5 is characterized by
increasing greenhouse gas emissions over time representative for scenarios in the literature leading to
high greenhouse gas concentration. Table 1 lists the name of the models and the number of runs of
historical control and RCPs as well as the considered periods. A total of 18 climatic simulations and
projections are considered in this study as shown in Table 1.

Table 1. Climate models and number of runs.

Historical RCP4.5 RCP8.5 Spatial Temporal
(1986-2005)  (2021-2050)  (2021-2050) Resolution  Resolution
RegCM4 forced by
MPI-ESM-MR (REG/MPI) ! ! ! 20 km Monthly
RegCM4 forced by
IPSL-CM5A-LR (REG /IPSL) 1 1 1 20 km Monthly
RegCM4 forced by
ICHEC-EC-EARTH 1 1 1 20 km Monthly
(REG/ICHEC)
RegCM4 forced by
HadGEM2-AO 1 1 1 20 km Monthly
(REG/HadGEM)
SNU-MMS5 forced by
HadGEM2-AO 1 1 1 20 km Monthly
(SNU/HadGEM)
RSM forced by HadGEM2-AO
(RSM/HadGEM) 1 1 1 20 km Monthly
2.3. Methods

2.3.1. Delta Change Factor

The raw climate simulations, especially for precipitation time series, are highly biased as
mentioned in many studies [6,35,36]. Thus, an additional post-processing step (e.g., bias correction
of climatic variables) is a standard procedure for related climate change studies. In this study, the
delta change method is adopted due to its simple and common use as described in Olsso et al. [37],
Lenderink et al. [38], Teutschbein and Seibert [36] and Maraun [35]. This approach does not adjust the
output of climate models, but uses observations and the change signal of regional climate models forced
by global climate models to generate future data. Also, this approach is to avoid considerable variability
in the day-to-day change signals and changes in extremes are linearly scaled with changes in the mean.
The core of this method is that the historical observations are transformed into future projections using
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monthly average correction factors that derived from the regional climate models forced by global
climate model outputs for the baseline and future climate. It is expressed by the equation:

Peem

Pops.f = PGCM'J; -Pops.s o

where m is the monthly precipitation from the future climate. Pgcpyy, is the monthly precipitation
from the baseline climate. Pops s is future projections and Pops p is historical observations.

With this approach, the correlation structure of downscaled future data in spatio-temporal terms
are physically reasonable because it reflects observed conditions. The drawback of this approach,
however, is that the future and baseline scenarios just differ in terms of their means and intensity,
but other statistics of the data (e.g., skewness or structure of dry and wet days) are mostly unchanged.
Also, the sample is limited to the length of the observed record. It should be noted that for a near-term
future (2021-2050), the changes in the dry/wet days are probably trivial. Sun et al. [39] used the lag
1 autocorrelation to investigate the stationary land-based gridded annual precipitation (1940-2009).
The results showed a stationary annual precipitation over an area of about 80% of the global land
surface. Wilks and Wilby [40] show that calculating the autocorrelation of non-zero precipitation
amounts is essential at time step of hourly (or sub-hourly) rather than a daily time step. Meanwhile,
the autocorrelation between successive nonzero precipitation amounts is usually of little practical
importance and quite small. At a time step of monthly precipitation, thus, a stationary assumption in
the temporal correlation is made in this study. In other words, rescaling the precipitation time series
observed during the baseline could lead to not realistic results when future scenarios that preserve the
observed autocorrelation in time are not considered.

2.3.2. Unequal Weights

In this study, a method is suggested to estimate the unequal weights based on the rank sum
from each climate simulation run for the analytical hierarchy process. It is called unequal weights.
The rank sum is calculated using the statistical indices. The statistical indices are Nash-Sutcliffe
efficiency with logarithmic value (In(Nash)), root-mean-square error (RMSE) and Nash—Sutcliffe
efficiency (Nash) for the studied domain. They are basically quantified by measuring the difference
between the observed data and the outputs of regional climate models forced by lateral and surface
boundary conditions from the European Centre for Medium-Range Weather Forecasts at the monthly
scale. The Nash-Sutcliffe efficiency with logarithmic values In(Nash) is selected because it can be
added to expect a better quantification of the performance in different conditions (maximum and
minimum values) [41]. The other remaining value is widely applied in hydrometeorological fields.
The formulations used to compute the goodness-of-fit statistical indicators for each climate simulation
run are presented as follows:

RMSE = % i(Fi -0)? @)
i=1
n L N2
In (Nash) = 1 — Z1(n0i ~Infi)” 3)
Y1 (InO; — InO)
n 2
Nash = 1 — M 4)

=2
¥1(0i - 0O)
where n denotes number of months, F; and O; represent simulated and observed monthly data,

respectively. The method of unequal weights is briefly expressed with the following steps with an
assumption of N climate simulations:

(1) Calculation of the statistical indices on the basic of the historical observations and climate
simulations from regional climate models forced by the reanalysis data of the European Centre
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for Medium-Range Weather Forecasts during 1989-2008. Each climate simulation receives a rank
from 1 to N depending on the levels of perfect score for each statistical index, starting with the
best as 1 and the worst is N. As an example, if the RMSE index of the ith climate model has the
best score (the perfect score of RMSE is zero), the received rank is 1. Then, an ensemble rank
order (r) as an integer number is calculated from the average of the ranks they span for each
climate simulation.

(2) Calculation of rank sum for each climate simulation by N-r + 1 with N is the number of
climate simulations.

(3) Establishing a reciprocal matrix between sets of models a; = 1/a; with ij ranging from
1 corresponding to the best climate simulation which has the largest rank sum to N and a;; = 1 as
i=j. ajj is determined by the difference of rank sum between sets of models plus 1.

(4)  Estimation of weights matrix wy; = a;;/ z{“ a;i (ij=1,N)

(5) Estimation of each weight for each climate simulation w; = 2,111 wji (=1, N) with Zg\il wi = 1.

2.3.3. Standardized Precipitation Index (SPI)

In this study, the SPI is constructed for multiple timescales ranging from 1 month to 24 months.
The calculation of the SPI is separately applied for each month on the basis of the Gamma distribution.
The reason for this is that the Gamma distribution is the most frequently used and fits well with daily
precipitation in different studies across Vietnam [42]. The alpha and beta parameters of the Gamma
probability density function are estimated for each station and for the required multiple timescales.
They are used to calculate the cumulative probability distribution of accumulated precipitation.
The maximum likelihood solutions [43] and Thom's study [44] are applied to optimally estimate alpha
(x) and beta (). It is especially noteworthy that the reference period adopted to compute the best-fit
parameters for the gamma distribution spans 30 years (1986-2015).

A probability transformation is then applied to transform monthly precipitation to a standard
normal distribution with a zero mean and standard deviation of one to yield SPI values by preserving
probabilities [45]. Figure 2 shows the fitness of the SPI data [46].
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Figure 2. The probability transformation from fitted gamma distribution to the standard
normal distribution.
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2.3.4. Non-Parametric Mann-Kendall Test

The non-parametric Mann-Kendall (MK) test [25,26] is widely applied to detect the possible
trends in many countries such as in China [47], in Serbia [48] in Brazil [49], in Canada [50]. In this
study, the MK test statistic, S, is applied and briefly represented by:

n—1

S=Y Y sign(x—x) 5)
j=k+1

ol
where n is the number of data points; x; and xy are the data values in time series j and k respectively, and

+1 ifx—x >0
sign(xj —xx) = {0 ifx;—x, =0 (6)
-1 if Xj — Xi <0

In this test, the null hypothesis (H,) assumes that there is no trend in meteorological droughts over
time; the alternative hypothesis (H;) assumes that there is an upward or downward trend over time.
The mathematical equations for calculating Var(S) and standardized test statistics Z are presented in
previous studies [25,26,47,51,52]. An upward, downward, or no trend will be assessed at o significance
level of 0.05. The computed probability is greater than the specific significance level « (H, is rejected);
the increasing trend responds to a positive value of Z and a negative value of Z indicates a decreasing
trend. There is no trend if the computed probability is less than the level of significance (H, is accepted).
At the « significance level of 0.05, the null hypothesis of no trend is rejected if | Zyx | > 1.96.

2.3.5. The Sen’s Slope Estimator

In order to get the magnitude of a consistent trend (Q), the Sen’s non-parametric method [19] is
used. It is estimated by the slope of all data pairs (N = n(n — 1)/2) as the following formula:
Xj — Xk

Q; = i~k fori=1,N )

where Q is slope between data points xj and xy, xj and x are the data values at time j and k (j > k)
respectively, j is time after time k. The Sen’s is computed by the median slope as:

Q[ N1 if N is odd
Qmed = Q N]+Q[ ®)
2

fT] if N is even

where N is the number of calculated slopes.
The confidence limits for the nonparameter slope estimator are estimated by the well-known
studies [27,29,53,54].

3. Results and Discussions

3.1. Calculation of Weights for Each Climate Model

As the first step, the delta change factor is applied in this study. Then, the unequal weights are
added to define weights for each climate simulations as mentioned in Table lover the whole VG-TB.
Table 2 shows the statistical indices for these climate simulations. For RMSE index, the perfect score is
zero with a wide range (0 < RMSE <co). While the perfect score of Nash and In(Nash) indices is 1 with
a wide span (—co < Nash < 1; —co < In(Nash) < 1). Based on these score, ranks (i.e., ensemble rank,
rank sum) are calculated and presented in Table 3. It is observed that REG/IPSL gives the best score of
In(Nash), RMSE and Nash. This means that REG/IPSL simulation is well matched to observations.
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As opposed to this, RSM/HadGEM gives the worst score of In(Nash), RMSE and Nash. Although
REG/IPSL is the best, a multiple climate model is always highlighted in the climate simulations and
projections due to reducing uncertainty [7]. The reason for this is that the uncertainty comes from
lots of factors such as convective cloud parameterization, greenhouse gases scenarios or land surface
parameterization. The best rank sum belongs to the model REG/IPSL, followed by REG/ICHEC.
In contrary to this, the worst rank sum belongs to the model RSM/HadGEM as shown in Table 3.

Table 2. Statistical indices for multiple climate models.

In(Nash) RMSE Nash

REG/ICHEC 0.935 170.67  0.523
REG/IPSL 0.941 157.44  0.594
REG/MPI 0.937 171.90  0.516

REG/HadGEM 0.891 256.72  —0.079
SNU/HadGEM 0.913 252.75  —0.046
RSM/HadGEM 0.880 27893  —0.274

Table 3. Ranks of climate models.

In(Nash) RMSE Nash Average Ensemble Rank Rank Sum

REG/ICHEC 3 2 2 2.3 2 5
REG/IPSL 1 1 1 1.0 1 6
REG/MPI 2 3 3 2.7 3 4

REG/HadGEM 5 5 4 4.7 5 2
SNU/HadGEM 4 4 5 43 4 3
RSM/HadGEM 6 6 6 6.0 6 1

A reciprocal matrix between sets of models is created based on the rank sum of climate models.
As shown in Table 4, it is illustrated that REG/IPSL is more important than REG/ICHEC and much
more important than REG/MPIL. Meanwhile, REG/ICHEC is more important than REG/MPI and
much important than SNU/HadGEM. The least importance within all considered climate simulations
is RSM/HadGEM,, followed by REG/HadGEM.

Table 4. A reciprocal matrix between sets of models.

REG/IPSL REG/ICHEC REG/MPI SNU/HadGEM REG/HadGEM RSM/HadGEM Total

REG/IPSL 1 2 3 4 5 6 21
REG/ICHEC 1/2 1 2 3 4 5 15.5
REG/MPI 1/3 1/2 1 2 3 4 10.83
SNU/HadGEM 1/4 1/3 1/2 1 2 3 7.08
REG/HadGEM 1/5 1/4 1/3 1/2 1 2 4.28
RSM/HadGEM 1/6 1/5 1/4 1/3 1/2 1 2.45
Total 61.15

After establishing a weights matrix, weights are estimated for each climate model based on the 4th
and 5th steps in Section 2.3.2. Weights are 0.344 (REG/IPSL), 0.254 (REG/ICHEC), 0.177 (REG/MPI),
0.116 (SNU/HadGEM), 0.07 (REG/HadGEM) and 0.038 (RSM/HadGEM). The results from this
method are against the results from the method of equal weights. Both of them are compared with
observations using the statistical indices of mean absolute error (MAE) and RMSE. The pair of equal
weights and observations gives results of 99.3 for MAE and 164 for RMSE, meanwhile a pair of unequal
weights and observations gives results of 95.4 and 155 for MAE and RMSE, respectively.

The perfect score of MAE and RMSE is zero. In other words, the minimum of the RMSE and
MAE is obtained when simulated time series perfectly matches observed time series. As mentioned
in the delta change factor approach, an assumption of the delta factor is equal to one (i.e., there is no
variation) for each climate runs, and the condition of minimum of the RMSE and MAE is obtained.
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Climate models with convective precipitation schemes, however, often tend to produce higher
precipitation [6,55] compared with the observed data. Moreover, incomplete understanding of natural
and its representation is presented within the climate models. Thus, the delta factor assumed by one is
unreal, especially in Vietnam where the rain regime is strongly dominated by convective processes.
The calculated statistics of MAE and RMSE indicate a better implementation of unequal weights.
Climate simulations are closely fit to observations with the unequal weights method as presented

in Figure 3.
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Figure 3. Scatter plot ofthe precipitation simulations with equal and unequal weights minus
observations over the whole VG-TB during 1989-2008 (mm /month).

3.2. Calculation of SPI

The weights estimated from Section 3.1 are used to calculate the SPI for 14 stations over the
whole VG-TB. It is noted that the weights are applied for both scenarios of RCP4.5 and RCP8.5
during 2021-2050 with an assumption of no change in future. The SPI is designed to project the
precipitation deficit for multiple timescales with a weighted ensemble of multiple climate models
in future. SPI values are computed for the timescales of 1- (SPI-1), 3- (SPI-3), 6- (SPI-6), 9- (SP1-9),
12- (SPI-12) and 24- (SPI-24) month for 14 stations. For instance, the temporal variation of drought for
the timescales of 1 to 24months under RCP4.5 (Figure 4) and RCP8.5 (Figure 5) at Danang station from
2021 to 2050 is displayed.

According to the classification of SPI values [56], generally, there are no events classified as
“extremely wet” and “extremely dry” for the Danang station under both scenarios of RCP4.5 and
RCP8.5 during 2021-2050 for considered multiple timescales. Under these scenarios, events classified
as “near normal” hold more than 90% out of considered months for all timescales of 14 stations.
In particular, events classified as “extremely wet” and “extremely dry” are not found out for the
all stations under both scenarios of RCP4.5 and RCP8.5 during 2021-2050 for SPI-1, SPI-3, SPI-6,
SPI-9, SPI-12 and SPI-24 indices. More importantly, under RCP4.5 scenario, events classified as
“very wet” and “severely dry” are lower than 0.6% (mainly in stations located in the east of basin
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as Caulau) (see Supplementary Material). Meanwhile there is a little change (less than 2.8%) in
events classified as “very wet”, “moderately wet”, “moderately dry” and “severely dry” for SPI-1 for
Ainghia, Camle, Giaothuy, Danang and Hien stations under the RCP8.5 scenario. Under this scenario,
the remaining stations have no change in drought and wet events for all considered multiple time
scales (see Supplementary Material). This indicates only little changes in drought and wet events in
the eastern domain of basin under RCP8.5 for considered time scales. “Moderately wet”events for the
SPI-1 range from 1.4% (Hien, Hoian and Khamduc stations) to 2.8% (Danang station) under the RCP4.5
scenario. Hence, an emphasis of events classified as “moderately wet” and “moderately dry” for
multiple timescales over the whole basin under the RCP4.5 scenario during 2021-2050 is documented

in Table 5.

SPI-1 SPI-9

SPI-3 SPI-12

sPI

SPI-6 SPI-24

Jnd3 Jands Jand?  Jands

Figure 4. Standardized precipitation index (SPI)for multiple timescales under RCP4.5 scenario
(2021-2050) for Danang station.

As shown in Table 5, the maximum of moderately dry event is 6.5% for SPI-24, followed by 6.3%
and 6.0% for SPI-12 and SPI-9, respectively. The median of moderately dry is projected to get the
maximum value of 4.2% for SPI-24, followed by 4.0% and 3.7% for SPI-9 and SPI-12, respectively.
Importantly, the maximum of moderately wet event is 5.9% for SPI-24, followed by 3.7% and 3.4% for
SPI-12 and SPI-9, respectively. It is noteworthy that the values reported from Table 5 and Tables S1-56
are assigned by the percentages of drought and wet events under considered multiple timescales.
In other words, these values are defined as the percentage of number of months suffering wet and
drought events among all months during a 30-year period under considered scenarios. Under the
RCP4.5 scenario, in general, timescales are longer, intensity of moderately dry is stronger. In the same
timescale, occurrence of moderately wet events is smaller than that of moderately dry under RCP4.5
scenario during 2021-2050.
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SPI-1 SPI-9

SPI-3 SPI-12

Figure 5. SPI for multiple timescales under RCP8.5 scenario (2021-2050) for Danang station.

Table 5. Percentages of drought and wet events under considered multiple timescales under RCP4.5
scenario over basin during 2021-2050 (%).

Classification Min 25% Median 75% Max

SPL1 Moderatelywet 1.4 15 2.1 2.2 2.8
B Moderately dry 1.4 1.7 21 22 31
SPL3 Moderatelywet 0.8 12 14 1.9 2.2
B Moderately dry 1.1 2.6 3.1 34 39
SPL6 Moderately wet 0.6 1.1 1.3 1.9 2.5
i Moderately dry 1.4 3.7 3.8 42 51
SPL9 Moderately wet 0.3 0.3 1.3 24 34
B Moderatelydry 1.7 3.3 4.0 45 6.0
SPL12 Moderately wet 0.0 0.3 0.7 1.8 3.7
. Moderately dry 0.9 3.2 37 44 63
SPL24 Moderately wet 0.3 1.8 2.4 3.5 5.9

Moderately dry 0.0 0.4 42 5.5 6.5

3.3. Projection Trends in SPI

Projection trends in SPI for multiple timescales are considered with an emphasis of drought
events under the RCP4.5 scenario. The purpose of this is to detect any trends or changes in drought
events. In addition, as clarified in the previous section, just little, even no wet and drought events of
extremely wet, extremely dry, very wet and severely dry are found out under the RCP8.5 scenarios.
During 2021-2050, out of 14 stations, only five show significant upward trends in November for the
SPI-1 index as presented in Figure 6b. There is a similar of upward trends for SPI-3 and SPI-6 in
November. Importantly, no trends are detected in November for SPI-9, SPI-12 and SPI-24. Besides that,
it is noteworthy that a poor signal of upward trends in SPI-9, SPI-12 and SPI-24 indices is illustrated
for months in a year. It indicates an importance of short-term, plans more than long-term plans in
related aspects such as water resources planning.

In February, insignificant downward trends are mostly observed over the whole basin (Figure 6a).
In the months of March, May, July, October and December, more than half of total considered stations
are defined with no trends in SPI-1 index. No trends in SPI-3 index are calculated for almost all the
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months in a year, except for January, April and November. Downward trends in SPI-1 (in the months
of February, April and June), SPI-3 (in April) and SPI-6 (in the months of July and August) indices are
clearly observed. More importantly, the intensity of drought events in the north and east of the basin
is generally stronger than that in other areas.
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Figure 6. Spatial distribution of Sen’s slope in February (a) and in November (b) for SPI-1 index.

4. Conclusions

This study presents a proposed approach to evaluate drought characteristics using multiple
climate models for multiple timescales under a context of global warming. The method of unequal
weights is proposed to reduce uncertainty of climate projections. The Mann-Kendall and Sen’s slope
methods are then applied to find the trends in drought characteristics for multiple timescales of 1, 3,
6,9, 12, and 24 months with six climate projections. The unequal weights are proposed on the basic
of rank sum of each climate model. Vu Gia-Thu Bon basin located in central Vietnam is selected to
implement this study as a pilot basin. The major findings of the present study can be exposed as an
impulse of the precipitation simulations using unequal weights for multiple climate models. Under the
scenarios of RCP4.5 and RCP8.5, there are no events classified as “extremely wet” and “extremely dry”
for the all stations during 2021-2050 for SPI-1, SPI-3, SPI-6, SPI-9, SPI-12 and SPI-24 indices. A higher
magnitude of the drought conditions in the north and east of the basin compared toother areas is
found out. Under the RCP4.5 scenario, more importantly, timescales are longer, and the intensity of
moderately dry is stronger. Moreover, the occurrence of moderately wet events is smaller than that
of moderately dry under the RCP4.5 scenario during 2021-2050 in the same timescales. Under the
RCP8.5 scenario, events classified as “extremely wet”, “extremely dry”, “very wet” and “severely dry”
are expected to rarely occur.

Supplementary Materials: The following are available online at http://www.mdpi.com/2225-1154/6/4/79/s1.
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Abstract: In this study, the authors evaluated the spatial and temporal variability of rainfall over
the central Pindus mountain range. To accomplish this, long-term (1961-2016) monthly rainfall
data from nine rain gauges were collected and analyzed. Seasonal and annual rainfall data were
subjected to Mann—Kendall tests to assess the possible upward or downward statistically significant
trends and to change-point analyses to detect whether a change in the rainfall time series mean
had taken place. Additionally, Sen’s slope method was used to estimate the trend magnitude,
whereas multiple regression models were developed to determine the relationship between rainfall
and geomorphological factors. The results showed decreasing trends in annual, winter, and spring
rainfalls and increasing trends in autumn and summer rainfalls, both not statistically significant,
for most stations. Rainfall non-stationarity started to occur in the middle of the 1960s for the annual,
autumn, spring, and summer rainfalls and in the early 1970s for the winter rainfall in most of the
stations. In addition, the average magnitude trend per decade is approximately —1.9%, —3.2%,
+0.7%, +0.2%, and +2.4% for annual, winter, autumn, spring, and summer rainfalls, respectively.
The multiple regression model can explain 62.2% of the spatial variability in annual rainfall, 58.9% of
variability in winter, 75.9% of variability in autumn, 55.1% of variability in spring, and 32.2% of
variability in summer. Moreover, rainfall spatial distribution maps were produced using the ordinary
kriging method, through GIS software, representing the major rainfall range within the mountainous
catchment of the study area.

Keywords: rainfall; trend analysis; Mann—-Kendall; kriging interpolation

1. Introduction

Rainfall is the most important meteorological and climatological parameter for natural ecosystems
and human life on earth, as it affects the enrichment of lakes and underground aquifers, river flow
regime, and many natural hazards (floods, drought, landslides, etc.). Accurate knowledge of the spatial
and seasonal variations of long-term rainfall time series is required for rural and forest development
and planning, sustainable development, as well as infrastructure work scheduling.

The Mediterranean basin has a wide range of climatic conditions [1]. In particular, the rainfall
regime in Greece presents a highly irregular behavior, both on spatial and temporal scales, namely in
rainfall amount and rainfall distribution [1,2]. It is well accepted that the main physical and
physico-geographical factors controlling the spatial distribution of rainfall over Greece are the
following: the atmospheric circulation, the mountains in the west and east, the Mediterranean
Sea-surface temperature distribution, the dehumidification of the air masses crossing the Aegean
Sea, and land and sea interactions [3]. Furthermore, the highest rainfall totals for western Greece
were found to be related to the atmospheric circulation associated with the Mediterranean Sea-surface
temperature distribution and the complex topography of the region, as imposed by the orography
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of the Pindus Mountains in northwestern and central Greece and the mountains of Olympus and
Crete [4].

Mountainous areas are of great interest, because runoff is generated and supplies lowlands
(through catchments) with water. Moreover, the plain areas receive the eroded material deposited
by mountainous catchments, due to intense rainfall. Variability is considered particularly higher
in a mountainous environment, because the rainfall pattern is influenced by complex terrain
conditions [5-7]. The assessment of climate variability is a common issue that should be treated
by hydrologists; in particular, the total rainfall in an ungauged site over an area (e.g., catchment)
should be evaluated. However, hydrologists face a crucial challenge when it comes to mountainous
terrains, since data from only a few meteorological stations are usually available.

To overcome the lack of rainfall data, interpolation methods have been developed over the
last few years for rainfall modeling and mapping. These methods are based on the similarity and
the topological relationship between nearby sample points and on the value of the variable to be
measured [8]. Interpolation can be achieved using simple methods (splines, inverse distance weighting,
Thiessen polygons, etc.) or advanced geostatistical methods (e.g., kriging). Geostatistical interpolation
has become the most appropriate downscale technique in applied climatology and for areas with
complex terrain, since it is based on the spatial variability of the variables of interest and allows the
quantification of the estimation uncertainty [9-11].

In recent decades, the interest in climate variability and climate change has augmented.
Climate change has emerged as a key issue facing environmental and economic aspects, as it affects
floods [12], soil erosion [13], drought phenomena [14], agriculture [15], tourism [16], groundwater
aquifers [17], and forest fires [18].

According to IPCC reports [19], the Mediterranean basin is expected to become warmer and
drier due to the anthropogenic increase of greenhouse gas (GHG) emissions (CO,, CHy, NO,
and F-gases), until the end of the 21st century [20,21]. Moreover, in Mediterranean regions, future
warming is expected to be greater than the global mean, accompanied by a significant decrease in
rainfall [22]. Based on the above, researchers are orienting their work to investigate trends in rainfall
conditions [23-28] and to estimate future rainfalls [29,30] within Greece. Research results highlighted
the decreasing trend of rainfalls recorded from long-term time series analysis, whereas this reduction is
expected to be higher in the future, based on regional climate models (RCMs) that have been proposed.
Even though much research has been conducted in Greece on trend analysis and spatial mapping of
rainfall, only limited research efforts concern mountainous areas with consideration given to long-term
time series using a dense network of stations. The identification and recording of seasonal trends can
improve water resources management through the selection of appropriate management practices.

The main object of this study was to detect annual and seasonal variation and trends in rainfall
time series based on data from rain gauge stations located in mountainous areas. Furthermore,
variation and uncertainty in the small-scale rainfall interpolation in mountainous catchments were
also evaluated.

2. Materials and Methods

2.1. Study Area

The study was conducted over the central Pindus mountain range, in Central Greece. The area is
considered highly important from a hydrological point of view because it is located in the mountainous
area of two hydrological basins (Pinios and Acheloos), which supply Central Greece with water,
and where many hydropower dams have been constructed. For this purpose, a dense network of
meteorological stations (compared to other regions in Greece) has been established, in mountainous
terrain. The characteristics of the meteorological stations used in this study are given in Table 1.
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Table 1. Meteorological stations in the study area.

X . Coordinates .
A/A Meteorological Station Altitude (m) Period (years)
Longitude(°)Latitude(®)
1 Agiofylo 21.34 39.52 581 1961-2016
2 Chrysomilia 21.3 39.36 940 1961-2016
3 Elati 21.32 39.51 900 1961-2016
4 Katafyto 21.28 39.38 980 1961-2016
5 Malakasi 21.17 39.47 849 1961-2016
6 Mesochora 21.20 39.26 849 1961-2016
7 Pertouli 21.28 39.33 1180 1961-2016
8 Polyneri 21.22 39.34 801 1961-2016
9 Stournareika 21.29 39.28 761 1961-2016

Observations of monthly rainfall totals for a period of 55 years of rainfall (1961-2016) were used
from all nine stations of the wider region (see Figure 1). These stations are equipped with pluviometer
and Hellmann-type rain gauges (Fuess Meteorologische Instrumente KG, Konigs Wusterhausen,
Germany) with a precision of 0.1 mm. The data series are complete, that is, they have no missing
values. Moreover, the instruments and observing practices were common among all stations used,
and they remained the same during this study’s research. The double mass method and two parametric
statistical tests (Student’s t-test and chi-squared test) were applied to adjust any heterogeneity of the
rainfall data, and the details regarding these methods can be obtained from the WMO [31]. The latter
tests demonstrated that the precipitation data were indeed homogeneous and ready to be entered into
the subsequent procedures of the study.

IOANNINON

@® Meteorological Stations
[JMountainous Catchments

D Regional Units
Altitude (m)

2400 - 2800
[ 2000 - 2400
I 1600 - 2000
I 1200 - 1600
I 800 - 1200
400 - 800
0-400

Figure 1. The study area and location of stations.
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These stations are operated by the Ministry of Environment & Energy (Agiofylo, Chrysomilia,
Elati, Katafyto, and Malakasi), the Public Power Corporation (Mesochora, Polyneri, and Stournareika)
and the University Forest Administration and Management Fund (Pertouli).

The study area is an area of increased importance, because it is located in the mountainous area
of two hydrological basins (Pinios and Acheloos), which supply Central Greece with fresh water.
The mountainous catchments examined within this study are (1) Klinovitikos, (2) Aspropotamos,
(8) Korpos, and (4) Portaikos, as showed in Figure 1. Additionally, the basic morphometrical and
hydrographical characteristics are given in Table 2.

Table 2. Morphometrical and hydrographical characteristics of the mountainous catchments.

Catchment Name Klinovitikos ~Aspropotamos  Korpos Portaikos
Code (&) (2) 3) @
MM Cvactersics  Symbol  Units
1 Area F km? 1711 36.3 23.7 136.4
2 Perimeter U km 61.7 28.1 20.1 60
3 Minimum elevation Hmin m 320 1020 1020 240
4 Maximum elevation Hpmax m 2204 2074 1721 1862
5 Mean elevation Hijed m 1112 1420 1397 963
6 Mean catchment slope Ta % 48.4 41.6 39.3 52.93
Hydrographic
Characteristics
7y drOgDrZ‘}‘f}ilg oo D km/km? 286 313 336 269
8 Main stream length L km 20.2 12.4 8.3 16.9
9 Main stream slope J %o 6.5 5.6 9.6 7.8

The study area is characterized as mountainous, whereas the relief is rather intense. Regarding geology,
the main rocks are flysch and limestones, quite vulnerable to landslides and weathering phenomena.
The forest cover is high and distributed to the mountainous catchment as follows: (1) Klinovitikos,
66%; (2) Aspropotamos, 73%,; (3) Korpos, 72%; and (4) Portaikos, 44%. The dominant forest species in
the study area are Abies borisii-regis, Quercus frainetto, Quercus petraea, Pinus nigra, and Fagus Sylvatica.
Moreover, the study region is of great environmental importance, belonging to the European nature
conservation network Natura 2000 according to the criteria of Directive 92/43/EEC.

2.2. Trend Analysis

Time series of annual and seasonal rainfall were subjected to the Mann—Kendall test to detect
possible trends over the period of 1961-2016. It is the most widely used test for trend analysis in
climatological time series [32].

The Mann-Kendall test is a non-parametric statistical test to detect the presence of a monotonic
increasing or decreasing trend within a time series [33,34]. The advantage of the non-parametric tests
over the parametric tests is that they are robust and more suitable for non-normally distributed data
with missing and extreme values, frequently encountered in environmental time series [35].

The Mann—Kendall test statistics S is calculated as:

n—1 n
s=Y Y sign (x; — xy), (1)
k

=1 j=k+1
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where 7 is the number of data points, x; and x; are the data values in the time series j and k (j > k),
respectively, and sign (x; — x;) is the sign function as follows:

]if (Xjka) >0
sign(xj—xx) = | 0if (xj—x) =0 . )
-1 lf (xj - xk) <0
The variance is computed as:
n(n—1)2n+5) — T L 4t —1)(2 +5)
t
18 !

VAR(S) = 3)
where 7 is the number of data points, P is the number of tied groups, the summary sign (P) indicates
the summation over all tied groups, and t; is the number of data values in the Pth group. In case of no
tied groups, this summary process can be ignored. A tied group is a set of sample data having the same
value. In the case where the sample size 1 > 30, the standard normal test statistic Z is estimated by:

S-1 .
ARG if $>0

Z=| 0ifS=0 . 4)
\/%1(5) if S<0

Positive values of Z indicate increasing trends, whereas negative Z values indicate decreasing
trends. Trend testing is done at a specific significance level. When | Z| > Z;_, 5, the null hypothesis
is rejected and a significant trend exists in the time series. The value of Z;_,; is obtained from the
standard normal distribution table. In this study, the significance level a = 0.05 was used. At the 5%
significance level, the null hypothesis of no trend is rejected if 1 Z| >1.96.

Furthermore, a change-point analysis approach was applied, using the Change-Point Analyzer
(CPA) [36]. This method iteratively uses a combination of cumulative sum charts (CUSUM) and
bootstrapping to detect whether a change in the mean of the rainfall time series has taken place.
A sudden change in the direction of the CUSUM indicates a sudden shift or change in the average.
Additionally, trend magnitudes were computed by employing the Theil-Sen approach (TSA) [37,38],
which is based on slope (3, often referred to as Sen’s slope [38]. It is preferable to linear regression,
because it limits the influence of outliers on the slope [39].

2.3. Spatial Mapping of Rainfall

Initially, the relationship between altitude and rainfall height (mm) for both an annual and a
seasonal basis was evaluated using different types of trendlines (linear, logarithmic, polynomial, power,
and exponential). Moreover, the spatial distribution was determined, applying multiple regression
equation and taking into account not only the altitude but also the longitude and latitude. The multiple
linear regression equation has the following form:

P=a+bX;+bX;+bX3, ®)

where P represents the rainfall (mm), a is constant, by ... b are coefficients obtained for each
independent variable, X; is longitude (°), X; is latitude (°), and X3 is altitude (m).

Furthermore, the geostatistical interpolation method of ordinary kriging (spherical variogram)
was employed, using the ArcGIS 10.2 software. At this point, it should be noted that geostatistical
methods are more valid for increasing sample size. To this end, automatic points were generated
ina1lkm X 1km grid resolution within the catchments, using the Fishnet command of the ArcGIS
10.2 software’s Data Management toolbar. Therefore, rainfall height was calculated for each point
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and all seasons, based on the multiple regression equation described above and the calculation of the
individual variables for each point.

Finally, cross-validation was performed, in order to compare results of rainfall spatial interpolation
derived from ordinary kriging with other spatial interpolation methods, for example, inverse distance
weighting (IDW), radial basis function (RBF), and universal kriging (UK), and a combination of
variograms (spherical, exponential), using the Geostatistical Wizard tool of ArcGIS [40].

Cross-validation is any of various similar model validation techniques for assessing how the
results of a statistical analysis will generalize to an independent dataset. It is mainly used in settings
where the goal is prediction, and where one wants to estimate how accurately a predictive model will
perform in practice. In a prediction problem, a model is usually given a dataset of known data on
which training is run (training dataset), and a dataset of unknown data (or first seen data) against
which the model is tested. The goal of cross-validation is to test the model’s ability to predict new data
that were not used in estimating it, in order to flag problems like overfitting and to give an insight on
how the model will generalize to an independent dataset.

The root mean square error (RMSE) and mean error were used as evaluation indexes in this case
study. The mathematical description of these indexes is given below:

RMSE = 6)

MAE = %i} (yi —xi), @)

i=1

where 1 is the number of observations, and x; and y; are the observed and interpolated rainfall values,
respectively, fori =1, 2 ... n. The RMSE is considered one of the most reliable indexes because it
depicts the deviation from the truth rather than the mean value, as in the case of standard deviation.
The RMSE gives the weighted variations (residuals) in errors between the estimated and observed
values, whereas mean error measures the weighted average magnitude of the errors. Mean error is the
most natural and unambiguous measure of average error magnitude [41,42]. RMSE, on the other hand,
is one of the most widely used error measures [43].

3. Results

The rainfall pattern in the case study area demonstrated certain particularities and varied greatly
in both space and time, in line with the main characteristics of the climate type in the Mediterranean
basin. The seasonal distribution of rainfall based on the examined meteorological stations” data is
shown in Figure 2. As depicted, 35% of the annual rainfall occurs during winter, 32% in autumn,
24% in spring, and only 9% in summer.

The results of the Mann—Kendall statistics test indicated that most of the meteorological stations
(around 67%) recorded a downward trend in annual rainfall, which could be considered as statistically
significant for the Katafyto station. In addition, decreasing trends of rainfall time series were recorded
in winter and autumn for most of the stations. During spring, half of the stations revealed a decreasing
trend, whereas the other half revealed an increasing one. Finally, summer was the only time season
when rainfall trends were recorded increasing in most of the stations.

Detailed results of the application of the Mann-Kendall test are given in Table 3. The upward
arrow T indicates an increasing trend, whereas the downward arrow | indicates a decreasing one.
Furthermore, the light grey cell color shows that the trend is not statistically significant (for a
significance level of a = 0.05), whereas the dark grey color shows a statistically significant trend.
In addition, the number within the parenthesis indicates the time of occurrence for changes in the
mean of the rainfall time series.
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Figure 2. Seasonal distribution of rainfall.

Table 3. Trend detection using the Mann-Kendall test and the change-point analysis.

. X Period
a/a  Meteorological Station
Annual Winter Autumn Spring Summer
1 Agiofylo 1 (86) 1T (66) 1(96) T(62) 1(62)
2 Chrysomilia 1(67) 1 (89) 1 (62) 1 (64) 1 (68)
3 Elati 1 (65) 1 (88) 1 (63) 1(96) 1(62)
4 Katafyto 1 (75) 1(01) 1 (63) 1 (64) 1 (63)
5 Malakasi 1 (65) 1 (74) 1 (63) 1 (64) 1(62)
6 Mesochora 1(67) 1(72) 1(73) 1T(71) 1 (68)
7 Pertouli 1 (65) 1(71) 1 (62) 1 (62) 1 (71)
8 Polyneri 1 (64) 1 (70) 1 (62) 1 (64) 1 (63)
9 Stournareika 1 (64) 1(70) 1 (63) 1 (63) 1(70)

As shown in Table 3, the rainfall non-stationarity starts to occur in the middle of 1960s for the
annual, autumn, spring, and summer rainfalls and the early 1970s for the winter rainfall in most of
the stations.

Moreover, Sen’s slope was used to compute the trend magnitude per decade, which ranged from
approximately —5.3% to +1.5% (average —1.9%) in annual rainfalls, from —14.5% to +7.5% (average
—3.2%) in winter, from —4.7% to +5.5% (average +0.7%) in autumn, from —4.2% to +3.6% (average
+0.2%) in spring, and from —0.3% to +4.8% (average +2.4%) in summer. Detailed results for each
station are given in the next table (see Table 4).

The investigation of the relationships between the variation of rainfall and altitude showed that
the derived coefficients of determination are rather low. This indicates that only a small percentage
(19-25%) of rainfall variation in the study area was due to the change in altitude. Furthermore,
it was observed that the power trendline performed the best fit in all cases. In the equations below
(see Table 5), y is the rainfall (mm) and x is altitude (m).
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Table 4. Trend magnitude (%) per decade using Sen’s slope method.

Trend Magnitude (% per Decade)

a/a  Meteorological Station - -
Annual Winter Autumn Spring Summer
1 Agiofylo —5.3% 7.5% 5.3% 2.9% 4.6%
2 Chrysomilia —0.4% —2.1% 0.9% 2.3% 1.3%
3 Elati —4.3% —2.2% —0.2% —4.2% 0.1%
4 Katafyto —5.1% —14.5% —4.7% —0.3% 9.7%
5 Malakasi —0.7% —3.7% -1.2% —1.5% 4.8%
6 Mesochora 1.5% —-1.9% 5.5% 3.6% 0.9%
7 Pertouli —3.1% —5.5% 0.3% —3.8% —0.3%
8 Polyneri 1.4% —3.1% 0.1% 1.5% 0.8%
9 Stournareika —1.1% —2.9% 0.4% 0.9% —0.3%

Table 5. Relationship between rainfall and altitude.

Trend Equation

RZ

Annual
Winter
Autumn
Spring

Summer

y = 6.14x08
y = 0.60x%7
y = 2.63x%0
y =2.94x07
y =2.57x%¢

0.21
0.18
0.25
0.19
0.21

For that reason, the spatial variability of both seasonal and annual rainfall was assessed using
a multiple regression analysis. All the necessary factors affecting rainfalls were included into the
multiple regression procedure, including longitude, latitude, and altitude. The coefficient obtained for
each factor, based on a regression analysis, is given in Table 6.

Table 6. Coefficients of multiple regression models and statistics.

Coefficients
Annual Winter Autumn Spring Summer
a 77,660 35,750 22,056 16,815 2963
by —0.018 —0.010 —0.003 —0.004 —0.001
by —0.016 —0.007 —0.005 —0.003 —0.001
b3 0.21 0.06 0.07 0.05 0.03
Adjusted R? 0.62 0.59 0.76 0.55 0.32

It is noteworthy that the multiple regression model can explain 62.2% of the spatial variability of
the annual rainfall, 58.9% of variability in winter, 75.9% of variability in autumn, 55.1% of variability
in spring, and 32.2% of variability in summer. In order to evaluate the statistical significance of the
examined factors, p-values were estimated (see Table 7). In cases where the significant level of the
examined factor is less than 95% (p > 0.05), the factor should be eliminated from the model and the
multi-linear regression must be performed again. In this study, the p-values for all factors were less
than 0.05, which means a strong presumption against null hypothesis.

Table 7. Output p-values of the examined coefficients.

p-Values
Annual Winter Autumn Spring Summer
a 0.021 0.031 0.005 0.030 0.028
by 0.046 0.038 0.026 0.028 0.046
by 0.028 0.041 0.007 0.041 0.031
b3 0.048 0.049 0.039 0.044 0.049
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Furthermore, regarding the results of cross validation amongst different spatial interpolation
methods it was revealed that better results were achieved by Ordinary Kriging combined with spherical
semivariogram (Table 8).

Table 8. Cross-validation results from the interpolation of annual and seasonal rainfall.

Inverse Distance Weighting

Annual Winter Autumn Spring Summer
Mean Error 78.52 33.82 24.57 16.98 3.04
RMSE 315.04 148.19 95.99 63.67 24.79
Radial Basis Function
Mean Error 38.78 16.87 12.28 8.08 1.42
RMSE 282.96 128.60 83.62 53.87 20.38
Ordinary Kriging (Spherical)
Mean Error 16.58 7.32 4.58 3.35 0.38
RMSE 254.24 117.13 76.57 48.92 20.22
Ordinary Kriging (Exponential)
Mean Error 22.02 9.55 6.93 4.68 0.43
RMSE 268.34 123.06 79.76 51.44 22.86
Universal Kriging (Spherical)
Mean Error 16.62 8.11 —4.76 —8.85 —2.41
RMSE 255.70 119.20 77.80 73.26 25.88
Universal Kriging (Exponential)
Mean Error —49.77 —27.67 —12.50 4.52 —5.42
RMSE 384.76 192.78 110.46 52.60 29.54

The semivariogram/covariance cloud tool shows the empirical semivariogram and covariance
values for all pairs of locations within a dataset and plots them as a function of the distance that
separates the two locations. It can be used to examine the local characteristics of spatial autocorrelation
within a dataset and look for local outliers. The selection of lag size has an important effect on the
semivariogram. If the lag size is too large, the short-range autocorrelation may be masked, whereas if
the lag size is too small, there may be many empty bins. A rule of thumb is to multiply the lag size
times the number of lags, which should be about half of the largest distance among all points.

Important characteristics of the semivariogram are also the nugget and the partial sill. The nugget
is a parameter of covariance or semivariogram model that represents independent error, and a
microscale variation at spatial scales that are too fine to detect. As for the partial sill, it is a
parameter that represents the variance of a spatially autocorrelated process without any nugget
effect. These parameters for the spherical variogram that was used in this study are given in the
following table (see Table 9).

Regarding the semivariograms (see Figure 3), it can be assumed that the phenomenon to estimate
is smooth (i.e., rainfall values change gradually with the distance). The semivariogram represents
the continuity structure quite well also. Additionally, the semivariogram diagrams showed that the
samples did not show autocorrelation in any direction.
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Figure 3. Spherical semivariograms of ordinary kriging interpolation models for annual and
seasonal rainfalls.

Table 9. Variogram Statistics.

Parameter Annual Winter Autumn Spring Summer
Nugget 0 0 0 0 283.01

Partial Sill 678185.10 7828.59 93943.10 27528.71 493.07
Lag size 7828.59 7828.59 7828.59 7828.59 2100.93

The rainfall spatial distribution maps over the mountainous catchment of the study area were
produced using ordinary kriging and are given in the following figure (see Figure 4).
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Figure 4. Spatial distribution of (a) annual, (b) winter, (¢) autumn, (d) spring and (e) summer rainfall
over the study area.

The major range of rainfall conditions within the mountainous catchment of the study area is

shown in Figure 2. The rainfall range (mm) in each catchment and every season is given in Table 10.

Table 10. Annual and seasonal rainfall (mm) ranges in the catchments of the study area.

Annual Winter Autumn Spring Summer

ala Catchment Min Max Min Max Min Max Min Max Min Max

Klinovitikos 8159 1336.7 2685 494.6 262.9 449.1 220.8 328.6 79.7 115.1
Aspropotamos  1279.1 1483.2 4347  562.7  406.5 463.9 308.4 351.9 106.5 121.6
Korpos 1281.2 15304 4372 592.0 428.9 456.4 308.2 358.9 101.9 117.7
Portaikos 1100.2 1731.5 355.7 703.0 381.6 5202  261.1 406.6 88.1 1229

W e

4. Conclusions

Rainfall variability is crucial for rational water resource management especially in Mediterranean

countries, such as Greece, with rainfalls presenting temporal and spatial variation. In this study,
monthly rainfall data from nine meteorological stations in the central Pindus mountain range were
collected and analyzed for the period of 1961-2016. The conclusions reached are summarized below:

Rainfall is characterized by great seasonal variability. Of the whole year’s rainfall, 35% falls during
winter, 32% during autumn, 24% during spring, and 9% during summer. Previous studies [44—46]
have shown that there is a high degree of correlation between seasonal rainfall amounts and
seasonal rainy days and the corresponding frequency of cyclonic circulation types at 500 hPa.

Regarding the results of the Mann—Kendall test, it is highlighted that at most of the examined
meteorological stations, decreasing trends were recorded on an annual basis; winter and spring
rainfalls showed a decreasing trend, as well. As for the autumn and summer rainfalls, increasing
trends were recorded in most stations. The above-mentioned trends are not statistically significant,
except for the annual rainfall decreasing trend at the Katafyto station and the winter rainfall
decreasing trends at the Katafyto and Pertouli stations. In addition, it was found that rainfall
non-stationarity starts to occur in the middle of the 1960s for the annual, autumn, spring,
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and summer rainfalls and the early 1970s for the winter rainfall in most of the stations. Finally,
the average trend magnitude per decade, using Sen’s slope method, was —1.9% for the annual
rainfall, —3.2% for the winter rainfall, +0.7% for the autumn rainfall, +0.2% for the spring rainfall,
and +2.4 for the summer rainfall. The observed downward trends in rainfall in Greece was linked
mainly to a rising trend in the hemispheric circulation modes of the North Atlantic Oscillation
Index and its connection with the Mediterranean Oscillation Index [47]. In addition, the link
between precipitation variability in Greece and the Mediterranean pressure oscillation is very
reasonable from a physical point of view.

The ordinary kriging method gives better results in spatial rainfall mapping in the study area in
comparison with other spatial interpolation methods. The spatial variability in rainfall is extremely
high. The relationship between geomorphological factors (longitude, latitude, and altitude)
and rainfall was obtained and proposed using a multiple regression technique. The results
indicated that the developed regression models could better explain the variability of rainfall
in autumn and winter, rather than in spring and summer. Moreover, the spatial distribution
maps obtained using ordinary kriging through the GIS software revealed a wide range of rainfalls
(for all seasons) through the catchments, whereas many different zones of rainfalls could be
recognized. These maps are easy to produce for every area of interest and are reliable and useful
for various stakeholders.

According the rainfall pattern of the study area, there is a lack of water during summer
months and great differences of rainfall amounts between the mountainous areas and the
lowlands. The need for the rational management of mountainous catchments is now a necessity.
Appropriate silvicultural treatments must be applied in order to achieve an all-aged forest
stand structure, which can increase water production from the mountainous catchments [48,49].
Additionally, stream regulation using check dams could have a positive effect on water availability.
After siltation waters have infiltrated through the deposits, they act as ideal artificial aquifers.
To accomplish this goal, appropriate pipelines to the lower body of the check dams must be
constructed. The retained water is supplied with piping and by natural flow to the areas that
have a demand. This method of water conservation provides clean and filtered water and avoids
evaporation losses [50].
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Abstract: In this paper, the ability of two joint bias correction algorithms to adjust biases in daily
mean temperature and precipitation is compared against two univariate quantile mapping methods
when constructing projections from years 1981-2010 to early (2011-2040) and late (2061-2090)
21st century periods. Using both climate model simulations and the corresponding hydrological
model simulations as proxies for the future in a pseudo-reality framework, these methods are
inter-compared in a cross-validation manner in order to assess to what extent the more sophisticated
methods have added value, particularly from the hydrological modeling perspective. By design,
bi-variate bias correction methods improve the inter-variable relationships in the baseline period.
Cross-validation results show, however, that both in the early and late 21st century conditions the
additional benefit of using bi-variate bias correction methods is not obvious, as univariate methods
have a comparable performance. From the evaluated hydrological variables, the added value is most
clearly seen in the simulated snow water equivalent. Although not having the best performance
in adjusting the temperature and precipitation distributions, quantile mapping applied as a delta
change method performs well from the hydrological modeling point of view, particularly in the
early 21st century conditions. This suggests that retaining the observed correlation structures of
temperature and precipitation might in some cases be sufficient for simulating future hydrological
climate change impacts.

Keywords: regional climate modeling; hydrological modeling; bias correction; multivariate;
pseudo reality

1. Introduction

In recent years, bias adjustment has become the de facto standard for preprocessing global
(GCM) and regional (RCM) climate model simulations for climate change impact studies, hydrological
modeling being no exception. The use is driven by practical needs. Due to systematic errors in climate
model simulations with respect to the observed climate, GCM and RCM output usually cannot be
directly used in impact modeling, as impact models require unbiased, high-resolution information as
their input. This is because of non-linear and threshold processes within impact models. For example,
a cold bias in forcing data to a hydrological model could lead to an impact result indicating no change
in snow depths if the cold bias kept temperatures below 0 degrees.

Numerous methods belonging to so-called model output statistics (MOS) have been developed
to adjust biases in temperature and precipitation data from climate models. These range from
simple scaling of time-mean climate to more sophisticated methods addressing biases in the daily
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variability. This group also covers the widely used quantile mapping techniques of which there
are a number of different variations [1-8]. Studies have illustrated that bias correction methods are
able to reduce biases in climate model output [6] and also to provide noticeable improvements to
hydrological simulations in the present-day climate [9,10]. However, most of these methods are
restricted to the independent adjustment of biases in the marginal aspects of GCM-RCM simulations
and do not take biases in inter-variable correlation structures into account. For example, studies
have indicated that highest precipitation intensities co-occur with high surface temperatures in
winter, as indicated by Clausius—Clapeyron relation, while mostly negative relationships between
temperature and precipitation have been observed in summer in Europe [11,12]. In case a GCM-RCM
has difficulties to reasonably capture such relationships, a bias correction method that does not
explicitly take inter-variable correlations into account might not be sufficient for certain applications
such as hydrological modeling.

To address this issue, different types of bi- and multivariate bias correction algorithms have
been recently proposed [13-17]. These studies have given evidence that jointly bias correcting
multiple variables improves the multivariate aspects of bias corrected model simulations when
compared against the observed climate, and might outperform their univariate counterparts in
further applications, such as in the calculation of Canadian Forest Fire Weather Index [17]. However,
most of the intercomparison studies have concentrated on evaluating the relative performance of bias
correction methods in the present-day climate, which does not inform on their ability to predict climate
variables in changing climatic conditions. In other words, it is not known how well the adjustment
of inter-variable correlations, which is inherently constrained by biases in the present-day, is able to
capture the inter-variable correlations in the future climate. This information is crucial for reliably
assessing potential climate change impacts, particularly as concerns have been expressed on the
shortcomings and potentially unjustified use of bias correction in non-stationary conditions [18,19].

Due to the lack of an observational basis, surrogate data emulating the future observations has
been proposed to be used as proxy data (hereafter referred to as pseudo-realities) to assess the ability
of bias adjustment to improve projections in a changing climate. The pseudo-reality approach has been
used in recent studies [20-23] and was also considered in the European Concerted Research Action
ES1102 VALUE (Validating and Integrating Downscaling Methods for Climate Change Research)
framework as an important, although not sufficient step, when evaluating bias adjustment method
performance [24].

Most of the pseudo-reality studies have concentrated on the analysis of the application of bias
adjustment directly to climate model output, which does not give direct information on their usability
to construct future projections for the purposes of hydrological climate change impact studies. One of
the first attempts to extend the pseudo-reality approach to hydrological simulations was made by
Velazquez et al. [25], whose study evaluated implications of non-stationarity to bias correction for
future conditions and how they affect the estimation of future changes in river discharges. Their results
showed that although monthly mean river discharges were improved in some cases after bias correcting
the hydrological model input, biases still remained in the results. In their study the pseudo-reality
approach was applied without taking pseudo-reality biases in the present-day climate into account.
If a hydrological model is sensitive to absolute biases in climate model outputs, the hydrological model
behavior and its response to the projected changes might be unrealistic, which would hamper the
evaluation of bias adjustment methods in the pseudo-reality framework. Furthermore, the study used
only two GCM-RCM combinations and one bias correction method that did not take inter-variable
correlations directly into account in the bias correction step. From the hydrological modeling
perspective, a physically plausible description of co-variations of temperature and precipitation
might be important to reasonably describe the surface fluxes such as evapotranspiration and processes
affecting water stored in soil and snow pack, which together regulate the river discharge generation.
It is also important to assess the performance of the hydrological modeling of low frequency impacts
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(e.g., high and low flows) as these impacts are often of interest to users, but could be subject to different
biases than mean flows.

Here, we extend the study of Veldzquez et al. [25] to assess the relative performance of four bias
adjustment methods from the hydrological impact modeling perspective. More specifically, the aim is
to address the following questions:

1. How does the relative performance of bias adjustment methods vary when assessing them from
the perspective of the impacts of climate change on different hydrological variables rather than
from climate modeling perspective?

2. What is the added value of bias correcting inter-variable relationships between daily
mean temperature and precipitation in comparison to the adjustment of their marginal
distributions only?

We use five GCM-RCMs produced in the European branch of the Coordinated Regional Climate
Downscaling Experiment (EURO-CORDEX) initiative [26]. In addition to the separate adjustment
of temperature and precipitation distributions, two methods [14,17] which take biases in their
inter-variable relationships into account are compared against univariate quantile mapping to assess
the extent to which hydrological simulations benefit from the additional correction of temperature and
precipitation correlations in the changing climate. We perform cross-validation tests in a pseudo-reality
framework broadly similar to the one used in Veldzquez et al. [25] and extend the analysis by taking
into account GCM-RCM biases in the calibration data in order to bring the hydrological simulations
closer to the observations (i.e., by bias adjusting the pseudo-reality data).

The paper is structured as follows. In the next section we introduce the GCM-RCM simulations
used in this study together with the hydrological model used to conduct the hydrological simulations.
In addition, the bias adjustment methods, the pseudo-reality framework and the cross-validation
statistics used to assess the relative method performance are also discussed in Section 2. The results
are shown in Section 3 and the discussion together with conclusions are presented in Section 4.

2. Materials and Methods

2.1. Reference Data

WATCH Forcing Data based on ERA-Interim reanalysis (WFDEI) is used as the reference
climatology in real-world illustrations as well as in hydrological modeling exercises for both daily mean
temperature and precipitation [27]. In this data set the monthly means of daily mean temperature and
precipitation have been adjusted for biases in relation to the large scale gridded observations produced
by the Climatic Research unit (CRU) and the Global Precipitation Climatology Centre (GPCC) with
subsequent elevation corrections applied to both variables. Rust et al. [28] discuss some of the known
issues in WFDEI such as spurious jumps between individual months caused by the bias adjustment
procedure. These introduced discontinuities might affect the hydrological simulations, for example,
by triggering snow melt unrealistically. However, the effect of the spurious jumps is less severe in
the European region than in the tropics and cold regions [28], which facilitates the use of WFDEI
in this study.

2.2. GCM-RCM Data

Five high-resolution GCM-RCM simulations (Table 1) produced by the European branch
of the Coordinated Regional Climate Downscaling Experiment (EURO-CORDEX) initiative were
downloaded from the Earth System Grid Federation (ESGF) database [29]. The cross-validation
within a pseudo-reality framework (see Section 2.5) requires all projections to be forced by the same
representative concentration pathways (RCP). Here, we chose RCP4.5 as a mid-range emission scenario,
which corresponds to end-of-21st century radiative forcing of 4.5 Wm 2 [30]. Each of the five model
simulations has a different GCM and RCM component. One should note that the models were not
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selected based on their performance in the present-day conditions but to ensure that the ensemble
members are independent from each other to the extent possible.

The model simulations were re-gridded to the regular 0.125° x 0.125° EURO-CORDEX (EUR-11i)
grid using nearest neighbor interpolation before bias adjusting them. The grid box closest to each
sub-basin was then used to drive the hydrological model. The difference in the spatial resolution to
WEFDEI was not taken into account, as most of the results are based on comparisons between the
GCM-RCM simulations (see Section 3). For both calibration and validation of the bias adjustment
methods, we selected three 32-year periods including a 2-year spin-up period for the hydrological
model runs. After excluding the spin-up period, years 1981-2010 were used as the baseline period,
while years 2011-2040 and 2061-2090 were used to validate the methods in early and late 21st
century conditions.

Table 1. List of GCM-RCM simulations selected for this study. The first column shows the abbreviation
used in the text, the second and third columns show the GCM and RCM part of each model, respectively
and the last column shows the name of the providing institution.

Abbreviation GCM Component RCM Component Institution
CNRM-A CNRM-CM5 ALADIN CNRM
CCLM-MPI MPI-ESM-LR CCLM4.8.17 CLM Community
RACMO-EC EC-EARTH RACMO22E KNMI
RCA4-H HadGEM RCA4 SMHI
WREF-I IPSL-CMA5-MR WRF IPSL-INERIS

2.3. Hydrological Simulations

Hydrological impacts are simulated using sub-models extracted from the European scale
hydrological model E-HYPE v2.5 [31]. E-HYPE is an application of the Hydrological Predictions
for the Environment (HYPE) model developed in the Swedish Meteorological and Hydrological
Institute [32]. The model is process-based, semi-distributed and designed for hydrological modeling at
different spatial scales also in ungauged regions. The source code for HYPE (v4.10) is available at [33].
The model calibration and evaluation details together with a list of used topographical and land-use
data sets can be found from [31]. E-HYPE was chosen due to its large spatial coverage, distributed
nature and also to see how a hydrological model commonly used in impact assessments [34] responds
to the bias adjustment step. Because the model is distributed (over sub-basins of median size 215 km?),
spatial variability in biases can also be assessed. Hydrological simulations were first conducted using
the full 32-year periods. The first two years served to spin-up the hydrological model and have not
been included in further analysis.

To sample the varying hydrological conditions in the European region, the model was run with
bias adjusted daily mean temperature and precipitation within four sub-models selected from the
catchments shown in Figure 1. These catchments have predominantly natural flow conditions which
the hydrological model was capable of capturing well in the present-day climate. The northernmost
model domain is located in the upper parts of Tornio river catchment, where water stored in snow
pack and variations in it strongly regulate the annual cycle of surface hydrology, leading to peak river
discharges in late spring and early summer. Two domains with maritime mild climatic conditions,
which cover parts of Trent and Ems catchments, are less affected by snow processes and river discharges
reach their maximum values in winter months. The southernmost study region is located in the Sava
tributary of the Danube river and is characterized by a mixture of Alpine and Mediterranean climates.
The seasonal cycle of river discharge has two distinctive peaks here, the first one caused by snow melt
in Alpine regions in spring and the latter one by heavy rainfalls in autumn.
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Figure 1. Geographical locations of the four sub-models selected for the hydrological simulation tests.
The sub-models cover parts of (A) Tornio, (B) Ems, (C) Trent and (D) Sava river catchments. White
dots denote the locations of the discharge gauging stations for which the reference period statistics are
shown in Table 2.

Table 2. Statistics for daily time-series of simulated river discharge calculated against the observed
discharge at the mouth of each hydrological sub-model (cf. Figure 1). The first column shows the
catchment name, the second column Nash-Sutcliffe efficiency coefficient and the third column the
relative volume error.

Sub-Model NSE RE (%)
Tornio 0.78 —-17.0

Trent 0.66 -3.0
Ems 0.83 3.1
Sava 0.52 6.0

The ability of HYPE to simulate river flows in the reference period (1981-2010), when WFDEI
is used directly as forcing, is briefly illustrated in Table 2, which shows the Nash-Sutcliffe efficiency
coefficient (NSE) and relative volume error (RE) in simulated river discharge for the four gauging
stations located at the outlets of the selected sub-models. The NSE values vary from 0.83 in Ems to
0.52 in the Sava region. These values are reasonable considering that E-HYPE has been calibrated
uniformly for all of Europe to optimize predictions in ungauged regions. The RE values range from
—17.0% to 6.0% with largest deviations seen in the Tornio sub-model, where the model tends to
underestimate river discharge volume, particularly during the spring season. These differences are
at least partially explained by the limitations of the WFDEI data set; the representation of daily
precipitation variability is not sufficient in regions with large topographical variations, and subject
to gauge undercatch for which the corrections are particularly uncertain in windy, snow dominated
regions. Also temperature discontinuities might have a role in explaining the differences to the
observations. In addition, the inherent limitations in the HYPE formulation and parameterisation
likely explain part of this discrepancy (as would any other hydrological model).

2.4. Model Output Statistics

Non-parametric quantile mapping applied both in the delta change (M1) and bias correction (M2)
mode is used to benchmark the ability of joint bias correction methods to adjust temperature and
precipitation for biases in the GCM-RCM simulations (see Table 3). In the following, the formulation is
shown for the bias correction form of quantile mapping. For given simulated values of daily mean
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temperature or precipitation in the scenario period (s;), the projected values p; are obtained by
transforming s; according to

pi=F ' (F(si))- 1)

here F. denotes the cumulative distribution function of the baseline period simulation and F, ! its
inverse estimated from the observations. Formulation for the delta change form is simply obtained by
switching the indexes for the observations (0) and the future period simulation (s).

Before the transformation shown in Equation (1) is applied, the quantile-quantile relationship
between F; and F, is smoothed by replacing individual quantiles with a running average taken
over a specified quantile range using the approach and numerical values described in Réty [21] and
Raty et al. [22]. If the future simulated values are outside the baseline period observations and model
simulation, the quantile relationship is extrapolated assuming a constant, additive, relationship above
the highest and below the lowest quantile for daily mean temperature. For precipitation, relative values
are used. For further implementation details, the reader is referred to Réty [21] and Raty et al. [22].

Table 3. List of bias adjustment methods used in this study together with a short description.

Name  Description References

M1 Univariate delta change: quantile mapping with smoothing Raisanen and Raty [21], Réty et al. [22]
M2 Univariate bias correction: quantile mapping with smoothing Raisanen and Raty [21], Réty et al. [22]
M3 Bi-variate bias correction: copula-based, precipitation conditioned on temperature Li et al. [14], Gennaretti et al. [35]

M4 Bi-variate bias correction: full 2-dimensional distribution using the N-pdft algorithm Pitié et al. [36], Cannon [17]

To take biases in the co-variations of daily mean temperature and precipitation into account,
two bi-variate bias correction methods were implemented and compared with their univariate
counterparts. In the first one (M3), the dependence structure is modeled separately from the marginal
(i.e., unconditional) distributions of temperature and precipitation using a copula-based approach as
described in Li et al. [14]. The implementation of this method is based on the properties of copula
described by Sklar’s theorem [37], which states that, given two random variables X and Y such as daily
mean temperature and precipitation, their joint cumulative distribution (H(x, y)) can be constructed as

H(x,y) = C(F(x),G(y)), 2

where C() denotes the cumulative copula distribution and F(x) and G(y) are the cumulative marginal
distributions for X and Y. Here, it is assumed that the dependence structure of daily mean temperature
and precipitation can be reasonably modeled using a Gaussian copula as in Li et al. [14]. The Gaussian
copula was chosen due to its relatively simple formulation and its ability to model both positive
and negative correlations. Although several other parametric copulas are available for modeling the
dependence structure, testing them is beyond the scope of this paper. Marginal distributions were
modeled with parametric distributions in a similar manner as in Yang et al. [2] and Li et al. [14].
Temperature is assumed to follow Gaussian distribution, while gamma distribution is used to model
precipitation above a wet-day threshold, here defined as 0.1 mmd . To improve the performance of
M3 at daily temporal scales, separate temperature distributions were fitted both on dry and wet days
following a pre-adjustment of the fraction of wet days in model simulations to the observed one [2,35].
In M3, bias correction of the wet-day part of the joint distribution needs to be applied conditionally
on either temperature or precipitation, thus offering two approaches to correct the joint distribution.
Based on tests with these two alternatives, we decided to bias correct precipitation conditionally on
temperature due to the slightly better overall performance of this option (not shown). The correlation
parameter values obtained from fitting Gaussian copula to the baseline period simulations are
illustrated in the supplementary material (Figure S1). For further details, the reader is referred to an
R package available in GitHub [38], which contains implementations of methods M1-M3 written by
the authors.
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The second bi-variate bias correction method (M4) was recently proposed by Cannon [17] based
on the N-pdft algorithm designed by Pitié et al. [36]. In this method the full 2-dimensional distribution
structure is adjusted iteratively by reducing the adjustment of the 2-dimensional distribution to
a series of 1-dimensional bias corrections of the marginal distributions. First, both temperature and
precipitation distributions are normalized and randomly rotated to a new orthogonal coordinate system.
Second, quantile mapping is applied to the rotated distributions. The adjusted distributions are then
rotated back to the original coordinate system before repeating the described sequence. After several
successive iterations it can be shown that the joint distribution converges to the target distribution [36].
As discussed by Cannon [17], the algorithm constructs the joint distribution at each iteration step
as a linear combination of the bias corrected marginal distributions, which allows modifying the
dependence structure. In the original article quantile delta mapping [4,8] was used to adjust the
marginal distributions along the iteration cycles. Here, we use the same quantile mapping algorithm as
in M2 instead of quantile delta mapping when bias correcting the marginal distributions of temperature
and precipitation. Doing this, the bias corrected temperature and precipitation distributions are
identical in M2 and M4. No smoothing was applied to the marginal distributions in the rotation
step, as this would had contracted the underlying joint distribution of observations and the control
period simulation. The algorithm was terminated after 50 iterations, which should be sulfficient for the
algorithm to converge to the target distribution, as illustrated by Cannon [17]. The implementation of
M4 was based on the R package [39] available in the CRAN repository [40].

To take biases in the annual cycle into account, daily mean temperature and precipitation time
series were adjusted on a monthly basis at each sub-model domain. As sampling errors are likely to
affect the estimation of simulated changes (M1) and biases (M2-M4) in the GCM-RCM distributions,
the effect of increased sample size on method performance was addressed by using both one- and
two-month time windows when estimating model biases and simulated changes from GCM-RCM
simulations. Using an even larger time window could in principle reduce the sampling noise [41],
although with the expense of possibly introducing systematic biases to the future results. Tests with
longer time windows did not show significant changes in the results, although a more systematic
comparison would be needed to fully assess the potential benefits of reducing sampling noise.

To illustrate how each method represents the dependence structure in the calibration period,
Figure 2 shows differences in the empirical copula density for the wet-day values of temperature and
precipitation in comparison to the WFDEI copula in winter months of years 1981-2010 in the Tornio
sub-model. The copula density has been estimated as a 2-dimensional histogram of the normalized
ranks for both variables (see a more detailed description in Section 2.6). The density values can
be interpreted as the ratio of the joint probability density to the case, where both variables were
independent from each other. For example, values larger than one suggest a larger-than expected joint
probability density in this part of the two-dimensional space. Differences in the empirical copula density
roughly denote the difference in the strength of dependence for particular cumulative probability
values of both temperature and precipitation. The panel for the reference data shows that temperature
and precipitation are positively correlated in this example (the highest values slope from bottom-left to
top-right). By design, M1 takes the inter-variable relationships directly from the reference. In contrast
to the delta change mode, M2 inherits the multivariate dependence structure from the uncorrected
GCM-RCM simulation (M0), with some modifications to it due to changes in the fraction of wet
days [42]. Therefore, these methods can be thought to give the “limits” in which the multivariate
methods can operate on adjusting the inter-variable correlations. Although the dependence structure
of temperature and precipitation can be reasonably modeled using Gaussian copula on monthly scales,
this might not be as feasible at daily scales, at least in cold climates. From Figure 2, it is immediately
seen that although the Pearson correlation coefficient is well captured by M3, the overall copula
structure shows noticeable deviations from the target distribution. In this particular case, M3 tends to
overestimate the strength of the co-occurrence of low precipitation intensities and medium temperature
values. Although the behavior of M3 strongly depends on the selected GCM-RCM, season and location,
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this example highlights the importance of evaluating the full multivariate dependence structure to
reveal such issues. In contrast to M3, M4 performs very well in capturing the WFDEI dependence
structure and differences in the copula density field are small in most parts of the distribution.
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Figure 2. Empirical copula density of wet-day (P > 0.1 mmd ') precipitation and temperature in
winter months (December-January-February) estimated from the reference data (WFDEI) in Tornio
river catchment separately for each sub-basin and then averaged over the whole domain. In addition,
differences in the estimated densities, when compared against WFDEI, are shown for CNRM-A
GCM-RCM without bias adjustments (M0) and after applying each of the four methods (M1-M4) in
the baseline period (1981-2010). The sub-model-averaged Pearson correlation coefficient is also shown
on the top-left corner of each panel.

As another example, Figure 3 shows how the four methods capture the hydrological conditions
in the Tornio sub-model, when adjusting the GCM-RCM simulations against WFDEI in the baseline
period (1981-2010). For simplicity, a one-month time window has been used when estimating the
simulated changes and biases in the GCM-RCM simulations. As expected, M1 has essentially a perfect
correspondence with the observed hydrological conditions. The remaining biases in temperature and
precipitation are very similar for M2 and M4 but not identical as small differences arise from the
re-shuffling of daily values over the full 32-year period in M4, which is an inherent property of this
and many other multivariate bias correction methods. Furthermore, M3 shows a very similar pattern
for temperature, while the differences to M2 and M4 are more visible in the remaining precipitation
biases. The differences between the methods are also visible in the annual monthly mean cycle of
different aspects of the simulated surface hydrology. The differences to WFDEI are largest for M3 in
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most cases, which is expected, as the (potentially sub-optimal) parametric marginal distributions used
in M3 match the GCM-RCM-simulated temperature and particularly precipitation less accurately with
WEFDEI than the non-parametric versions used in M2 and M4. Apart from M1, M4 has generally the
smallest differences to WFDEI, particularly in total runoff and snow water equivalent, although the
remaining evapotranspiration biases are similar for M2 and M4.
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Figure 3. A real-world example showing the annual cycle of (a) daily mean temperature, (b) precipitation,
(c) total runoff, (d) evapotranspiration, (e) snow water equivalent and (f) soil moisture in the Tornio
river catchment in years (solid lines) 1981-2010 and (dashed lines) 2061-2090 separately for each of the
GCM-RCMs when adjusted against WFDEI using the four (M1-M4) bias correction and delta change
methods. To readily illustrate differences in comparison to WFDEI, the remaining biases in 1981-2010 are
shown below the annual cycle panels separately for each method and variable.

2.5. Pseudo-Reality Framework

To make inferences on the potential future performance of the selected univariate and multivariate
methods, intermodel cross-validation is performed using the so-called pseudo-reality approach
(Figure 4). In the first stage, one GCM-RCM at a time is used as the verifying model (i.e., pseudo-reality)
against which the rest of the models are adjusted using the selected methods. The bias adjusted
simulations are then compared against the pseudo-reality GCM-RCM with a set of performance
measures. The resulting cross-validation statistics are then averaged over all pseudo-realities to
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obtain an overall view of the bias correction performance in changing climatic conditions. The same
framework is applied to the hydrological simulations to see to what extent the relative performance
of the selected MOS methods differs when inspected from the hydrological modeling point of view.
To this end, the bias adjusted temperature and precipitation time-series are used as input to the
E-HYPE sub models, which are then run to simulate the future hydrological conditions in the selected
catchments. Hydrological simulations are cross-validated in a similar manner as the GCM-RCM
simulations using complementary performance measures.

sk WFDEI
® Pseudo reality (verifying GCM-RCM)
© N-1 Predicting GCM-RCM

Version 0: no correction  Version 1: pseudo-reality
to the pseudo-reality adjusted towards WFDEI

CTRL

L

| l

Hydrological simulations using the pseudo-
reality and N-1 predicting GCM-RCMs

Repeat over all pseudo-realities

Comparison of the predicting models
to the pseudo-reality (climate and
hydrological modeling perspectives)

Figure 4. An illustration of the pseudo-reality framework procedures in the baseline period, applied
both from climate modeling and hydrological modeling perspectives.

In order to improve the applicability of the pseudo-reality approach to hydrological simulations,
two ways to construct pseudo-realities were tested (Figure 4): (a) raw GCM-RCM simulations were
used as pseudo-realities without taking biases in relation to observations (i.e., WFDEI) into account [25];
(b) the annual cycle of the GCM-RCM acting as pseudo-reality was adjusted to biases in comparison
to WFDEI by simply removing the mean bias at each day of the annual cycle using a 30-day sliding
window. Daily adjustments were applied instead of monthly ones in order to avoid additional jumps in
the annual cycle of the pseudo-reality time series. This shift in the mean values obviously alters the bias
between pseudo-reality and the verifying models but leaves the changes in this relatively untouched
(see Figure S2 in supplementary material). The motivation for the second approach is apparent: biases
in relation to the observed climate are substantial in some of the selected GCM-RCMSs, which leads to
unrealistic hydrological model behavior both in the pseudo-reality runs and the verifying hydrological
simulations. For example, substantial cold biases at high altitude regions in Sava sub-model and
during winter in Tornio sub-model cause unrealistic volumes of snow to accumulate throughout the
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simulation periods. We argue that without this additional bias adjustment step the use of GCM-RCMs
as pseudo-realities when cross-validating bias adjustment methods from hydrological modeling
perspective might not be reasonable due to unrealistic shifts in hydrological regimes. One should note
that although the intention is to keep the daily variability in the pseudo-reality time series untouched,
the multiplicative scaling applied to daily precipitation slightly modifies the spread of precipitation
distributions both in the baseline and scenario periods. This also slightly changes the daily variability
of hydrological simulations accordingly.

2.6. Metrics for GCM-RCM Simulations

To assess the general similarity between the empirical cumulative probability distributions of the
predicting models Fpred and the GCM-RCM acting as pseudo-reality Fyer, 2-sample Cramér—von Misés
(CM) statistic [43] was calculated according to

m

CM = A<ﬁ{g [ﬁpred(xl) Fer xl } é [ pred y] Fver(yj)]z }>’ ®)

where () denotes the pooled sample of the four predicting GCM-RCM simulations, while m and 7 are
the numbers of values within the pooled sample (x) and in pseudo-reality (y), respectively. The actual
calculations were made for binned data using bin widths of 1 °C and 1 mmd " and the same number of
bins with identical bin boundaries for both predicting GCM-RCMs and the pseudo-reality GCM-RCM.
A() indicates an average over 12 months and the area of a sub-model. CM measures the similarity of
two empirical distributions in probability space and puts more weight on discrepancies in the tails of
the cumulative distributions than the widely used Kolmogorov-Smirnov statistic, which measures the
maximum distance between the cumulative probability distributions. Comparison with these statistics
did not reveal significant differences, and the results are shown only for CM.
The second statistic, mean absolute error (MAE), was calculated over quantiles i (i € [1,...,100])
of the predicting and verifying (i.e., pseudo-reality) model distributions following
MAE = A(|E.1, ()~ FlG)), @

ver

where A() encompasses averaging over the distribution quantiles in addition to temporal and spatial
averaging. The analysis was also repeated using the mean squared error, but the results did not show
substantial differences to MAE. Thus, the relative method performance is illustrated in terms of MAE
in the remainder of the paper.

Two statistics measuring errors in inter-variable correlations were calculated. First, to assess to
what extent the linear correlation is modified by different methods, MAE in the Pearson correlation
coefficient was calculated between the average correlation coefficient of the four verifying models and
pseudo-reality, averaged in a similar manner as in Equation (3). Secondly, to evaluate the remaining
errors in the full dependence structure, the empirical copula density was approximated from the
pseudo-observations (u,v), estimated for the ith temperature (x) and precipitation (y) value as
u =rank(x;)/(n+1) and v = rank(y;)/ (n + 1), where n is the number of values for both variables.
These values were binned 2-dimensionally and normalized such that the histogram approximately
corresponds to the copula density. The 2-dimensional binning was done at 0.1 interval. MAE between
empirical copula densities of the predicting GCM-RCMs and pseudo-reality was then calculated
according to

1& i) .
MAE. = E Z i) pred — €(i)ver|- ©®)
In Equation (5), ¢preq denotes the empirical copula density averaged over the four predicting
models, cyer the copula density calculated for pseudo-reality and 7 is the number of bins used to

estimate the copula density. In the following, the subscript c is dropped for brevity. MAE based on
kernel density estimates were also tested but the resulting statistics depended substantially on the used

337



Climate 2018, 6, 33

kernel method and the kernel width and thus, were not considered further in this study. To reduce the
effect of sampling noise to the results, temperature-precipitation pairs were pooled over the area of
each sub-model and season before estimating the empirical copula densities. Identical values were
handled using the same approach as in Gennaretti et al. [35]: ranks were first given randomly to
identical values before estimating the empirical copula density. This was repeated 10 times and the
final copula density was calculated as the average of the randomly ranked estimates. Despite being a
simple and not a proper goodness-of-fit measure, this statistic readily illustrates how well each method
is capable to adjust the full dependence structure. Gennaretti et al. [35] briefly pointed out that the
measured performance depended on whether dry days were included when estimating the empirical
copula density. While the focus is here on the copula density including the full time-series, the results
for the wet-day copula can be found from the supplementary material (Figure S3).

2.7. Metrics for Hydrological Simulations

An additional set of cross-validation statistics was calculated for the hydrological indexes.
First, quantile distributions of river discharge Q (i.e., flow-duration curves) were estimated at the
outflow sub-basin of each of the sub-models. The average of the four predicting distributions was
then compared against the pseudo-reality distribution using a logarithmic accuracy ratio (LAR10)

defined as
Foaa(i)
logy | P55 )], (6)
10 ( Fuet (i)

where A() has the same meaning as in Equation (4). The statistic is symmetric in the sense that the same
value is assigned for under- and overestimation of the same relative magnitude [17]. This alleviates

LAR10 = A<

the issue of most other relative accuracy measures penalizing overestimation more strongly than
underestimation. In addition to distribution-averaged statistics, LAR10 was also inspected individually
for the 5th (Qs) and 99th (Qgg) percentile of the flow duration curve to see how the relative performance
of the selected MOS methods varies in the tails of the monthly flow duration curves.

The analysis of river discharges is complemented by evaluating a set of individual flux and
storage elements, which affect the overall water balance and river discharge generation. To this
end, MAE was calculated for the monthly mean values of total runoff (R), evapotranspiration (E),
soil moisture (S) and snow water equivalent (SWE) in a similar manner as for daily mean temperature
and precipitation. MAE in the mean annual maximum SWE (SWEnax) was also calculated to evaluate
how method differences are reflected in the simulation of highest snow pack depths. This allows
us to make inferences on how the remaining errors in daily mean temperature and precipitation
and in their inter-variable correlations affect the different hydrological elements, as well as to gain
insights on the relative performance of the selected bias adjustment methods in terms of hydrological
modeling results.

3. Results

3.1. Distribution-Averaged Statistics for Daily Mean Temperature and Precipitation

We first inspect the overall performance of the four methods from the GCM-RCM perspective.
Figure 5 illustrates the distribution-averaged cross-validation statistics in the two scenario periods
(see Figure S4 for the statistics in years 1981-2010). When first concentrating on the results shown
for the years 2061-2090, it is seen that bias correction methods M2-M4 slightly outperform M1 in
adjusting the temperature distribution in terms of both CM and MAE. On the other hand, both CM
and MAE of M3 are very close to M2 and M4, which indicates that temperature can be reasonably
modeled using a normal distribution. Although the general picture is mostly similar for precipitation,
CM and MAE give a partially contrasting picture about the relative method performance. The CM
values are smallest and almost identical for methods M2-M4, while the relative performance of M3
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is slightly worse than M2 and M4 in terms of MAE. This might be partially explained by how the
fraction of dry days is explicitly taken into account by M3 in its corrections, while using a gamma
distribution to model the precipitation distribution might not capture biases in it as efficiently as
non-parametric quantile mapping. Using a two-month time window generally reduces errors in
both temperature and precipitation distributions, which is in line with the results of Rdisénen and
Rity [21] and Réty et al. [22]. As expected, all methods have substantially smaller errors in the marginal
distributions of temperature and precipitation in comparison to the uncorrected model simulations
(MO) in both periods.
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Figure 5. Cross-validated CM and MAE for (a,b) daily mean temperature and (c,d) daily precipitation
distribution in years 2011-2040 (bottom) and 2061-2090 (top). Also shown are the MAE in
(e) the Pearson correlation coefficient and (f) the empirical copula density. Black color denotes
the cross-validation statistics for the pseudo-reality approach without additional adjustments (V0),
while the results for the approach where pseudo-realities have been adjusted to biases in relation
to WFDEI are shown in red (V1). Furthermore, crosses (bars) indicate the results for the one-month
(two-month) time window used to estimate simulated changes or model biases, shown for both V0
and V1. Note that the differences between the one- and two-month time windows are typically small,
as indicated by the small differences between the bars and crosses.

The MAE for the Pearson correlation coefficient and the empirical copula density, when calculated
over the full monthly time-series of temperature and precipitation, is also shown in Figure 5.
The results for the Pearson correlation coefficient show that, although M3 and M4 improve the
results in comparison to method M2, M1 performs slightly better in capturing the linear correlation
between temperature and precipitation than the other methods. Moreover, M4 seems to be susceptible
to the effect of noise, as M3 has a somewhat smaller MAE when the one-month time window is
used. The situation is slightly different when the MAE in the empirical copula density is considered.
While M1 has again the best performance out of all methods, M2 has now MAE values which are
closer to the bi-variate methods. The modest improvement obtained with M4 in comparison to M1
is again at least partially related to the small sample size, as indicated by the reduction in the MAE
values for the two-month time window. Yet, this highlights the difficulty to robustly estimate biases in
inter-variable correlations in a changing climate. As M1 has a superior performance in terms of both of
the two measures regardless of the period considered, this suggests that the inter-variable correlations
do not change substantially among the selected models and within the studied regions.

The bottom row shows the cross-validation statistics for the near-term scenario period (2011-2040).
As expected, the remaining errors are generally smaller for all methods in this period. The marginal
distributions of both temperature and precipitation are slightly better captured by method M1 in
comparison to other methods, while the relative performance of other methods does not show marked
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differences between the two periods. Furthermore, the MAE in the Pearson correlation coefficient and
the copula density indicate a slightly improved performance for M3 and M4 in comparison to M1,
although M1 still has the smallest MAE in all cases.

In qualitative terms, the cross-validation statistics are similar for temperature and precipitation
regardless of the pseudo-reality approach. By far, the largest differences are shown by method M0
for which the cross-validation statistics calculated for temperature deteriorate when correcting the
pseudo-reality GCM-RCM toward WFDEI (V1), while the opposite happens for the precipitation
statistics. For temperature, the larger MAE in V1 is explained by the systematic cold bias within
the GCM-RCM ensemble. However, for methods M1-M4 the results are mostly similar between
the two pseudo-reality approaches, although the cross-validation statistics for the temperature
and precipitation distributions tend to be slightly worse for the two-month time window after
pseudo-realities have been adjusted against WFDEI (V1). This suggests that, from the climate modeling
perspective, the additional adjustment step does not substantially modify the cross-validation statistics
apart from the uncorrected model simulations, backing up its use in the hydrological modeling step.

While not the specific target of this study, it should be mentioned that an inherent property of
M4 is that in order to obtain correct ranks for each temperature and precipitation pair, both time
series need to be temporally re-ordered. This is to a lesser extent an issue in M3, in which only
the temporal sequence of precipitation is potentially modified. As the temporal re-ordering might
affect the hydrological simulations, a modified version of M4 was tested. First, the time series of
uncorrected temperature and precipitation were divided into dry and wet days in a similar manner as
in M3. Next, M2 was applied separately on wet-day and dry-day distributions to retain the improved
statistics for them, as obtained with M4. Finally, the N-pdft algorithm was applied only on wet-day
distributions of temperature and precipitation. Tests with the modified algorithm showed, however,
that although the cross-validated MAE of both correlation measures decreased slightly, changes in
the cross-validation statistics for hydrological variables in comparison to the original method varied
non-systematically depending on the season, region and variable considered (not shown) and, thus,
did not offer systematic improvements in comparison to the original algorithm.

3.2. Cross-Validation Statistics for Hydrological Simulations

3.2.1. Spatially Distributed Variables

How are the differences in the ability of the four methods to adjust the joint distribution of
temperature and precipitation reflected in the hydrological simulations? Figure 6 shows the average
cross-validation statistics for the five hydrological components (R, E, S, SWE and SWEnay) in the
two scenario periods (see Figure S5 for the statistics in years 1981-2010). For clarity, the results are
shown only for the two-month time window in the remainder of the paper. When looking at the
MAE in monthly mean runoff (R) in the late 21st century period, it is seen that M4 outperforms the
other methods in pseudo-reality approach V0, although the differences are small in comparison to M1.
In pseudo-reality approach V1, however, MAE is practically identical for M1-M2 and M4. M3 has
a somewhat worse performance than the other methods, which is likely caused by the larger remaining
errors in the precipitation distribution than for the other methods. When evapotranspiration (E) as
simulated by HYPE is considered, bi-variate methods M3 and M4 have the smallest MAE in monthly
mean values and M3 actually has the smallest MAE in pseudo-reality approach V0. In addition,
the results for E illustrate a side-effect of the additional pseudo-reality adjustment (V1): the MAE in E
is systematically larger in V1 for all methods, as the systematic underestimation of temperature in VO
likely leads to too weak evapotranspiration in comparison to real-world hydrological simulations.

We next take a look at the cross-validation statistics for the two storage variables. The MAE of
soil moisture (S) is almost identical for all methods, which indicates that it is relatively insensitive
to the adjustment of daily-scale inter-variable correlations. The small differences between the four
methods tend to follow those seen in the MAE calculated over the precipitation distribution, as the
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MAE is smallest and almost identical for methods M4 and for M2. The last two panels in Figure 6
show the MAE of the monthly mean SWE and SWEnax. These results illustrate the main benefit of
pseudo-reality approach V1. As predicted, the adjustment of pseudo-reality GCM-RCMs reduces biases
in snow variables, although with the expense of increased MAE for E, as discussed before. This also
causes differences in the relative ranking of the correction methods between the two pseudo-reality
approaches (V0 and V1); M4 performs slightly worse in relation to M1 in reality approach VO, whereas
the opposite is seen after adjusting the pseudo-reality GCM-RCMs towards WFDEI (V1). Overall,
these results indicate that the simulation of most hydrological aspects is only marginally improved by
joint bias correction and that the accurate adjustment of marginal distributions plays a more important
role, at least when only temperature and precipitation are used as input in a hydrological model,
such as HYPE.
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Figure 6. Similar to Figure 5 but for the cross-validated MAE of monthly mean (a) total runoff,
(b) evapotranspiration, (c) soil moisture, (d) snow water equivalent and (e) the mean annual maximum
of snow water equivalent in years (bottom) 2011-2040 and (top) 2061-2090.

The cross-validation statistics for the near-term scenario period are in line with the corresponding
statistics of temperature and precipitation, with generally smaller errors in all studied hydrological
aspects than in the later scenario period. The relatively better performance of M1, when adjusting
the joint distribution of temperature and precipitation at that time is to some extent reflected in the
hydrological simulations (bottom of row Figure 6), as R, E and S are all better captured by M1 in the
near-future period. In contrast to the later scenario period, M2 and M4 have smaller MAE values in
monthly mean evapotranspiration than M3. The cross-validation statistics of monthly mean SWE and
SWEmax show the largest differences between bias adjustment methods also in this period, indicating
that method choice is most important for this variable from the studied hydrological aspects.

3.2.2. Evaluation of Future River Discharges

The analysis is complemented by illustrating the cross-validated LAR10 for Qs, Qg9 as well
as for the distribution-averaged LAR10 in the two scenario periods (Figure 7). The absolute values
of LARI10 vary to some extent between the two pseudo-reality approaches. For example, LAR10
of Qs is systematically smaller in V1 for all methods (apart from MO) in both periods, while the
opposite is seen in the Qg in the early 21st century period. Furthermore, the performance of all
methods is extremely consistent when the distribution-averaged LAR10 is considered. Methods M2
and M4 have a marginally smaller LAR10 than M1 and M3, while in the earlier scenario period
method M1 performs equally well or even better than M2 and M4. Also the best performing method
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depends on the pseudo-reality approach when low flows (Qs) are considered. In VO, method M2
somewhat outperforms the other methods in both periods, while in V1 method M3 has a slightly better
performance in comparison to the other methods. On the other hand, M1 has the largest LAR10 values
in both periods, which is probably related to the larger errors in temperature and evapotranspiration
accordingly. The simulation of Qg9 seems to marginally benefit from the adjustment of inter-variable
correlations, as M4 has the smallest LAR10 among the four methods, particularly in years 2011-2040.
Again, the LARI10 is larger for M3 than for the other methods, most likely due to the combination of
the aforementioned issues.
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Figure 7. Similar to Figure 5 but for the cross-validated LAR10 in (a) the 5th and (b) 99th percentile
of flow duration curves shown together with (c) the distribution-averaged LAR10 in years 2011-2040
(bottom) and 2061-2090 (top).

3.3. Temporal and Spatial Variations in the Cross-Validation Statistics

Seasonal and spatial variations in both the relative performance of the studied methods and
contributions of different hydrological processes are reflected in the cross-validation statistics for the
hydrological simulations. To better infer the reasons for these variations, Figures 8 and 9 show matrices
of cross-validated MAE for different aspects of the joint distribution of temperature and precipitation
and the distributed hydrological variables in winter and summer seasons in the four sub-models
(see Figures S6 and S7 for the same statistics in spring and autumn seasons). In absolute terms the
largest MAE values for temperature are seen in Tornio in both seasons, while for precipitation the MAE
is generally largest in Sava. The pattern is less clear for the correlation measures, which show larger
variations between the four regions. The numeric values in the panels denote the percentage difference
to M1. These values indicate that methods M2-M4 perform better than M1 in most cases in winter,
while in summer the temperature is relatively well captured by M1. On the other hand, the statistics
for both correlation measures indicate that M2 has systematically poorer performance than the other
methods and the relative difference is particularly large in Tornio and Ems. The most striking feature
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in Figure 8 is the consistently better performance of M1 in capturing the empirical copula density when
compared to the other methods, regardless of region or season; apart from M4, which has a relatively
similar performance in winter, M1 outperforms the other methods by a large margin.

When the cross-validation statistics for temperature and precipitation are compared against the
statistics for the hydrological variables, it is evident that the relative differences between the methods
are mostly explained by their capability to adjust the marginal distributions of temperature and
precipitation, particularly in those regions and seasons, where snow processes play a less important
role in the hydrological cycle. Backing up the previous conclusions, the added value of the adjustment
of temperature and precipitation dependence structure, as indicated by differences between methods
M2 and M4, is most visible in Tornio and Sava sub-models, where M4 systematically improves the
simulation of SWE. The link between the improved simulation of SWE and improvements in total
runoff and soil moisture is apparent, as M4 has a smaller MAE than M2 in both variables. Tornio and
Sava also show the largest differences between pseudo-reality approaches VO and V1, as SWE has
substantial errors remaining even in summer in Tornio, when V0 is used.

Results from the previous section suggest that quantile mapping applied as a delta change method
(M1) has a relatively robust performance from a hydrological modeling perspective. On sub-model
scale this is only partially true, as M2 and M4 tend to have better performance in the northern
sub-models, while M1 performs particularly well in Sava catchment. However, the relative differences
are small in many cases also in other regions, which suggests that the delta change approach might
be a good alternative for bias correction. From individual methods, M3 has largest variations in its
relative performance between the four sub-models and two seasons. These variations seem not to be
solely due to issues with the marginal distributions, and in Tornio, for example, failures to capture the
full dependence structure in winter (cf. Figure 2) might deteriorate the statistics for M3.

a) MAE(Tempe! b) MAE(Precipitation; c) MAE(Pearson) d) MAE(Copula)
-16.3 /| -9.8 /|-18.7 52.8 /|-12.6 /|-9.7 /|-13.5 9.9 5.9 23.2
-13.9) -8.5| /-12.3 51.9|7-11.5) -4.6 | /-23.2] 15.3 9.8 19.1
0 -1.6 /|-16.6 55.2 /|-18.8 /|-21.3 /(-0.8 44
'l', -6.2|/ -6.4 |/ -13.5 58.9 | 7-18.6) / -16 -8.3
a -16.3 /| -9.4 /|-18.5 68 6.4 243 9 0.4 31.8
-14.5 -8.1| /-12.1 84 6.9 20.1 07.9 32.8
0 0 0 0 [} [} [ 0 0 0
0 0 0 0 0o 0 0 '] 0 o
131 6.4 10.6 |-16.4 /[-9.1 /|-19.1 -4.2 /130.9 24 61.9 171 /1373 63.5
M4
7.7 4.6 5.4 -6.1 -5.8 |/ -12.6] -5.3|/52.2 4.2 1.7 215|359 57.9
16.2 8.5 74 -18.1 110.5 /|-19.7 6 -6.8 14.4 /479 /|49.4 233 /|31.7 61.1
M3
< 8 74 0.1 -5.2 -9.2| 7 10.9 | -17.8 4 -3.9 5.3 32 42.3 30 45.3
= 131 /| 65 /]106 -15.87|-9.1 /]-18.8 06.9 6 8.9
M2
76 4.9 5.5 -5.6|/ -5.8|/-12.3 9 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
M1
0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0
Tornio Trent Ems Sava Tornio Trent Ems Sava Tornio Trent Ems Sava Tornio Trent Ems Sava
[ | [ | [ | [ |
02 04 06 08 1 12 14 0.1 0.3 0.5 0.7 09 003 005 0.07 009 0.11 0.05 0076 0.1 0.13 0.15 0.18
°C mmd-’

Figure 8. Panels showing the cross-validated MAE (colors) of (a) daily mean temperature, (b) daily
precipitation, (c) Pearson correlation coefficient and (d) empirical copula density separately for
each method (panel rows) at each hydrological sub-domain (panel columns) in years 2061-2090,
when two-month time window has been used to estimate simulated changes or model biases. Values for
the pseudo-reality approach V0 (V1) are plotted in the upper (lower) triangle of each cell and are shown
separately for (top) winter and (bottom) summer months. In addition, percentage differences to M1
are shown as numeric values for each element.

343



Climate 2018, 6, 33

DJF

JA

M4

M3

M2

M1

M4

M3

M2

M1

a) MAE(R b) MAE(E) c) MAE(S; d) MAE(SWE)
-38.8 /1-10.4 /|-0.1 F24.2 /1-9.9 /1121 3 -28.3 /|-2.5 73 0 43 -20.6
-25 -3.9 1.7 -57.4 -6 =7.7 2 -25.6| 0.9 15.2 -2.3 -8 -12 4.3
144.6 /1-22.7 /| 5.4 158 -4.2 /1112 /|-0.7 8.9 /1345 8.1 2 -16.3 8
442 | /-221 7 194/ -1.6 -79]7-03 26 -29.8| 0 19.9 -42.8|/ -2.7  20.9
-48.9 /|-7.9 /|-0.1 -24.8 /|-9.3 -12 4.5 -35.9 /1 0.2 1.5 41.2 /|39.8 8
-18 -4.7 1.4 -59.1| -4.7 -7.3 3.8 -14.3|/ 0.4 0 15.7 74 -2.8 44
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 o 0 0 0
774 -13.2 78 -29 /1174 /| 23 42.7
-23.6| -2.3|/-14.8] 43 -4.3 -6.8 | -8.5 -0.2 -32.8] -25.4
11159 /1-18.4 -12.8 /| 1.8 -38.1 /|-6.4 213
-16.3| / 39.5 | /-42.2 -16.1 6.4 -40.1 4.8 -23.9| -2.3
6 74 -19.4 75 -1.7 /-27.3 29 M
-18.5/ 0.7 -20.8)” 4.3 -8 -5.6 | /-16.8]/ -0.7 -21 34.2
0 0 0 0 0 0 0 0
0 o 0 0 0 0 0 0 0 0
Tornio Trent Ems Sava Tornio Trent Ems Sava Tornio Trent Ems Sava Tornio Trent Ems Sava
[ | [ | [ |
0 0.18 035 0.52 0.7 0 0.05 0.1 0.15 0.2 0.25 0.3 3 5 7 9 11 0 4 8 12 16 20
mmd-" mmd-! mm mm

Figure 9. As in Figure 8 but shown for monthly mean (a) total runoff, (b) evapotranspiration, (c) soil
moisture and (d) snow water equivalent.

4. Discussion and Conclusions

This paper presents the results from a study in which two joint bias corrections methods applied

in the bi-variate mode are compared against quantile mapping applied both traditionally and in
the delta change mode using five EURO-CORDEX GCM-RCM simulations as a proxy for the future
climate. The evaluation is two-fold: first, cross-validation is performed to obtain quantitative estimates
for the relative method performance in the early and late 21st century conditions, when applied to
construct future projections of the joint distribution of daily mean temperature and precipitation;
second, these projections were fed to a hydrological model to assess, whether or not the bi-variate
adjustments improve future hydrological simulations in comparison to univariate quantile mapping.

The main results of these exercises are summarized as follows:

By design, joint bias correction brings the inter-variable correlations closer to the observed
one in the baseline period. In particular, the iterative N-pdft algorithm (M4) reproduces the
full dependence structure (as measured by the MAE in the empirical copula density) well in
comparison to univariate quantile mapping (M2). The adjustment of inter-variable correlation in
M3 might fail in certain situations, as the method tends to have larger remaining biases in the
copula structure in winter conditions in HYPE Tornio sub-model.

Cross-validation statistics in years 2011-2040 and 2061-2090 indicate that although the correlation
structure is improved in terms of Pearson correlation, the benefit of bi-variate methods is less
clear when the full dependence structure is considered. Part of the modest improvement is likely
explained by the limited sample size, which might lead to over-fitting to the present-day climatic
conditions. On the other hand, quantile mapping applied in the delta change mode (M1) often
performs better than the other methods, which indicates that retaining present-day correlation
structures of temperature and precipitation might be sufficient also in future projections.

The results suggest that the pseudo-reality approach is potentially useful for evaluating the
relative performance of bias adjustment methods from hydrological modeling perspective in the
future climate. However, to improve the validity of the conclusions in these types of studies,
the implementation of pseudo-reality framework needs to be designed on case-by-case basis,
for example by first bias adjusting the pseudo-reality GCM-RCMs to avoid unrealistic shifts in
hydrological regimes.
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e  For the hydrological variables, the bi-variate approaches offered no substantial advantage
over the univariate methods with M4 often having similar performance to M2. Only marginal
improvements in comparison to methods M1 and M2 are seen in the cross-validation statistics
for high flows and for the monthly mean and annual maximum snow water equivalent in
Tornio and Sava. Although quantile mapping applied as a delta change method (M1) has slightly
poorer performance in projecting marginal distributions of temperature and precipitation than
quantile mapping-based bias correction (M2) and its bi-variate version (M4), the cross-validation
statistics indicate that it has a relatively good ability to capture the future hydrological conditions.
Nevertheless, for the hydrological variables studied (apart from snow), there were only small
differences in cross-validation statistics between the tested methods, indicating that care should
be taken when selecting MOS methods for particular purposes and (ideally) several methods
should be used in parallel. Overall, the results highlight the difficulty to illustrate the added
value of more complex methods, when applying them in producing projections for daily mean
temperature and precipitation.

The main shortcoming of this study is the limited number of GCM-RCM simulations available for
cross-validation tests, and optimally a larger set of model simulations should be used. Furthermore,
the response to different bias correction and delta change algorithms is likely dependent on the
hydrological model and the used parameterisations. For example, earlier studies have shown e.g., [44]
that projections for evapotranspiration based on parameterising potential evapotranspiration using
only temperature are not suitable for all climatic conditions. Furthermore, snow processes were
parameterized in the HYPE simulations using a simple degree-day algorithm, which does not take
solar radiation and other meteorological factors into account. More complex parameterizations,
which require multiple variables as input, should be evaluated in further studies. If bias correction
of a higher dimensional joint distribution were required, more sophisticated bias correction methods
could, at least in principle, provide larger improvements in comparison to univariate methods,
depending on the available data for robust calibration. This has been demonstrated by Cannon [17],
who showed that M4 performs very well when adjusting a higher dimensional distribution for
Canadian Forest Fire Weather Index calculations in the present-day climate. Moreover, different
implementations of M3 could also be studied in future research. Most importantly, Gaussian copula
is unlikely to be the optimal choice for describing the temperature and precipitation dependence
structure in some cases and the use of other copulas should be further explored.

The presented framework allows to make some inferences about the ability of bias correction
and delta change methods in constructing projections for future climate and their applicability from
hydrological modeling perspective, an information of major interest to the impact modeling community.
However, these tests are not sufficient alone to determine whether a particular method is suitable for
climate change assessments. Additional tests such as those implemented in the VALUE framework [24]
should be conducted to obtain a complete picture of benefits and limitations of bias correcting
inter-variable correlations. As discussed above, the used approach does not easily allow to evaluate
the potential benefits/adverse effects of the modification of temporal sequencing to the hydrological
model results, which would require temporally synchronized model simulations and reference data.
Furthermore, the effect of errors in the spatial representation of climate model output caused (e.g.,)
by differing topography should be studied comprehensively to see how sensitive future hydrological
simulations are to the correct representation of spatial fields.

Supplementary Materials: Figures S1-57 are available online at http:/ /www.mdpi.com/2225-1154/6/2/33/s1.
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Abstract: This study investigated potential changes in future precipitation, temperature, and drought
across 10 hydrologic regions in California. The latest climate model projections on these variables
through 2099 representing the current state of the climate science were applied for this purpose.
Changes were explored in terms of differences from a historical baseline as well as the changing
trend. The results indicate that warming is expected across all regions in all temperature projections,
particularly in late-century. There is no such consensus on precipitation, with projections mostly
ranging from —25% to +50% different from the historical baseline. There is no statistically significant
increasing or decreasing trend in historical precipitation and in the majority of the projections on
precipitation. However, on average, precipitation is expected to increase slightly for most regions.
The increases in late-century are expected to be more pronounced than the increases in mid-century.
The study also shows that warming in summer and fall is more significant than warming in winter
and spring. The study further illustrates that, compared to wet regions, dry regions are projected to
become more arid. The inland eastern regions are expecting higher increases in temperature than
other regions. Particularly, the coolest region, North Lahontan, tends to have the highest increases
in both minimum and maximum temperature and a significant amount of increase in wet season
precipitation, indicative of increasing flood risks in this region. Overall, these findings are meaningful
from both scientific and practical perspectives. From a scientific perspective, these findings provide
useful information that can be utilized to improve the current flood and water supply forecasting
models or develop new predictive models. From a practical perspective, these findings can help
decision-makers in making different adaptive strategies for different regions to address adverse
impacts posed by those potential changes.

Keywords: California; hydrologic regions; warming; drought

1. Introduction

Understanding hydroclimatic changes and trends is of important scientific and practical
significance for water resources management [1,2]. In particular, this understanding helps:
(1) characterize the behavior of hydroclimatic variables (e.g., precipitation and temperature) as well as
extreme events (e.g., droughts); (2) inform the development and enhancement of predictive tools to
forecast future occurrence of these events; and (3) develop mitigation and adaptation plans to minimize
the adverse impacts of unavoidable changes. This is particularly critical in arid and semi-arid areas
including the State of California.

As the home to more than 37 million people [3] and a top-ten economy in the world, California’s
growth has been largely dependent on its ability to manage limited water resources [4]. In California,
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most of the precipitation falls in the northern half of the state, while the majority of the demand
comes from the southern half where most of the population and farmlands are located. In addition,
available water for supply in the state mostly comes during the wet season (November to April) as
most precipitation falls in this period, while the demand is typically the highest in the dry season
(late spring and summer) [5]. Furthermore, the state is prone to hydroclimatic extremes [1], with the
most recent examples being the record-setting 2012-2015 drought and flooding in 2017. In the face
of the geographically and temporally uneven distribution of water resources, the state traditionally
relies on statewide and regional water storage and transfer projects, including the State Water Project
(SWP) and the Central Valley Project (CVP), to redistribute water to meet multiple and often competing
water management objectives [6]. However, the system was designed using hydroclimatic data of
the first half of the 20th century. Since then, significant changes have been observed and reported,
including increasing temperature, declining mountain snowpack, earlier snowmelt and streamflow
peaking, higher percentage of precipitation falling as rainfall rather than snowfall, and increasing
sea level, among others [7-17]. Those changes would likely amplify and accelerate in the future as
the state’s hydroclimate continues to change in a changing climate. In addition, as the population
and economy continue to grow, natural hazards including extreme flooding and drought events pose
a greater risk [18,19]. Those factors collectively make reliable water supply and drought and flood
management in the state unprecedentedly challenging [20].

In light of their importance, many studies have focused on characterizing potential future
hydroclimatic events in California [21-30]. These studies mostly used climate model projections
from the Coupled Model Intercomparison Project Phase 3 (CMIP3) [31], which were produced more
than a decade ago and do not represent the latest climate science. There are a few exceptions [21,24,25]
that employed the latest climate model projections from the Coupled Model Intercomparison Project
Phase 5 (CMIP5) [32]. However, these studies generally focused on spatial scales not directly relevant
to water resources management practices. For instance, Sun et al. [24] selected mountainous areas in
Southern California as their study focus. In addition, the linear regression approach was generally
used in trend assessment in those studies. The results of this method are largely affected by the starting
and ending values of the study data and subject to the assumption of normality.

The objective of this study was to provide an assessment of the changes (from historical baseline)
and trends of projected precipitation and temperature along with the trends in projected drought over
California. This study extended beyond relevant previous studies in terms of: (1) focusing on the scale
consistent with the water resources planning and management practices in the state; (2) using climate
projections that reflects the latest climate science; and (3) applying the widely-used non-parametric
Mann-Kendall approach in trend analysis. Compared to the traditional linear regression method,
this method requires less assumption on data distribution and is less affected by the beginning and
ending values of the study data. Specifically, the current study was built upon a previous study [14]
that explored changes in historical precipitation, temperature, and drought in California. However,
the current study differs from [14] in terms of study variables, study metrics, study method, study
period, and study purpose. Particularly, this study aimed to offer insight into potential changes to
California’s hydroclimate on the scale meaningful for water resources management practices and to
inform decision-makers in developing strategies to cope with these changes.

2. Materials and Methods

2.1. Study Area and Dataset

Different from the previous study [14] that looks at seven climatic divisions in California, the
current study focuses on the 10 hydrologic regions (Figure 1 and Table 1) defined by the California
Department of Water Resources (DWR) for operational water resources planning and management
purposes [5]. These regions include four coastal regions (North Coast, San Francisco Bay, Central
Coast, and South Coast), three Central Valley regions (Sacramento River, San Joaquin River, and Tulare
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Lake), and three Eastern regions (North Lahontan, South Lahontan, and Colorado River). For each
of these three categories (Coastal, Central Valley, and Eastern), climate tends to be drier towards the
southern regions.
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Figure 1. Ten hydrologic regions in California: North Coast (NC), San Francisco Bay (SF), Central
Coast (CC), South Coast (SC), Sacramento River (SAC), San Joaquin River (SJQ), Tulare Lake (TUL),
North Lahontan (NL), South Lahontan (SL), and Colorado River (CR). Dots represent the centroid
points of individual climate projection grids (1/16th degree) located in each region.

Table 1. Geographic and climatic characteristics of study hydrologic regions.

Annual Annual Mean Population
ID Region Name Area (km?) Precipitation Temperature (as of 2010;
(mm) ©Q) Million)

NC North Coast 49,859 1390 9.3 0.81
SF San Francisco Bay 11,535 641 14.3 6.35
CC Central Coast 28,995 504 13.0 1.53
SC South Coast 27,968 459 15.6 19.58
SAC Sacramento River 69,750 925 114 2.98
SJQ San Joaquin River 38,948 680 12.8 2.10
TUL Tulare Lake 43,604 408 13.9 227
NL North Lahontan 15,672 542 6.4 0.11
SL South Lahontan 68,434 191 15.2 0.93
CR Colorado River 51,103 127 20.2 0.75

The North Coast region contains the California Coast Ranges, the Klamath Mountains, and parts
of the Modoc Plateau [5]. The eastern side of the region is mostly mountainous with crests around
1800 m (6000 ft) and a few more than 2400 m (8000 ft) in elevation. It is the wettest region in terms of
annual precipitation received (1390 mm; Table 1). As such, the region is prone to flooding. Major floods
were recorded in 1955, 1964, 1986, 1997, 2006, and 2017. The San Francisco Bay region is the smallest in
size. It is bounded by the Pacific Ocean on the west and Coast Ranges on the east where the peaks are
above 1200 m (4000 ft) in elevation. The region faces multiple water management challenges including
an unreliable water supply, declining water quality and ecosystems, increasing flood risks, and threats
posed by sea level rise to coastal areas. The Central Coast region is the most groundwater-dependent
region. Groundwater supplies about 80% of its total water usage. The water management challenges
of this region include managing groundwater quality and overdraft, sea water intrusion, and flood
risks. The South Coast region is the most urbanized and populous region. It accounts for about 7% of
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the state’s total area but accommodates more than half of the state’s population. As a result, water
supply is always a concern of local water managers. The region is also prone to flooding including
debris flows and mud slides, particularly in areas where hillsides have been damaged by wildfires.
It is the driest and warmest region in the coastal regions (Table 1).

Central Valley regions are the major water supply sources for the state, of which the Sacramento
River region is the primary source. It is the largest and second wettest region (925 mm/year; Table 1) of
all 10 hydrologic regions. It contributes a majority portion of the water supplied to the SWP and CVP.
The region is bounded by Coast Ranges on the west and Sierra Nevada on the east. In this region, about
one in three residents is exposed to a 500-year flood event. The region has approximately $65 billion
of assets, 1.2 million acres of farmland, and over 340 sensitive species [5]. Major floods in the region
normally originate from extreme atmospheric river events during the winter. The San Joaquin River
region receives less precipitation than the Sacramento River region. It is also bordered by the Sierra
Nevada on the east. However, Sierra Nevada watersheds in this region are higher in elevation, making
them more dominated by snow compared to Sacramento River region watersheds. Floods in this
region come from both winter rainfall and melting Sierra snowpack [5]. The Tulare Lake region is the
driest in the Central Valley and one of the driest regions in the state. It is the largest agricultural region
in the state heavily relying on groundwater and imported water supply. Groundwater pumping in
this region accounts for more than 38% of the state’s total annual groundwater extraction. The region
is also prone to floods caused by winter rainfall and spring snowmelt.

The eastern regions are the least populous. The North Lahontan region accommodates
approximately 0.3% of the state’s population. It comprises arid high desert (1200-1500 m in elevation)
in the north and the eastern slopes of the Sierra Nevada (up to 3750 m in elevation) in the central and
southern portions. It is the coolest region in the state (Table 1). In contrast, the Colorado River region
is the hottest. It is also the driest region, receiving only about one tenth of the precipitation received
by the North Coast region. The Colorado River region is, however, also subject to flooding which
threatens about 38% of its population. Different from all other regions, most flooding events occur
from infrequent but high-intensity summer storms in this region. The South Lahontan region is the
second driest region in the state. Precipitation for this region comes from both winter storm events
and summer thunderstorms.

In general, California has a typical Mediterranean-like climate, with the summer (winter) being
dry and warm (cool and wet). This is evident for the 10 regions on the monthly scale (Figure 2). Most of
the precipitation occurs during the wet season (November to April). During that period, those regions
receive 69% (Colorado River region) to 91% (Central Coast region) of their total annual precipitation.
Statewide, 85% of annual precipitation occurs during the wet season. January normally observes the
highest amount of precipitation while July is typically the driest month. Meanwhile, January is the
coolest month while July has the highest average temperature. South Lahontan and Central Coast
regions have the largest (22.1 °C) and smallest (10.1 °C) variations in monthly temperature, respectively.
Across all regions, the Colorado River region is the driest and hottest. The North Lahontan region is
the coolest and the North Coast region is the wettest. Those observations are consistent with values
shown in Table 1.

This study looked at both the historical and projected precipitation, and maximum and minimum
temperature data. The projections for 2020-2099 were based on climate model simulations from
the Coupled Model Intercomparison Project Phase 5 (CMIP5) [32], which represents the current
state of the climate science. Specifically, 20 individual projections from 10 Climate Circulation
Models (GCMs) under two newly developed emission scenarios named Representative Concentration
Pathways (RCP) 4.5 and RCP 8.5 [33] were selected for the analyses. These 10 GCMs (Table 2) were
chosen by DWR Climate Change Technical Advisory Group and deemed as the most suitable for
California climate and water resources assessment [34]. RCP 4.5 (RCP 8.5) assumes low (high) future
greenhouse-gas concentrations. These projections were downscaled to a very high spatial resolution at
1/16th degree (approximately 6 by 6 km, or 3.75 by 3.75 miles) to better capture the spatial variability
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of the climate via the Localized Constructed Analogs (LOCA) method [35]. This dataset is made
available for California’s Fourth Climate Change Assessment (http://cal-adapt.org/). There are other
ways of selecting representative GCMs models [36,37] for water planning analysis. However, they
are beyond the scope of this study which exclusively used the GCMs recommended by the CCTAG.
These 20 CCTAG-recommended projections have been applied in DWR'’s and the California Water
Commission’s planning activities including the Central Valley Flood Protection Plan [38] and the
Water Storage Investment Program [39]. There is no consensus that some of those projections are more
likely to occur than the remaining projections in the future. As a result, these projections are typically
treated equally in planning activities. In this study, we looked at these 20 projections together. When
looking at the mean of future projections on the annual scale, however, the 10 RCP 4.5 projections and

10 RCP 8.5 projections were analyzed separately.
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Figure 2. Long-term (1951-2013) mean monthly precipitation (a) and temperature (b) of

10 hydrologic regions.

Table 2. GCMs Selected for California Water Resources Planning !.

Model ID Model Name Model Institution
1 ACCESS-1.0 Commonwealth Scientific and Industrial Research Organisation
: (CSIRO) and Bureau of Meteorology (BOM), Australia

2 CCsM4 National Center for Atmospheric Research

3 CESMI1-BGC National Science Foun‘dation, Department of Energy, National
Center for Atmospheric Research

4 CMCC-CMS Centro Euro-Mediterraneo sui Cambiamenti Climatici
Centre National de Recherches Météorologiques/Centre Européen

5 CNRM-CM5 de Recherche et de Formation Avancée en Calcul Scientifique

6 CanESM2 Canadian Centre for Climate Modeling and Analysis

7 GFDL-CM3 Geophysical Fluid Dynamics Laboratory

8 HadGEM2-CC Met Office Hadley Centre

9 HadGEM2-ES Met Office Hadley Centre/Instituto Nacional de Pesquisas Espaciais
Atmosphere and Ocean Research Institute (The University of

10 MIROC5 Tokyo), National Institute for Environmental Studies, and Japan

Agency for Marine-Earth Science and Technology

! Adapted from Tables 24 of [34].
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The gridded historical observational dataset of these three variables on daily scale for water years
1951-2013 of Livneh et al. [40] (https:/ /data.nodc.noaa.gov/) were employed as the historical baseline.
The spatial resolution (1/16th degree) of this dataset is consistent with that of the LOCA-downscaled
climate model projections. This dataset has been applied extensively in hydrologic modeling and
drought assessment [41—44], and deemed as the best available historical data at this spatial resolution.
In this study, both projected and historical datasets were aggregated from grid scale to (hydrologic)
regional scale in the analyses presented below.

2.2. Study Method and Metrics

2.2.1. Difference from the Baseline

This study employed difference as a parsimonious metric to represent changes in future conditions
from historical conditions. This is a standardized metric applied extensively in climate change related
studies [29]. Specifically, the 40-year period, 1951-1990, was used as the historical baseline period.
Compared to late 1990s and early 2000s, this period is relatively less impacted by anthropogenic climate
change. Additionally, this 40-year window allows enough sample size to represent a wide range of
natural variability in hydroclimatic variables. Similar studies have normally used 30-year periods [34].
Two 40-year future periods, mid-century (2020-2059) and late-century (2060-2099), were considered.
Mean annual precipitation, and maximum and minimum temperature in the baseline period and
future periods were computed and compared. Differences (from the baseline) were subsequently
derived. Specifically, when looking at precipitation variables, the focus was on relative differences
(i.e., percent different from the baseline); for temperature variables, absolute difference (in degree
Celsius) was used.

In addition to annual precipitation and temperature, wet season precipitation and seasonal
temperature were also applied as important indices in planning studies [45]. Wet season precipitation
accounts for a majority portion of the annual precipitation. Seasonal temperature typically affects
water supply and demand. For instance, spring temperature impacts snowmelt timing and amount.
Summer temperature impacts evapotranspiration demand. Changes in wet season precipitation and
seasonal temperature were also explored in this study.

2.2.2. Drought Index

Numerous drought indices have been developed for drought monitoring, assessment and
prediction purposes [46-48]. Among these indices, the most widely used index might be the
Standardized Precipitation Index (SPI) [49] because of its parsimonious (only requiring precipitation
as input) and standardized (can be used across different spatial and temporal scales) nature. Despite
its popularity, more and more studies noted that evapotranspiration also plays an important role in
drought development [50-52]. This is particularly true in a warming climate for dry regions where
evapotranspiration is an important component of the water budget. For instance, the most recent
2012-2015 California drought was a typical “warm drought” characterized by record-low precipitation
and snowpack as well as record-high temperature [45,53-55]. As a result, SPI may not be the most
appropriate index for drought analysis in California which contains many arid or semi-arid areas.

Most recently, based on the same concept employed in defining the SPI, Vicente-Serrano et al. [56]
proposed a Standardized Precipitation-Evapotranspiration Index (SPEI). It first calculates the
discrepancies between precipitation (P) and potential evapotranspiration (PET) on a monthly time
scale (D = P — PET). Monthly discrepancies can be aggregated to other time scales (e.g., 3-month,
6-month, 12-month, among others) to calculate SPEI values at corresponding temporal scales. Next,
a three-parameter Log-logistic distribution is selected to model the discrepancy time series. The
probability distribution function of D is calculated according to the fitted Log-logistic distribution (F(x)).
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Lastly, the SPEI value is determined as the standardized values of F(x) following the approximation of
Abramowitz and Stegun [57]:

Co + C1W + CoW?

PEI =W —
S 1+ diW + daW2 + d3 W3

)

where W = —2In(p); p is the probability of exceeding a determined D value; and Cy, Cy, Co, dy,
dp, and d3 are preset constant coefficients. A positive (negative) SPEI value indicates wet (drought)
conditions. Depending on the specific values, a drought event can be classified into different categories.
Typically, a SPEI value less than —2 indicates extreme drought conditions. A value ranging from —2
to —1 denotes moderate drought conditions. A SPEI greater than —1 but less than 0 represents mild
drought conditions.

SPEI has been shown to be a robust index. It compares favorably to other popular drought
indices [58-63]. The PET is calculated using the Thornthwaite equation [64] which only requires
temperature data as input. As such, the SPEI index implicitly considers the impact of temperature
on drought situation, making it suitable in assessing drought conditions in future warming scenarios
(represented by different model projections in the current study). For detailed explanations on the
concept and calculation of the SPEI index, the readers are referred to [56]. The SPEI values on annual
scale (SPEI-12), two-year scale (SPEI-24), three-year scale (SPEI-36), and four-year scale (SPEI-48) were
chosen in this study. Drought occurs in California at those time scales regularly. It is meaningful to
look at future drought at those scales for adaptive planning purpose.

Figure 3 exemplifies the SPEI-12 calculated for the three representative regions from each of the
coastal, Central Valley, and eastern areas in the historical period: (1) the highly urbanized San Francisco
Bay region; (2) the largest water supply source of the State: Sacramento River region; and (3) the driest
Colorado River region. The San Francisco Bay region and the Sacramento River region have similar
patterns due to their geographic proximity. The SPEI index for both regions well captures the 1983
and 1997 wet conditions as well as the 1976-1977, 1988-1992, 2007-2009, and the 2012-2013 droughts.
The Colorado River region differs from those two regions in terms of annual precipitation (driest) and
temperature (hottest). Long-duration droughts occur more frequently after 1990s in this region.

2.2.3. Trend Analysis

The methods applied in climatic and hydrological trend analysis are typically classified into
two types: parametric and non-parametric [65,66]. The latter normally requires fewer assumptions
(e.g., normality of study data) compared to the former. In reality, the assumptions on data
distribution are difficult to satisfy. Therefore, the parametric methods are considered less robust
than the non-parametric methods [66]. Among all non-parametric methods, the Mann—Kendall test
(MKT) [67,68] has been applied extensively in the field of climatology and hydrology [14-16,45,69,70].
The approach first identifies the sign of each possible pair of data in the study time series, followed by
the determination of the corresponding test statistic z. The null hypothesis (H0) assumes no significant
monotonic trend in the time series while the alternative hypothesis suggests otherwise. The null
hypothesis is rejected when | Z1 > Z;_ 4 /5, where Z;_ 4 /5 is the probability of the standard normal
distribution at a significance level of . This study employed the MKT in assessing the significance of
a trend and uses 0.05 as the significance level.
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(a) San Francisco Bay SPEI-12 (1951-2013)
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(b) Sacramento River SPEI-12 (1951-2013)
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(c) Colorado River SPEI-12 (1951-2013)
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Figure 3. SPEI-12 of: (a) San Francisco Bay region; (b) Sacramento River region; and (c) Colorado River
region during the historical period (1951-2013). Blue color indicates wet conditions; red color designates
drought conditions. The purple line is the threshold below which extreme drought conditions exist.

This study further applied the non-parametric Theil-Sen approach (TSA) [71,72] to identify the
slope of significant trends determined via the MKT. In this approach, the slope values (vector TS) of
all data pairs are first calculated:

Ve

S= S =12 mj =12 mi>] @)

where 7 is the length of study record period; and V; and V; are time series values at time i and j,
respectively (i > j). The median of TS is then used as overall slope of the trend identified for the study
time series. A positive (negative) slope value represents an increasing (decreasing) trend. In this study,
trend analysis is conducted in both historical (1951-2013) and future periods (2020-2099).

3. Results
3.1. Differences from the Baseline

3.1.1. Precipitation

Figure 4 shows the percent differences between historical precipitation and mean (of 10 individual
RCP 4.5 projections) projected precipitation in mid-century (Figure 4a,b) and late-century (Figure 4c,d),
respectively, on both the annual scale (Figure 4a,c) and during the wet season (Figure 4b,d). It is
evident that all regions are expecting increases in precipitation during the wet season, with increases
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ranging from 2.8% (1.5%) to 9.8% (10.5%) in mid-century (late-century). This observation implies that
future storms in the wet season would likely become more frequent, which is in line with the findings
of previous studies [25,28]. On the annual scale, most regions are also projected to receive more
precipitation, except for the driest two regions: South Lahontan and Colorado River. This suggests that
those two regions are expecting much less precipitation in the dry season, although more precipitation
is projected for them during the wet season. Typically, summer monsoons are a major contributor to
dry season precipitation in these two regions [73,74]. This finding denotes that future monsoons over
both regions are likely to become weaker or more sporadic. Across all regions, the San Francisco Bay
and the South Coast generally have the highest and lowest increases in precipitation in late-century,
respectively, on both temporal scales. This indicates that they are the most and least prone to changes in
future storms during this period, respectively, yet they are not the wettest or driest regions. Comparing
two future periods, the late-century period is generally expecting a higher increase in precipitation
than the mid-century period except for the dry regions including Colorado River, South Lahontan, and
South Coast.

(a) (b)
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(c) (d)
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Figure 4. Percent differences (%) between historical and mean RCP 4.5 projections on: (a) annual
precipitation in mid- century; (b) wet season precipitation in mid-century; (c) annual precipitation in

-

4

late-century; and (d) wet season precipitation in late-century.
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The differences between historical precipitation and mean RCP 8.5 precipitation projections are
also explored (Table 3). Similar to what Figure 4 indicates, wet season precipitation is expected to
increase in both mid-century and late-century across all regions. Increases are expected for annual
precipitation for most regions except for three dry regions (i.e., Colorado River, South Lahontan, and
South Coast) in mid-century and one region (i.e., Colorado River) in late-century. The increases in
late-century are higher. Comparing annual precipitation and wet season precipitation, changes in the
latter is more significant in terms of magnitude, which is in line with the RCP 4.5 results as illustrated
in Figure 4. Comparing two future periods, changes in the late-century is more pronounced compared
to those of the mid-century. Comparing differences of the mean RCP 4.5 projections from the historical
baseline and that of the mean RCP 8.5 projections, the latter are more notable. Those are expected since
the late-century (compared to mid-century) and the RCP 8.5 scenarios (compared to RCP 4.5 ones) are
both expecting higher increases in temperature (Section 3.1.2). A warmer atmosphere can hold more
water moisture, indicative of more water available for precipitation.

Table 3. Percent differences (%) between historical and mean RCP 8.5 projections on annual
precipitation and wet season precipitation.

Annual Precipitation (%) Wet Season Precipitation (%)
ID Region Name
Mid-Century  Late-Century =~ Mid-Century  Late-Century

NC North Coast 44 5.2 8.4 10.6

SF San Francisco Bay 10.3 14.4 12.7 18.7

CC Central Coast 7.4 12.8 9.6 16.0

SC South Coast —0.1 14 14 3.9
SAC Sacramento River 7.6 9.0 114 14.2
SJQ San Joaquin River 54 74 8.0 11.3
TUL Tulare Lake 0.5 2.7 29 5.8

NL North Lahontan 6.6 10.3 11.8 16.9

SL South Lahontan —-0.5 24 3.8 7.7

CR Colorado River -23 —-15 4.7 59

In addition to looking at the mean of PRC 4.5 and RCP 8.5 projections, individual projections
are also investigated (Figure 5) to provide insights on the potential range of precipitation changes.
Overall, on both temporal scales, there is no consensus that all projections show increases or decreases
consistently for any region in mid-century or in late-century. This finding is also reported in previous
studies using old climate projections [22,26-28]. The changes mostly range from —25% to 50%, with a
few outliers showing more than 50% increases in precipitation. Those outliners come from a single wet
climate model under the higher greenhouse-gas emission scenario (RCP 8.5). The variation range is
generally larger for late-century (compared to mid-century) and dry regions (compared to wet regions).
Additionally, wet season precipitation shows larger change ranges compared to annual precipitation.
These results indicate more uncertainties in the projections for the dry regions, in the wet season, and
in late-century.

3.1.2. Temperature

Mean annual maximum temperature and minimum temperature are examined in a similar way
to the precipitation. The mean of 10 RCP 4.5 projections in two future periods are compared with
their counterparts in the historical period (Figure 6). Increases are expected for both maximum and
minimum temperature in both future periods across all regions. The eastern regions (NL, SL, and CR)
are generally expecting more significant warming compared to other regions. This is likely because
of their geographic location (away from the Pacific Ocean, lacking ocean regulation). In contrast,
the Coastal regions normally have the least significant warming except for the South Coast region
which has similar climate pattern as the dry Tulare Lake region. Comparing two future periods,
late-century is expecting more warming consistently for all regions, which is not surprising given
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the accumulated effect of the greenhouse-gas emissions. The increases in minimum temperature and
maximum temperature are generally comparable to each other. Statewide, the increases in the latter is
slightly higher. Specifically, for maximum temperature, a 2.4 °C warming is projected statewide in
the late-century versus 2.0 °C in mid-century. For minimum temperature, the statewide increases are
expected to be 2.2 °C and 1.8 °C, respectively, in those two periods. This is somewhat different from
previous studies which claimed that increases in minimum temperature are more pronounced [16],
leading to smaller diurnal temperature ranges.
(a) Annual Precipitation (b) Wet Season Precipitation
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Figure 5. Box-and-whisker plots of percent differences (%) between historical and individual projections
on: (a) annual precipitation; and (b) wet season precipitation. Yellow boxes represent mid-century
results and orange boxes show late-century results.

In addition to the differences between mean RCP 4.5 projections and the historical baseline, the
differences associated with the mean RCP 8.5 projections are also examined (Table 4). The messages
are generally consistent with what the RCP 4.5 results (Figure 6) indicate. In general, warming (in both
maximum and minimum temperature) is expected across all regions in both future periods. The inland
eastern regions are projected to have the highest increases in temperature. The late-century is expecting
more significant warming than the mid-century. Comparing RCP 4.5 and RCP 8.5 scenarios, warming
of the latter is more pronounced in terms of increase amount. Specifically, for minimum temperature
in the mid-century, RCP 8.5 scenario shows about 0.8 °C (for San Francisco Bay and Central Coast) to
1.1 °C (North Lahontan) warmer than the RCP 4.5 scenario; in the late-century, the range is from 1.9 °C
(Central Coast) to 2.5 °C (North Lahontan). For maximum temperature, the differences between two
scenarios are slightly higher than that of the minimum temperature.
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(a) (b)
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(d)

Figure 6. Differences (°C) between historical and mean RCP 4.5 projections on mean annual:
(a) maximum temperature in mid-century; (b) minimum temperature in mid-century; (¢) maximum
temperature in late-century; and (d) minimum temperature in late-century.

Table 4. Differences (°C) between historical and mean RCP 8.5 projections on annual maximum and
minimum temperature.

Annual Tmax (°C) Annual Tmin (°C)
Mid-Century Late-Century Mid-Century Late-Century
NC North Coast 2.7 4.3 2.5 4.1
SF San Francisco Bay 2.4 3.8 2.5 4.0
CcC Central Coast 2.5 39 2.4 3.8
SC South Coast 3.0 45 29 45
SAC Sacramento River 3.0 4.7 2.7 44
SJQ San Joaquin River 3.0 4.6 2.8 4.5
TUL Tulare Lake 3.0 4.6 2.5 4.2
NL North Lahontan 34 53 32 5.0
SL South Lahontan 3.3 5.1 3.0 4.8
CR Colorado River 32 49 3.0 49

Looking at individual projections on maximum (Figure 7a) and minimum temperature (Figure 7b),
all of them show at least 1 °C warming. No projections indicate any decreases for any region, which is
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different from precipitation projections that have no such consensus. This is also reported in previous
studies [30,75-79]. Comparing two future periods, higher increases are expected in the late-century.
On average, increases in maximum temperature are generally higher than increases the minimum
temperature, which is particularly true for the eastern regions. Those observations are consistent with
what is noted in Figure 6. Similar to precipitation projections, the warming range of late-century is
larger than that of mid-century across all regions. This indicates that climate models tend to disagree
more with each other further into the future because of increasing uncertainty in climate model forcing.

(a) Maximum Temperature (b) Minimum Temperature
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Figure 7. Box-and-whisker plots of differences (°C) between historical and individual projections on
mean annual: (a) maximum temperature; and (b) minimum temperature. Yellow boxes represent
mid-century results and orange boxes show late-century results.

At the seasonal scale, the mean projection in mid-century shows at least 1 °C warming in both
maximum and minimum temperature across all seasons (Figure 8a). In comparison, at least 2.5 °C
warming is expected in late-century (Figure 8b). The highest increases (2.9 °C and 5.0 °C in mid-century
and late-century, respectively) are expected to occur in Summer maximum temperature in the coolest
region, North Lahontan. Comparing different regions, the eastern regions are expecting higher
increases in both minimum and maximum temperature than other regions. This is consistent with
what Figure 6 illustrates on the annual scale. Looking at different seasons, fall and summer are
expecting relatively higher warming than winter and spring. Particularly, summer is expecting the
highest increases. Statewide, an amount of 2.4 °C and 2.5 °C warming is projected in mid-century
in summer minimum and maximum temperature, respectively. In late-century, the corresponding
increases in summer are expected to be 4.2 °C and 4.3 °C, respectively.
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(a): Mid-century (b): Late-century
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Figure 8. Differences (°C) between historical and mean (of all 20) projections on seasonal maximum
temperature (Tmax) and minimum temperature (Tmin) in: (a) mid-century; and (b) late-century.

3.2. Trend Analysis

3.2.1. Precipitation

No significant trends are detected in historical annual and wet season precipitation for any
study regions. Similar findings have also been reported in relevant previous studies [14]. During
the projection period (2020-2099), a limited amount (no more than 15%) of model projections show
significant trends (Table 5). For annual precipitation, only one projection (out of 20) has statistically
significant trend for Sacramento River, South Coast, and Tulare Lake regions; three projections indicate
significant trends in Central Coast and North Lahontan regions; for other regions, only two projections
show significant trends. The slopes of those significant trends are all positive.

Table 5. Trend information of projected precipitation.

Number (Percent) of Projections with Significant Trend ! Range of
1D Region Name Significant Trend
Annual Precipitation Wet Season Precipitation Slope (mm/Year)
NC North Coast 2 (10%) 3 (15%) 3.9~5.4
SF San Francisco Bay 2 (10%) 2 (10%) 3.2~4.6
CC Central Coast 3 (15%) 3 (15%) —0.5~34
sC South Coast 1 (5%) 1 (5%) 2.1~2.7
SAC Sacramento River 1(5%) 3 (15%) —2.2~6.0
SjQ San Joaquin River 2 (10%) 2 (10%) 2.8~5.0
TUL Tulare Lake 2 (10%) 2 (10%) 1.7~3.2
NL North Lahontan 3 (15%) 3 (15%) 1.2~53
SL South Lahontan 2 (10%) 0 (0%) 0.8~1.9
CR Colorado River 1(5%) 0 (0%) 1.1

! Significance level 0.05.

For wet season precipitation, no projections show any significant trends for the driest two regions
(Colorado River and South Lahontan). For San Francisco Bay, Central Coast, South Coast, San Joaquin
River, Tulare Lake, and North Lahontan regions, the projections showing significant trends are exactly
the same as those showing significant trends in annual precipitation. For the two wettest regions
(North Coast and Sacramento River), three projections show significant changes. Different from
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annual precipitation, two projections on wet season precipitation (one for Central Coast region and the
other for Sacramento River region) exhibit a decreasing tendency. Nevertheless, similar to the annual
precipitation, no significant changes are expected in the majority of climate model projections on wet
season precipitation through 2099.

3.2.2. Temperature

All 20 projections on mean annual maximum temperature (Figure 9a) and minimum temperature
(Figure 9b) show significant increasing trends. On average, the increasing rates of the Central Valley
regions (SAC, SJQ, and TUL) are fairly close to each other. The increasing rates of the coast regions
(NG, SE, CC, and SC) and eastern regions (NL, SL, and CR) are slightly smaller and higher, respectively,
compared to that of the Central Valley regions. Particularly, the median increasing rate in the coolest
region, North Lahontan, is the highest among all regions in maximum temperature. This is mostly
in line with what Figures 5 and 6 illustrate. In the historical period, both variables also exhibit
increasing trends. However, for maximum temperature, only the trends for Central Coast, South Coast,
San Francisco Bay, and South Lahontan regions are statistically significant at a significance level of 0.05.
For minimum temperature, the trends of all regions except for Colorado River region are significant.
Compared to historical trends, most projected trends have higher increasing rates. In general, the
increasing trend is more significant in maximum temperature than in minimum temperature, implying
that temperature range (difference between maximum and minimum temperature) is likely to increase.
Comparing different regions, on average, the coastal regions (NC, SF, CC, and SC) tend to have the
relatively smaller increasing rates while the eastern regions generally have the highest increasing rates.
This is generally consistent with what has been observed in Figure 6.
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Figure 9. Box-and-whisker plots of trend slopes of historical (1951-2013) and projected (2020-2099)
mean annual: (a) maximum temperature (Tmax); and (b) minimum temperature (Tmin) (at significance
level 0.05).
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Similar to those observed on the annual scale (Figure 9), not all regions have significant trends
in historical maximum temperature and minimum temperature on the seasonal scale (Figure 10a).
Specifically, fall and winter minimum temperature exhibits no statistically significant changes for any
region. Furthermore, the Tulare Lake region does not observe any significant trends in its maximum or
minimum temperature in any season. Comparing two temperature variables, maximum temperature
shows significant increasing trend in most cases while minimum temperature only exhibits significant
warming in a couple of seasons (spring and summer) for a few regions. In contrast, mean projections
on seasonal maximum temperature and minimum temperature show significant warming trends
consistently for all regions (Figure 10b). Warming in summer and fall is more pronounced than
warming in two other seasons. Looking at different regions, the eastern regions generally have
the highest increasing trend while the coastal regions have the smallest amount of increasing rate.
Particularly, the coolest region, North Lahontan, has the most significant increasing tendency in both
maximum temperature and minimum temperature. The region has the highest seasonal warming
rate in both maximum temperature (0.52 °C/decade) and minimum temperature (0.51 °C/decade) in
summer. Those observations are largely in line with what Figure 7 shows.

(a): Historical Period (b): Projection Period
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0.5
Winter Tmax
0.45
ing T
Spring Tmax 04
Summer Tmax| 0.35
Fall Tmin 0.3
Winter Tmin 0.25
0.2
Spring Tmin
0.15
Summer Tmin,
NC SF CC SC SAC SJQ TUL NL SL CR NC SF CC SC SACSJQTUL NL SL CR 01
Hydrologic Regions Hydrologic Regions

Figure 10. Trend slopes of (a) historical (1951-2013) and (b) projected (2020-2099) mean seasonal
maximum temperature (Tmax) and minimum temperature (Tmin) (at significance level 0.05). Different
colors mean different trend slopes (per decade). White color indicates no significant trends.

3.2.3. Drought Index

California is prone to drought, with examples being the 1976-1977, 1988-1992, 20072009, and
2012-2013 droughts [80]. While the occurrence and lasting period of drought events are difficult
to predict decades in advance, the overall tendency (i.e., trend) of drought events can shed light
on long-term drought response planning activities. This section looks at projected future drought
conditions (represented by the SPEI index) at one- to four-year temporal scales which are relevant to
our operational planning practices. Figure 11 shows trend slopes of SPEI-12, SPEI-24, SPEI-36, and
SPEI-48 calculated from projected precipitation and temperature data, along with their counterparts in
the historical period. On average, all regions are expecting a decreasing trend (negative slope value).
This is particularly true for dry regions including the Colorado River, South Lahontan, and Tulare Lake.
All 20 projections have a decreasing tendency consistently, indicating more severe droughts for those
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regions on the annual, two-year, three-year, and four-year scales. For other regions, there is no such
consensus. However, the majority of projections show a decreasing trend. It should be highlighted
that, for the wettest region, North Coast, most projections have a relatively milder decreasing trend
compared to the historical baseline. This suggests that projected increase in precipitation over this
region outweighs the effect of warming. For the coolest region, North Lahontan, the median trend
slopes of projected SPEI values are generally around the historical trend slope values. This implies that
projected precipitation increase in this region offsets the impact of warming. For other regions, most
projections have a steeper decreasing trend compared to their historical counterparts, indicating that
projected increases in precipitation are not sufficient to offset the effect of warming. Particularly, for
the driest region, Colorado River, the decreasing rates of all 20 projections are higher than its baseline
counterpart. This suggests that this region is the least resilient to warming and thus most prone to
aridity (as represented by SPEI index) among all study regions.
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Figure 11. Box-and-whisker plots of significant trend slopes of: (a) SPEI-12; (b) SPEI-24; (c) SPEI-36;

and (d) SPEI-48 during projection period (2020-2099) (at significance level 0.05). The slope information
in historical period (1951-2013) is also shown.

It is worth noting that not all trends identified in the historical and projection periods are
statistically significant at a significance level of 0.05. The Central Coast region and Sacramento
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River region show no significant changes in SPEI values (Figure 11). Additionally, on three-year scale
and four-year scale, all Central Valley regions (SAC, SJQ, and TUL) have no increasing or decreasing
tendency in drought represented by SPEI during the historical period. In the projection period (Table 6),
for the driest two regions, Colorado River and South Lahontan, all 20 projections show consistently
significant trend in SPEI at the four time scales considered. This is no such consensus for other regions.
However, the majority of projections still show significant trends. For instance, only one out of 20 (5%)
projections exhibit insignificant changes in Tulare Lake region. For another relatively dry region,
South Coast, all projections show significant trends in SPEI on the three-year scale (SPEI-36) and
four-year scale (SPEI-48) while only one projection (5%) has insignificant trend on the annual scale
(SPEI-12) and two-year scale (SPEI-24). The wettest region, North Coast, has the highest amount
(25% to 30%) of projections that show no significant trend. For the second wettest region, Sacramento
River, 15-20% of the projections indicate no significant trend. Overall, those projections agree more
with each other on the increasing aridity in dry regions than in wet regions irrespective of the time
scales investigated.

Table 6. Number (percent) of SPEI projections with insignificant trend ! in the projection period.

ID Region Name SPEI-12 SPEI-24 SPEI-36 SPEI-48
NC North Coast 6 (30%) 5 (25%) 5 (25%) 6 (30%)
SF San Francisco Bay 5 (25%) 5 (25%) 5 (25%) 3 (15%)
CcC Central Coast 3 (15%) 3 (15%) 3 (15%) 2 (10%)
SC South Coast 1 (5%) 1(5%) 0 (0%) 0 (0%)
SAC Sacramento River 4 (20%) 3 (15%) 4(20%) 3 (15%)
SIQ San Joaquin River 3 (15%) 2 (10%) 2 (10%) 2 (10%)
TUL Tulare Lake 1 (5%) 1 (5%) 1 (5%) 1 (5%)
NL North Lahontan 2 (10%) 3 (15%) 3 (15%) 0 (0%)
SL South Lahontan 0 (0%) 0 (0%) 0 (0%) 0 (0%)
CR Colorado River 0 (0%) 0 (0%) 0 (0%) 0 (0%)

1 Significance level 0.05.

4. Discussion and Conclusions

This study investigated potential changes in future precipitation, temperature, and drought
(as represented by SPEI) across 10 hydrologic regions defined by the California Department of Water
Resources. The latest climate model projections on these variables through 2099 representing the
state of the current climate science were applied for this purpose. Changes were explored in terms of
differences from a historical baseline as well as the changing trend.

Results indicate that warming is expected across all regions in all temperature projections,
particularly in late-century. There is no such consensus in precipitation, with projections ranging
mostly from —25% to +50% different from the historical baseline. There is no statistically significant
increasing or decreasing trend in historical precipitation as well as in the majority of the projections.
However, on average, precipitation is expected to increase slightly for most regions. It should be noted
that this finding is not completely in line with a previous study that indicates decreases in future
California precipitation [81]. The major difference stems from the fact that different sets of data are
applied in the two studies. Specifically, the current study focused on precipitation and temperature
projections from 10 GCMs models (versus 42 models used by the previous study) that are deemed
most appropriate for water resources planning studies in California. Compared to wet regions, dry
regions are projected to have more severe drought conditions represented by SPEI Those findings are
generally consistent with what have been reported in previous studies [21,26,28,76]. A new finding
of this study is that the coolest region, North Lahontan, tends to have the highest increases in both
minimum and maximum temperature and a significant amount of increase in wet season precipitation,
indicative of naturally increasing flood risk in this region. In another new finding, the warming in
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summer and fall (when water demand is typically high and precipitation is limited) is expected to be
more significant than the warming in winter and spring

In general, the findings of this study are meaningful from both scientific and practical perspectives.
From a scientific point of view, these findings provide useful information that can be utilized to
improve the current flood and water supply forecasting models. For instance, the coolest region, North
Lahontan, is expecting the most significant warming as well as increases in wet season precipitation.
This region is largely impacted by snow because of its high elevation. These expected changes will most
likely intensify regional rainfall (more precipitation comes as rainfall as warming elevates the snowline)
and spring snowmelt, increasing flood risks in the future. This region needs to be closely monitored in
the future, particularly near and above the current snowline. The current flood forecasting model uses
a parameter to cap the maximum possible snowmelt rate [82]. To reflect the expected warming, this
parameter needs to be increased accordingly to better model snowmelt. Taking one step further, the
snow accumulation and snowmelt processes based on which the current forecasting model is developed
are derived under the stationary assumption. In a non-stationary environment, these processes need to
be revisited and updated accordingly as relevant new observations become available. Additionally, the
current snowmelt model is temperature-index based. Snowmelt is a thermodynamic process driven
more by radiation than temperature. Development and implementation of radiation-driven snowmelt
model in operations are ongoing and will be reported in our future work.

From a practical standpoint, these findings can help inform water managers in making adaptive
management plans. For instance, vulnerability assessment is typically the first step in developing
any mitigation and adaptation strategies [83]. Corresponding adaptation strategies such as supply
diversification or increased volume management capacity should be tailored for the characteristics of
the regions and their particular impacts to a changing climate. All in all, this study has the potential
to help decision-makers move from a reactive position of responding to hydroclimatic events as
they happen to a pro-active position with region-specific strategies for improved water resources
management in the future. These strategies facilitate improving the resilience of California’s physical
water framework and the preparedness of its institutional framework via investments (e.g., where,
when, on what, and how much) in advance.

Despite its scientific and practical significance in guiding long-term strategical water resources
planning, the study addressed temperature and precipitation changes at annual and seasonal scales at
the hydrologic region scale. For time-sensitive and localized activities including emergency response
and management, those changes at a finer temporal and spatial scale at which extreme events occur
need to be explored. Extreme climatic indices (e.g., daily maximum precipitation, heat wave, etc.) with
daily resolution at the watershed scale have been extracted from the 20 climate projections applied
in this study. They will be analyzed and presented in a follow-up study. Furthermore, as opposed
to precipitation and temperature, streamflow runoff is normally the variable directly used to inform
real-time decision making (e.g., determination of reservoir release schedule). Those climate projections
have been used as input to drive a distributed hydrologic model, the Variable Infiltration Capability
model, to produce daily inflow projections through 2099 for major water supply reservoirs in California.
Those flow data will be analyzed in terms of volume, variability, and frequency and reported in a
companion study.
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