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Abstract

Global climate models provide only partial information on local-scale phenome-
non, such as precipitation, primarily due to their coarse resolution. In this study,
statistical downscaling algorithms, based on both weather regimes and past ana-
logues, are operated for 18 Israeli rain gauges with an altitude ranging between
—200 and ~1,000 m above sea level (ASL). To project seasonal precipitation over
Israel and its hydrologic basins, the algorithms are applied to six Coupled Model
Inter-comparison Project Phase 5 (CMIP5) models for the end of the 21st century,
according to the RCP4.5 and RCP8.5 scenarios. The downscaled models can cap-
ture quite well the seasonal precipitation distribution, though with underestimation
in winter and overestimation in spring. All models display a significant reduction
of seasonal precipitation for the 21st century according to both scenarios. The win-
ter reductions for the end of the century and the RCP8.5 scenario are found to be
~22 and ~37% according to the weather regimes and the analogues downscaling
methods, respectively. Spring reductions are found to be ~10-20% larger than win-
ter reductions. It is shown that the projected reduction results from a decrease in
the frequency of the rain-bearing systems, as well as a decrease in the average daily
precipitation intensity. The areas with the largest reductions in seasonal precipita-
tion are found over the central mountains, the Mediterranean coastal area, and the
Sea of Galilee hydrologic basins, which are the main fresh-water aquifers and res-
ervoirs of Israel. The statistical downscaling methods applied in this study can be
easily transferred to other regions where long-term data sets of observed precipita-
tion are available. This study and others may serve as a basis for priority and policy
setting toward better climate adaptation with associated uncertainties related to the

methods used and nonstationary of the climate system.
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1 | INTRODUCTION

Careful planning of water resources is critical in regions suf-
fering from water shortage and large interannual precipita-
tion variability. The eastern Mediterranean region and the
Middle East exhibit these conditions, as located at the border
between temperate (Mediterranean) and arid climates
(Zhang et al., 2005, Saaroni et al., 2010a; Morin, 2011). The
complex terrain and the sharp transition from coastal to con-
tinental and arid areas result in large spatial variability in
seasonal precipitation (see the rainfall map of Israel, Israel
Meteorological Service (IMS) 2018, Climate Atlas of Israel;
Saaroni et al., 2010a).

Future projections of seasonal precipitation are generated
by climate models. While global circulation models (GCMs)
are a comprehensive tool for studying climate conditions
and even local regimes, they have often been criticized when
used for modeling the complex climate regime of the Medi-
terranean region (e.g., Lionello et al., 2014). The main con-
cern is the coarse resolution of the models that is
problematic in identifying mesoscale processes and espe-
cially local weather conditions. Although improvement in
these models is well seen, most GCMs still have a horizontal
resolution of a few hundreds of kilometers. This prevents
them from capturing the effects of local forcing, for exam-
ple, complex terrain, urban effects and sea—land interactions
(Giorgi et al., 2009; Giorgi and Gutowski, 2015; Maraun &
Widmann, 2018). In order to bridge the gap between GCMs
and local climate variables, several downscaling methods
have been developed (e.g., Wilby and Wigley, 1997,
Maraun et al., 2010; Maraun & Widmann, 2018).

There are three main approaches for downscaling GCMs;
the first is a dynamical approach, where GCM outputs are
used to force regional models that can better represent the
physical and dynamical characteristics of the specific region
due to their higher resolution. The second is a statistical
approach; developing statistical relations between atmo-
spheric conditions at the grid points of the GCMs used and
the observed local conditions. The third is a weather regime
downscaling approach; classifying GCM outputs to a limited
number of weather regimes or analogues (Giorgi and
Gutowski, 2015).

The advantages and disadvantages of these approaches
have been extensively discussed, concluding that the various
methods should be used due to the different strengths and
weaknesses each method has (e.g., Fowler et al., 2007;
Laprise et al., 2008; Warner, 2011; Maraun et al., 2015;
Velasquez et al., 2015; Salvi et al., 2016; Lanzante et al.,
2018). As opposed to dynamical downscaling, which is
computationally demanding, statistical downscaling methods
are computationally inexpensive and often, but not always,
provide good results, depending on the availability of high-

quality observations and the specific methodologies of the
statistical techniques (Lanzante et al., 2018). Nevertheless,
statistical downscaling, adopted in this study, may suffer
from a few sources of uncertainty: (a) the downscaling
method itself can be a considerable source of uncertainty
(Maraun et al., 2015). (b) Statistical downscaling, being
empirically based, may be even more sensitive to the non-
stationary of the climate system compared to dynamical
downscaling. This is because the empirical relations, which
are based on observations, are assumed to be stationary over
time (Salvi et al.,, 2016). (c) Bias correction under non-
stationary bias may also be a source of uncertainty
(Velasquez et al., 2015). (d) The uncertainty emerging from
the stochastic nature of the climate (Peleg et al., 2019).

Both dynamical and statistical downscaling methods
have been extensively applied to address various climate
related issues and have become an important tool in climate
change research. However, until recent years, the down-
scaled products were still underrepresented in climate
change assessment reports on both global and regional
scales. For this reason, coordinated frameworks, such as
CORDEX (Giorgi et al., 2009) and COST-VALUE (Maraun
et al., 2015; Huth, 2019) were established, aiming to evalu-
ate downscaling techniques and provide an ensemble of
future projections for the community to make use of.

Over the eastern Mediterranean and Israel a few down-
scaling studies were published in the recent years. Alpert
et al. (2008), using regional climate simulations, reported a
30-75 mm reduction in winter precipitation in Israel when
comparing 2071-2100 with 1961-1990, according to the A2
scenario. Onol and Semazzi (2009), using a regional climate
simulation, predicted a decrease in winter precipitation of
24% over the eastern Mediterranean for the end of the
twenty-first century, according to the A2 scenario. Hochman
et al. (2018a) using a regional high-resolution, of ~8 km,
model have predicted a reduction in seasonal precipitation of
~40% in the northern and central parts of Israel at mid-21st
century, according to the RCP4.5 scenario. It can be con-
cluded that there is widespread agreement regarding nega-
tive trends projected for precipitation over Israel and the
Levant, as can be inferred from the aforementioned studies
and others (Black, 2009; Chenoweth et al., 2011; Evans,
2010; Lelieveld et al., 2012; Samuels et al., 2013; Peleg
et al., 2015).

The rainy season in Israel is between October and May,
contributing ~90% of the annual rainfall and about 2/3 of the
rain is concentrated in the mid-winter months (DJF,
Goldriech, 2003; Saaroni et al., 2010a). The region's climate
is intensely affected by external forcing of both mid-latitude
and tropical origins (e.g., Alpert et al., 2005). However, the
rain in the Mediterranean part of Israel results mainly from
passage or development of extratropical cyclones over the



HOCHMAN ET AL.

International Journal

FIGURE 1 The study region. (a)
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eastern Mediterranean, known as the Cyprus Lows (HMSO,
1962; Sharon and Kutiel, 1986; Alpert et al., 1990; Shay-Fl
and Alpert, 1991; Trigo et al., 1999; Schidler and Sasse,
2006; Ziv et al., 2006, 2015). Saaroni et al. (2010a) found
that the average contribution of Cyprus Lows to the rainfall
in Israel is 83%. The rain regime is characterized by rela-
tively limited number of rainy days (~50 days; www.ims.
gov.il), implying relatively high intensity of daily rain. This
is accompanied with large inter and intraseasonal variations,
including prolonging dry spells within the rainy season
(Alpert, 1991; Saaroni et al., 2015, 2019).

The spatial distribution of the rainfall in Israel is largely
dominated by three geographic factors: a decrease from
north to south, exhibiting the transition from a Mediterra-
nean regime to an arid one; a decrease from west to east
when moving away from the Mediterranean Sea, and an
increase with elevation due to orography (Katsnelson, 1964;
Diskin, 1970; Kutiel, 1987; Goldreich et al., 2004). The
reader is referred to Figure 1 in Saaroni et al. (2010a) for the
spatial distribution of annual average precipitation over
Israel and to the climate atlas of Israel (http://www.ims.gov.
il/NR/rdonlyres/FEE1B975-72C5-45EF-B67A-
672FC83C6FE2/0/%D7%9E%D7%A4%D7%95%D7%AA%
D7%9E%D7%A9%D7%AT7%D7%A2%D7T%99%D7%
9D19812010.pdf).

Based on the rainfall distribution, the Israeli Hydrological
Service has defined five regions of interest: the first refers to
the entire region of Israel and the other four refer to the large
hydrologic basins: Western Galilee, Sea of Galilee, the coast
and the mountains (Figure 1b; reproduced from Rostkier-
Edelstein et al., 2016). These basins differ in their seasonal
precipitation amounts and temporal distribution.

The synoptic systems, being responsible for the weather
regimes over the eastern Mediterranean, are well described
by the semiobjective synoptic classification of Alpert et al.

Terrain Height (m)

35.0°E 37.5°E 40.0°E —400 0 400 800 1200 1600 2000 2400

(2004a). The classification is based on the geopotential
height, temperature, and two horizontal wind components
U and V at the 1,000 hPa level, in 25 grid points [27.5°N-
37.5°N; 30°E-40°E] (Figure 1a; Alpert et al., 2004a). A team
of expert weather forecasters, as specified in Alpert et al.
(2004a), have first defined five main synoptic systems char-
acterizing the region, further divided into 19 specific synop-
tic types. The five main systems are the Persian Trough,
characterizing the summer, the Cyprus Low being dominant
in winter, the Red Sea Trough peaking in autumn, the
“Sharav” Low (North African Low) that peaks during spring
and high-pressure systems that exist in all seasons. This clas-
sification successfully describes the local weather conditions
as well as various environmental phenomenon as dust,
floods and air pollution (e.g., Dayan et al., 2012; Saaroni
et al., 2010a, 2010b, 2010c). This classification has been
successfully used to define the seasons over the eastern
Mediterranean (Alpert et al., 2004b), to project seasons'
length changes for the 21st century (Hochman et al., 2018b)
and to diagnose future changes in the local atmospheric
dynamics of the synoptic systems (Hochman et al., 2018c,
2019), as well as many other applications. Hochman et al.
(2018c¢) have projected a ~30% decrease in the number of
Cyprus Lows by the end of the 21st century under the
RCPS8.5 scenario.

Rostkier-Edelstein et al. (2016) developed a statistical
downscaling methodology for seasonal precipitation in Israel
based on this semiobjective synoptic classification. They
have also proposed a direct use of selected analogues, as
originally proposed by Lorenz (1969). In the analogue
method, a large-scale daily weather state is compared with
those from a past long-term record. Then, according to a
selected metric, the most similar state from the past is identi-
fied, and the corresponding observations (of daily precipita-
tion, for example) are selected as prediction for the weather
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(Zorita and von Storch, 1999; Rostkier-Edelstein et al.,
2016). Both the analogues and the weather regime methods
were found to provide good skill in predicting the mean sea-
sonal precipitation amounts and the quantiles of winter pre-
cipitation distribution, as well as in reproducing the
observed interannual and spatial variability of the seasonal
precipitation in Israel. These methods, using the NCEP/
NCAR reanalysis downscaled with respect to the 18 rain sta-
tions used in this study, for the period 1991-2008 showed
good correlations (R = ~0.8, cross-validated and seasonally
aggregated). Moreover, the analogues and the weather
regime methods were used to downscale NCEP-CFS1.0
global seasonal forecasts (Saha et al., 2006), with similar
skill. The downscaled precipitation reproduced well the
observed spatial variability, which the coarse global models
could not capture (Rostkier-Edelstein et al., 2016).

The purpose of the present study is to apply the above-
mentioned two statistical downscaling methodologies to the
21st century CMIP5 outputs to project the seasonal precipi-
tation over Israel and over its four main hydrologic basins.
The data used are provided in Section 2. The weather regime
and analogues downscaling algorithms are specified in
Section 3. The results of the seasonal precipitation down-
scaling over Israel, and the 21st century ensemble projec-
tions are presented in Section 4. Section 5 summarizes and
concludes.

2 | DATA

Reanalysis data were acquired from the National Center for
Environmental Prediction/National Center for Atmospheric
Research Reanalysis Project (NCEP/NCAR; Kalnay et al.,
1996). This database is available on daily or 6-hr time scales
from 1948—present, on a 2.5° X 2.5° grid spacing.

Modeled data for six models participating in the fifth
phase of the Coupled Model Inter-Comparison Project
(CMIPS; Taylor et al., 2012) were retrieved from the World
Data Center for Climate (WDCC-DKRZ, http://cera-www.
dkrz.de/WDCC/ui/Index.jsp) data portal. These models were
previously utilized in Hochman et al. (2018b, ¢, and 2019)
(list of models see Table 1) and their ability to simulate
annual and extreme precipitation indices over the eastern
Mediterranean was previously presented by Samuels et al.
(2017). Furthermore, these models' ability to simulate the
annual cycle of the prevailing eastern Mediterranean synop-
tic systems, their frequencies, and dynamics for the historical
period were presented in Hochman et al. (2018b, c, and
2019). These authors concluded that the evaluation of
CMIP5 models suggests that the models capture a number of
the salient qualitative features found in reanalysis data. At
the same time, they may fail to reproduce a number of the
reanalysis' quantitative features. This may result from a few

reasons: First, reanalysis includes assimilation of observa-
tions, which climate models do not. This is done in order to
assure that the model is as close to reality as possible. Sec-
ond, reanalysis is derived through running weather forecast
models and therefore, the climate is recovered as a compila-
tion of many weather events that truly occur, which is not
the case in climate models. Third, reanalysis is usually run at
a higher resolution than climate models. Thus, climate
models simulate their own climate that may show larger bias
and random errors than reanalysis show with respect to
observations (Warner, 2010). In addition, there are several
processes, which are known to exert a strong control over
the eastern Mediterranean weather and climate; These
include large-scale teleconnections, as the North Atlantic
Oscillation (NAO) or the Indian Monsoon (Alpert et al.,
2005), as well as local processes such as sea surface fluxes
over the eastern Mediterranean (Stein and Alpert, 1991).
Both sets of features may not be well simulated by some of
the models (Stein and Alpert, 1991; Sperber et al., 2013;
Davini and Cagnazzo, 2014), thus leading to some errors in
the diagnostics of the regional synoptic systems.

Models' data are available on daily time scales for
1861-2100. Spatial resolutions vary in range from 1.12°
X 1.13° to 2.79° x 2.81° (Table 1). The analysis representing
the present period is based on the “historical” (1986-2005)
simulations of the six CMIP5 models (Table 1) as well as on
the NCEP/NCAR reanalysis archive. Future periods simu-
lated are the mid-21st-century (2046-2065) and the end of
the 21st century (2081-2100). This is done for two represen-
tative concentration pathways of 8.5 W/m? (RCPS8.5) and
4.5 W/m? (RCP4.5) scenarios, following the recommenda-
tion of the Fifth Assessment Report (ARS5) of the Intergov-
ernmental Panel on Climate Change (IPCC, 2013). For a
more complete explanation of the RCP scenarios, the reader
is referred to Van-Vuuren et al. (2011).

The statistical downscaling algorithms in the current
study require historical records of daily precipitation obser-
vations. A set of 18 selected stations for the period
1991-2008 are used, providing a continuous archive of daily
precipitation that has undergone a quality assurance proce-
dure (Table S1). Figure 1b displays the location of the sta-
tions with respect to the main hydrologic basins of Israel.

3 | METHODS

3.1 | Modified synoptic classification

The synoptic classification algorithm, developed by Alpert
et al. (2004a), is applied to the above-mentioned CMIP5
models, in order to downscale seasonal precipitation for the
21st century (for a description of the synoptic classification
method see Section 1). The 12UTC data are a prerequisite
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resolution (°), following Taylor et al. (2012)

of Climatology

The six CMIP5 models used indicating: the modeling center (or group), the institute ID, the model name and its horizontal

Model name (short name) Modeling center (or Group) Institute ID Resolution (°)
1. CanESM2 (CANESM) Canadian Centre for Climate Modelling and CCCMA 2.79 x 2.81
Analysis, Canada

2. HadGEM2-CC (HadGEM2CC) Met Office Hadley Centre, England MOHC 1.25 x 1.88

3. HadGEM2-ES (HadGEM2ES) 1.25 x 1.88

4. MPI-ESM-LR (MPI) Max Planck Institute for Meteorology, Germany MPI-M 1.87 x 1.88

5. MRI-CGCM3 (MRI) Meteorological Research Institute, Japan MRI 1.12 x 1.13

6. NORESM1-M (NORESM) Norwegian Climate Centre, Norway NCC 1.9x2.5

for the synoptic classification algorithm of Alpert et al.,
(2004a). Moreover, the purpose here was to minimize the
difference between the original algorithm (applied to NCEP/
NCAR reanalysis) and the new one (applied to CMIP5
models). The models' data are available in a variety of spa-
tial resolutions (Table 1), therefore, they were linearly inter-
polated to fit the required 25 grid points [27.5°N-37.5°N;
30°E-40°E] used by Alpert et al., (2004a) (Figure 1a).

Due to the absence of 12UTC data at the 1,000-hPa level
in CMIP5 models, we use U and V wind components and
temperature from the 850-hPa level, as well as sea level
pressure (SLP). The compatibility between the 1,000 and the
850-hPa levels, and that of the 12UTC with daily classifica-
tions was examined by Hochman et al. (2018b, c) and
Berkovic (2016), respectively, and was shown to fit well.
Nevertheless, the ability of the two downscaling methods
used, that is, the modified algorithm for the synoptic classifi-
cation (the “weather regimes”) and the “analogues” to down-
scale observed seasonal precipitation is evaluated here for
both the NCEP/NCAR reanalysis and the CMIP5 models.

The downscaling methods, applied for the present evalu-
ation and for future projection of seasonal precipitation over
Israel and over its hydrologic basins, are identical to the
algorithms described in Rostkier-Edelstein et al. (2016) and
are described in the next section.

3.2 | Weather regime and analogues
downscaling

The weather regime downscaling algorithm is based on the
modified synoptic classification algorithm (described
above), computing the frequency of each of the 19 weather
regimes (following the synoptic types defined by Alpert
et al., 2004a). The U and V wind components and the tem-
perature at the 850-hPa pressure level along with the SLP,
derived from the CMIPS models were classified into one of
the weather regimes by finding up to three past closest days
in the “historical” NCEP/NCAR data set and ascribing the
specific future event to the same weather regimes associated
with those closest days in the past.

The closest past day is defined according to a distance
parameter following the Minkowski metric (Wilks, 2011) in
the N-dimensional space of forecast and reference vectors.
In our case, N =100 (4 variables in 25 grid points). We
stress the contribution and importance of using each of the
25 grid points, individually, in calculating the distances,
rather than considering spatially averaged or classification
schemes, for example, empirical orthogonal functions over
these 25 grid points. The latter would simplify the calcula-
tions but at the expense of smoothing the information
(Rostkier-Edelstein et al., 2016).

At the next stage, each weather regime is associated with
a distribution of daily precipitation amounts at each of the
18-gauge stations. To this end, a parameter is defined so that
it can be used to estimate the precipitation at each gauge sta-
tion. For the present study, the seasonal mean precipitation
at each gauge station is chosen as the estimate of the precipi-
tation associated with each weather regime at that station.

The following comment, cited from Rostkier-Edelstein
et al. (2016), should be stressed: “There are two sources of
uncertainty when ascribing a GCM projection to a weather
regime. First, the determination of weather regimes is based
on similar but not identical days and, second, the definition
of weather regimes is based on a group of close but not iden-
tical past states. In considering these factors, not only the
closest weather regime is determined but up to three past
closest days are considered as well. The downscaled sea-
sonal precipitation at a gauge station is estimated by a
weighted-sum of the mean daily precipitation per weather
regime at the station according to the frequencies of the
weather regimes.”

In contrast to the weather regime downscaling method,
the analogues downscaling algorithm uses the same vari-
ables and grid points, but without first classifying them into
specific weather regimes. The predicted daily precipitation
at each gauge station is calculated by weight averaging the
observed daily precipitation for each of the three past ana-
logues found, in inverse proportion to their squared dis-
tances. Seasonal precipitation at each gauge station is the
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FIGURE 2  Scatter plots evaluation of seasonal precipitation between

Observed (mm)

the NCEP/NCAR reanalysis (NNRP) and the observations (details in

Figure 1 and Table S1), for the period 1991-2008, according the weather regime (a, c, e) and the analogues (b, d, f) statistical downscaling methods.
The values are seasonally aggregated for the 18 stations. The panels are (a, b) Winter (DJF); (c, d) Spring (MAM); and (e, f) Autumn (SON). The
correlation (R), the root mean SE (RMSE, in mm), and the proportion (SDpred/SDobs) between the predicted SD (SDpred) and the observed SD

(SDobs) are given on each separate panel. The 1:1 line is also shown
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sum of the daily amounts. The reader is referred to Rostkier-
Edelstein et al. (2016) for a comprehensive explanation of
both downscaling algorithms.

4 | RESULTS

4.1 | Evaluation of the downscaling algorithms
based on NCEP/NCAR reanalysis

As a first step, the ability of the two algorithms (the
weather regimes and the analogues) to downscale seasonal
precipitation (winter-DJF, spring-MAM, autumn-SON) is
examined (Figure 2). Both algorithms show relatively
high correlations (DJF = 0.92; MAM = 0.78-0.80;
SON = 0.84, cross-validated and seasonally aggregated)
between observed and predicted seasonal precipitation for
1991-2008. The weather regime downscaling algorithm
demonstrates slightly better results in terms of the root
mean square error (RMSE) = ~2, 12 and 5 mm for DJF,
MAM and SON, respectively, compared to the analogues
algorithm. Also, the weather regime downscaling is better
than the analogues method in the proportion between the
predicted and observed standard deviations being slightly
closer to 1 (Figure 2). Underestimation is found in
autumn and overestimation in spring according to both
methods (Figures 2, 3 and Table 2). Moreover, it can be
generally concluded that for both statistical downscaling
algorithms there is not much difference between the
results based on variables taken from the 850-hPa level
and those according to the 1,000-hPa level, used earlier
by Rostkier-Edelstein et al. (2016). Thus, the 850-hPa
variables, together with the SLP, are further used in this
study.

4.2 | Evaluation of the seasonal precipitation
downscaling according to CMIP5 models

Figure 3 presents the ability of CMIP5 models to capture the
seasonal precipitation distribution for the present period
(1986-2005), according to the weather regimes (Figure 3a,
¢, e) and the analogues (Figure 3b, d, f) downscaling algo-
rithms, for the different seasons. The models generally
underestimate winter precipitation (Figure 3a, b; Table 2)
and overestimate spring precipitation, according to both
methods (Figure 3 c, d; Table 2). The overestimation of
spring precipitation is in agreement with the results found
according to NCEP/NCAR reanalysis for the present period
(Section 4.1). The analogues algorithm can better capture
the variance and the extreme outliers in the distributions
with respect to the weather regime algorithm (Figure 3;
Table 2). This probably results from the fact that past daily
precipitation for chosen analogues is used as a predictor,

of Climatology

rather than the mean precipitation value that is used for a
given weather regime.

4.3 | Seasonal precipitation projections
according to CMIP5

Figure 4 presents the ensemble mean projections of seasonal
precipitation as downscaled by the weather regime
(Figure 4a) and analogues (Figure 4b) downscaling algo-
rithms over Israel, for the 21st century. All distributions dis-
play significant reductions in seasonal precipitation, at the
5% significance level, according to the Wilcoxson Rank
Sum test. The RCP8.5 scenario exhibits larger reductions in
seasonal precipitation of ~7-18% and ~14-24% for the end
of the 21st century, with respect to the RCP4.5, according to
the weather regime and the analogues downscaling algo-
rithms, respectively (Table 3). Projections for the end of the
century consistently exhibit larger reductions with respect to
the mid-century reductions in the rate of ~6-13% and
12-22% according to the weather regime and the analogues
downscaling algorithms, respectively (RCP8.5; Table 3).
The decrease in spring and autumn seasonal precipitation for
the end of the 21st century, under RCP8.5, is projected to be
stronger than the decrease in winter by ~10 and 20%
according to the weather regimes and the analogues down-
scaling algorithms, respectively (Figure 4; Table 3). Most
similar findings are reflected in the individual model projec-
tions (Figure S1-S6 and Table S2). These projected results
are in agreement with the findings of Ziv et al. (2014), who
showed a reduction in observed precipitation over Israel for
the period 1975-2010, though being significant only in
spring. This is also in accordance with Hochman et al.
(2018a), who projected seasonal precipitation decrease over
Israel for the mid-21st century (RCP4.5) of ~30-50% in
spring and autumn and ~20% in winter, through dynamically
downscaling to ~8 km grid spacing, using the COSMO-
CLM regional model. Furthermore, recent studies over Israel
have shown that rain gauges can capture the enhancement/
reduction in precipitation downwind/upwind of urban areas,
respectively (Halfon et al., 2009; Alpert et al., 2019). If so,
statistical downscaling based on observations may be a pow-
erful tool in capturing this effect, which the global models
cannot capture.

Figures 5 and 6 display the ensemble mean seasonal pre-
cipitation projections as downscaled by the weather regime
(Figure 5) and the analogues (Figure 6) downscaling algo-
rithms over the different hydrologic basins of Israel. All distri-
butions display significant reductions in seasonal precipitation
at the 5% significance level, according to the Wilcoxson Rank
Sum test. Generally, the illustrations resemble the results
found for the entire Mediterranean region of Israel (Figure 4;
Table 3). Larger decreases are projected for spring and
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FIGURE 3 Box plots of seasonal precipitation (mm) of the six CMIP5 models (see details in Table 1), their ENSEMBLE mean (ENS), the
NCEP/NCAR reanalysis (NCEP), and the observations (OBS) for the period 1991-2005, according to the weather regime (a, c, e) and the analogues
(b, d, f) statistical downscaling methods. Panels (a, b) are for the Winter (DJF); (c, d) for the Spring (MAM); and (e, f) for the Autumn (SON). A

summary of these results is presented in Table 3

autumn (27-37% reductions at the end of the century
according to RCP8.5) with respect to winter precipitation
(25-31%), mostly for the hydrologic basins of the Sea of
Galilee (SG), the Coast (CO), and the Mountains (YA) and
less for the Western Galilee (WG) (Table S3; weather
regime downscaling). The stronger decrease projected for
the SG, the coast and the mountains basins reinforces ear-
lier results (Hochman et al. 2018a), which found that the
WG basin would be less affected, in terms of precipitation
reductions, than the other basins of Israel. Nevertheless, this
is an alarming outcome, since the important aquifers of
Israel are located in the above-mentioned three hydrologic
basins and the most important are the SG and the Moun-
tains basins.

4.4 | Projected changes in daily precipitation
and in the frequency of wet days

The significant reductions in seasonal precipitation, pres-
ented above, can result from reductions in both the fre-
quency of wet days and/or in the daily mean precipitation
yield of wet days. A wet day is defined in the present study
following two possible precipitation thresholds; either O or
1 mm. Table 4 shows the seasonal changes in the frequency
of wet days and in the average daily precipitation of wet

days as downscaled by the analogues algorithm, applied to
the six CMIP5 models. As mentioned above the analogue
method does not classify the CMIP5 variables to weather
regimes after calculating the distance between days. There-
fore, it can account for changes in the intensity of wet days,
as it does not use the mean daily precipitation per weather
regime but the daily precipitation of the closest past days.
The results are shown for the “historical,” that is, the present
period (1986-2005) and for the end of the century (RCP8.5;
2081-2100). Results are shown for the end of the 21st cen-
tury, according to the RCP8.5 scenario. Results for the mid-
century and for the RCP4.5 scenario exhibit similar trends,
too (not shown).

The CMIP5 models project that the seasonal frequency
of wet days and the seasonal daily mean precipitation will
both decrease significantly under the binomial and boo-
tstrapping tests at the 5% significance level, respectively.
The largest reductions are found in spring, being —16% in
the frequency and — 40% in the mean daily precipitation of
wet days (wet day defined as precipitation >0 mm;
Table 4). For the winter, the main rainy season, the projec-
ted changes are lower, that is, =9 and — 31% decreases in
the frequency of wet days and in the mean daily precipita-
tion, respectively. These results indicate that the reduction
in seasonal precipitation results from projected reduction in
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TABLE 2 Basic statistics including mean, median, and SD of precipitation (mm) for the winter (DJF), spring (MAM), and autumn (SON)

according to the weather regime and analogues downscaling

DJF MAM SON

Mean Median SD Mean Median SD Mean Median SD
OBS 444 391 207 106 88 74 102 84 79

Weaherregimedowsealing
NCEP/NCAR 423 377 180 143 130 76 74 57 59
ENSEMBLE 201 192 50 207 194 55 88 80 31
CANESM 202 191 55 223 211 70 90 81 34
HadGEM2CC 169 160 53 236 227 71 65 58 35
HadGEM2ES 144 136 58 215 203 57 64 57 32
MPI 260 239 95 183 173 64 90 81 45
MRI 214 209 74 212 201 69 135 129 56
NORESM 216 205 83 171 164 59 87 79 42
CAmlomesdowmsealing

NCEP/NCAR 407 365 164 146 134 78 69 58 48
ENSEMBLE 259 239 100 179 163 67 59 50 28
CANESM 300 266 125 167 144 86 55 51 35
HadGEM2CC 223 204 89 210 195 91 18 14 17
HadGEM2ES 175 159 92 230 220 84 25 20 21
MPI 359 321 203 153 145 72 63 53 43
MRI 258 220 128 187 164 98 121 112 77
NORESM 238 209 142 128 114 74 71 46 70

Note: Evaluation of the six CMIP5 models (Table 1) and their ensemble mean with respect to NCEP/NCAR reanalysis for the present (“historical”) period (1986-2005)

and observations (OBS) for 1991-2005. Box plots are shown in Figure 3

the frequency of wet days as well as from a projected
reduction in the daily precipitation amounts. Note that the
downscaled models overestimate the number of wet days in
spring and autumn, and underestimate the daily precipita-
tion amounts in all seasons (Table 4). These types of over/
underestimations, when found in global climate models, are
at times attributed to the so called ‘“drizzle bias,”
expressing that the global climate models tend to generate
too frequent precipitation, especially in the mid-latitudes
due to the high occurrence of days with light precipitation
(Stephens et al., 2010; Pendergrass and Hartmann 2014;
Samuels et al., 2017). However, in this study, the precipita-
tion variable of the GCMs is not used as a predictor for the
downscaled precipitation at the station level. Thus, to a first
order, “drizzle bias” should not influence our results. It
may influence the results if there is a feedback from the
precipitation in the model to our predictors, that is, the
SLP, U, and V wind components or the temperature at the
850-hPa level. However, it should be stressed that precipi-
tation is highly parametrized in the GCMs, therefore, this
should not influence our findings. We suggest that the

overestimation in the frequency of wet days and the under-
estimation of the daily precipitation may be mostly related
to the general overestimation of the frequency of Cyprus
Lows over the eastern Mediterranean (Hochman et al.,
2018c) and the location and depth of these cyclones in the
GCMs. These features exert a strong control on daily pre-
cipitation over Israel (Saaroni et al., 2010a). As a further
test, Table 4 displays the results when defining a wet day
as precipitation >1 mm (displayed in brackets). Under this
slightly higher threshold, the multimodel ensemble mean
underestimates the number of wet days in winter and over-
estimates it in spring. The models further underestimate the
mean daily precipitation amounts as found for the >0 mm
threshold. The largest reductions in the frequency (—14%)
and mean daily precipitation (—19%) of wet days are found
in spring and winter, respectively (Table 4).

S | SUMMARY AND CONCLUSIONS

The study investigates projections of seasonal precipitation
over Israel and over its main hydrologic basins for the 21st
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TABLE 3 The change (difference) in the ensemble mean of the six CMIP5 models for the median seasonal precipitation over Israel for the
winter (DJF), spring (MAM) and autumn (SON) (in percentages and in millimeter), according to the weather regime and the analogues downscaling
methods for the RCP4.5 and the RCP8.5 scenarios

Periods DJF MAM SON
Weather regime downscaling
1986-2005 median 192.24 mm 193.99 mm 80.86 mm
RCP4.5
MidHist —10.98% (21 mm)* —13.81% (27 mm)* -9.15% (=7 mm)*
EndHist —14.02% (—27 mm)* —18.08% (=35 mm)* —16.65% (—13 mm)*
RCP8.5
MidHist —14.57% (28 mm)* —17.77% (-34 mm)* —24.39% (—20 mm)*
EndHist —21.92% (—42 mm)* —30.28% (—58 mm)* —34.92% (—28 mm)*

Analogue downscaling

19862005 Median 229.09 mm 167.59 mm 50.04 mm
RCP4.5
MidHist —18.33% (—42 mm)* —29.72% (=50 mm)* —20.29% (—10 mm)*
EndHist —22.21% (=51 mm)* ~35.99% (—60 mm)* —34.61% (~17 mm)*
RCPS.5
MidHist —24.99% (~57 mm)* ~35.33% (~59 mm)* ~36.24% (~18 mm)*
EndHist —36.57% (—84 mm)* ~56.59% (=95 mm)* —58.36% (—29 mm)*

Note: The periods are 1986-2005 (Hist), 2046-2065 (Mid) and 2081-2100 (End). * indicates significant reduction, at the 5% significance level, (compared to the present

period, 1986-2005), using the Wilcoxon Rank-Sum test. Box plots are shown in Figure 4.
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TABLE 4 The seasonal differences in the frequency of wet days and in the average daily precipitation yield on wet days (a wet day is defined as

either a day with precipitation >0 mm or a day with precipitation >1 mm in brackets) as downscaled by the analogues algorithm, applied to CMIP5 models

Wet day frequency Change Average precipitation

(percentage of all days) (percentage on a wet day (mm)

1986-2005 RCP8.5 2081-2100 of all days) 1986-2005 RCP8.5 2081-2100 Change (%)
DJF-Winter
NCEP/NCAR 74 (45) 6.28 (10.17)
CANESM 77 (38) 67 (26) —10%* (—=12%) 4.15(7.37) 2.69 (5.9) —35% (-20%)
HadGEM2CC 73 (34) 62 (20) —11%* (—14%) 3.34 (6.15) 1.89 (4.67) —43% (=24%)
HadGEM2ES 72 (32) 62 (23) —10%* (=9%) 2.93 (5.17) 2.29 (4.91) —22% (=5%)
MPI 81 (46) 71 (32) —10%* (—14%) 4.95 (7.74) 3.32 (6.46) —33%* (=33%)
MRI 74 (36) 65 (28) —9% (=8%) 3.91 (6.89) 3.07 (6.46) —21% (=21%)
NORESM 72 (37) 66 (27) —6* (—10%) 3.94 (6.73) 2.79 (5.99) —29%* (—=11%)
Models Average 75 37) 66 (26) —9% (=11)* 3.87 (6.68) 2.68 (5.73) —31* (—19)*
MAM-Spring
NCEP/NCAR 58 (24) 2.86 (6.6)
CANESM 72 (28) 51 (14) —21%* (—14%) 2.63 (5.72) 1.34 (4.09) —49%* (—28%)
HadGEM2CC 76 37) 66 (26) —10%* (—=11%) 3.07 (5.81) 2.2 (4.99) —28% (—14%)
HadGEM2ES 77 (38) 56 (18) —21°%* (=20%) 3.34 (6.02) 1.61 (4.38) —52% (=27%)
MPI 69 (26) 51 (14) —18% (—=12%) 2.51 (5.55) 1.54 (4.42) —39% (-20%)
MRI 76 (32) 65 (18) —11%* (—14%) 2.64 (5.4) 1.87 (5.44) —29%* (0)
NORESM 70 (25) 54 (12) —16* (—=13%) 2.37 (5.36) 1.42 (4.78) —40%* (—=11%)
Models Average 73 (31) 57 (17) —16* (—14%*) 2.76 (5.64) 1.66 (4.68) —40* (—17)*
SON-Autumn
NCEP/NCAR 37 (13) 2.14 (5.51)
CANESM 49 (11) 29 (3) —20% (—8%) 1.2 (4.24) 0.61 (3.41) —49% (-20%)
HadGEM2CC 36 (7) 17 (2) —19% (=5%) 0.67 (2.41) 0.38 (2.32) —43% (—4%)
HadGEM2ES 36 (9) 30 (4) —6%* (=5%) 0.79 (2.67) 0.53 (2.27) —33*% (-16%)
MPI 50 (13) 35 (6) —15% (=7%) 1.44 (4.44) 0.89 (4.01) —38%* (—-10%)
MRI 61 (20) 51 (13) —10%* (=7%) 2.33(5.9) 1.5 (4.86) —36%* (—18%)
NORESM 51 (12) 32 (5) —19% (=7%) 1.48 (5.08) 1.06 (5.82) —28%* (+15%)
Models Average 47 (12) 32 (6) —15% (—6)* 1.32 (4.13) 0.83 (3.78) —37*% (=9)*

Note: The results based on the NCEP/NCAR reanalysis for the present period (1986-2005) are shown as a reference. * indicates a significant difference at the 5%
significance level using a binomial test for the frequency and a bootstrapping test for the daily precipitation.

Bold numbers in the table were found to be significant.

century, based on outputs of six CMIP5 models. As a caveat,
it should be noted that the six models employed here, might
be a relatively small number and may thus suffer from
uncertainties. However, the models used in this study show
quite similar trends in future seasonal precipitation strength-
ening the confidence in our findings.

Two statistical downscaling methods are applied, one is
based on the regional weather types, that is, weather regimes
(Rostkier-Edelstein et al., 2016; Hochman et al., 2018c) and
the other, on analogues (Rostkier-Edelstein et al., 2016). The
downscaling algorithms, applied to the present period, for

the NCEP/NCAR reanalysis and the CMIP5 models, were
found to reproduce reasonably well the differences in the
precipitation amounts between the seasons and between the
hydrologic basins. Nevertheless, underestimation is found
for the winter and overestimation for the spring resulting
from the underestimation of mean daily precipitation in win-
ter and overestimation of the number of wet days in spring.
These two outcomes have a strong relation to the frequency,
location, and intensity of the Cyprus Lows in the models
with respect to the reanalysis. Earlier studies have shown
that these features of the Cyprus Lows exert a strong control
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on precipitation in Israel (Saaroni et al., 2010a). Neverthe-
less, differences in the seasonal precipitation between the
present and future period are calculated in this study based
only on model simulations and therefore may be considered
reasonable estimates.

The results indicate significant reductions in seasonal
precipitation projected for the mid and the end of the 21st
century, for all seasons and in all the hydrologic basins of
Israel. A larger reduction is found according to the RCP8.5
scenario with respect to the RCP4.5 and for the end-century
with respect to mid-century projections. This suggests the
strong control that greenhouse gases may have on the sea-
sonal precipitation in Israel. It is found that the decrease in
spring and autumn precipitation is projected to be stronger
than the decrease in winter, which fits earlier findings (Ziv
et al. 2014, Hochman et al. 2018a). The larger reduction in
the transitional seasons may be a result of a poleward shift
of the subtropical highs, toward the Mediterranean Basin, as
a part of the expansion of the Hadley cell due to global
warming (Lu et al., 2007; Seidel et al., 2008; Johanson and
Fu, 2009). This expansion is also expressed by the bands of
negative precipitation trend along the poleward sides of the
subtropical highs in both hemispheres (IPCC, 2013). The
projected reduction can be also related to the projected
migration of the Northern Hemisphere winter storm tracks
northward (Chang et al., 2012; Eichler et al., 2013; Tamarin-
Brodsky and Kaspi, 2017), though these studies have not
referred to Mediterranean cyclones. Variations in large-scale
oscillations, such as the NAO and the East Atlantic—Western
Russia (EA-WR) patterns, are known also as modulating the
Cyprus Lows (Black, 2012) and thus, may be related with
the changes found.

Moreover, this study showed that future reductions in
seasonal precipitation result from a decrease in the frequency
of wet days, as well as from the projected decrease in daily
precipitation amounts. Thus, we suggest that future increase
in greenhouse gases has a strong influence on daily precipi-
tation amounts as well as on the frequency of wet days. Pro-
jected changes in the intensity of Cyprus Lows and the
rainfall intensity associated with them is a subject of further
research. Specifically, a larger decrease in seasonal precipi-
tation is projected for the SG, the coastal areas, and the Cen-
tral Mountainous regions of Israel, located over the main
fresh-water aquifers of Israel. The WG basin is projected to
be influenced to a smaller extent. The dynamical reasons for
the differences in the spatial variability of the projected sea-
sonal precipitation over Israel are a subject of further
research.

This study focused on assessing the impacts of climate
change, specifically seasonal precipitation, on fresh-water
resources in Israel and its main hydrologic basins. Such real-
istic projections are most necessary for evaluating socio-
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economic impacts and environmental vulnerability. Here,
we compare two advanced statistical downscaling methods
with focus on their advantages and disadvantages to acquire
regional precipitation projections on different time scales
and RCP scenarios. One of the main disadvantages of statis-
tical downscaling techniques is that they rely on the station-
ary climate assumption (Salvi et al., 2016). We found that
the change in the average Minkowski metric, that is, the
daily similarity metric, changes by an average of 1-4% in
the analogue method between the present period and the end
of the 21st century, according to RCP8.5. This is a relatively
small change; thus, the stationary assumption may be con-
sidered reasonable here.

The statistical downscaling methods applied in our study
are general and can be easily transferred to other regions
where long-term data sets of observed precipitation are
available. In particular, the same variables from global
models are expected to be adequate in areas where precipita-
tion is dominated by extratropical cyclones and low-pressure
troughs. The analogues downscaling algorithm may be
applied straightforward using the same variables. The
weather regimes algorithm may be customized for other
regions and objective methods may be used to overcome the
need for experts' classification (see, e.g., Berkovic, 2017).

One of the most important outcomes of this study, along
with other regional studies, is its applicability to serve as a
tool for priority setting and policy formulation toward cli-
mate adaptation strategies at the national, regional, and local
levels, taking into account the associated uncertainties,
described above.
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