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Abstract

The Eastern Mediterranean resides on the border between the temperate and semi-arid and arid climate zones, and is thus
influenced by both mid-latitude and sub-tropical weather systems. Precipitation and extreme weather in this region are mainly
associated with either Cyprus Lows or the “wet” Red Sea Troughs. Current regional climate projections indicate that the region
may become warmer and drier in future decades. Here, we analyze the influence of enhanced greenhouse gas forcing on the
climatological properties of the ‘wet’ and ‘dry’ Red Sea Trough (WRST & DRST, respectively). With this aim, a regional
synoptic classification and a downscaling algorithm based on past analogs are applied to eighteen rain stations over the main
ground water basins in Israel. The algorithms are applied to the NCEP/NCAR reanalysis data for 1986-2005 and to eight CMIP5
model simulations for the historical (1986-2005) and end of the century (2081-2100) climate conditions according to the
RCP8.5 scenario. For the historical period, the CMIP5 models are largely able to represent the characteristics of the Red Sea
Trough. Based on the multi-model mean, significant changes are found for WRST and DRST for the late XXI Century. First, an
increase in the meridional pressure gradient is found for both the WRST and the DRST, implying stronger horizontal winds.
Furthermore, a significant decrease in the occurrence of the WRST (= 20%) and a significant increase in the frequency of the
DRST (+ 19%) are identified. Accordingly, the persistence of the WRST decreases (— 9%), while for DRST increases (+ 9%).
The decline in the frequency of WRST occurs primarily in the transition seasons, while the increase for DRST is found
throughout the wet season. In total, the daily rainfall associated with the WRST system is projected to significantly decline (—
37%) by the end of the XXI century. These results document the projected changes in a dominant synoptic system in this area,
which can facilitate a better estimation of the arising challenges, e.g., related to shortage of water resources and associated
political unrest, reduced agricultural potential, and increased air pollution and forest fires. Such a pathway can ultimately foster
novel mitigation strategies for water resources management and regional climate change adaptation.
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Supplementary Information The online version contains 1 Introduction
supplementary material available at https://doi.org/10.1007/s00704-020-

03449-0. The Mediterranean region has been recognized as a “hot

spot” of climate change, given its location on the border
between temperate climate to the north and semi-arid to
arid climate to the south (Giorgi 2006). Precipitation in
this region strongly depends on the frequency of
Mediterranean cyclones (e.g., Trigo et al. 1999; Lionello
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the occurrence of synoptic systems in the region (Ulbrich
et al. 2009; Raible et al. 2010; Zappa et al. 2015a;
Hochman et al. 2018a).

Compared to the Western Mediterranean, the Eastern part
is less affected by systems arising from the North Atlantic
basin, while it is influenced by an enhanced number of syn-
optic systems of tropical/sub-tropical origin (e.g., Alpert et al.
2005). Indeed, precipitation in the Eastern Mediterranean is
mainly associated with either Cyprus Lows or Red Sea
Troughs. Cyprus Lows are Mediterranean cyclones of local
origin (e.g., Trigo et al. 2002; Lionello et al. 2016) and con-
tribute to about 80% of precipitation over Israel (Saaroni et al.
2010). Just like other Mediterranean cyclones, Cyprus Lows
have been projected to significantly decrease in their frequen-
cy, persistence, and daily precipitation yield by respectively
35%, 8%, and 26%, towards the end of the XXI century
(Hochman et al. 2018a, 2020a). The Red Sea Trough is an
extension of the Sudan Monsoon Low, which is part of the
equatorial low-pressure system (e.g., Ashbel 1938; El Fandy
1948; Awad and Mashat 2019). When the northern part of the
Red Sea is affected by easterly flow, a trough tends to develop
northward at the lee of the mountains surrounding the Red Sea
(e.g., Krichak et al. 1997). The Red Sea Trough is often asso-
ciated with warm and dry conditions, resulting from easterly/
south-easterly flow from the desert at near surface levels, and
such conditions are denominated ‘Dry’ Red Sea Trough
(DRST; Fig. 1b; Tsvieli and Zangvil 2005). Forest fires
(e.g., Kutiel and Kutiel 1991), air pollution (e.g., Koch and
Dayan 1992), and easterly wind storms (e.g., Saaroni et al.
1998) are often associated with DRST conditions. On other
situations, the horizontal trough axis may be tilted towards the
Mediterranean Sea when accompanied by an upper level mid-
latitude trough extending over the Mediterranean. Such con-
ditions favor the development of thunder storms and intense
rain events and are named ‘Wet’ Red Sea Trough (WRST;
Fig. 1a; e.g., Tsvieli and Zangvil 2005; Krichak et al. 2012;
De Vries et al. 2013), often leading to flash floods (Kahana
et al. 2002; Shentsis et al. 2012) and sand and dust storms
(e.g., Gasch et al. 2017). While large attention has been given
to Mediterranean cyclones and Cyprus Lows, less attention
has been given to the Red Sea Trough, particularly within
the context of climate change.

Still, several studies have focused on the identification
and characterization of the Red Sea Trough (e.g., Alpert
et al. 2004a; Tsvieli and Zangvil 2005; Krichak et al. 2012;
Awad and Almazroui 2016). Here, we identify the Red Sea
Trough based on the semi-objective synoptic classification
(Alpert et al. 2004a) as modified by Hochman et al.
(2018a). This classification is the most widely used and
has been found to closely reflect the salient features of
Eastern Mediterranean synoptic systems both in reanalysis
and General Circulation Models (GCMs), including that of
the Red Sea Trough (Hochman et al. 2018a, b, 2019,
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Fig. 1 The study region. a Mean sea level pressure (hPa) composite map
of ‘Wet” Red Sea Trough (WRST). The location of the eighteen rain
stations used in this study (red points). b Mean sea level pressure (hPa)
composite map of ‘Dry’ Red Sea Trough (DRST). ¢ The difference be-
tween WRST and DRST (hPa). The composite maps are computed for
1986-2005. Differences are significant using the student’s ¢ test at the 5%
significance level except for grid points shaded in gray

2020a). The WRST and DRST are categorized using sta-
tion daily rain amounts for Israel.
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While GCMs are a comprehensive tool for climate studies,
they have clear shortcomings in representing the synoptic ac-
tivity in complex topographic regions like the Mediterranean
(e.g., Ulbrich et al. 2009; Lionello et al. 2014). One main
concern is the model’s horizontal resolution still being of the
order of ~ 100 km. This prevents GCMs from simulating
adequately some effects like wind channeling in complex ter-
rain and sea-land interactions (e.g., Maraun and Widmann
2018). To bridge the gap between GCMs and local climate
variables, downscaling techniques have been established.
These techniques consist of either dynamical downscaling
with a higher resolution regional climate model, statistical
approaches, or a combination of both (e.g., Wilby and
Wigley 1997; Giorgi et al. 2009; Maraun et al. 2010;
Maraun and Widmann 2018). In recent years, coordinated
international frameworks such as COST-VALUE (Maraun
et al. 2015; Huth 2019) and CORDEX (Giorgi et al. 2009)
were formed and provided evidence of the added value of the
different downscaling techniques for various applications.

Here, we use a statistical downscaling algorithm (Rostkier-
Edelstein et al. 2016), based on past analogs, a concept first
proposed by Lorenz (1969). This technique enables a good
reproduction of the observed mean amounts, their inter-annu-
al, and spatial variability of seasonal rainfall over the main
ground water basins of Israel (Rostkier-Edelstein et al. 2016;
Hochman et al. 2020b).

The Red Sea Trough resides over the Eastern
Mediterranean on ~ 20% of the days, with a pronounced
peak during autumn and an additional, lesser peak, during
winter (Alpert et al. 2004a, b). Alpert et al. (2004a) iden-
tified a considerable increase in the frequency of the Red
Sea Trough from 1960-2000. The authors hypothesized a
possible link between the enhanced occurrence of the
DRST in recent decades and the decreasing trend in
rainfall over the Eastern Mediterranean. However,
Saaroni et al. (2019) did not identify any significant chang-
es in the occurrence of the Red Sea Trough for 1979-2016,
using an automatic identification algorithm. Regarding fu-
ture climate projections, Peleg et al. (2015) identified an
increase in the occurrence of the WRST focusing on
models from the fifth phase of the Coupled Model Inter-
comparison Project (CMIPS5) and using a classification al-
gorithm based on one specific grid point near the coast of
Israel. Thus, there is no general consensus on how global
warming may influence the Red Sea Trough. This question
is especially relevant in terms of water resource availability
in light of the observed and projected reductions in precip-
itation levels attributed to the Cyprus Low system (e.g.,
Alpert et al. 2004a; Hochman et al. 2018a).

The purpose of this study is to estimate how the
projected increase in greenhouse gas forcing may influ-
ence the climatological properties of the WRST and
DRST. With this aim, we specifically focus on changes

in Sea Level Pressure (SLP) patterns, frequency, persis-
tence, annual cycle, and the associated rainfall yield
over the region.

2 Data

Daily data on a 2.5° x 2.5° horizontal grid spacing are
obtained from the National Center for Environmental
Prediction/National Center for Atmospheric Research re-
analysis 1 project (NCEP/NCAR; Kalnay et al. 1996) for
the period 1986-2005. GCM data are retrieved from the
World Data Center for Climate - Deutsches
Klimarechenzentrum GmbH (WDCC-DKRZ, https://
cera-www.dkrz.de) data portal, for eight CMIP5 models
(Table 1; Taylor et al. 2012) following the choice of
Hochman et al. (2018a). The grid spacing varies from
0.94° x 1.25° to 1.9° x 3.75°, depending on the model
(Table 1). These models are able to adequately capture
the relevant qualitative features of the dynamics, frequen-
cy, and annual cycle of the synoptic systems over the
Eastern Mediterranean, including those of the Red Sea
Trough (Hochman et al. 2018a, b, 2019). The analysis
is based on CMIP5 historical (1986-2005) simulations
and on the NCEP/NCAR reanalysis archive. The consid-
ered future period corresponds to the end of the XXI
century (2081-2100) following the representative con-
centration pathway of 8.5 W m™? (RCP8.5) scenario
(Van-Vuuren et al. 2011). Both the synoptic classifica-
tion and the analogs statistical downscaling algorithms
(Sect. 3) require smoothed synoptic scale atmospheric
fields. Therefore, we have chosen to use the NCEP/
NCAR reanalysis as a reference for the CMIP5 models
as they have similar spatial and temporal resolution.
Saaroni et al. (2019) have recently provided evidence
that using higher resolution data to identify the Red
Sea Trough actually reduces the ability to discriminate
between the Red Sea Trough and other synoptic systems.
Therefore, the preference of NCEP/NCAR reanalysis is a
sound choice.

We base our daily rainfall statistical downscaling algo-
rithm on eighteen stations over the main groundwater ba-
sins of Israel (https://ims.data.gov.il/ims/1; Table S1; Fig.
la). This data base provides a continuous record over
1991-2008, which has been quality assured (Rostkier-
Edelstein et al. 2016; Hochman et al. 2020a, b). This com-
prises an evaluation of each data point with respect to its
former and cross-validation with neighboring stations and
radar retrievals. Additionally, each data point is compared
to other weather-related variables and to the local climatol-
ogy (Rostkier-Edelstein et al. 2016; Hochman et al. 2020a,
b; https://ims.data.gov.il).
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Table 1
resolution (°), following Taylor et al. (2012)

The eight CMIP5 models used in the present study. Columns show: modeling center (or group), institute ID, model name, and horizontal

Modeling center (or group) Institute ID Model name (short name) Resolution (°)

Canadian Centre for Climate Modelling and Analysis, Canada CCCMA CanESM2 2.79 x 2.81
(CANESM)

National Centre for Atmospheric Research, USA NCAR CCSM4 (CCSM) 0.94 x 1.25

Met Office Hadley Centre, England MOHC HadGEM2-CC 1.25 % 1.88
(HadGEM2CC) 1.25 % 1.88
HadGEM2-ES
(HadGEMZ2ES)

Institut Pierre-Simon Laplace, France IPSL IPSL-CM5A-LR 1.9 x3.75
(IPSL)

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

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

Norwegian Climate Centre, Norway NCC NORESM1-M 1.9x25
(NORESM)

3 Methods

Possible changes in the characteristics of ‘wet” and ‘dry’ Red
Sea Troughs are analyzed. With this aim, the semi-objective
synoptic classification (Alpert et al. 2004a) revised in
Hochman et al. (2018a) is applied to both NCEP/NCAR and
CMIP5 simulations. This method was designed to represent
the weather conditions in Israel, and is the most widely used
classification in the Eastern Mediterranean. The classification
uses SLP, air temperature, and horizontal wind components U
and V at the 850 hPa level over the south-eastern part of the
Eastern Mediterranean (27.5° N-37.5° N, 30° E-40° E; Fig.
la). Five synoptic classes are defined: Persian Troughs,
Cyprus Lows, Highs, ‘Sharav’ Lows, and Red Sea Troughs.
The latter are the focus of the present study.

To differentiate between WRST and DRST and to quantify
possible changes in rainfall yield for WRST days, a statistical
downscaling algorithm based on past analogs (Rostkier-
Edelstein et al. 2016) is trained on NCEP/NCAR data and
then applied to CMIP5 simulations. This method compares a
given atmospheric state with those from a long-term past re-
cord. Using the minimal Euclidean distance metric
(Minkowski metric; Wilks 2011), the analogs for the past
atmospheric states are identified and the corresponding obser-
vations are taken as proxies for the resulting local weather
(Zorita and Von-Storch 1999). The Minkowski metric is com-
puted using twenty-five grid points and the four variables at
each grid point. The analogs downscaling algorithm is based
on SLP, air temperature, and horizontal wind components U
and V at the 850 hPa level similar to the synoptic classification
(27.5° N-37.5° N, 30° E-40° E; Fig. 1a). It should be noted
that the rainfall variable from both reanalysis and CMIP5
models was not used throughout the downscaling procedure.
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Instead, the daily rainfall at each station is computed for the
closest past analog.

The advantages and disadvantages of statistical downscal-
ing have been rigorously discussed in the literature (e.g.,
Maraun et al. 2010; Salvi et al. 2016; Lanzante et al. 2018).
Statistical downscaling methods are computationally inexpen-
sive compared to dynamical downscaling and often, but not
always, provide relatively good results, depending on the
availability of high-quality observations (Lanzante et al.
2018). Nonetheless, statistical downscaling may suffer from
uncertainty due to non-stationarity of the climate system (e.g.,
Maraun and Widmann 2018). In particular, one drawback of
the analogs’ method is that it cannot simulate rain quantities
that have not occurred in the past (e.g., Maraun et al. 2010).
Still, the analogs’ method shows advantages with respect to,
e.g., weather regime downscaling techniques, as it provides
additional information on the tails of the rainfall distribution
(Hochman et al. 2020b). With this aim, the algorithm iden-
tifies the closest analogs as past intense/weaker events, and
these analogs are then chosen more often by the algorithm.
Further details on the method can be found in Rostkier-
Edelstein et al. (2016). Overall, the current method showed
an improvement for rainfall estimation compared to low-
resolution GCM data (Rostkier-Edelstein et al. 2016;
Hochman et al. 2020a, b).

Given the Red Sea Trough days based on the synoptic
classification and the rain amounts from the analogs down-
scaling algorithm, we then distinguish between WRST and
DRST days following the commonly used definition by
Tsvieli and Zangvil (2005, 2007). According to this defini-
tion, a WRST occurs if at least two of the rain stations record-
ed a daily amount of 0.1 mm or higher. This threshold corre-
sponds to ~ 25% of the rainy days over the main hydrological
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basins of Israel, i.e., the northern and central parts of Israel.
This permits us to build two sub-groups of WRSTs and
DRSTs for the NCEP/NCAR reanalysis and for the CMIPS
models. The changes in SLP patterns, frequency, persistence,
annual cycle, and rain associated with enhanced greenhouse
gas concentrations are then quantified.

The computation of the annual cycle of the Red Sea
Troughs is based on the method proposed by Alpert et al.
(2004b). Daily time series are derived for each of the study
periods. Then, the total occurrence of each group was com-
puted with a running mean of 11 days (+£5 days) spanning that
specific day. Finally, the results are averaged for every day
over the historical (1986—-2005) and end of the century (2081—
2100 RCPS8.5) periods. The running mean of 11 days was
chosen after comparing between different possibilities.
Longer averaging periods obscured the main characteristics
of the seasonal behavior, whereas shorter periods led to noisy
results (Alpert et al. 2004b). The student’s ¢ test (for the SLP
mean patterns), binomial (for the frequencies and persistence),
and bootstrap (for rain) tests are used to compare between
future (2081-2100 RCP8.5) and historical (1986-2005) pe-
riods at the 5% significance level for both WRST and DRST
groups.

4 Results

4.1 Characteristics of the ‘wet’ and ‘dry’ Red Sea
Trough for current climate conditions

The general characteristics of the Red Sea Trough are ana-
lyzed for the recent time period (1986-2005). The mean SLP
composite maps of WRST and DRST for the NCEP/NCAR
reanalysis are shown in Fig. 1. For the WRST, a tilt in the
horizontal trough’s axis towards the Mediterranean Sea is
identified (Fig. 1a), which is not the case for the DRST (Fig.
1b). On average, WRST conditions display lower SLP values
than DRST for most of the investigated area, with values often
exceeding 1 hPa (Fig. 1c). These lower values extend from the
southernmost part of Israel i.e., the Red Sea and expand to-
wards the north.

The maps obtained for the individual CMIP5 model simu-
lations for WRST (Figure S1) and DRST (Figure S2) for re-
cent climate conditions are compared to the NCEP/NCAR
maps (Fig. 1). The CMIP5 models capture comparatively well
the spatial pattern of both Red Sea Trough sub-groups, al-
though some deviations are identified, particularly in terms
of the geographical location of the trough’s axis and depth.
Regarding the WRST cases, five out of the eight models
(CANESM, CCSM, IPSL, MPI and NORESM) display a
clear trough axis with a horizontal tilt towards the
Mediterranean Sea (Figure S1). Some variations are also no-
ticed with regard to the pressure gradient over the region, but

three out of the eight models (CANESM, CCSM and
NORESM) adequately capture both the range of absolute
SLP values and the pressure gradients (Figure S1).
Concerning the DRST cases, five out of the eight models
(CANESM, HadGEM2CC, HadGEM2ES, IPSL and
NORESM) show a subdued trough, also displaying a more
easterly axis orientation (Figure S2) as may be expected by the
representation of this type of systems in the NCEP/NCAR
reanalysis.

For the recent period, CMIP5 models slightly underesti-
mate the number of WRST and DRST with respect to
NCEP/NCAR reanalysis. Specifically, the WRST (DRST) oc-
currence in the multi-model mean is 5.1% (16.5%) while in
NCEP/NCAR reanalysis, the frequency is 5.8% (17.9%;
Table 2). Figures 5e and 6e suggest that the small underesti-
mation of WRST (DRST) frequency in the multi-model en-
semble mean is mainly situated in the winter season.
Moreover, the models slightly overestimate (underestimate)
the persistence of the WRST (DRST), with a probability of
persistence in the multi-model mean of 18.6% (42.2%), a val-
ue which slightly deviated from the NCEP/NCAR reanalysis
value of 17% (45.9%;, Table 2).

Finally, we study the ability of the downscaled CMIP5
models to capture the shape of the daily rainfall Cumulative
Distribution Functions (CDFs). The multi-model mean repre-
sents the rainfall distribution relatively well, with some under-
estimations particularly at ~ 5-20 mm (Fig. 2). Indeed, the
median daily rainfall yield of the WRST is 0.9 mm day™' in
the multi-model mean, while the corresponding value for
NCEP/NCAR is 1.11 mm day™' (Table 2). We therefore con-
clude that the multi-model mean captures the characteristics of
both Red Sea Trough groups relatively well, thus permitting
an evaluation and interpretation of the projected climate
change signal.

4.2 Characteristics of the ‘wet’ and ‘dry’ Red Sea
Trough for future climate conditions

We first analyze how the spatial pattern of the WRST and
DRST cases changes under enhanced greenhouse gas forcing.
When comparing the CMIP5 XXI century projections to the
historical period, five out of the eight models (CCSM,
HadGEM2CC, HadGEM2ES, MPI and MRI) show signifi-
cant increases in SLP values for the WRST (white areas in
Fig. 3), particularly across the northern part of the domain.
This also emerges clearly in the multi-model mean (Fig. 3e).
Although the models do not all show an increase in SLP
values (cp. Fig. 3 a, f, and h), a tendency towards an enhanced
meridional pressure gradient is clear in all cases. For the multi-
model mean, this increase is about 0.5 hPa/1000 km, which
corresponds to about + 9% (Fig. 3e).

A larger spread among CMIP5 models is found for the
DRST case (Fig. 4). In fact, half of the GCMs present an
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Table 2 Changes in frequency, persistence, and downscaled median
daily rain of the ‘Wet’ Red Sea Trough (WRST) and ‘Dry’ Red Sea
Trough (DRST). The periods considered are the historical (1986-2005)
and end of the century (2081-2100 RCP8.5). The NCEP/NCAR values
are shown for reference. The models are ordered alphabetically. Single

asterisk indicates a significant change using the binomial test for the
frequencies and persistence, and bootstrap test for the rain at the 5 %
significance level. Standard deviations for the multi-model means are
given in brackets

WRST DRST
Frequency

1986-2005 (%) 2081-2100 (%) Difference (%) 1986-2005 (%)  2081-2100 (%)  Difference (%)
NCEP/NCAR 5.8 17.9
CANESM 39 34 —13* 13.7 154 + 12%
CCSM 3.1 2.6 - 16* 14.6 16.5 + 13%
HadGEM2-CC 5.7 5.5 -4 15.9 19.5 +23%
HadGEM2-ES 6.4 5.5 — 14* 15.8 23.6 + 49%
IPSL 7.8 4.9 = 37* 23.3 27.5 + 18%*
MPI 5 35 —30%* 15.8 16.6 +5
MRI 5.6 4.8 — 14* 17.1 20.2 + 18%*
NORESM 34 2.3 —32% 16 17.2 +38
Multi-model mean  5.1(1.5) 4.1(1.2) —20(10.8)* 16.5(2.7) 19.6(3.9) + 19(12.8)*
Persistence

1986-2005 (%) 2081-2100 (%) Difference (%) 1986-2005 (%)  2081-2100 (%)  Difference (%)
NCEP/NCAR 17 45.9
CANESM 16.4 17.7 +38 37.6 422 + 12%
CCSM 15.4 13.4 —13%* 39.3 41.7 + 6%
HadGEM2-CC 17.1 20.1 + 18* 40.5 43.9 + 8%
HadGEM2-ES 23.6 21.6 -8 37 48 + 30%*
IPSL 23.7 15.9 —33% 55.8 57.9 +4
MPI 18.8 16.8 —11* 40 38.8 -3
MRI 16.5 16.4 - 0.6 40.1 48.8 +22%
NORESM 17.5 143 —18* 47.3 45.6 -4
Multi-model mean 18.6(3) 17(2.6) —9(14.8)* 42.2(5.9) 45.9(5.5) +9(11)*
Rain

19862005 (mm/day) ~ 2081-2100 (mm/day)  Difference (%)
NCEP/NCAR 1.11
CANESM 1.12 0.69 —38%*
CCSM 0.69 0.48 - 30*
HadGEM2-CC 1.11 0.59 —47*
HadGEM2-ES 1 0.48 —52%
IPSL 0.72 043 —40*
MPI 0.86 0.47 —45%
MRI 1.21 0.98 —20%
NORESM 0.47 0.47 0
Multi-model mean  0.9(0.24) 0.57(0.17) = 37(16)*

increase in SLP values, while the other half a decrease.
The multi-model mean suggests a predominant tendency
towards lower SLP values, particularly over the northern
part of the domain (Fig. 4e). Similar to WRST, the
multi-model mean also suggests an increase in the me-
ridional pressure gradient of ~ 0.3 hPa/1000 km, which
is equivalent to about + 6% (Fig. 4e). Thus, both WRST
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and DRST may be on average associated with stronger
zonal winds under future climate conditions. However,
the relatively large spread among models, particularly
for the DRST cases, does not permit a robust conclusion.
On the other hand, the models agree on an average,
showing a significant decrease (increase) in the occur-
rence of the WRST (DRST) by — 20% (+ 19%) under
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Fig. 2 Daily rain CDFs (mm day'l) for “‘Wet’” Red Sea Trough (WRST)
days according to the CMIP5 models downscaled by the analogs” method
for 1986-2005. Daily rainfall is computed as the average of eighteen rain
stations over Israel (Fig. 1a; Table S1)

future climate conditions (Table 2). Moreover, six out of
the eight models show a significant decrease (increase) in
the persistence of the WRST (DRST) by — 9% (+ 9%)
on average (Table 2).

Next, the annual cycle of the WRST and DRST is
analyzed and compared for the two relevant periods. A
large portion of the decrease in the frequency of the
WRST is found in the transition seasons (Fig. 5), a fact
that is also clearly reflected in the multi-model mean (Fig.
5e). Specifically, five out of the eight models (CCSM,
HadGEM2CC, IPSL, MPI and MRI) show a decrease in
the occurrence of the WRST in both spring and autumn.
The other three models (CANESM, HadGEM2ES, and
NORESM) show the decrease only in one of the transition
seasons. Regarding the DRST, the increased frequency
takes place primarily throughout the wet season, i.e., au-
tumn, winter and spring (Fig. 6). This is also visible in the
multi-model mean (Fig. 6¢) with a relatively low spread
among the models.

These changes in the frequency and persistence of
DRST and WRST conditions imply a decrease in rainfall
over the area, particularly for spring and autumn.
Specifically, we investigate the changes in the WRST in
terms of the CDFs of daily rainfall. Figure 7 shows the
downscaled daily rain CDFs for each model and the
multi-model mean for the end of the XXI century com-
pared to the reference period 1986-2005. While some

models show small (notably MRI) and others large devi-
ations (CANESM, IPSL, both HadGEM versions) com-
pared to the current period, all models agree on an aver-
age reduction of daily rainfall except for very low values
(Fig. 7). In total, the rainfall shows a statistically signifi-
cant and quasi linear reduction, associated with WRST
conditions. In numbers, we find a decrease from 0.9 to
0.57 mm per day on average (Table 2), which corresponds
to a reduction by — 37% (Table 2). The range between the
individual models is large, with values from —20% (MRI)
to — 52% (HadGEM2ES). These large changes in rainfall
amounts will have considerable implications on the hy-
drological cycle in the region.

5 Summary and conclusions

Understanding the changes in Eastern Mediterranean
weather regimes and its impacts on rainfall is an impor-
tant task for developing regional climate change scenari-
os. While considerable attention has been given to
Mediterranean cyclones, other important phenomena for
regional rainfall conditions, like the Red Sea Trough,
have received less consideration. This is particularly the
case within the context of climate change. The assessment
of the characteristics of both Red Sea Trough modes is
most relevant in terms of the availability of water re-
sources in a changing climate, especially given the ob-
served and projected reduction in rainfall ascribed to the
Cyprus Low system (e.g., Alpert et al. 2004a; Hochman
et al. 2018a). In the present study, the possible changes in
the characteristics of both the ‘wet’ and ‘dry’ Red Sea
Trough conditions in a warming world are studied. We
use eight statistically downscaled CMIP5 models for the
recent (1986—2005) and end of the century periods (2081—
2100; RCP8.5).

The comparison between the model simulations for re-
cent climate conditions to the reanalysis revealed that the
CMIPS models can capture the general characteristics of
WRST and DRST over the study area. Regarding the fu-
ture climate projections, we find a number of important
changes in the properties of WRSTs and DRSTs com-
pared to the recent period. The CMIP5 models project
on average an increase in the meridional pressure gradient
both for WRST and DRST days. This implies that both
modes of the Red Sea Trough may be associated with
stronger horizontal winds in future decades. The WRST
occurrence and persistence are projected to significantly
decline, while these properties may significantly increase
for DRST conditions. We specifically provide evidence
that the decline in the frequency of the WRST may pri-
marily affect the transition seasons, while the increase in
the DRST frequency takes place across the wet season,
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Fig. 3 Difference between the mean sea level pressure (hPa) of “Wet’

Red Sea Trough (WRST) composites for 2081-2100 (RCP8.5) versus
1986-2005 periods as simulated by CMIPS models (panels a—i). The
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multi-model mean sea level pressure difference is shown in panel e.
Changes are significant using the student’s ¢ test at the 5% significance
level except for grid points shaded in gray

i.e., from September to May. These new findings suggest  of WRSTs may partially be compensated by an increase
in the occurrence of the Persian Trough in the transition

that the projected decrease in the frequency of Cyprus
seasons (Hochman et al. 2018a, 2018b). This indicates a

Lows (Hochman et al. 2018a) may be associated with an
increase in DRSTs as hypothesized by Alpert et al.  trend towards drier conditions throughout the wet season,

(2004a). On the other hand, the decrease in the occurrence
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Fig. 4 Same as Fig. 3 but for the ‘Dry’ Red Sea Trough (DRST)

and an extended autumn season dominated by DRST
conditions.

The changes in the dynamical properties of the WRST
also influence its daily rainfall yield. The CMIP5 models
considered here indicate that the average rainfall yield on
a WRST day will significantly decrease in the future.
Specifically, the statistical downscaling algorithm based
on past analogs operated on the CMIP5 model simulations
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suggests that the daily rainfall yield on a WRST day will
decrease on average by — 37%, relative to present day. For
the individual models, the values range from — 20 to — 52%.

Our findings are in line with a poleward shift of the mid-
latitude jet stream on zonal and annual average, also associat-
ed with a northward shift of the mid-latitude storm tracks (e.g.,
Barnes and Polvani 2013; Shaw et al. 2016; Tamarin-Brodsky
and Kaspi 2017). While these changes may be quite different
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for different seasons (cp. Zappa et al. 2015b), they are associ-
ated with the projected inflation of the Hadley cell (Seidel
et al. 2008) and may lead to an overall decrease of annual
precipitation southward of 50°N (Santos et al. 2016). Some
studies also project a more dominant positive phase of the

@ Springer

multi-model mean annual cycle is shown in panel e. The NCEP/NCAR
reanalysis annual cycle of WRST is shown for reference in panel e (solid
grey line)

North Atlantic Oscillation (Gillet and Fyfe 2013), which
would affect the occurrence and characteristics of the synoptic
systems over the Eastern Mediterranean (Hochman et al.
2020a). Specifically, these changes may allow the Red Sea
Trough to penetrate further north and in turn influence its
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rainfall yield. Potential drivers of these changes may relate to
alterations in precipitation-generating thermodynamic pro-
cesses under future climate conditions, e.g., higher tempera-
tures, enhanced latent heat release, and moisture content at
lower levels (Lucarini et al. 2010). Clarifying this result in
coarse gridded global simulations is rather difficult and

motivates the investigation of an ensemble of regional simu-
lations to identify the underlying drivers.

The above findings offer a clear outline as to the climatic
challenges the Eastern Mediterranean and specifically Israel
may face in future decades, including alterations in water re-
sources, reduced agricultural potential, and an increase in air
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pollution and forest fires. These new insights can be used to
support the development of mitigation strategies, water
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solid lines). Daily rainfall is computed as the average of eighteen rain
stations over Israel (Fig. 1a; Table S1)

resources management, and regional climate change adapta-
tion measures (Loizidou et al. 2016; Lange 2019).
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