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Abstract

Regional climate models are widely used to assess current and future impacts of climate change. In this study, we evaluate
the performance of regional climate models from the Coordinated Regional Climate Downscaling Experiment programme
integrated over the following three CORDEX domains: AFR, MNA and WAS. Four meteorological variables (temperature,
precipitation, solar radiation and cloud cover) were evaluated over Syria at a grid spacing of 0.44°. The performance of five
models in simulating the present climate characteristics (1989-2008) is evaluated with respect to the observations: CRU,
ERAS reanalysis and SARA and CLARA satellite data. We find that the mini-ensemble captures well the general spatial
patterns and annual cycles of the selected variables. Anotheraim of this study was to assess the expected change of the
mentioned four climate variables over Syria under the moderate emission scenario (RCP4.5) and the high emission scenario
(RCP8.5) in the near future (2031-2050) and in the far future (2080-2099) with respect to the present climate (1989-2008).
The simulations show a decreasing trend in cloud cover (between 6% and 10%) and precipitation (up to 9%) by mid and late
century, regardless of the forcing scenarios. The simulations show a pronounced warming over Syria, which is expected
to reach 6 °C by the end of the twenty-first century following the high greenhouse gas concentration scenario (RCPS.5).
Furthermore, such an increase, combined with a decrease in precipitation, will shift Syria’s climate towards a more arid one.
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1 Introduction

On one hand, climate models can be useful tools for provid-
ing information on human-induced climate change (IPCC
2013), but on the other hand, the climate parameters derived
from climate model simulations are subject to high uncer-
tainties. Indeed, climate models are characterised by biases
compared to observations (Torma et al. 2011; Kotlarski et al.
2014). Consequently, both types of climate models, global
and regional (GCM and RCM, respectively), can only pro-
vide information on climatic conditions with uncertainties.
Climate models can be seen as imperfect tools that cannot
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predict the future with certainty, but they can provide useful
information that serves as a fundamental pillar for making
decisions about mitigating or adapting to climate change
(King et al. 2015; Sutton 2019).

Global warming is real, and the predictions about the
climate have to be taken seriously (Saravanan 2002). In
December 2015, almost all of the world's nations agreed in
Paris, France, on how to tackle the climate crisis. The aim
of this agreement, known as the Paris Agreement, is to keep
the global average temperature rise well below 2 °C, and
ideally below 1.5 °C to reduce the risks and the impacts of
climate change (IPCC 2015; Betts et al. 2018; Dudney and
Suding 2020).

The observed temperature changes are not uniform: the
increase is more pronounced over land (1.59 °C) than over
the ocean (0.88 °C). Based on observations and proxy data,
global surface temperature has risen faster since 1970 than in
any other 50-year period in at least the last 2000 years (IPCC
2023). Anthropogenic climate change has also been impli-
cated in ecosystem impacts from slow-onset processes, such
as ocean acidification, sea-level rise or regional decreases
in precipitation, which have contributed to desertification
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and exacerbated land degradation, particularly in low-
lying coastal areas, river deltas, drylands and permafrost
areas. Nearly, 50% of coastal wetlands have been lost in the
last 100 years as a result of the combined effects of local
human pressures, sea-level rise, warming and extreme cli-
mate events (IPCC 2023). The frequency and intensity of
climate extremes are considered more sensitive indicators
of climate warming than mean climate values, and these
extremes are often associated with significant impacts on
natural and human systems (Zheng et al. 2019). An increase
in climate extremes could lead to direct or indirect health
impacts through food insecurity (Betts et al. 2018), natural
disasters (Sun et al. 2019), challenges to the global energy
system (Meng et al. 2020; Yang et al. 2020), and increased
global conflict (Harari and Ferrara 2018).

Assessing current and future climate characteristics is
important for developing long-term adaptation and mitiga-
tion strategies around the world as a response to climate
change (Forster et al. 2020; Abbass et al. 2022).

Considering that Syria is already exposed to natural haz-
ards (ACSAD 2011; Massoud 2010) and suffers from an
ongoing armed conflict, adaptation and mitigation strategies
must be prepared to address the impacts of climate change in
a country that is heavily dependent on the agriculture (45%
of the population depends on agriculture for their livelihoods
(FAO 2021)).

RCMs are widely used in the regional assessment of the
impacts of climate change (Giorgi 2019; Tapiador et al.
2020). It is important to assess the performance of individual
models in describing climatic conditions before using their
output for impact assessment (Giorgi and Bi 2000; Hassan
et al. 2015; Diro and Sushama 2017; Ozturk et al. 2018).

Addressing the vulnerability of the Middle Eastern coun-
tries including Syria related to drought and climate change
has been one of the research priorities in recent years (Faour
et al. 2010; Massoud et al. 2010; Karnieli et al. 2019; Kelley
et al. 2015).

In the last decade, several studies (Almazroui et al. 2012,
2017, 2020) have used different climate models to assess
the future climate change and associated uncertainties over
the Arabian Peninsula, which includes the Syrian territory,
where future changes are assessed based on GCM simula-
tions (Coupled Model Intercomparison Project Phase 5 and
6: CMIP5 (Taylor et al. 2012) and CMIP6 (Eyring et al.
2016)).

A great contribution to the climate studies over Syria was
made by Prof. Dr. Ali Hassan Mousa (in Arabic, e.g., climate
changes, contemporary issues in climate, applied climatol-
ogy and bioclimatology; Mousa 2011). His work has mainly
focused on the erratic atmospheric conditions that have pre-
vailed in Syria over the past few years, leading to unusual
rainfall that has occurred mainly in the interior of Syria. In
addition, the papers discussed the atmospheric factors and
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local causes that led to major flooding and inundation, caus-
ing loss of property and lives, and soil erosion.

The Arab Center for the Studies of Arid zones and Dry
lands ((ACSAD), https://acsad.org/en/), established in
Damascus in 1968, conducts research and studies related
to agricultural development, drought mitigation and resil-
ience, and is considered as one of the leading innovators
in this field. Other climate change-related studies have also
been conducted by FAO (Food and Agriculture Organiza-
tion of the United Nations, FAO 2021) and also by RICCAR
(Regional Initiative for the assessment of Climate Change
impacts on water resources and socio-economic vulnerabil-
ity in the Arab Region, ESCWA 2017).

This study is one of the first to focus on the climate and
projected climate change over the region of Syria and its
surroundings. A central objective of this research is to con-
tribute to the development of climate change adaptation and
mitigation strategies in Syria. The next section provides
background information on the study area, followed by sec-
tions detailing the data and methods, and presenting the per-
formance of the models in simulating the mean climate over
Syria. The paper concludes with a discussion of projected
changes in the selected variables (temperature, precipitation,
solar radiation and cloud cover).

2 Description of the Study Area

In this research, we provide the assessment of the aforemen-
tioned outputs of models at medium resolution (50 km grid
spacing) using a set of climate simulations accomplished
by five RCMs integrated over three CORDEX domains:
MENA, WAS and the AFR CORDEX regions (MENA;
the Middle East and North Africa, WAS: Western Asia and
AFR: Africa). Figure 1 depicts the CORDEX regions cover-
ing the region of interest (Syria).

Syria is a country which has an area of 185,180 km?” and
is located on the eastern side of the Mediterranean (Fig. 2).
The interior part of the country is occupied mainly by a
plateau, at an altitude of between 400 and 1200 m, with a
combination of arid and semi-arid environments. Most of the
Syria’s territory is covered by the Syrian desert (located in
the central and south-eastern parts of the country).

Natural forests cover about 2% of the country and water
bodies cover less than 1% of the country (FAO 2014). Most
of the country receives very little rainfall; over about 60%
of the country the average annual precipitation is less than
250 mm. Syria has four geographical zones: the Mediter-
ranean coast to the west, mountains to the east of the coast,
steppe to the east of the mountains and along the northern
border, and desert along the south-eastern borders with Jor-
dan and Iraq (United States Agency for International Devel-
opment (USAID) 2017).
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Fig. 1 Location of Syria (highlighted with pink color) within three Cordex domains used in this study

Syria’s is characterised by hot, dry and sunny summers
(June to August) throughout the country (higher humidity
in the coastal areas) and mild, rainy winters (December to
February) along the coasts (with occasional snowfall on the
highest mountain peaks) (Faour et al. 2010). Details of the
observed seasonal mean temperature and precipitation aver-
aged over Syria for the period of 1991-2020 are given in
Table 1 (CCKP 2021).

3 Data and Methodology
3.1 Regional Climate Models Description

In this section, we provide a brief overview of the models
used for simulations conducted over three different COR-
DEX domains, noting that each domain includes the terri-
tory of Syria (Fig. 1). Information on the observational data
sets and methods used is also provided in this section.

The CORDEX (Coordinated Regional Climate Down-
scaling Experiment, http://wcrp-cordex.ipsl.jussieu.fr/,
Giorgi et al. 2009)—the internationally coordinated initia-
tive was established to provide a relatively high horizon-
tal resolution ensemble of RCM projections over multiple
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continental-scale domains for application to climate change
impact studies (Gutowski et al. 2016).

Within CORDEX, there are many RCM simulations
available for which the initial and boundary conditions are
provided by Global Climate Models (GCMs). Such experi-
ments can serve as projections of how the Earth’s climate
may change in the future. Note that additional simulations
are available within CORDEX that are forced by reanalysis
fields (representing the perfect boundary condition simula-
tions; Giorgi 2019). These results can also help decision-
makers to formulate relevant ploicies in the context of cli-
mate change. However, the impacts of a changing climate
and the adaptation strategies need to be considered on both
regional (national) and global scales. This is where regional
downscaling techniques play an important role, as they pro-
vide much more detalied projections and a more accurate
representation of extreme events even at the local level com-
pared to GCMs (Wang et al. 2015; Torma et al. 2015; Ciarlo
et al. 2021).

In this context, the present study provides an analysis of
the CORDEX regional climate model simulations of dif-
ferent climatological variables over Syria (temperature,
precipitation, solar radiation and cloud cover). It also pro-
vides a brief summary of the expected changes in climatic
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Table 1 Observed temperature and precipitation seasonal means for
Syria

DIJF MAM JJA SON
Temperature (C) 7.88 17.58 29.01 20.21
Precipitation (mm) 104.98 84.61 2.85 50.57

conditions for the near (mid) and for far future (end of the
twenty-first century) over the region of interest.

The RCMs have the same spatial resolution over each
domain (0.44°,~50 km grid spacing). However, in this study
we have analysed three time slices: 1989-2008, considered
as the present climate (or evaluation period). These 20 years
were chosen based on the availability of the evaluation data
for both RCMs and observations (Table 2). 1989-2008 also
served as the reference period. Historical simulation data
used in climate change assessments, which also used data
from the scenario runs for 2031-2050 (near future) and
2080-2099 (far future) under the intermediate RCP4.5 and
the high-end RCP8.5 scenarios (Moss et al. 2010).

The RCM projections used in this study cover the period
2006-2100, whereas the historical runs cover the period
1970-2005. Accordingly, the driving fields for the scenario
runs were provided by GCMs from the CMIP5 experiment

@ Springer

(Climate Model Intercomparison Project, Phase 5; Taylor
et al. 2012). RCM simulations for which the lateral boundary
conditions were obtained from global reanalyses of observa-
tions (perfect boundary condition approach; Giorgi 2019)
were also used for the present study. These evaluation runs
cover the period 1989-2008. Considering the availability of
observational data and RCM data for each variable, the last
3-year period for present climate data was provided by the
RCP8.5 scenario runs for the RCMs.

Details of the CORDEX RCMs and their driving fields
used in the study are shown in Table 2. We analysed these
simulations conducted at different model centers. It should
be noted that the evaluation simulations cover different time
slices, making it difficult to obtain 30 consecutive years.

3.2 Observational Data

Noting that, not only observational data sets can serve as ref-
erence data for validation purposes, but reanalysis data can
also be used to evaluate the performance of climate model
simulations (Zhang et al. 2011; Moalafhi et al. 2017; Ead-
aoin et al. 2021). Thus, reanalysis data sets can be used as
an alternative solution when there is a gap in observational
data over the study area.
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Table2 CORDEX-RCMs and the driving fields used in this study

RCM Model centre Driving field Region  Evaluation runs availability
Starzt  End Count (years)
HIRHAMS Danmarks ECMWEF-ERAINT AFR 1989 2010 22
Christensen et al. (1998)  Meteorologiske ICHEC
Institut (DMI),
Danmark
RACMO22T Koninklijk ECMWEF-ERAINT AFR 1981 2010 30
Meijgaard et al. (2012) Nederlands ICHEC
Meteorologisch MOHC
Instituut (KNMI),
REMO2009 Climate Service Center Germany (GERICS) ECMWEF-ERAINT AFR 1989 2008 20
Jacob (2001) ICHEC
IPSL
MIROC
MOHC
MPI
RCA4 Sveriges ECMWEF-ERAINT MNA 1981 2010 30
Kupiainen et al. (2011) Meteorologiska CNRM
och Hydrologiska ICHEC
Institut (SMHI), NOAA
Sweden
RegCM4 National Center for Atmospheric Research ECMWF-ERAINT WAS 1981 2008 28
Giorgi et al. (2012) (NCAR) and Earth System Physics (ESP) CNRM
CSIRO
IPSL
MPI
NOAA

As reference data for validation purposes, we used differ-
ent types of data sets, namely: land surface station measure-
ment data (CRU,Climatic Research Unit, Harris et al. 2020),
reanalysis product (ERAS, Hersbach et al. 2019), and satel-
lite-based observations (SARAH-2; Pfeifroth et al. 2018).

CRU is a widely used climate data set covering all land
areas of the world except Antarctica, with observations dat-
ing back to 1901. It is derived by interpolating monthly cli-
mate anomalies from extensive networks of weather station
observations (Harris et al. 2020). The data set used in this
study is version 4.04, which contains three different climate
variables: temperature (tmp), precipitation (pre) and cloud
cover (cld).

At the same time, the ERAS reanalysis data set (Simmons
et al. 2006) has several advances (including better spatial
and temporal resolution) compared to ERA-Interim (Hoff-
mann et al. 2019) and is based on the Integrated Forecasting
System (Hersbach et al. 2019). It combines large amounts of
historical observations into global estimates using advanced
modelling and data assimilation systems that provide data
from 1950 onwards (the research uses a reanalysis data set
with a publication date of 2019-04-18, including three dif-
ferent climate variables: solar radiation, precipitation and
temperature).

The second edition of the Surface Solar Radiation Data
Set-Heliosat Edition 2 (SARAH-2; Pfeifroth et al. 2018) is
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used for further model evaluation, and CLARA-A2 from
EUMETSAT CM-SAF (Karlsson et al. 2020) is used.

E-OBS v23.1e (Cornes et al. 2018) is also used as an
additional observational reference data set. This observa-
tional gridded data set covers the region of interest; how-
ever, it mostly consists of station data from Europe with a
horizontal resolution of 0.1°x0.1° and 0.25° % 0.25°. The
obtained version of E-OBS contains eight meteorological
variables on a daily basis from 1950 to 2020. For our pur-
pose, to validate the RCM simulations, tg, rr and qq fields
were obtained from the E-OBS data set at a resolution of
0.25°x0.25°.

3.3 Methodology and Analyses

The metrics used for the present study are commonly used by
the CORDEX community for both assessment and climate
change studies (Kotlarski et al. 2014; Gutowksi et al. 2016;
Giorgi 2019). Our analysis has two main focuses. First, we
evaluated the performance of the RCMs in reproducing
the present-day climate during the period of: 1989-2008,
focusing on some key meteorological variables: cloud cover
(clt), solar irradiance (rsds), near surface temperature (tas)
and total precipitation (pr). More specifically, the simulated
climate variables over Syria were compared with observa-
tions obtained for the present climate (1989-2008) from the
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following data sets: CRU (clt, tas and pr), CLARA (clt),
SARAH (rsds) and ERAS (rsds, tas, pr). Accordingly, all
RCM and observational data were interpolated to share the
same horizontal grid by following previous work (Torma
et al. 2015). The interpolation technique used was the dis-
tance weighted average remapping of the Climate Data
Operators software (CDO, Sczhulzweida, 2021). All data
are then analysed and reported on the common 0.44° km
grid. Annual cycles are calculated on a monthly basis, aver-
aged over the region of interest (Fig. 2).

The biases present in the simulated climate variables were
calculated with respect to the observations: model minus
observation. In this form, a positive bias in precipitation
refers to its overestimation, while a positive bias in tempera-
ture indicates warmer conditions in the model compared to
observations.

Accordingly, the spatial distribution of simulated and
observed data over Syria was also compared. The normalised
standard deviation and spatial correlations were calculated
and compared with the observational data and represented
in the form of a Taylor diagram (Taylor 2001). Calculations
were performed on a seasonal scale representing four sea-
sons: winter (December—January—February, DJF), spring
(March—-April-May, MAM), summer (June—July—August,
JJA) and autumn (September—October—November, SON)
and all RCMs and other additional observational data sets
were compared to a reference data set: CRU.

We then turned our attention to the projected changes
relative to the reference period for the following two sce-
narios: RCP4.5 and RCP8.5 and two time slices near future
(2031-2050) and far future (2070-2099). The projected
changes are presented in the form of spatial plots with
respect to the reference period 1989-2008. Based on the spa-
tial means of the projected temperatures, the expected rate
of temperature change is also given for the region of Syria.

4 Results and Discussion
4.1 Present Climate (Annual Means)

We first evaluated the performance of five RCMs (five evalu-
ation experiments) in reproducing 20 years of annual means
(1989-2008) with respect to two observational data sets for
each variable (Fig. 3).

The ensemble means capture the general pattern of the
observations very well and reproduce the observed spa-
tial distribution of all analysed variables (rsds, clt, tas and
pr); however, a slight difference is present in reproducing
cloud cover and radiation. In general, the simulations show
a precipitation gradient from west to east (the more humid
western coastal areas compared to the dry areas in the east,
leading to local precipitation minima over the southeastern
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region of Syria). Similarly, the temperature also shows the
aforementioned west-to-east gradient (near the coast, the air
contains more water vapour, resulting in higher humidity
with a chance of fog formation over western coastal areas
and higher inland areas). If the air mass comes from the sea,
the relative humidity will be high, bringing cooler air to the
western parts compared to the eastern ones.

Solar radiation shows a solid strong north—south gradient
with a maximum of 245 W/m? per month in the southern
parts in the observations, a pattern generally reproduced by
the RCMs, but with a slight underestimation.

The spatial distributions of the simulated and observed
meterological variables over Syria also show a strong cor-
relation between the four variables, as areas with lower
(higher) temperature and solar radiation values are associ-
ated with higher (lower) cloud cover and precipitation val-
ues (Fig. 3). In addition, we can also see the clear signal
of the effect of the high altitude areas (over 1000 m above
sea level) located mainly in the western parts of the region,
which is manifested in the local minimum of temperature
and local maximum of precipitation and cloud cover.

Overall, the ensemble mean of the five RCMs shows a
relatively good ability to reproduce most of the observed cli-
matology and to capture the general pattern of the observed
data. In addition, our results also highlight the fact that there
are uncertainties in the observational data. For example, we
used two different observational data sets for each meteoro-
logical variable assessed to draw attention to this fact. In
general, the CRU data set was used as the reference data-
base, except for the radiation (rsds), as such a variable is not
provided by CRU, thus we used SARAH as the reference
data set.

4.2 Temperature and Precipitation Biases
for the Present Climate (Seasonal Means)

The differences between the RCMs (evaluation runs for
which ERA-Interim provided the forcing fields) and the
observed climatology are shown in Figs. 4 and 5. More
specifically, these biases are calculated by computing
the differences between model and observed data (model
minus observation), where a positive bias indicates overes-
timation of a given variable by the RCM, while a negative
bias reflects an underestimation of that variable relative to
observations.

4.2.1 Temperature
In general, the RCMs tend to be warmer over the south-west-

ern regions and cooler in the northernmost areas than the
observations, with the CRU serving as the reference data set.
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Fig.3 20-year annual mean of solar irradiance (rsds), total cloud cover (clt), air temperature (tas) and precipitation (pr) of the period between

1989 to 2008

RCAA4 was found to be an outlier in terms of spatial biases
in terms of magnitude. RCA4 strongly underestimates the
seasonal temperature in all seasons, except for SON.

REMO and HIRHAM were found to be among the best
performing RCMs for winter mean temperature, while
RACMO was best at simulating the temperature charac-
teristics in other seasons. For example, RACMO showed
relatively small biases over the Syrian region compared to
the other RCMs.

Four RCMs (RegCM, HIRHAM, RACMO and REMO)
overestimated temperature in most grids within the range of
absolute biases of +3 °C.
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4.2.2 Precipitation

Similar to temperature, the validation is carried out by com-
paring the individual evaluation RCM simulations with the
CRU data set (Fig. 5). The region of interest is characterised
by low annual precipitation totals (see Sect. 2), so small
biases can lead to large relative biases. For this reason, the
biases shown here are expressed in mm/month rather than
in %. However, the field means of these bias fields are also
given in % in Table 3 in Sect. 4.3.

Seasonal precipitation fields are typically underestimated
by all RCMs compared to observations, with an absolute
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Table 3 Seasonal temperature, precipitation, solar radiation and
cloud cover biases averaged over the region of interest (compared to
the reference data set (CRU) for temperature, precipitation and cloud
cover and (SARA) for solar radiation)

RCA4 RegCM HIRHAM RACMO REMO

Temperature (C)

DJF —-1.21 -09 0.07 —1.18 0.21
MAM 1.12 0.34 1.01 -0.57 0.76
JIA 1.58 1.12 1.82 0.12 1.39
SON -0.39 0.2 0.65 —-0.32 0.59
Precipitation (%)
DIJF —-47.68 —20.1 —-5.31 —23.7 —31.98
MAM —-5194 —-18.86 —9.62 —12.6 —-21.89
JJA 117.42 246793 —44.86 108.34 43.31
SON -13.27 183.87 -7.8 18.67 -20.26
Solar radiation (%)
DJF 18.59 399 —-1991 9.19 —16.07
MAM 12.16 4.64 —9.55 4.97 —-10.33
JJA —1.61 —6.87 —8.94 —6.32 —-74
SON 6.27 54 -17.72 -0.61 —14.43
Cloud cover (%)
DJF —28.25 —-6.12 4.06 —6.55 - 1599
MAM —26.56 —-9.18 1.68 —-11.82 —14.45
JJA 3243 520.01 -9.68 - 335 —33.01
SON -491 93.07 57.58 -5.37 - 16.28

bias in the range of +50 mm/month. All RCMs have a strong
dry bias all over most of the study area, except RegCM,
which has a wet bias is present over the southern regions
regardless of the season. RegCM also has a strong wet bias
over every grid cell in JJA, which can be attributed to the
sensitivity of the convective parameterisation scheme used
by the model.

In general, the evaluation of the climate models in terms
of the biases showed that most RCMs had a dominant
dry bias (underestimation of precipitation) in most of the
region of interest in all seasons, except for JJA. The smallest
biases were found for JJA, except for the RegCM (note that
the mean seasonal precipitation is lowest in summer, see
Sect. 4.3 for more details).

Figure 6 shows the Taylor diagrams based on the seasonal
means of additional observational data sets and also includ-
ing RCMs averaged over the reference period: 1989-2008.

A total of 22 simulations are shown in Fig. 6 (including
five evaluation and five historical runs, see Table 2). In gen-
eral, the RCMs have similar skills to represent the present
climate, regardless of the simulation (evaluation or historical
run). However, there are differences between the RCMs for
some variables and in the different seasons.

For example, in terms of representing the seasonal char-
acteristics of temperature (tas) and solar radiation (rsds),
the RegCM simulations (purple colour) represent close to 1
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normalised standard deviation (STDV, which indicates that
the pattern variations are of the right amplitude compared
to the observations) in all seasons, but are associated with
relatively low spatial correlation.

The largest differences were found for the variables cloud
cover (clt) and precipitation (pr). These variables show
higher variability in space and time compared to temperature
and radiation, thus challenging climate models. However, for
JJA the HIRHAM simulation is close to the observed pre-
cipitation data, with the highest correlation coefficient (0.9).

The symbols representing RegCM for summer cloud
cover data are not shown in Fig. 6. This also indicates that
RegCM is an outlier compared to other RCMs.

The analysis of Fig. 6 also shows that the performance of
the RCMs is seasonally and variable dependent: the bests
results for the given metrics were found for temperature for
JJA, not for precipitation. Overall, considering all variables
and seasons, REMO and RACMO were found to be the best
performing RCMs over the region of interest.

4.3 Annual Cycle

Figure 7 shows the annual cycle based on the monthly means
for the four analysed variables averaged over the region of
interest. It can be seen that for temperature and solar radia-
tion, most of the 22 models evaluated (five evaluation and
seventeen historical) capture the annual cycles very well,
and all the RCMs analyse are in agreement. Some models
could be an exception, HIRHAM, and REMO (e.g., rsds).

When looking at the annual cycles of precipitation and
cloud cover, most models (except for RegCM) seem to
underestimate the observations, especially during the win-
ter season.

RegCM could not capture the annual cycle for clt and pr.
It seems that the parameterisation of the RegCM for this
region is too sensitive to convection, leading to relatively
high summer precipitation (see also Fig. 5). Therefore, fur-
ther tuning of this RCM is needed to find the optimal param-
eterisation setting for the Syrian region.

In summary, the majority of the models seem to capture
the annual cycle [especially the peak in the summer months
(tas, rsds) and the decline in the winter months (pr, clt)]. It
should be noted that no single model performs best in repre-
senting all the variables, which also highlights the need for
the ensemble technique. Furthermore, the results reported in
Fig. 7 also highlight the uncertainties associated with RCM
simulations (Giorgi and Bi 2000; Deque et al. 2007; Giorgi
2019).

The seasonal spatial means of the biases reported in
Fig. 7 are given in Table 3. It can be seen that the above
mentioned biases are more pronounced in the case of pre-
cipitation and cloud cover for RegCM. More specifically,
in the case of summer precipitation (when precipitation in
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Fig.6 Taylor diagram of mean (1989-2008) seasonal radiation (rsds,
first row) vs. SARA, cloud cover (clt, second row), temperature (tas,
third row) and precipitation (pr, fourth row) vs. CRU. The four col-

general shows high variability in space and time), the results
can be sensitive to the choice of parameterisation used for
convective processes.

4.4 Future Climate, Projected Changes in Climate
Variables

After evaluation of all the RCMs mentioned, and as a result
of the assessment, only four RCMs were selected for the cli-
mate change assessments (Table 4). The decision was based
on all previous bias assessments as well as data availabil-
ity (the selected simulations must also share the same time
period for each emission scenario and only one selected run
per RCM was chosen to avoid the results of a given RCM
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Standard Deviation (Normalized)

Standard Deviation (Normalized)

umns are for the four seasons (RCM names refer to the evaluation
runs, while ‘H’ refers to the historical simulation mean of each RCM

group.)

dominating the ensemble mean). Finally, we excluded the
RegCM from the assessment of the future scenario runs
because of its opposite behaviour compared to other RCMs
(e.g., Fig. 7) and the high biases that the RegCM generally
represents over the region of interest (Figs. 5 and 6).

4.4.1 Cloud Cover

Figure 8 shows the projected seasonal changes (relative to
the reference period (1989-2008) derived from each histori-
cal simulation) in cloud cover under the RCP4.5 and RCP8.5
emissions scenarios for the mid-century (2031-2050) and
the end-century (2080-2099). Regions with dots depict
robust signals (where 3 out of 4 RCMs agree on the sign of
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Fig.7 Annual cycle of the four meteorological variables based on their monthly means averaged over the entire region of Fig. 1 for the period
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Table4 CORDEX scenario RCM

. oy Region
runs and their availability for

Model center

Reason to choose/exclude

climate change assessments RCA4

MNA
MNA
MNA
HIRHAMS AFR
RACMO22T AFR
AFR
AFR
REMO2009 AFR
AFR
AFR
AFR
AFR
AFR

ICHEC-EC-EARTH
NOAA-GFDL-GFDL-ESM2M
CNRM-CERFACS-CNRM-CM5
DMI-ICHEC-EC-EARTH
MOHC-HadGEM2-ES
ICHEC-EC-EARTH
ECMWEF-ERAINT
MPI-M-MPI-ESM-LR
MIROC-MIROCS5
IPSL-IPSL-CMS5A-LR
ICHEC-EC-EARTH
MOHC-HadGEM2-ES
NOAA-GFDL-GFDL-ESM2G

RCP4.5 not available

Best performance

Best performance

Best performance

RCP4.5, RCP8.5 not available
Best performance

RCP4.5 not available

RCP4.5 not available

RCP4.5 not available
RCP4.5, RCP8.5 not available

Simulations available under both scenarios and selected for further assessment are highlighted in bold

the projected change). Robust signals were also found for
the other three variables (see Figs. 9, 10, 11), which may be
related to the fact that Syria’s climate will be mainly charac-
terised by a mixture of arid and semi-arid climates.
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The general trend is a decreasing fraction of cloud cover
throughout the twenty-first century in both RCP scenarios
for the region of Syria, which is justified by all models ( they
all agree on the sign of the change).
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Fig.8 Projected changes (relative to the 1989-2008 reference period) in mean seasonal cloud cover under RCP4.5 and RCP8.5 scenarios. Units

are in %

The most pronounced changes corresponding to the
RCPS8.5 scenario are found for the winter and spring sea-
sons. According to our results, the population of Syria will
face a higher decrease in the percentage of cloud cover
(between 6% and 10%). More specifically, the coastal areas
located in the western parts of Syria seem to be the areas
most affected by this change. However, the only excep-
tion to this behaviour is during the summer season under
RCP4.5 (terquaz colour), where there could be a relatively
small increase in the eastern part of Syria during the sum-
mer of the mid-century period (Fig. 8).

The decrease is present in all seasons. In the summer
season, when there is not a high percentage of cloud cover,
the coastal areas still show the greatest decrease. All in all,
this could lead to more intense evaporation, which could
make the region drier in the coming decades.

Global warming will affect the Syrian coastal areas
of the Mediterranean Sea mainly through changes in the
hydrological cycle, with less moisture being transported
from the tropics towards the poles. The resulting decrease
in precipitation over the coastal basin could also lead to a
substantial decrease in the river runoff.

@ Springer

4.4.2 Precipitation

Similar to the projection of cloud cover change, the results
are also reflected in the decrease of precipitation over the
study area (Fig. 9).

The change under RCP8.5 is generally more pro-
nounced than under RCP4.5 by the end of the twenty-
first century. However, by mid-century, the RCMs show a
greater decrease in precipitation under RCP4.5 compared
to RCP8.5, especially for the eastern parts of the region.

Overall, most RCM simulations show a strong decreas-
ing trend in mean summer precipitation, regardless of the
forcing scenario. Some seasonal dependencies were also
found: the most pronounced changes in terms of decreas-
ing seasonal precipitation totals are expected for JJA and
MAM, while less pronounced or even weak precipitation
increases are found for DJF and SON. Our results also
draw attention to the fact, that the assessed RCM simula-
tions project a typically drier climate over the region of
interest by the end of the twenty-first century.
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Fig.9 Same as Fig. 8, but for precipitation

The detailed description of the uncertainty associated
with the projected annual mean precipitation for Syria under
the two future scenarios is provided in Table 5, Sect. 4.4.4.

4.4.3 Solar Radiation

Figure 10 shows the expected change in solar radiation and
the ensemble mean of the four selected RCMs under the
moderate and high-end scenarios.

Looking at the general pattern of change in both scenar-
ios, two different behaviours can be observed: in winter and
spring (increase), but for summer and autumn the results
are mixed: between positive signals (over some part of the
study region in SON) and a dominant decrease (over most of
Syria in JJA). All these changes are projected for both future
periods (2031-2050 and 2080-2099).

The largest decrease in solar radiation under both sce-
narios is projected during the autumn season (SON) and is
located in the south-eastern part of the region. We also found
this signal to be robust, as most RCMs show strong agree-
ment on the sign of this change. Furthermore, the expected
maximum increase in seasonal solar irradiance coincides
with the projected maximum decrease in cloud cover under
RCP8.5 (Fig. 8).
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Based on this, it has been shown that future changes in
solar energy potential are sensitive to the level of global
warming that is projected to occur by the end of the twenty-
first century under different emission scenarios.

The relationship between temperature and solar radia-
tion has a notable effect, as the greater the increase in near-
surface temperature, the greater the potential for future solar
energy suitability, and the projected changes in solar radia-
tion more or less support the direction of changes in the pho-
tovoltalic potential (Dutta et al. 2022). In this respect, this
study provides an important scientific reference to support
the benefits of mitigation and the feasibility of large-scale
deployment of solar power in a changing climate.

Changes in the amount of solar radiation (increasing trend
over western and northern parts of Syria) may not have a
negative impact on households if the region is open to solar
energy generation. On the contrary, some regions can be
expected to benefit from an increase in solar energy.

4.4.4 Temperature
Based on the results of the assessed RCM simulations,

Syria will be a region strongly affected by global warming
(Fig. 11). The temperature change is considered robust over
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2031-2050

2080-2099

DIJF

MAM

Fig. 10 Same as Fig. 8, but for solar radiation

all grid points in all seasons and under both scenarios, thus
no additional points are overlaid on sub-panels in Fig. 11.

Irrespective of the season, all RCMs show substantial
temperature increases, especially over the eastern parts of
the region. The maximum temperature change is expected in
summer (1.8 °C, the highest under RCP4.5 and could reach
6 °C under RCP8.5).

These temperature increases, combined with the pro-
jected decrease in precipitation (Fig. 9), raise the issue of
meteorological droughts under both climate scenarios. The
overall increase in mean temperature is robust in both mag-
nitude and sign over the vast majority of the Syrian territory.

Such an increase in mean seasonal temperatures associ-
ated with a decreasing trend in cloud cover and decreasing
precipitation totals, is likely to lead to a significant increase
in evaporation in coastal regions. A semi-arid country is
already suffering from water scarcity, which, combined with
a decrease in precipitation, could lead to a shift towards
more arid climates.

The seasonal temperature changes shown in Fig. 11
are also evident when we look at the individual projec-
tions under the RCP4.5 and RCP8.5 scenarios (Fig. 12).
The curves are obtained by taking the difference of each
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JJA

SON

future year (with respect to the mean of the reference
period (1989-2008) derived from each historical simula-
tion) and the shaded areas around each of the curves rep-
resent the minimum and maximum changes based on these
simulations (Table 5). The temperature change during the
twenty-first century is more pronounced under the RCP8.5
scenario than under RCP4.5, and the range of projections
increases towards the end of the century (shaded areas in
Fig. 12).

Table 5 reports the seasonal uncertainty for temperature
(°C) and precipitation (%) for the mid (2031-2050) and
far (2080-2099) future periods compared to the reference
period (1989-2008) under the two RCP scenarios.

The range of temperature and precipitation changes is
larger under the high-emission scenario than in the mod-
erate one. In addition, the range of simulated changes
increases towards the end of the twenty-first century
(Table 5). The variability of projected temperature changes
among the ensemble members is in the range of 0.5-0.9 °C
(RCP4.5) and 0.5-1.6 °C (RCP8.5) for the near and far
future, respectively. The projected precipitation signals,
however, show a much more varied picture (Table 5).
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Fig. 11 Same as Fig. 8, but for temperature. Units are in °C

Table 5 Minimum and
maximum changes in seasonal
mean temperature (°C) and
precipitation (%) over Syria

relative to the reference period:

1989-2008

5 Conclusion

This study investigates the climate of Syria and its sur-
roundings using an ensemble of RCM simulations per-
formed over three different CORDEX domains with a
horizontal resolution of 0.44°(~50 km grid spacing). We

DJF

MAM

JJA

SON

RCP4.5

RCP8.5

Mid (2031-2050)

Far (2080-2099)

Mid (2031-2050)

Far (2080-2099)

Min Max Min Max Min Max Min Max

Temperature (C)

DJF 1 1.41 1.62 2.1 1.34 1.8 3.46 4.51
MAM 1.02 1.53 1.68 2.5 1.25 1.83 4.03 5.22
JIA 1.49 1.98 221 291 1.8 224 5.09 6.63
SON 1.26 1.66 2.15 2.52 1.77 2.18 4.55 5.45

Precipitation (%)

DIJF - 15.49 7.17 —15.56 343 —16.46 5.58 -29.8 0.18
MAM —29.25 0.28 —34.73 —0.88 -18.5 6.31 —51.69 —22.58
JJA —40.13 344 -52 9.77 —26.16 41.26 - 63.71 0.65
SON —-22.11 10.12 —29.68 0.6 - 14.16 15.87 —32.38 3.88
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evaluated several metrics related to the performance of
RCMs representing the present climate (1989-2008) and
validated them against different observational data sets
focusing on four climate variables: solar irradiance, cloud
cover, air temperature and precipitation. We also turned
our attention to the future climate projections, hence
the assessment of the twenty-first century projections

@ Springer



694 N. Naaouf, C. Z. Torma
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completed for two future 20-year periods (2031-2050
and 2080-2099) with respect to the reference period
(1989-2008) under the RCP4.5 and RCP8.5 emission sce-
narios to better understand the future climatic condition
in Syria.

At the 20-year annual mean, we found that the analysed
mini-ensemble of five RCMs generally simulated the spatial
pattern of the four variables mentioned quite well compared
to the reference observational data sets for the reference
period. More pronounced biases were found at the seasonal
time scale. In particular, remarkable differences were found
for the seasonal means of temperature and precipitation for
RCA4 and RegCM simulations (e.g., JJA and SON). The
annual cycles derived from the areal averages of the monthly
means for the four variables showed that most models were
able to capture the main characteristics of the annual cycle
over the region of interest, except for RegCM. RegCM
showed a strong overestimation of precipitation during the
summer months (when observations indicate a remarkable
minimum of precipitation). Our results indicate the need for
possible further tuning of RegCM over the Syrian region.

RCMs and additional observations were also analysed
in the form of Taylor plots. The spatial correlations with
the reference observational data set were around 0.95 for
certain variables (see Fig. 6). The additional observational
data sets analysed (ERAS5 and Clara) did not always provide
substantial added value to the RCMs.

The projected future changes of the analysed variables
by mid-century and by far future are consistent under both
RCPs (moderate scenario (RCP4.5) and high emission sce-
nario (RCP8.5)). It should be noted that larger changes are
projected following the RCP8.5 scenario.

Regional climate model projections also indicate a
prevailing decrease in cloud cover and precipitation,
an increase in temperature, and mixed results for solar
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irradiance over Syria. We would like to highlight that
regions with high solar irradiance in the reference period
(e.g., the eastern and south-eastern regions) will continue
to have this characteristic in the mid- and late-century.
Therefore, based on our results, such regions would be
suitable for future solar farm investments.

All of the simulations used in this study agreed on a
progressive warming over Syria. By the end of the twenty-
first century, the mean temperature is projected to increase
by between 1.8 °C (under RCP4.5) and 6 °C (RCP8.5)
compared to 1989-2008.

Given the projected regional climate change signals
derived from the climate variables analysed, the people
of Syria will face with a warmer and more arid climate by
the end of the twenty-first century. These changes are asso-
ciated with an increase in the frequency of weather-related
extremes, but more research is needed to confirm this.

The results of this study emphasise the need to validate
the data from RCM simulations and evaluate their perfor-
mance when used for impact studies. The present research
also provides an analysis of the impacts of climate change
on the Syrian region. Accordingly, our research is one of
the very first attempts to analyse climate change projec-
tions obtained from medium resolution (0.44°) RCM simu-
lations accomplished over regions encompassing Syria.
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