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ARTICLE INFO ABSTRACT

Keywords: Study region: Syria

Syria Study focus: This study delves into predicting drought characteristics in Syria, focusing on their
Mediterranean duration, frequency, and intensity. It utilizes a set of 13 models sourced from the latest CMIP6
SDSr;ught features dataset, encompassing two distinct SSP scenarios. To evaluate how well CMIP6 represents
CMIP6 drought attributes in Syria, the research conducts a comparison with observed monthly climate
CRU TS data from CRU TS v4.06 and ERA 5, as well as the CMIP6 model ensemble outputs for the
4.06 reference period (1970-2000).

ERAS5 New hydrological insights for the region: This study provides new hydrological insights for Syria. It
SPI reveals robust projections of increasing drought severity, frequency, and duration, particularly in
SPEI the north and northeast arid and semi-arid regions, even under aggressive climate mitigation

scenarios. Additionally, the study highlights that higher emissions scenarios are associated with
more prolonged and intense drought events, potentially impacting even less vulnerable areas.
These findings emphasize the urgent need for drought adaptation and mitigation measures, as
well as improved water resource planning, in order to address the changing hydrological land-
scape of the region. Furthermore, it underscores the long-lasting effects of drought on ecosystem
recovery, which may span several decades.

1. Introduction

Global warming, driven by both natural and anthropogenic forces, has profound implications for the Earth’s hydrologic cycle,
leading to a reduction in terrestrial water availability (Padron et al., 2020; Ballarin et al., 2021). It also alters the frequency and in-
tensity of precipitation events (Martel et al., 2021; Zhao and Dai, 2022). The Mediterranean region (MED) stands out as a climate
change hotspot (Lionello and Scarascia, 2018), experiencing a more rapid annual temperature increase than the global average
(Cramer et al., 2018). Projections indicate that in the MED, droughts are expected to become both more severe and frequent as global
warming exceeds 1.5 °C (Lionello and Scarascia, 2018; Tramblay et al., 2020). Adaptation to the changing climate is paramount for
Mediterranean countries, particularly those in the eastern and southeastern Mediterranean, which face substantial vulnerability to
climate variability and are ill-prepared for the socioeconomic shocks that accompany climate change (Abel et al., 2019). Future
Mediterranean climate characteristics are closely tied to thermodynamic factors such as land-ocean warming contrasts and summer
lapse rate changes (Brogli et al., 2019) and dynamic shifts like alterations in upper-tropospheric large-scale circulation patterns during
winter (Tuel and Eltahir, 2020). Recent observations point to an accelerated transition to a more arid climate in several regions,
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including the MED, driven by increased warming, prolonged droughts, and population growth (Ozturk et al., 2018; Cammarano et al.,
2019; Barcikowska et al., 2020). This projected escalation of warming (Cos et al., 2022; Deng et al., 2022) and droughts across the MED
in the coming century may exacerbate social tensions, leading to conflicts, human mobility, and migration (Adger et al., 2021).
Understanding how dry spells will evolve in the future is critical for building resilience to these drought events (Breinl et al., 2020;
Adeyeri et al., 2023). Syria, situated at the crossroads of Asia and the Mediterranean, is a highly water-stressed region prone to severe
droughts, with temperature and evaporation playing significant roles (Barlow et al., 2016; Mathbout et al., 2018; Alsafadi et al., 2022).
Most of Syria’s drylands are trending toward increased aridity, especially in the northeast, and a substantial portion of the central arid
region has already transitioned to a hyper-arid state (Houmsi et al., 2019). Evaluating climate model experiments is a valuable
approach to assessing the impacts of climate change. The latest generation of CMIP outputs (CMIP6; Eyring et al., 2016) offers a robust
opportunity to re-examine past and future changes in mean and extreme climates at global and regional scales (Almazroui et al., 2021).
The availability of CMIP6 GCMs allows for the exploration of potential drought hotspots by analyzing drought responses to climate
change and revisiting conclusions from previous multi-model ensembles (Ayugi et al., 2022; Cao et al., 2023). These CMIP6 pro-
jections, based on improved Representative Concentration Pathways (RCPs; Van Vuuren et al., 2011) transformed into Shared So-
cioeconomic Pathways (SSPs; O'Neill et al., 2017), provide a suitable framework for estimating future climate variability and climate
change across the MED and predicting drought. These SSPs were prominently featured in the latest IPCC Sixth Assessment Report to
assess how societal actions will impact greenhouse gas emissions and the attainment of Paris Agreement targets (McBride et al., 2021).
Numerous studies have already leveraged CMIP6 multi-model ensembles to investigate climate changes, consistently projecting
increased intensity and frequency of extreme climates as global temperatures continue to rise (Cook et al., 2020; Almazroui et al.,
2020; Almazroui et al., 2021; Li et al., 2021; Cos et al., 2022; Ayugi et al., 2022; John et al., 2022). A common approach involves
utilizing the CMIP6 multi-model ensembles mean (CMIP6-MME) to mitigate uncertainty stemming from internal variability among the
CMIP6 models. The CMIP6-MME has proven effective in capturing observed regional and global extreme temperature patterns (Zhai
et al., 2020) and historical drought characteristics (Su et al., 2020). It also exhibits improved consistency and consensus with the most
recent reference estimate for the global energy budget (Wild, 2020). Given this context, our study aims to assess and quantify future
drought characteristics in Syria by analyzing projected changes in drought intensities (DIs), drought severities (DDs), and drought
frequencies (DFs) using the CMIP6_MME. We will utilize the widely accepted and valuable SPI_12 and SPEI 12 indices to characterize
future drought events in Syria. Using the CMIP-MME outputs from 13 CMIP6 GCMs under two SSP scenarios (SSP1-2.6 and SSP5-8.5),
we will compare actual observations with model simulation outputs to evaluate their advanced capacity to capture future drought
event features. This paper marks the first study of future drought characteristics in Syria using CMIP6 model outputs. The article is
structured as follows: Section 2 describes the study area, climate models, and observational data, explains the methods used to correct
the CMIP6 models, and presents the drought indices employed. Section 3 provides an overview of the main study results, followed by
concluding remarks and avenues for further research in Section 4.
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Fig. 1. Hypsometric map based on regionalized in-situ observations based on SRTM elevation data at spatial resolution of 30 s (~1 km?).
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2. Study area, data and methodology
2.1. Overview of study area

Syria is situated in the Middle East, in southwestern Asia, to the north of the Arabian Peninsula. Its geographic coordinates range
between approximately 32°19" and 37°30 N in latitude and 35°43-37°20' E in longitude. The country experiences a predominantly
Mediterranean climate, characterized by mild, rainy winters and hot, sunny summers, with relatively humid and cold winters (Lionello
et al., 2006). The most striking feature of Syria’s climate is its pronounced contrast, owing to its location between the humid Medi-
terranean coastline and the semi-arid steppes and arid desert regions. Additionally, Syria’s diverse topography, including higher el-
evations and steep slopes in the southwest (as depicted in Fig. 1), plays a significant role. Orographic effects in these areas can lead to
increased precipitation intensity and frequency (Abou Zakhem and Hafez, 2010). The western mountainous regions of Syria are the
wettest areas within the country’s interior, with annual rainfall amounts exceeding 1000 mm, while the Anti-Lebanon Mountains
receive over 900 mm of annual rainfall. This is partly influenced by prevailing regional atmospheric patterns originating from the
northwest and moving southeast ward. The mean annual temperature in Syria varies, ranging from 7.1 °C in the mountain tops of the
southwestern regions to 20.5 °C in the eastern and southeastern parts, including the deserts, where temperatures often exceed 15 °C in
the coastal plain.

2.2. Observation -based data

In this study, two observational data sets downloaded on 0.5° x 0.5° resolution, have been used to consider uncertainty in ob-
servations: the observed climate parameters obtained from the University of East Anglia Climatic Research Unit (CRU TS v4.06; Harris
et al. (2020) and available online at https://crudata.uea.ac.uk/cru/data/hrg/. The CRU provides a valuable resource for conducting
long-term climate analyses, particularly when compared to station data. The CRU data often includes sophisticated methods for
infilling missing or sparse data points, making it more suitable for continuous, long-term climate analysis (My et al., 2022). The CRU
dataset has a long time series and high-quality controlled data, so it is preferred over the station data. We opted for the CRU dataset for
the 1970-2000 period in Syria due to limited meteorological stations and significant gaps in precipitation records. CRU’s gridded data
format allowed us to interpolate and estimate missing data points, addressing these limitations. Moreover, given the current political
situation, accessing up-to-date meteorological data in Syria has become increasingly challenging. Thus, relying on CRU data for this
specific timeframe ensured our research’s historical accuracy and relevance while navigating data collection constraints in the region.
The CRU data was successfully used in several related studies (Cook et al., 2020; Papalexiou et al., 2021; Cao, 2023; Merabti et al.,
2023). ERAS reanalysis data can be accessed at https://www.ecmwf.int/en/forecasts/datasets/reanalysis and is also employed in this
study. Due to its comprehensive global spatial coverage, gridded data outputs, and similarity in scale representation, ERA5 data can be
more readily compared with model simulations. Even though the ERAS5 data are observationally constrained model outputs, the pa-
rameters assimilated through the reanalysis prediction models are generally closer to observations (Thorarinsdottir et al., 2020). While
the data spans more than seventy years, we observed anomalies such as a significant number of missing values, particularly in pre-
cipitation records, mainly affecting grids in the north and certain parts of south Syria. As a result, we chose to focus on the more recent
half-century period from 1970 to 2000, during which reliable data are accessible, and studies have demonstrated the influence of
warming trends on precipitation and temperature extremes (Papalexiou and Montanari, 2019). Several meteorological variables such
as monthly precipitation (Pre), maximum temperature (Tmx), and minimum temperature (Tmn) are utilized for calculating the po-
tential evapotranspiration (PET) and drought indices for the baseline period 1970-2000.

2.3. Model simulations

Historical and future climate simulations from 1970 to 2100 were extracted from CMIP6 model outputs. This study analyzes
diagnostic output from 13 CMIP6-GCMs (Table 1), which are publicly available (Eyring et al., 2016; https://esgf-node.llnl.

Table 1

List of CMIP6 models used in this research along with horizontal resolution, country of origin and source reference.
CMIP 6 Model Country Horizontal Resolution (lon by lat in degrees) Key Reference
ACCESS-CM2 Australia 1.3° x 1.9° Bi et al. (2020)
ACCESS-ESM1-5 Australia 1.9° x 1.2° Law et al. (2017)
BCC-CSM2-MR China 1.1° x 1.1° Wu et al. (2019)
CanESM5 Canada 2.8° x 2.8° Swart et al. (2019)
CanESM5. CanOE Canada 2.8° x 2.8° Swart et al. (2019)
CMCC-ESM2 Italy 1.3° x 0.9° Cherchi et al. (2019)
CNRM-CM6-1 France 1.4° x 1.4 Voldoire et al. (2019)
CNRM.CM6.1. HR France 0.5° x 0.5° Voldoire et al. (2019)
CNRM-ESM2-1 France 1.4° x 1.4° Séférian et al. (2019)
FIO.ESM.2.0 China 1.3° x 0.9° Song et al. (2020)
IPSL.CM6A.LR France 2.5° x 1.3° Lurton et al. (2020)
MIROC-ES2L Japan 2,8° x 2.8° Hajima et al. (2020)
MRI.ESM2.0 Japan 1.1° x 1.1° Yukimoto et al. (2019)
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gov/search/cmip6) to assess drought responses to projected climate change in Syria through the CMIP6 projections. The simulated
monthly datasets of Pre, Tmx, and Tmn are evaluated for the reference period 1970-2000, while projected future changes in drought
features are analyzed for the period 2015-2100 (2014 being the last year of CMIP6 historical simulations). Four future periods are
considered: the near future 2015-2040, mid-future 2041-2061, 2061-2080, and the far future 2081-2100 under two SSP scenarios
(SSP1-2.6 and SSP5-8.5; O’Neill et al., 2017). The historical simulations are driven by external natural and anthropogenic forcing,
including volcanic eruptions, solar activity, ozone, greenhouse gases, and land-use change. Different methods for statistical and
dynamical downscaling were evaluated to improve the simulations (Singh et al., 2017; Sharma et al., 2018; Zhai et al., 2020). Su et al.
(2016) demonstrated that the application of statistical downscaling and bias correction to GCMs yielded reasonable and accurate
results.

2.4. Model bias correction and downscaling

Our research focuses on improving the accuracy and reliability of CMIP6 data for predicting temperature and precipitation
changes. To achieve this, we have chosen to utilize the non-parametric Quantile Mapping (QM) method, with a specific emphasis on
incorporating robust empirical quantiles known as RQUANT. You can find a detailed explanation of this approach in Gudmundsson
et al. (2012). Previous studies have highlighted the advantages of using nonparametric transformations to establish transfer functions
because they eliminate the need for making specific assumptions about the initial data’s distribution (Tong et al., 2021; Mondal et al.,
2021; Meng et al., 2022; Dosio et al., 2022). In essence, the QM family methods aim to align historical model outputs with charac-
teristics similar to those observed in real data. This alignment is then extended to future datasets, assuming that the bias remains
consistent for both historical and projected periods, as discussed by Maraun (2013). The effectiveness of QM methods has been
extensively evaluated in various studies and applied to a range of climatic variables, including precipitation, temperature, and solar
radiation, across diverse geographic regions (Ayugi et al., 2021; Ngoma et al., 2021; Dike et al., 2022; Xu et al., 2022). The RQUANT
method, in particular, has demonstrated its efficacy in mitigating bias in climate data when compared to various other bias correction
techniques (Tong et al., 2021). It excels in replicating evaluation criteria like the Nash-Sutcliffe efficiency and mean absolute error
(MAE) (Gudmundsson et al., 2012). The RQUANT method is designed to minimize the disparity between the empirical cumulative
distribution functions (CDFs) of the initial model output data and those of the CRU and ERA6 observational data (Cannon et al., 2015;
Tong et al., 2021; Rajulapati and Papalexiou, 2023) during a calibration period spanning from 1970 to 2000, as described in Eq. (1).
After this calibration period, Eq. (2) is applied to adjust future values of the variable x for the remainder of the 21st century time series.

Fm.c(xm,f) = Fa,c(-xo,r)7 (1)
Xpe = F_](l,L‘[Fm.[J(xm.[l)]1 (2)

Where x; . represents the outcome after bias correction; in this context, the model data is indicated by the subscript (m) where,
(Xmc)and (Fn.) represent the simulated values of the variable during the calibration period (denoted as ¢) and (xpp)and (Fpp)
represent the simulated values during the projected period (denoted as p) along with their respective empirical cumulative distribution
functions (F). On the other hand, (x,.) and (F~!,,) refer to the observed data (marked as o) and the corresponding inverse empirical
cumulative distribution functions during the calibration period. This study utilized the QM method to disaggregate the coarse-scale
climate model data to a finer spatial or temporal resolution, resulting in model outputs at a 0.5 x 0.5 resolution grid. Model cor-
rections were executed using the qmap R package (https://cran.r-project.org/web/packages/qmap/index.html), while the down-
scaling process was carried out using the sdm function (https://cran.r-project.org/web/packages/sdm/index.html). This approach
ensured that all datasets were standardized to a common spatial grid based on the DEM’s resolution, allowing for consistent and
comparable analysis. Notably, both of these methodologies employed the QM method. This combination of techniques allows for the
refinement and enhancement of predictive models while also harnessing the power of the QM method to achieve more accurate and
reliable results in various scientific and data analysis applications (Gudmundsson et al., 2012). The model ensemble mean, using
Bayesian model averaging (BMA, as shown in Miao et al., 2014), was found to outperform other techniques in temperature simulation.
Bayesian model averaging (BMA) was carried out using the BMS R package (https://cran.r-project.org/web/packages/BMS/index.
html). Various statistical tests were conducted to assess the performance of CMIP6 simulations for precipitation and temperature
during the baseline period, including Root Mean Square Error (RMSE), Coefficient of Correlation (CC), Nash-Sutcliffe Efficiency

Table 2
Some descriptive statistics of mean temperature and precipitation of CRU and ERA5 observational datasets and CMIP6-MME during the baseline
period (1970-2000) in Syria.

Test CRU vs CMIP6-MME ERAS5 vs CMIP6-MME

Temperature Precipitation Temperature Precipitation
Root Mean Square Error (RMSE) 0.50 4.52 0.54 4.99
Coefficient of Correlation (CC) 0.99 0.98 0.98 0.97
Nash-Sutcliffe Efficiency Coefficient (NSE) 0.87 0.83 0.87 0.84
Mean Absolute Error (MAE) 0.40 3.47 0.44 4.63
Bias 0.01 2.04 0.03 2.01
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Coefficient (NSE), Mean Absolute Error (MAE), and bias (Table 2).

2.5. Selection of drought indices: the SPI and SPEI

Drought indices are widely applied in providing a quantitative assessment of drought characteristics and risk management
(Papastefanou et al., 2020). They are a very essential tool for identifying the drought dimensions and reflecting the complexity of
drought-forming mechanisms and their wide range of impacts (Zhang et al., 2017; Parsons et al., 2019; Papastefanou et al., 2020;
Fuentes et al., 2022). Most meteorological drought indices that use precipitation and temperature as key variables have been employed
for explaining drought situations at both regional and global scales (Li et al., 2020, Xu et al., 2021) and monitoring short-term water
supplies, such as soil moisture, particularly in arid and semiarid areas (Crocetti et al., 2020). Using multiple drought indices at regional
and local assessment gives an actual and clearer picture of drought conditions and improves drought detection (Yang et al., 2019). In
this research, the SPI (McKee et al., 1993; McKee et al., 1995) is used as purely precipitation-based drought indices. Based on data on
precipitation and temperature, the SPEI (Vicente-Serrano et al., 2010) is also applied at a 12-month time scale. The use of a 12-month
aggregation period usually allows inter-annual variation but it avoids the seasonal cycle (Liu et al., 2016). Moreover, it also helps in
determining the possibility of droughts’ persistence for long periods and considering the management of water supplies (Wu et al.,
2021). In arid locales, SPI and SPEI serve as versatile tools for drought understanding and management, benefiting decision-makers
like water resource managers and agricultural planners (Aadhar and Mishra, 2017). Employing both SPI and SPEI in Syria aug-
ments the precision of drought evaluation. While SPI adeptly discerns deficits in precipitation, SPEI incorporates the influential factor
of evapotranspiration, amplifying our grasp of water resource availability and the gravity of drought episodes. This duality is pivotal in
a region grappling with heightened water stress and climatic variability. The PET is derived using Hargreaves-Samani equation
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Fig. 2. Empirical cumulative density functions of CMIP models after (A) and before (B) the bias correction for temperature (upper panel) and
monthly precipitation (lower panel), relative to the observations of CRU and ERA5 datal970-2000 in Syria.
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(Hargreaves and Samani, 1985; Samani, 2000) that indirectly estimates extra-terrestrial radiation using both Tmax and Tmin. The
Hargreaves-Samani outputs show a good agreement with the Penman-Monteith method (Begueria et al., 2014) and confirm high
reliability in arid, semi-arid, Mediterranean, and very humid areas (Valipour et al., 2020). All statistical analyses are carried out in the
R — 3.6.2 statistical environment (R Core Team, 2020), including ggplot2 for the graphics and maps.

2.6. Analysis of drought event characteristics

Drought duration (DD) and drought intensity (DI) are two correlated parameters commonly used to describe drought conditions
(Tsakiris et al., 2016; Kwon et al., 2019; Dai et al., 2020). Drought impacts are typically determined by their duration, intensity, and
frequency (Sheffield and Wood, 2011; Fung et al., 2020). To examine future changes in drought over Syria, this study considers three
drought features: DD, DI, and drought frequency (DF), in order to assess the potential impacts of climate change on droughts in the
context of future global warming. DD is defined as the number of consecutive months when the drought index falls below the threshold,
while DI represents the average of the monthly index values per drought duration (Zhai et al., 2020). In this study, a drought event is
referred to when the value of SPI_12 and SPEI 12 is equal to or less than — 1. Additionally, the frequency of drought events (DF) is
defined as the number of non-consecutive drought events below our specified drought index thresholds per 100 years (McCabe et al.,
2004). Further statistical analysis utilizes the Mann-Kendall test (MK) proposed by Hamed (2008) to detect trends in dryness signif-
icance and tendencies. Pearson’s correlation coefficient is applied to assess the strength of a linear relationship between observations
and models.

3. Results
3.1. Models correction and downscaling

The credibility of CMIP6 simulations in relation to observations hinges on their ability to accurately replicate meteorological
variables, providing an overall assessment of their simulation capabilities at the country scale. To assess their performance from both
temporal and spatial perspectives, simulated precipitation and temperature have been compared to observed data from the CRU and
ERAS datasets. Numerous recent studies that have employed General Circulation Models (GCMs) to predict extreme events, such as
droughts, extreme precipitation, and temperature, have undertaken bias correction prior to using model outputs to evaluate projected
changes across various parameters and locations (Ayugi et al., 2022; Cook et al., 2020; Ukkola et al., 2020). Fig. 2 presents CMIP6 data
for monthly temperature and precipitation before (BC) and after correction (AC) when compared to the CRU and ERA5 data. The
distribution of both variables exhibits strong agreement with observations after correction. The results obtained post-correction
demonstrate consistent improvements across all models and broadly align with the observations provided by both datasets.

3.2. Climate parameters: evaluation of CMIP6 -MME capability in simulating historical temperature and precipitation

The ability of CMIP6 models to accurately simulate precipitation and temperature over Syria is crucial for assessing their credibility
and their overall performance at the country scale. To evaluate the credibility of CMIP6 simulations in comparison to observed
datasets, we compare both monthly and yearly averages to capture seasonal variations and long-term trends accurately. Additionally,
we assess models from different spatial and temporal perspectives to ensure their reliability across a wide range of climate phenomena
and timescales. It’s important to note that CMIP6 simulations are not driven by all available historical climatic, oceanic, and boundary
conditions (Meinshausen et al., 2017). Therefore, they may not fully capture the spatial and temporal variations observed in reality. To
address this limitation, we focused on general statistical features (Table 1) of the simulations against observations during the baseline
period (1970-2000) at different temporal scales (monthly, seasonal, annual) at the country level. Regarding precipitation, the per-
formance of some CMIP6 models varied seasonally. In comparison to the CRU and ERA5S observational datasets, almost all CMIP6
models slightly underestimated the historical average of annual precipitation over Syria. These results suggest that the models
generally reproduce the behavior of mean precipitation well in winter (DJF) and spring (MAM) but exhibit biases, particularly in
simulating maximum values. Furthermore, it’s worth noting that in the humid western areas of Syria, the CMIP6-MME (Multi-Model
Ensemble) underestimated the variability of monthly precipitation relative to its mean. In specific details, CMIP6-MME indicated lower
precipitation values in winter and spring compared to CRU and ERA5 observations. However, it overestimated precipitation in autumn
and summer. In terms of temperature, most CMIP6 models reasonably captured the climatological temperature means at the country
scale. CMIP6-MME was able to simulate critical temperature characteristics in line with observational data. The observed average
annual temperature fell within the 5th — 95th percentile range of CMIP6-MME, indicating consistency between observational data and
CMIP6-GCMs (General Circulation Models). This consistency extended to all seasons, with CMIP6-MME showing major episodic
warming and cooling periods that matched observations. In summer, CMIP6-MME slightly overestimated the observed average
temperature during the 1970-2000. In contrast, it tended to overestimate mean temperatures in summer and winter while under-
estimating autumn temperatures compared to observational datasets. In spring, CMIP6-MME demonstrated a mean temperature value
consistent with historical observations, reflecting a high level of agreement. Monthly climatology plots revealed that most precipi-
tation in Syria occurred between October and May, with peak values in January and December. CMIP6 models generally captured the
climatological precipitation means well relative to observations, although they tended to underestimate monthly mean precipitation,
with exceptions in May and June when CMIP6-MME exceeded observed values. These findings provide insights into the performance
and limitations of CMIP6 models in simulating precipitation and temperature patterns over Syria during the historical period, aiding in
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understanding their applicability for future climate projections.

The results for monthly mean air temperatures effectively represent the mean annual cycle, and the CMIP6-MME demonstrates a
high degree of accuracy in capturing the observed monthly temperature variations. The discrepancies between the CMIP6-MME and
observed data are minimal, with only slight overestimations of approximately 0.5 °C in June and 0.3 °C in July. In the remaining
months, the differences between CMIP6-MME and both observational datasets are negligible. CMIP6 generally reports slightly higher
temperatures in spring and summer but remains in close agreement with the observations. Table 2 presents various simple perfor-
mance metrics used in this study to assess the quality of CMIP6-MME simulations for precipitation and temperature. The descriptive
statistics affirm that the multi-year averaged monthly temperature and precipitation data from CMIP6 simulations effectively capture
the principal characteristics of historical observations.

The CMIP6-MME exhibits strong correlation coefficient (CC) values between simulated and observed temperature and precipitation
data in Syria. The high CC and Nash-Sutcliffe Efficiency (NSE) values, both exceeding 0.85, along with low Root Mean Square Error
(RMSE) values, less than 1.0 for temperature and less than 5.0 for precipitation, underscore the CMIP6 models’ capability to accurately
represent observed data over Syria when considering multi-year averaged monthly time scales. To further confirm the reliability and
accuracy of CMIP6 projections in representing observed data at each grid point, we present the spatial distribution of observed CRU
and ERAS data alongside the CMIP6-MME average annual temperature and precipitation in Fig. 4.

Fig. 4 illustrates that the CMIP6-MME provides highly accurate simulations of the annual temperature and precipitation dynamics
across Syria. The results demonstrate that all 13 CMIP6 models closely align with both observational datasets for temperature and
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Comparison of multi-year averaged monthly Precipitation (lower panel-left) and temperature (lower panel-right) over Syria. Both precipitation and
temperature data are represented by the CMIP6-MME, the CRU and ERA5 observations during 1970-2000.
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Fig. 4. Spatial distribution of mean annual temperature (upper panel) and precipitation totals (lower panel) for the baseline period (1970-2000) as
based on the CRU and ERAS observations and the CMIP6-MME.

precipitation, boasting correlation coefficients exceeding 0.95. This indicates that CMIP6 models perform exceptionally well in
realistically simulating the spatial patterns of annual mean temperatures and precipitation totals in Syria. Furthermore, the CMIP6-
MME effectively reproduces the distribution of annual mean temperature and precipitation totals across Syria, displaying less bias
compared to the CRU dataset than the ERAS observational data. Fig. 4 clearly illustrates that the CMIP6-MME successfully captures the
spatial patterns of annual mean temperatures over Syria. The lowest temperatures are recorded in the Anti-Lebanon Mountains in
southwest Syria, while the highest values are observed in the eastern and northeastern regions of Syria. The distinct precipitation
patterns, as portrayed by the CMIP-MME and both observational datasets, highlight that the mountain range parallel to the coast in the
west and the Anti-Lebanon Mountains in the southwest are the wettest areas in Syria.

3.3. Drought features: evaluation of CMIP6 -MME capability in simulating historical drought events characteristics

Utilizing monthly temperature and precipitation data from CMIP6-MME, as well as data from both the CRU and ERA5 observational
datasets, we computed SPI_12 and SPEI_12 indices during the baseline period (1970-2000). These indices were used to assess drought
characteristics at various spatial and temporal scales in Syria. Fig. 5 presents the evolution of the sum of monthly drought severities for
each year and the percentage frequency of different SPI_12 and SPEI_12 classification classes across Syria. It is evident that there is a
high level of agreement in the inter-annual variability of SPI 12 and SPEI 12 between the CMIP6-MME and both observational
datasets, revealing a consistent downward trend in observed and simulated historical data. The CMIP6-MME successfully captured the
progression of wet and dry years, although its performance was more accurate when compared to the CRU dataset than the ERA5
climatology. Notably, the CMIP6-MME effectively represented major historical dry and wet years in Syria. Furthermore, it accurately
depicted extreme drought events that occurred in the 1990 s, which featured extended drought periods ranging from 15 to 20 months
according to SPI 12 and 27-29 months according to SPEI 12.

The ability of CMIP6 models to simulate the spatial patterns of DI, DF, and mean drought duration (MDD) across each grid point in
Syria was also assessed in comparison to observational data. In general, the CMIP6-MME demonstrated a high level of proficiency in
identifying drought events, and its performance was consistent with both the CRU and ERA5 observed datasets during the baseline
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of time (%) in each dry and wet category (lower panel). Graphs are built on the historical observed CRU, ERA6 and simulated CMIP-6-MME data and
all drought features are built on the SPI_12 and SPEI_12 values.

period. This indicates a strong agreement in representing the spatial distribution of DI, MDD, and DF, as illustrated in Fig. 6(a, b, c).

Overall, CMIP6 simulations demonstrated a high level of accuracy in identifying drought events when compared to both the CRU
and ERAS observational datasets. The CMIP6-MME exhibited very similar spatial patterns of DI values to the CRU and ERA5 obser-
vational data for both SPI_12 and SPEI_ 12, with a slight overestimation of DD for the SPEI 12, as depicted in Fig. 6(a). According to
both drought indices, many regions across Syria had relatively low average DI values (<—1.5) during the baseline period, a pattern
consistent in both observed and simulated historical data. When using SPEI 12, the most intense drought events primarily occurred in
northern and northeastern Syria, while central and southwestern regions experienced significant drought events during the baseline
period (1970-2000) according to SPI_12. Additionally, we assessed the ability of CMIP6 to replicate the spatial patterns of MDD, as
shown in Fig. 6(b). Drought duration plays a crucial role in determining the onset and cessation of each drought event. To further assess
the reliability of CMIP6-MME across each grid point, we examined the spatial distribution of DD based on the observation (CRU and
ERA5) and simulations (CMIP6) for the baseline period (1970-2000).

During the period from 1970 to 2000, CMIP6 models effectively captured observed drought durations (DD) for both SPI-12 and
SPEI_12. The spatial pattern of DD in CMIP6 simulations closely resembled that of the observed data for both SPI 12 and SPEL_12. In
terms of accuracy, the CMIP6-simulated DD closely matched the CRU and ERAS observations, achieving approximately 95% agree-
ment for DD durations ranging from 5 to 9 months with SPI_12 across all grid points, and around 93% for SPEI_12. However, it’s worth
noting that CMIP6 simulations exhibited an overestimation of DD patterns in eastern Syria, while the southwestern region showed a
slight underestimation of DDs, with the maximum discrepancy being 7.8 months. In contrast, both CRU and ERA observations indi-
cated longer DD durations, measuring 9.6 and 10.1 months, respectively. Based on SPI_12, the longest drought events were pre-
dominantly observed in the east and southwest parts of Syria, while SPEI_12 indicated the longest dry periods in the east and northeast
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Fig. 6. (a). Spatial pattern of average Drought Intensity (DI) obtained by the SPI_12 (upper panel) and the SPEI_12 (lower pannel) calculated from
the CRU and ERAS observations, and simulations (CMIP6-MME) for the baseline period (1970-2000) across syria. (b). Spatial patterns of the MDD
obtained by the SPI_12 (upper panel) and the SPEI_12 (lower pannel) calculated from the CRU and ERAS5 observations, and simulations (CMIP6-
MME) for the baseline period (1970-2000) across syria. (c). Spatial pattern of average Drought Frequency (DF) obtained by the SPI_12 (upper panel)
and the SPEI 12 (lower pannel) calculated from the CRU and ERA5 observations, and simulations (CMIP6-MME) for the baseline period
(1970-2000) across syria.

regions. The spatial distribution of Drought Frequency (DF) from CRU, ERA5, and CMIP6-MME exhibited similar patterns across Syria.
DF based on SPI_12 displayed high values (>15%) in most of Syria, with the northeast experiencing the highest occurrence (as shown
in Fig. 6-¢). Similarly, the highest DF values (>15% for SPEI_12) were prevalent in many parts of western, southwest, southern, and
central Syria. CMIP6-MME successfully detected these observed DF patterns for both SPI_12 and SPEI_12 during the baseline period
(1970-2000).

3.4. Projected changes in temperature and precipitation across the SSPs scenarios in Syria

Drought conditions are typically exacerbated by rising temperatures and declining precipitation. Therefore, we conducted a
detailed analysis of the spatial and temporal changes in projected temperature and precipitation in Syria. Compared to the baseline
period of 1970-2000, the temperature projections from various CMIP6 models indicate a significant increase in warming over Syria
under both future scenarios (SSP1-2.6 and SSP5-8.5) throughout the entire simulation period from 1970 to 2100 (Fig. 7-a; left panel).

Under both scenarios (SSP1-2.6 and SSP5-8.5), there are strong and significant projections of warming throughout the 21st
century, with the most pronounced temperature increases expected by 2050 and beyond, particularly under the high-emission scenario
(SSP5-8.5). The temperature projections begin to diverge noticeably after 2050, mainly due to differences in emissions trajectories.
The SSP5-8.5 scenario exhibits the most substantial warming trend, with temperatures expected to exceed a 4.5 °C increase by the
latter part of the 21st century, translating to a warming rate of 0.8 °C per decade from 2015 to 2100. Even under the more aggressive
mitigation scenario SSP1-2.6, there are projected temperature increases, though they are less pronounced, with a projected increase of
2.1 °C by 2100. When examining seasonal variations, the warming trends in winter and spring are milder compared to those in autumn
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Fig. 6. (continued).

and summer. Among the seasons, the highest amplified warming is observed in JJA (June, July, August) relative to the 1970-2000
seasonal mean. By the end of the century, CMIP6 simulations indicate a mean summer (JJA) temperature that is 5.7 °C higher than that
in the reference period, with a warming trend of 0.95 °C per decade under SSP5-8.5 and 0.15 °C per decade under SSP1-2.6 during
2015-2099. For MAM (March, April, May), CMIP6 projects a mean warming of 2.4 °C and 4.1 °C relative to the baseline period under
SSP1-2.6 and SSP5-8.5, respectively. In contrast, the magnitude of warming amplification in DJF (December, January, and February)
is comparatively small and is not expected to exceed 2.0 °C under the high-emission scenario SSP5-8.5. Additionally, there is a
downward trend in annual mean precipitation (Fig. 7-B-right) projected under both scenarios. However, this trend levels off under the
high mitigation scenario, SSP1-2.6, as the climate stabilizes later in the 21st century. The anticipated future precipitation deficit in
Syria is primarily due to decreased precipitation in DJF and MAM, which intensifies as radiative forcing increases.

Under both the SSP1-2.6 and SSP5-8.5 scenarios, there are projected reductions in winter rainfall in the far future (2081-2100)
compared to the reference period. In this period, rainfall is expected to decrease by 26.8 mm (a 23.0% reduction) under SSP1-2.6 and
27.7 mm (a 23.8% reduction) under SSP5-8.5. Conversely, a substantial increase in mean summer rainfall is projected over the course
of the 21st century, with values ranging from 10.5 mm to 11.3 mm, representing a significant increase of 147.1-151.6% under
SSP5-8.5 and SSP1-2.6, respectively. Furthermore, a robust increase in mean autumn rainfall is anticipated across Syria. The most
significant performance increases, amounting to approximately 9.5 mm (a 20.2% increase), are expected in the near-term future,
particularly in 2033, 2039, and 2040, under the high greenhouse gas emissions scenario (SSP5-8.5), relative to the reference period
(1970-2000). The CMIP6-MME future projection anomalies of surface temperature at the annual scale are illustrated for the short-term
(2021-2040), mid-term (2041-2060, 2061-2080), and far-term (2081-2100) periods under the SSP5-8.5 forcing scenario, taking into
account the baseline period of 1970-2000 (Fig. 8. a).

The spatial anomalies of temperature change during 2021-2100 display consistent patterns of change under both selected emission
scenarios. These patterns show that differences in temperature change become more pronounced from the mid to the far future, while
the spatial pattern remains consistent, indicating the highest positive anomalies in northern and northeastern Syria. According to the
CMIP6-MME ensemble mean annual temperature, projected warming across Syria is not uniform and exhibits regional variations,
ranging between 1.4 °C and 3.5 °C. Under the SSP5-8.5 scenario, there is a substantial additional warming of mean surface air
temperature, exceeding 7.5 °C by the end of the 21st century. In contrast, the high-mitigation scenario (SSP1-2.6) limits surface
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Fig. 6. (continued).

warming to 3.5 °C. The spatial distribution of annual precipitation anomalies, derived from downscaled CMIP6-MME scenarios and
compared to the baseline period (1970-2000), is illustrated in Fig. 7. b. Precipitation change patterns over Syria become more robust
and significant over time, and the CMIP6-MME from 13 models effectively captures the spatial patterns of future annual precipitation
changes. Across the four future periods, a consistent pattern emerges, with a general negative anomaly indicating increased dryness
over Syria. This dryness is more pronounced under the high-emission scenario (SSP5-8.5), suggesting a clear shift toward drier
conditions in central, western, northern, and northeastern Syria.

3.5. Projections in the main drought characteristics over Syria

3.5.1. Projected change in drought intensity (DI) in Syria

Drought Event Intensity (DI) is a commonly used metric to gauge the overall intensity of drought events. In this study, DI was
calculated as the 30-year average of all event-average SPI-12 and SPEI_12 values at each grid cell for each period, averaged over all
models. The results indicate that both SPI-12 and SPEI 12 are expected to exhibit more significant negative oscillations under the
SSP5-8.5 scenario, particularly towards the latter part of the 21st century (see Fig. S1). The research also examined drought intensity
based on CMIP6-MME for all future periods under both scenarios to assess how the spatial and temporal distributions of DIs have
changed due to ongoing warming and how they may evolve in the future in Syria. Overall, there is a projected increase in dryness in the
future under both scenarios, with a more pronounced trend under the high-emission scenario, SSP5-8.5. According to SPEI 12,
drought conditions are expected to become more severe and intensify further in the 2060 s under SSP5-8.5, while SPI_12 suggests
oscillations around zero in the near and mid-future (2015-2060). Using a 12-month time scale, it is observed that moist and drought
periods exhibit lower temporal frequency and longer duration (see Fig. S1). As the 21st century progresses, differences in DIs
determined by SPI_12 may become minimal, with slightly higher intensity projected in the mid-future, particularly in the mid-2070 s
under the SSP5-8.5 forcing scenario. Compared to the historical period, a larger intensification of droughts is predicted by SPEI 12
under both scenarios starting in the 2060 s, indicating that drought evolution will be primarily driven by temperature. Based on SPI_12
and SPEI 12, certain regions of Syria may experience severe droughts in the early and mid-future, followed by more vigorous growth in
the 2060 s under SSP1-2.6. Robust dryness is projected over the entire country under both scenarios, with variations in spatial
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Fig. 7. a.Temporal changes in the monthly mean temperature relative to the reference period (19,070-20,00) for each season (left panel). CMIP6-
MME simulations time series for baseline period (1970-2000; blue) and under SSP1-2.6 (green) and SSP5-8.5 (red) forcing scenarios (right panel).
The grey line or regression line represents a smoother mean annual values for each year. b.Temporal changes in the monthly precipitation relative to
the reference period (19,070-20,00) for each season (left panel). CMIP6-MME simulations time series for baseline period (1970-2000; blue) and
under SSP1-2.6 (green) and SSP5-8.5 (red) forcing scenarios (right panel). The grey line or regression line represents a smoother mean annual
values for each year.

distribution between the two scenarios. Consequently, future drought conditions are expected to dramatically increase in the western
coastline and southern regions, with the most pronounced drying by 2100 under SSP5.5.8. The changes in DIs indicated by SPEI_12
suggest a clear trend towards dryness in several areas; with some differences in spatial patterns compared to those indicated by SPI_12
(see Fig. 52). Therefore, considering the impact of warming, it is anticipated that Syria will experience increasingly drier periods. There
is a rising likelihood of droughts occurring across most parts of Syria, with the SPEI_12 analysis suggesting that extreme dry conditions
may occur several times per decade by 2100. These findings align with the conclusions of Zhong et al. (2020) and Mathbout et al.
(2021), highlighting the greater effectiveness of temperature-based indices in assessing drought conditions compared to purely
precipitation-based indices. However, the spatial patterns of DIs indicated by both drought indices are projected to increase from the
2060 s onwards. According to both indices, CMIP6 simulations project a potential tripling in the area that might experience severe to
extreme meteorological droughts in Syria under the SSP5-8.5 scenario by 2100. It’s worth noting that the underestimation of monthly
precipitation variability relative to its mean in humid areas of Syria could impact the projected drought intensities (DIs), as accurately
capturing DIs requires skillful simulation of both mean precipitation and its variability (Ukkola et al., 2018).
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Fig. 8. a Spatial patterns of changes of CMIP6-MME ensemble mean annual temperature under the SPP1-2.6 (upper panel) and under the SPP5-8.5
(lower panel) forcing scenarios for near, mid and far future periods relative to baseline period (1970-2000). b Spatial patterns of changes of CMIP6-
MME ensemble annual precipitation under the SPP1-2.6 (upper panel) and under the SPP5-8.5 (lower panel) forcing scenarios for near, mid and far

future periods relative to baseline period (1970-2000).
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3.5.2. Projected change in drought duration (DD) and drought frequency (DF) in Syria

The projected changes in Mean Drought Duration (MDD) for severe or extreme droughts are examined at the country level using
CMIP6-MME under both low and high-emission scenarios, based on SPI_12 and SPEI_12. The shifts in average and maximum drought
durations according to these two indices are depicted in Fig. S3. Overall, Syria is expected to undergo drought events with prolonged
durations in the future under both forcing scenarios. Furthermore, under the SSP5-8.5 scenario, the SPI_12 projects longer MDDs in the
mid-future, estimated at 7.3 months and 17.1 months for the periods 2041-2060 and 2061-2080, respectively. However, for the
SSP585 scenario, the SPI_12 exhibits lower skill in capturing observed drought durations in Syria by the late future. In contrast, the
MDD constructed by the SPEI 12 is projected to reach 47.6 months with a maximum duration of 80 months by the end of the 21st
century (2081-2100). Since the 2060 s, the estimated MDD is 5.1 months, and the intensity of drought is 2.1 times higher than in the
reference period. Notably, under the SSP585 scenario, regions that are already arid, particularly in eastern and northeastern Syria, may
become severely affected by drought by the late 21st century (see Fig. S3). As observed, the inland areas, forming the dry zone, are
expected to experience drought events with longer durations under the high-emissions scenario (SSP5-8.5). In contrast, shorter
drought events may be reported along the coastal line in the west and in the mountainous regions in the southwest. It is worth noting
that, under the high-emission SSP and based on SPEI_12, Syria is projected to experience its longest dry events by the end of the
century, exceeding 40 months in the eastern and northeastern parts. For both scenarios, MDDs are expected to mostly increase from the
2060 s onwards. This increase is also evident in the low-emission scenario, projected to start in the 2040 s and reach up to 13 months
based on SPEI_12 (see Table 3). These findings indicate that by the late 21st century, MDD will be 5.1 times longer under the SSP585
pathway compared to the historical reference period (1970-2000).

With higher emissions, the highest Mean Drought Duration (MDD) is projected to increase by 41 months under SSP5-8.5 based on
SPEI-12 over Syria, particularly in the eastern and northeastern parts (see Fig.S3). Conversely, in the early future, a slight decrease in
MDD is estimated, by 0.5 and 2.5 months according to SPI .12 and SPEI_12, respectively, compared to the baseline period of
1970-2000. These regions are expected to face a high risk of drought under high-emission scenarios. Notably, across various scenarios,
regions, and future periods, Syria is likely to experience longer dry periods under high-emission scenarios. To gain further insight into
the frequency of droughts in Syria, an examination of drought frequency was conducted. Drought frequency based on SPI_12 and
SPEI 12 is expected to noticeably increase in the late future under both scenarios. Here, changes in Drought Frequencies (DFs) using
SPI_12 and SPEI_12 for future periods (2015-2100) are compared to the baseline (1970-2000). According to SPI_12, the frequency of
extreme and severe droughts is projected to decrease by 1.2% and 2.1% under SSP5-8.5. In contrast, severe droughts, based on
SPEI 12, are expected to increase by 3.5% under the same forcing scenario, indicating a significant response of drought to future
temperature changes (see Fig. 9).

Under the high mitigation scenario (SSP1-2.6), the Drought Frequencies (DFs) driven by the SPEI 12 show a reduction in
occurrence by 2.9%, which can be attributed to temperature stabilization or even a slight decline in the second half of the 21st century
under this scenario (as suggested by Tebaldi et al., 2021). It’s noteworthy that less frequent droughts are projected in Syria under both
scenarios. This change is a consequence of the projected shift from short-term drought events to long-term drought events in the
country. In general, the frequency of drought events in Syria is expected to decrease during the periods 2021-2060 and 2061-2100
according to both SPI_12 and SPEI_12. For the future period of 2061-2100, the average drought event frequency in Syria is estimated to
be about 8.1 and 5.5 events (an average of all scenarios) using SPI_12 and SPEI_12, respectively. These values are lower than the
averages recorded in the baseline period (14 and 9 events), respectively. Consequently, the frequency of drought events in Syria is
projected to be lower relative to the reference period. However, it’s important to note that the duration of drought events (DD) and
their intensities (DIs) are expected to increase, leading to the emergence of stronger droughts in Syria. When comparing different
Shared Socioeconomic Pathways (SSPs) in terms of the impact of emissions, lower drought event frequencies correspond to
higher-emission scenarios. This relationship is most prominent during the near and mid-future periods and is especially pronounced for
drought events driven by the SPEI 12, with frequencies of 4.1 and 1.7 events under SSP1-2.6 and SSP5-8.5, respectively. Combined
with the earlier analysis of drought characteristics, these findings further indicate that drought spells in Syria will transform into
long-term drought events under high-emission SSPs.

4. Discussion and conclusion

This research explores the forecasting of drought attributes in Syria, specifically examining their duration, frequency, and intensity.
It employs an ensemble of 13 models derived from the most recent CMIP6 dataset, encompassing two different SSPs scenarios. To
assess CMIP6’s effectiveness in representing drought features in Syria, the study compares it to observed monthly climate data from
CRU TS v4.06 and ERA 5, alongside the CMIP6 model ensemble outputs during the reference period (1970-2000). The chosen
ensemble from CMIP6 exhibits a strong ability to replicate current climate parameters such as precipitation and temperature, while
also effectively reproducing drought characteristics within Syria. The majority of CMIP6 models exhibited an underestimation of
average winter and spring precipitation. Nevertheless, CMIP6-MME effectively replicates the general decline observed in seasonal and
annual precipitation. Throughout the baseline period, Syria experienced prevalent high temperatures and low precipitation, especially
in its arid and semi-arid regions situated in the central, eastern, and northeastern areas. In terms of spatial representation, the CMIP6-
MME accurately mirrors the geographical patterns of precipitation and temperature in Syria. In the future, temperatures in north, east,
and northeast Syria will rise significantly. Although there are uncertainties in projecting precipitation changes using CMIP6 data, this
study effectively highlights decreasing rainfall patterns across Syria, especially in the southwest (Anti-Lebanon Mountains). Tem-
perature projections indicate a consistent warming trend in Syria, with a noteworthy increase in magnitude as we move from the mid
to the distant future. Overall, the anticipated shifts in both precipitation and temperature in Syria progress monotonically from the
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Table 3
Differences (in months) of MDDs between near, mid, and late future periods and the reference period (1970-2000) over Syria under the SSP1-2.5 and
the SSP5-8.5 forcing scenarios.

Period SPI.12 SPEI_12
SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5
2015-2040 2 -3 -3 -2
2041-2060 2 2 -2
2061-2080 3 11 13 2
2081-2100 1 5 41
Historical Period (1970-2014) SSP1-2.6 (2015-2100) SSP5-8.5 (2015-2100)

80%
60%

40%

o = I-_--I H. .1H ll | [rp—

Extreme Severe Moderate Normal Moderate Severe Extreme Extreme Severe Moderate Normal Moderate Severe Extreme Extreme Severe Moderate Normal Moderate Severe Extreme
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SPI_12 W SPEI_12

Fig. 9. Frequency of time (%) in each dry and wet category of SPI_12 and SPEI_12 for historical (1970-2020), reference (1970-2000), and future
(2015-2100) periods in Syria..

mildest (SSP1-2.6) to the most severe (SSP5-8.5) scenarios and from the mid-term (2041-2070) to the late-term (2081-2100) pro-
jection periods. The anticipated shifts in temperature and precipitation are reflected in changes in drought characteristics as indicated
by drought indices. Projections based on SPI_12 and SPEI_12 show that drought conditions will worsen, becoming more severe, intense,
and prolonged. Both indices predict more intense drought events with longer durations and greater intensities in the eastern and
northeastern regions. In summary, under a high-emission scenario (SSP5-8.5), these areas are at significant risk of experiencing severe
drought conditions. The most prominent patterns of severe drought conditions (DIs and DDs) consistently appear in Syria’s arid and
semi-arid eastern and northeastern regions for both indices. The CMIP6 simulation shows a clear overestimation of both DIs and DDs
derived from SPEI_12, primarily because of the overestimation of temperature and, consequently, PET. Overestimated CMIP6 drought
projections, due to high-temperature estimates, can misguide policymakers in arid regions like Syria. Relying on exaggerated models
can lead to misallocated resources, delayed responses to actual droughts, and hindered adaptation efforts to mitigate the impact of
prolonged droughts on water resources, agriculture, and vulnerable communities. Accurate climate data is vital for effective policy-
making in arid areas facing climate challenges. Notably, under different scenarios and future timeframes, the high-emission scenario
consistently shows longer-lasting and less frequent drought events. For the period 2061-2100, both indices predict severe and pro-
longed drought events under both emission scenarios, extending even to less vulnerable areas like the western coastal region by the end
of the 21st century. This aligns with prior research (Zhai et al., 2020; Li et al., 2021), which indicates a global shift towards drier
conditions with more severe and extended droughts when emissions increase under shared socioeconomic pathways (SSP1-2.6 and
SSP5-8.5). Our findings affirm the heightened risk of future drought in arid and semi-arid regions. Due to intensified emission
pathways, rising temperatures, and decreased precipitation, drought intensification zones in Syria may expand. Some previously
humid areas in the west could transition into semi-humid or semi-dry regions, experiencing more severe and prolonged droughts
(Homsi et al., 2021). Similar results were observed by Cook et al. (2020), who identified an increasing risk of drought severity in
subtropical and mid-latitude regions due to reduced precipitation, increased temperatures, and higher evapotranspiration (Dai, 2013).
The growing risk of droughts in Syria, exacerbated by future climate changes, underscores the need for mitigation strategies and
reliable risk assessments on national and regional scales. These output results serve as a foundational basis for evidence-based stra-
tegies, identifying vulnerable areas, guiding agricultural adaptation planning, enhancing water resource management, and ensuring
food security against drought impacts in Syria. High uncertainty in dry season precipitation projections, especially in semi-arid re-
gions, is a complex challenge. Ukkola et al. (2020) emphasised the intricacies tied to these projections, involving factors like shifting
weather patterns and nearby oceanic influences. This uncertainty complicates planning for water resources, agriculture, and more,
urging the necessity of enhanced research and modeling for more accurate projections in semi-arid areas to address climate change
impacts. Comprehending future drought patterns is critical for effective water resource management and improving the accuracy of
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Syria’s existing drought early warning system. Promoting climate education and increasing awareness among local communities about
climate change and disaster risk is recommended to bolster resilience and enhance adaptive capacity to climate change throughout the
region.
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