
���������������	�
�	��

���	�
���������������
�	�
�������	������������������
�������������	�	�
�����
�������������	�����������	��
���������
�����������
������

�������������	���
�������
�	��

�
������������������
�������
�������
�������������������������	���������������
�	�������� �������������	�������������� ����������� �����
�!�������"���������������������
���������#�������$����

�������	���
����������������������
�%�&�%�'

���������������������	��������
�������(���)�*�*���
�����
�	���*�������(���)�*�*���
�����
�	���*�+�&���'�,�%�,�*�������-�������&�&�&�.�'�+�/�+�/

�������������������	���
����������
�#�	���
�����0�����#�
�����
�������"�����	�����������
�����1���&���2�������	���
�����
���
��

���������������	�	�����������	������������������
���(�3���#�������
�������
�������"�����
���(�����	�������4���������������.�����������(���)�*�*���
�����
�	���*�+�&���+�&�'�/�*���1�+�.�+�%���&�%�'���&�&�1�5�/���1

�����������(�
�������!�
�������������	�
���������
�����
���
�������
�����������(�
�������
�!�����
�
�������	�
���������������������6���	���������7�������
�	�������#�
�������������
����
�8�
�	�����
�	�����������
�	���
�����
�������(�����
���������
�������������������������	�������
������������

https://orcid.org/0000-0001-9154-756X
https://orcid.org/0000-0002-5183-6145
https://doi.org/https://doi.org/10.3929/ethz-b-000631818
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41612-023-00458-4
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


ARTICLE OPEN

Drought characteristics in Mediterranean under future climate
change
Yassmin H. Essa1,2� , Martin Hirschi 3, Wim Thiery 4, Ahmed M. El-Kenawy 5 and Chunxue Yang1

The present work aims to address the physical properties of different drought types under near-future climates in the
Mediterranean. To do so, we use a multi-model mean of the bias-adjusted and downscaled product of� ve Earth System Models
participating in the Coupled Model Intercomparison Project—phase6 (CMIP6), provided by Inter-Sectoral Impact Model
Intercomparison Project (ISIMIP), under four shared socioeconomic pathways (SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5) for the
period 2021–2060, to estimate the Standardized Precipitation Evapotranspiration Index (SPEI) at 1-, 6-, and 12-month time scales,
and address the meteorological, agricultural, and hydrological drought, respectively. Additionally, SPEI is calculated from the bias-
adjusted CMIP6 historical simulations and the reanalysis‘WFDE5’ for 1980–2014 as a historical and reference period. The
comparison of the CMIP6 with WFDE5 reveals a consistently increasing tendency for drought occurrences in the Mediterranean,
particularly for agricultural and hydrological drought time scales. Nonetheless, an overestimation in historical trend magnitude is
shown by the CMIP6 with respect to WFDE5. The projection results depict drought frequencies ranging between 12 and 25% of the
studied period 2021–2060, varying with regions and climate scenarios. The tendency to increase the drought frequency is more
pronounced in the southern than northern Mediterranean countries. Drought severity is remarkable in the aggregated time scales;
consequently, more pressure is foreseen in the food and water sectors. Drought seasonality reveals a higher tendency for drought
occurrences in summer (autumn) months for the meteorological (agricultural) droughts. The driving factor(s) for drought
occurrence strongly depends on regional climate characteristics.
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INTRODUCTION
Drought is a complex climate-related phenomenon that can
signi� cantly impact the agricultural and hydrological sectors and
increase environmental and socioeconomic risk. It is characterized
based on duration, frequency, and intensity1,2. For example, the
persistence of short-term dry meteorological conditions, i.e.,
within a few weeks, is classi� ed as a ‘meteorological drought.’
Extending the dry conditions for a longer period, 3–9 months, can
affect the soil moisture and vegetation and is classi� ed as an
‘agricultural drought’3. Longer than 9 months of dryness, the
impact will transfer to the hydrological systems, which is classi� ed
as a‘hydrological drought’4. Increasing the frequency of drought
events, particularly for agricultural and hydrological types, can
alter the socioeconomic and the ecosystem5.

As reported in the Sixth Assessment Report of the Intergovern-
mental Panel on Climate Change6, a signi� cant change (medium
to high con� dence) toward increasing agricultural and hydro-
logical drought frequency is observed in the Mediterranean. The
Mediterranean has also been marked as a hotspot region for
climate change in several recent studies [e.g.,7,8]. Evidence from
the available records and recent studies show increasing drought
frequencies in the last decades in Mediterranean countries [e.g.,9].
Recently, Northern Mediterranean experienced a dramatic
drought in 2022 correlated to the consequences of extreme
heatwaves and a long-lasting de� cit in precipitation, causing a
signi� cant reduction in major crop production and river discharge,
as reported by Global Drought Observatory10. Beyond the
historical and current conditions, the projected warming rate in
the Mediterranean during the summertime is expected to be 50%

larger than global annual warming and 20% larger at the annual
time scale6.

The Mediterranean climate is classi� ed as‘csa’ according to the
Koppen climate classi� cation, which is characterized by hot-dry
summer and mild-wet winter as a result of the interactions
between mid-latitude and tropical processes11. This contrast
between the North African (arid climate) and European con-
tinental (temperate-rainy) climates within the Mediterranean
domain adds more complexity to understanding the impacts of
climate change in this region12,13. Additionally, the large variability
related to the socioeconomic conditions in the Mediterranean
countries can increase the challenges for developing effective
adaptation strategies14,15.

Concurrently, drought quanti� cation is still challenging since it
cannot be directly measured based on one variable16,17, but it is
usually identi� ed by its effects or by its impacts on different types
of systems. Therefore, drought is often quanti� ed indirectly using
indices. Those indices’ ef� ciency is based on each region’s climate
characteristics. For example, indices that depend only on
precipitation have shown limitations in detecting drought in arid
and semi-arid areas18,19. Another limitation of the precipitation
single-dependence indices is that they neglect the role of
temperature in increasing water loss through enhanced evapora-
tion20–22 and the impact of global warming on drought
characteristics23,24. Instead, indices that combine precipitation
and temperature or atmospheric evaporative demand (AED) have
been proposed and have proven effective in drought
detection17,25–28.
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Previous studies have discussed the projected drought in detail
on regional scales [e.g15,29–31], yet these studies were either using
mainly precipitation-based indices, neglecting the impact of
temperature on their assessment, or based on the older
generations of the Coupled Model Intercomparison Project, i.e.,
phase 3 (CMIP3) or phase 5 (CMIP5). The major outcomes from
these studies highlighted the potential increase in drought
frequency and severity in the future; however, large uncertainties
in drought projection by CMIP3 and CMIP5 have been reported in
the � fth assessment report of the IPCC32,33. Additionally,
substantial disagreements in meteorological drought trends by
the CMIP5 ensemble compared with observations are
reported34,35, including a tendency to overestimate drying,
particularly in mid-to-high latitudes34. Currently, the updated
models’ outputs of phase 6 (CMIP636) have become available, and
the indices of detecting drought have matured, allowing a more
robust assessment of the drought projection.

Signi� cant change is reported in the CMIP6 compared to CMIP5,
particularly regarding precipitation patterns37 on both global and
regional scales38, which can have important implications for future
drought projections. Recent studies have reported improvement
in CMIP6’s ability compared to CMIP5 in representing climate
features such as extreme heat, precipitation, El Nino Southern
Oscillation (ENSO), and the monsoon39–43. CMIP6 also uses the
new shared socioeconomic pathways (SSPs)44 to simulate climate
change scenarios. SSPs describe different socioeconomic refer-
ence assumptions and are combined with representative con-
centration pathways (RCPs) to provide a better representation of
the future scenario45,46.

Recent studies47–49 used CMIP6 to assess drought under climate
change from a global perspective, large-scale wet and dry pattern,
addressing the similarities and discrepancies with older CMIP
generations. To the best of our knowledge, the studies conducted
to address the future drought projection over the Mediterranean
regional scale using CMIP6 and the new future scenarios are
limited, and they rely on the low spatial resolution of the global

models. The main objective of this study is to investigate the
physical properties of different drought types (i.e., meteorological,
agricultural, and hydrological) in the Mediterranean and provide a
detailed description of the potential pro� le for the near future. To
this aim, we use multi-model mean (MMM) of� ve bias-adjusted
and downscaled to a high-resolution output (0.5° × 0.5°) of CMIP6
Earth System Models (ESMs) compared to the original output
resolution (Supplementary Table 2) and widely-used index,
Standardized Precipitation-Evapotranspiration Index SPEI50, to
address drought characteristics over the Mediterranean. SPEI
combines precipitation and AED to examine the impact of climate
on the water balance. Furthermore, it is a multi-scalar index that
allows the investigation of different drought types and multi-
dimensional analysis (i.e., duration, timing, and intensity dimen-
sions) that is widely used for studying temperature and rainfall
extremes51–53. For these reasons, SPEI is preferred over other
indices, as well as supported by the IPCC Sixth Assessment Report.

RESULTS
Drought frequency and severity
Figure1 shows the linear trend of the drought frequency during
the historic period, 1980–2014, based on SPEI at time scales of 1, 6,
and 12 months for the meteorological, agricultural, and hydro-
logical droughts, respectively, using the bias-corrected reanalysis
WFDE5 and the CMIP6 MMM (detailed description in“Methods”
section). The obtained results reveal a consistently increasing
tendency for dry events in the Mediterranean over the past 35
years in both datasets, particularly the agricultural and hydro-
logical drought time scales (i.e., 6 and 12 months). Moreover, in
both datasets, this tendency is more pronounced in the southern
Mediterranean (North African countries) than in the Northern ones
(southern EU). This result depicts the homogeneity of the
employed CMIP6 MMM with respect to WFDE5 and demonstrates

Fig. 1 Historical drought trends. Drought frequency trend during the baseline period 1980–2014, based on SPEI value at time scalesa, d
1-month, b, e 6-months, and c, f 12-months from WFDE5 (top) and CMIP6 MMM (bottom).
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its reliable performance to be used for investigating the projected
drought evolution.

It is worth underlining that the CMIP6 MMM depicts a larger
increasing signal (>5 events decade� 1) compared to WFDE5,
particularly in the southern Mediterranean at all studied time
scales. These differences can be related to several factors,
including models’ performances, the paucity of observations in
North African countries, and the reported tendency in the ESMs to
underestimate precipitation-based drought persistence at
monthly to decadal scales54,55. Furthermore, we detected an
overestimation of the warming trend by CMIP6 MMM compared
to WFDE5 (Supplementary Figure 1). All these contributions can
have a role in enhancing the drought representation in the ESMs
(See Supplementary Table 3).

For the projection period 2021-2060, overall, the frequency of
drought occurrences ranged between 55 and 125 months of 40
years, i.e., about 12–25% of the studied period (Fig.2). The
obtained result depicts considerable differences between inves-
tigated scenarios, particularly for agricultural and hydrological
droughts. However, fewer differences were observed in

meteorological drought among all scenarios over the Mediterra-
nean countries.

To better understand the projected change relative to the
historic drought, we report in Fig.3 the probability density
function (PDF) for the drought frequencies over the Mediterra-
nean domain (Land only) from the WFDE5 and CMIP6 MMM for
both historical and projection periods. Further, the spatial
changes in drought frequency patterns are reported in
Supplementary Fig. 2.

For the meteorological drought, the CMIP6 MMM shows an
evident change in variance for all considered scenarios compared
to the historical period, while no signi� cant change in the
frequency was detected. On the other hand, the agricultural
drought timescale and SSP scenarios show remarkable differences
from each other. SSP1 and SSP2 scenarios show a pronounced
change in the variance with a slight shift in drought frequency
compared to the historic period. However, SSP3 and SSP5 are
characterized by bimodal distribution shape, showing additional
peaks shifted toward a considerable increase in drought
frequency and variance (Fig.3b). The bimodal pattern also
observed for the hydrological drought timescale, with increasing

Fig. 2 Projected drought frequency. Drought frequency based on the SPEI at time scales of 1, 6, and 12 months, spanning the projection
period 2021–2060 from the CMIP6 MMM under the climate change scenarios SSP1–2.6 (a–c), SSP2–4.5 (d–f), SSP3–7.0 (g–i), and SSP5–8.5 (j–l).
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variance and drought frequency maxima compared to the
historical reference period. However, the low and intermediate
challenging scenarios, SSP1 and SSP2, show different behaviors.
SSP1 (SSP2) shows a decrease (increase) in the variance with
decreasing (increasing) drought maxima. For the frequency
minima, it shows a slight decrease only in SSP2 with respect to
the reference period (see Fig.3c).

The differences between the WFDE5 and CMIP6 MMM during
the historical period are evident at the time scale 1-month for
both drought frequency and variance pattern, and for variance
only (i.e., PDF shape) at time scales 6- and 12 months. For the
projection period, differences in PDFs shape are more pronounced
in the aggregated timescales of SPEI; high-challenge scenarios,
SSP3 and SSP5, provide comparable results, consistent with
frequency maps (Fig.2). It is challenging to provide precise
reasons for changes in obtained results among scenarios. The
variation in radiative forcing and socioeconomic representation
among scenarios in ESMs likely the primary driver of these
differences, but additional factors, such as the climate response
and the non-linear approach of SPEI estimation, could have a role
in the obtained patterns.

In Fig.4, we exclude the moderate drought category from the
results, focusing only on the severe and extreme dry values, i.e.,
SPEI <� 1.5, to investigate the drought severity under climate
change scenarios. The result shows an evident increase in the

frequency of the severe drought events with the aggregated time
scales for all examined scenarios, including the low-end scenario
SSP1. At the 12-month timescale, more than half of the total
frequency reported in Fig.2 is classi� ed as severe or extreme
drought over a wide area of the Mediterranean. This� nding is also
true at the 6-month timescale but in a less pronounced pattern.
This noticeable severity over the aggregated timescales is possibly
related to continuing either the heat, precipitation de� cit, or both
around the year; re� ecting signi� cant potential stress on the food
and water systems in the near decades.

Regional SPEI time series
To deepen the analysis of the projected drought through time
series re� ecting the onset, duration, and intensity of drought
types; we divide the domain study into four regions based on the
obtained frequency and intensity results, as shown in Fig.5, to
differentiate between (1) regions that are characterized by a
potential increase in drought frequency compared to the historical
period (positive % in Supplementary Fig. 2), or by more than 50%
of the projected drought occurrence classi� ed as a severe or
extreme drought (i.e., SPEI <� 1.5), and (2) regions characterized
by both criteria described in point 1.

We applied this criterion to the result of the worst possible
scenario, SSP5–8.5 at the aggregated timescale 12-month (see

Fig. 3 Changes in drought frequency. The probability density function for drought frequency (%), using WFDE5 (solid black line) and CMIP6
MMM (dashed lines) datasets in the historical reference period 1980–2014 (black lines) and the projection period 2021–2060 under different
SSP scenarios (color lines) at time scalesa 1-month, b 6-months, and c 12-months.
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subsection ‘SPEI calculation and drought analysis,’ “Methods”
section).

Zone A includes parts of the countries in southwest Europe, and
it is the zone that shows the least potential effect based on the
de� ned criteria. Zones B and C are under intermediate potential
impact in Europe and North Africa compared to Zone D, which lies
in the eastern part of North Africa and shows the most potential
adverse effects.

Figure 6 shows the monthly time series of the SPEI of the dry
values only (i.e., SPEI <� 1), thereafter SPEI-dry, during the
historical period 1980–2014 using WDFDE5 and CMIP6 MMM for
the addressed zones. The results show a consistent pattern
behavior in time scales 6 and 12 months, with higher drought
frequency and stronger intensity in CMIP6 MMM compared to
WFDE5. For the short time scale, the differences between the
WFDE5 and CMIP6 are more pronounced, particularly in the North
African zones (i.e., C and D), where a few dry events were obtained
only in WFDE5 during the � rst half of the study period.

Fig. 4 Projected drought intensity. Drought frequency as a function of intensity, focusing on the severe and extreme droughts only based
on the SPEI value (i.e., for SPEI <� 1.5) at time scales 1, 6, and 12 months, spanning the projection period 2021-2060 from the CMIP6 MMM
under the climate change scenarios SSP1-2.6 (a–c), SSP2-4.5 (d–f), SSP3-7.0 (g–i), and SSP5-8.5 (j–l).

Fig. 5 De� ned hotspot zones for drought in the Mediterranean.
Light red areas are the regions that either show higher drought
frequency in the projection period compared to the historical one or
have more than 50% of projected drought events under severe
classi� cation. The dark red color indicates that both conditions are
achieved in the area.
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Nevertheless, both datasets con� rm the increased tendency of dry
events at all time scales and show similar behavior in the dryness
pro� le as a function of the geographical location of the speci� ed
zones.

For the projection period, the SPEI-dry time series of Zone A
shows very few drought events before 2035 at a 12-month time
scale for all scenarios, while the drought occurrences are likely to
be more frequent at timescales 1 and 6 months but at a mild
intensity. After 2035, the drought occurrence largely increases at
all timescales, and dry values tend to be more severe (Fig.7).

In southeastern countries of the European continent (Zone B),
the differences between the investigated scenarios are evident
during the projected period. The SSP1–2.6 shows potential dry
events in the� rst decade of the examined period at all timescales.
After that, the time series shows improvement (i.e., decreasing
drought frequency), and the drought onset is limited only at the
short-scale, i.e., meteorological drought, before converting again
to occurrences at longer scales by the last decade, but not as
intense as the earlier one. The intermediate and high pathway
scenarios, SSP3 and 5, show fewer events before 2035, which are
growing with time in terms of both frequency and intensity. The
extreme values concentrate on the last years of the projection
period.

Zone C and D show a similar pattern to the drought pro� le in
Zone B of the intermediate and high pathway scenarios, but with
larger drought frequencies and intensity, particularly for Zone D.
This is also true for the green road scenario‘SSP1’ result of Zone C
to Zone A. On the other hand, Zone D in SSP1 shows frequent
drought occurrences before 2035 at all timescales, in a mild
intensity, with a few exceptions. An apparent decrease followed
these occurrences until 2047, before the SPEI-dry became more
frequent, intense, and long-lasting onward.

Overall, the obtained results indicated that both historical and
projection time series for the de� ned zones show a consistent
behavior toward increasing the dry condition over time, but with
differences in terms of variability over time, frequency, and
severity among scenarios. This could be partially linked to the
pronounced difference between the historical and future scenar-
ios in PDF shapes of drought frequency shown in Fig.3.

Further, the drought seasonality has been investigated by
detecting the season(s) of the highest drought frequency during
the historical and projection periods. The results indicate that dry
conditions tend to occur more frequently in the boreal summer
(autumn) months at the meteorological (agricultural) time scale,
with a few exceptions that vary with the region and SSP scenario
(Table1). This obtained seasonality can be linked to the potential
stress that would be added to summer (winter) crops in the critical
phenological stages of the plants, consequently, loss in the crops’
production [e.g.,56,57]. For instance, the exceptional 2022 heat and
water stress of Northern Mediterranean countries that started in
May and onward caused a signi� cant loss in some strategic crops,
e.g., soybean and maize58,59.

Trends and correlations in climate drivers
To address the potential driver variable(s) for the drought
phenomenon in the Mediterranean, we investigate the trend of
the air temperature and precipitation as the climatic variables
used to calculate SPEI and their correlation with the climatic water
balance following60,61.

A decreasing trend in the precipitation over time is evident in all
considered scenarios over the European domain, particularly the
Southern countries (Fig.8). In North African countries, the
precipitation trend is less pronounced, within ±8 mm decade� 1,
except for a few regions on the coastal area in Maghreb countries
(Morocco, Algeria, and Tunisia). This small trend in absolute values
may also be explained by the already low amount of precipitation
this area receives under the present climate.

The temperature trend shows slight warming for the green road
scenario, SSP1–2.6, within 0.3 °C decade� 1. Warming increases
with the challenging level of future scenarios, reaching 0.8 °C
decade� 1 for the worst possible scenario SSP5–8.5 in the
Mediterranean. It is worth mentioning that the North African
countries of the Mediterranean are showing comparable warming
as the European domain, along with a less pronounced reduction
signal in the precipitation; nonetheless, the highest de� cit in the
climatic water balance trend is obtained in North Africa. This is
likely related to the fact that the climate in this region is mostly

Fig. 6 Historical drought time series at a regional based. Regional SPEI-dry time series at time scales 1, 6, and 12 months, spanning the
period 1980–2014, usinga WFDE5 andb CMIP6 MMM datasets. The red dashed line is the upper bound of the severe values.
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arid or semi-arid; consequently, it receives a minimal amount of
precipitation per year. Therefore, comparable warming can cause
a more signi� cant negative impact on the water balance. This
� nding is con� rmed by analyzing the water balance’s correlation
with temperature and precipitation, which shows a stronger
correlation with precipitation in the Northern Mediterranean, and
with temperature in the southern Mediterranean in all SSP
scenarios (Fig.9).

DISCUSSION
The present study aims to investigate the projected characteristics
of droughts over the Mediterranean in the near coming decades.
To this objective, we used a multi-model mean of bias-corrected
and downscaled data of � ve ‘CMIP6’ ESMs and four climate
change scenarios‘SSP’ for addressing the drought frequency,
intensity, onset, and seasonality. The obtained results highlight an
evident evolution in drought frequency and intensity, particularly
for agriculture and hydrological droughts. The meteorological
drought projections among the future scenarios show a remark-
able change in the PDF shape of drought frequency. On the other

hand, the agriculture and hydrological droughts projections show
pronounced changes in both the drought frequency mean and
PDF shape, particularly for the highly challenging scenarios. These
differences are driven by the response to the radiative forcing and
socioeconomic challenges in future scenarios, but also, the local
climate variability has a role in the obtained patterns. For instance,
the driest pro� le for drought frequency and severity was obtained
in the Southeastern Mediterranean countries, which are already
about or below the water scarcity limits as addressed by the Food
and Agriculture Organization of the United Nations62. The driver
variables for the drought occurrences show a dependency on the
geographical location. For instance, temperature strongly corre-
lates with drought occurrences in the Southern Mediterranean,
while precipitation correlates with drought occurrence in the
Northern Mediterranean. On one side, this� nding enhances the
importance of considering the temperature in drought assess-
ment, particularly in the arid or semi-arid domains where
precipitation has a less important role in drought features. On
the other side, it partially elucidates the evident variation between
the Northern and Southern Mediterranean drought patterns. An
increase in drought sensitivity could be addressed as a response

Fig. 7 Projected drought time series at a regional based. Regional SPEI-dry time series at time scales 1, 6, and 12 months for zones A–D,
spanning the period 2021–2060 ofa SSP1–2.6,b SSP2–4.5,c SSP3–7.0, andd SSP5–8.5 scenarios. The red dashed line is the lower bound of the
severe values.
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to mild or less pronounced extreme heat in the Southern
Mediterranean over the next few decades as a consequence of
the pointed strong relation with temperature. This conclusion
aligns with the pronounced drought pattern obtained in the low
challenging scenario, SSP1, for aggregated timescales.

In terms of drought seasonality, the results reveal a higher
tendency in summer (autumn) months for meteorological
(agricultural) droughts occurrences. This outcome re� ects the
logical impact of the aggregation of the dry summer conditions on
the agricultural sector in autumn time, which is, for instance,
consistent with the recent widespread drought over southern
Europe attributed to the pronounced summer heatwave of 202263.
Moreover, the compelling evidence attributed to the pace of
shifting climate64–66 toward prolonged summertime in the
Northern Hemisphere mid-latitudes67 increases further the con-
cern of heat stress impact on water sources and soil preservation,
as well as increasing the challenge of climate adaptation.

The devastating impact due to cumulative and cascading
occurrences of those drought types will not be limited only to
agricultural and water sectors. In contrast, it can directly and
rapidly impact energy sources that depend on water, human
health68, biodiversity, and consequently, the whole socioeconomic
system of the affected countries69, particularly the developing
nations that already suffer from low adaptive and resilience
capacities51,70.

There is an agreement between the bias-corrected CMIP6 and
reanalysis, WFDE5, for the historical period in the trend sign
toward increasing the drought frequencies. However, an over-
estimation in the magnitude has been obtained by CMIP6 despite
the bias correction of the models, particularly in the North African
countries, which is possibly linked to the greater uncertainty
highlighted in Africa17.

We are aware that model data uncertainty can introduce further
uncertainty in our assessment. For this reason, an ensemble of
bias-corrected records has been used instead of the original single
model output. Moreover, we discussed the drought frequency and
severity in relative representation with the absolute values.
Additional sources of the uncertainty subject to anthropogenic
activities, future emission of greenhouse gases, and addressing
the land-atmosphere feedback can be found [e.g., see71–76].

Another potential limitation in our study concerns the AED
calculation, which depended on temperature only in this work; not
accounting for the impact of other variables due to limited
available data, and neglecting impacts of soil moisture limitation
or plant-physiological responses under higher CO2 concentrations.
This tends to result in an overestimation of magnitude and
temporal trends of AED77, with corresponding impacts on the
drought assessment, in particular for stronger warming9.

These addressed challenges and the given complexity of
quantifying drought17 to elaborate a de� nite description of the
drought’s pro� les, either for the historical or projection period,
should not be an argument for inaction in investigating the
potential impacts and the local response for the far years. It
remains bene� cial and the key road for supporting countries to
call for the integration of urgent adaptation and mitigation
approaches to adverse climate impacts on socio-economic and
vital sectors and devote efforts to reducing the uncertainties
sources. Further work could aim at extending this study to include
further methods of calculating the AED and drought indices,
investigating the potential change in large atmospheric circulation
and drought seasonality, as well as the link between climate
extremes, drought occurrences, and the potential impacts.

METHODS
Data description
The WATCH Forcing Data (WFD) methodology applied to surface
meteorological variables from the ERA5 reanalysis78, WFDE5
dataset79 is generated as a bias-corrected version of ERA5 to
enhance the dataset’s usability in land and hydrological applica-
tions. Except for precipitation, which is additionally bias-corrected
using the Global Precipitation Climatology Center (GPCC), all the
available surface variables in this dataset (e.g., temperature, cloud
cover, etc.) are bias-corrected using the Climatic Research Unit
(CRU) global observational dataset. The dataset of version 2 covers
the period 1979–2019 with a 0.5° × 0.5° spatial resolution and
hourly temporal resolution.

WFDE5 was used in this study as a reference dataset for the
historical baseline period 1980–2014 to better understand the
performance of the used earth system models and to enhance the
reliability and interpretation of the projection results compared to
the historical records.

For climate projection, we used the daily bias-adjusted
temperature and precipitation data in 0.5° × 0.5° spatial resolution
of the � ve common ESMs of CMIP6 available among the primary
SSP scenarios at the time of performing the study: GFDL-ESM4,
IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0, and UKESM1-0-LL of
both historical simulation covering the period 1980–2014, and of
four possible future climate and socioeconomic scenarios:
SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5 for the period
2021–2060. The bias correction and statistical downscaling
applied to each CMIP6 ESMs in this study is‘ISIMIP3BASD

Table 1. Seasons of highest drought frequency during the historical
period (Hist.) 1980–2014, and the projection period 2021–2060 for SSP
scenarios.

Meteorological
drought

Agricultural
drought

Hydrological
drought

Zone A

WFDE5 Hist. MAM DJF JJA

MMM Hist. JJA JJA JJA/DJF

SSP 1–2.6 JJA JJA DJF

SSP 2–4.5 MAM SON MAM

SSP3–7.7 JJA JJA JJA

SSP5–8.5 JJA SON MAM/JJA

Zone B

WFDE5 Hist. JJA MAM SON

MMM Hist. JJA JJA JJA/DJF

SSP 1–2.6 JJA/DJF MAM DJF

SSP 2–4.5 JJA DJF MAM

SSP3–7.7 JJA SON DJF

SSP5–8.5 JJA SON SON

Zone C

WFDE5 Hist. JJA SON DJF/MAM

MMM Hist. JJA SON DJF

SSP 1–2.6 JJA JJA/SON MAM

SSP 2–4.5 JJA SON JJA/SON

SSP3–7.7 JJA SON JJA

SSP5–8.5 JJA SON JJA/SON

Zone D

WFDE5 Hist. JJA JJA DJF/MAM

MMM Hist. JJA JJA/SON All

SSP 1–2.6 MAM JJA JJA

SSP 2–4.5 JJA SON DJF

SSP3–7.7 JJA SON JJA

SSP5–8.5 JJA SON No seasonality
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v2.5’80,81, which is performed by Inter-Sectoral Impact Model
Intercomparison (ISIMIP). It is worth underlying that ISIMIP3BASD
v2.5 also uses WFDE5 as a reference to bias-adjust CMIP6 over
land82. The performed bias adjustment improves the homogeneity
between the data records in the historical and projection
simulations, consequently having a reliable assessment by climate
projection [see Figs. 9–38 in ref.80]. Therefore, WFDE5 is preferred
among other available data to be used as a reference dataset in
this study.

SSP scenarios83 are the latest climate change scenarios that
describe the pathways of the future pro� le of societies6. SSP
scenarios address the future socioeconomic challenges to adap-
tion and mitigation associated with Representative Concentration
Pathways (RCPs) scenarios in the absence of climate or climate
change policies. It is commonly represented as SSPi–j where ‘i’
indicates the socioeconomic pathway and‘j’ indicates the
radiative forcing level (in W m� 2).

The primary four pathways are included in this work and
summarized in Table2; the sustainability or green road scenario
SSP 1, which represents low mitigation and adaptation challenges,

assuming more sustainable practices - with the low emission
scenario (RCP 2.6) that assumes a cut for global CO2, reaching net
zero after 2050. The second scenario is the middle road scenario,
SSP2, which is characterized by medium adaptation and mitiga-
tion challenges - with intermediate greenhouse gases and CO2

emissions by the end of 2050 (RCP4.5).
The high and very high emission scenarios (RCPs—7.0 and 8.5),

which assume roughly double the current CO2 by 2100 and 2050,
respectively, with the rocky road scenario SSP3 of both high
mitigation and adaptation challenges, and highway road SSP5 of
high mitigation challenges.

The data used in this study was downloaded from the Inter-
Sectoral Impact Model Intercomparison Project (ISIMIP;https://
www.isimip.org), which was designed to assess the impacts of
climate change in different sectors and at different scales84.

SPEI calculation and drought analysis
To calculate the SPEI drought index,� rst, the potential evapo-
transpiration (PET) is estimated using the Thornthwaite method85

Fig. 8 Decadal trends. Temperature (left), precipitation (middle), and water balance (right) linear trends under different future scenarios:a–c
SSP1–2.6,d–f SSP2–4.5,g–i SSP3–7.0, andj-l SSP5–8.5, for the projection period 2021–2060 of CMIP6 MMM. Gray dots refer to areas with a
con� dence interval � 95%.
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from both WFDE5 and CMIP6 MMM. The climatic water balance
(WB) is then calculated for each month by subtracting the PET from
the precipitation of each dataset and considering the scenario.

We calculate the index at three different time scales, 1, 6, and 12
months, to address the meteorological, agricultural, and hydro-
logical droughts, respectively. The WB time series are aggregated

Fig. 9 Temporal correlations. Temperature (left) and precipitation (right) correlations with water balance under different future scenarios:
a, b SSP1–2.6,c, d SSP2–4.5,e, f SSP3–7.0, andg, h SSP5–8.5, based on the projection period 2021–2060 of CIMP6 MMM. Gray dots refer to
areas with a con� dence interval � 95%.
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at the required time scales (k) as follows:

WBk
i;j ¼

X12

l¼13� kþ j

WBi� 1;l þ
Xj

l¼1

WBi;l if j < k and (1)

WBk
i;j ¼

Xj

l¼j� kþ 1

WBi;l if j � k and (2)

where j is the month, andi is the year.
To standardize the aggregate water balance time series (WBK

i;j)
for the speci� ed timescales and obtain the SPEI, the probability
distribution of three parameters log-logistic distributed variable (� ,
� , and � ) computed using the L-moment procedure following50,
and SPEI is expressed as

SPEI¼ W �
C0 þ C1 W þ C2 W2

1 þ d1W þ d2W2 þ d3W3
(3)

And W ¼
�����������������
� 2lnðPÞ

p
for P� 0.5; whereP is the probability of

exceeding a determined WB value, IfP> 0.5, thenPis replaced by
1 � P, and the sign of the resultant SPEI is reversed. The constants
C0, C1, C2, d1, d2, and d3 are 2.515517, 0.802853, 0.010328,
1.432788, 0.189269, and 0.001308, respectively.

The WB standardization and SPEI calculation is done for the
historical and projection periods independently. The drought severity
has been classi� ed according to the SPEI value86, as shown in Table3.

For each timescale, the drought frequency and intensity were
evaluated. The drought frequency was calculated by counting the
number of times that SPEI values below� 1 in each grid cell during the
studied historical and projection periods, 1980–2014 and 2021–2060.

The drought intensity is de� ned based on the SPEI values, as
shown in Table3. The relative values for both drought frequency
and intensity are discussed as the number of detected events per
period divided by the total number of months of a whole period.

Analyzing the time series for the SPEI has been done on a
regional basis; addressing the drought onset, duration, and
severity. Dividing the study area into sub-regions is crucial,
whereas average different drought severity levels can mislead the
interpretation of the results. The sub-region selection is based on
the drought frequency and intensity, as explained in Fig.5, to
differentiate between regions characterized by frequent and
intense drought and regions of frequent mild drought. The
average for the SPEI values is calculated corresponding to the
de� ned zones in Fig.5 (coordinates of each zone are shown in
Supplementary Table 1). To do so, we select the grid cells that

show the total number of months with SPEI-value <� 1.5, more
than 50% of the total number of dry SPEI values, i.e., when severe
or extreme drought frequency is higher than moderate drought
frequency, and simultaneously show a relative frequency in the
projection period higher than the historical period, to be labeled
as the� rst-order of vulnerable spots. The grids that show only one
availability of the de� ned conditions are labeled as second-order
vulnerable spots. The hotspot zones are de� ned on the basis of
having maximum consistent order of vulnerability in each zone to
reduce as possible the effect of SPEI averaging over the domain,
taking into account the geographical location.

Finally, we investigate the linear trends and correlation of the
climate variables used in calculating SPEI (i.e., temperature,
precipitation, and water balance), with Mann–Kendall andP-value
statistical test for their signi� cance, to understand the driving
variable for the drought phenomenon in Mediterranean countries.

DATA AVAILABILITY
All bias-adjusted atmospheric climate input data of ISIMIP (version 1.1) for both
historical and future climate simulations are available on ISIMIP Repository:https://
data.isimip.org/search/time_step/daily/product/InputData/. DOI. https://doi.org/
10.48364/ISIMIP.842396.1. WFDE5 Version 2.0 is available at Copernicus Climate
Change Service (C3S) Climate Data Store (CDS):https://cds.climate.copernicus.eu/
cdsapp#!/dataset/derived-near-surface-meteorological-variables?tab= form, DOI.
https://doi.org/10.24381/cds.20d54e34. The post-processed and analyzed data that
support the � ndings of this study are available from the corresponding author upon
reasonable request.

CODE AVAILABILITY
The computation of the PET and of SPEI has been done with the Climate Indices
python package (https://github.com/monocongo/climate_indices; version 1.0.10).
Moreover, the postprocessing of the ESM data and SPEI results have been done with
the Climate Data Operators (CDO:https://code.mpimet.mpg.de/projects/cdo) and the
corresponding Python scripts for visualizing the results. The used tools and packages
are freely available.
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