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Abstract

Drought is expected to intensify under climate change, posing significant risks to Mediter-
ranean agroecosystems. This study provides long-term projections of drought and wetness
conditions for three representative Mediterranean regions—Eastern Mancha (Spain), Sidi
Bouzid Governorate (Tunisia), and the Beqaa Valley (Lebanon)—to support climate-resilient
planning. Future monthly precipitation (2020-2050) was dynamically downscaled using
the Weather Research and Forecasting (WRF) model under the RCP4.5 scenario, and the
Standardized Precipitation Index (SPI12) was subsequently applied to quantify drought
severity at annual and monthly scales. By integrating dynamically downscaled WRF projec-
tions with pixel-based SPI analysis across three spatially distinct Mediterranean regions, the
study provides a novel, spatially explicit and comparative framework for assessing future
drought and wetness extremes in support of climate-resilient planning. The results reveal
spatial variability and moderate temporal fluctuations across the three regions, reflected
in differing timings and intensities of their driest and wettest hydrological years. Spain
is projected to experience its driest hydrological year in 20462047, Tunisia in 20302031,
and Lebanon in 2047-2048. The wettest years are projected to occur in 2045-2046 for Spain
and Tunisia, and in 2028-2029 for Lebanon. Although extreme drought events are not
widely anticipated, localised severe dry periods emerge in many parts of the study areas.
while in Lebanon, these conditions also extend into the winter and spring. These findings
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underscore the need for spatially targeted adaptation rather than uniform regional mea-
sures. Identifying both driest and wettest projected years enhances preparedness, informs
water-resource optimisation, and supports agricultural land-use planning, especially in
areas with favourable future climatic conditions. Integrating drought projections into multi-
hazard planning (i.e., drought and floods) frameworks can further strengthen territorial
resilience in regions facing increasing climate-related extremes.

Keywords: drought hazard; weather research and forecast; standardized precipitation
index (SPI); climate-resilient planning; mediterranean agroecosystems

1. Introduction

Drought is considered a major environmental hazard that is expected to become
more frequent and intense under climate change, affecting many regions worldwide [1].
Although there is no universal definition of drought, the phenomenon is generally charac-
terised by a moisture deficit over a specific period relative to normal conditions [2]. Climate
variability and anomalies (often linked to large amounts of carbon dioxide emissions from
human activities) may lead to meteorological drought; extensive land-use changes can
contribute to soil moisture drought, which may be exacerbated by unsustainable irriga-
tion practices. Meanwhile, dam construction may induce hydrological drought, further
intensified by excessive water abstraction. Collectively, these processes culminate in severe
socioeconomic and ecological impacts [3].

The impacts of drought are multifaceted, influencing numerous environmental and so-
cioeconomic dimensions. An important consequence relates to agriculture, where drought
may significantly reduce crop productivity; for instance, corn yields may decline by up
to 8% for every week of extreme drought [4]. Another notable example is that drought
is considered responsible for 50% of cereal losses in India from 1982 to 2012 [5]. Extreme
drought also contributes to water insecurity in many regions [6] and can deteriorate water
quality by increasing groundwater salinity [7] or promoting harmful cyanobacterial blooms
in surface waters [8]. Furthermore, drought may substantially impact hydropower genera-
tion, causing reductions of 20-40% every decade, with serious implications for national
economies and the energy sector [9,10]. A fundamental concern related to climate change
is that more frequent and severe droughts can trigger intense wildfires, threatening critical
natural and built environments [11], and necessitating enhanced resilience [12].

Historical drought assessments provide valuable indications of drought vulnerability
and are supported by several indices, such as the Standardized Evapotranspiration Deficit
Index (SEDI) [13], the Standardized Precipitation Index (SPI) [14], and the Standardized Pre-
cipitation Evaporation Index (SPEI) [15]. However, projections of future drought conditions
also play a critical role in enhancing the preparedness and resilience of agroecosystems. To
this end, numerous studies have investigated future drought under General Circulation
Models (GCMs) and Regional Climate Models (RCMs) [16], the Coupled Model Intercom-
parison Project Phase 6 (CMIP6) [17], or differentiated Shared Socioeconomic Pathways
(SSPs), indicating that drought hazards are expected to intensify, affecting an increasing
proportion of the population, particularly in developing countries [18].

Recent research indicates that agricultural and hydrological drought events intensified
across the Mediterranean from 1980 to 2014, while near-future projections suggest a further
increase in drought frequency of up to 25% by 2060. The same study highlighted that
the southern Mediterranean is expected to be the most critically affected region, with
significant impacts on food and water resources; however, the spatial manifestation of
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drought remains strongly influenced by regional climatic characteristics [19]. In the same
context, the severity of meteorological and hydrological drought is projected to escalate
due to the synergistic effects of declining precipitation and rising evapotranspiration [20]
while agricultural drought is expected to strongly affect low-elevation coastal agricultural
regions [21].

Hence, the main aim of this study is to explore the spatiotemporal projections of
drought extremes in three distinct vulnerable Mediterranean regions—Spain, Tunisia, and
Lebanon. The study makes a novel contribution to the literature by addressing several key
aspects. First, based on previous historical monitoring of drought and wetness patterns
in these regions, this analysis is extended to future conditions up to 2050. Second, the
combination of two robust methodological approaches provides significant insights into the
spatial and temporal patterns of dry and wet periods at a pixel-based scale. The Weather
Research and Forecasting (WRF) model is used to project future monthly precipitation,
which forms the basis for calculating the Standardized Precipitation Index (SPI) and identi-
fying spatial and temporal drought and wetness extremes. This information is critical for
identifying subregions at high drought risk and for informing appropriate planning mea-
sures. Notably, the authors of [22] concluded that drought severity, rather than frequency
or duration, is associated with higher financial costs. Finally, the methodology is applied
across three spatially distinct domains, enabling the identification of climatic differences
and similarities among Mediterranean countries. This integrated, multi-domain WRF-SPI
framework applied across three Mediterranean agroecosystems provides a novel, spatially
explicit assessment of future drought extremes.

2. Data and Methods
2.1. Study Areas

Drought analysis was conducted across three regions that reflect diverse characteristics
of Mediterranean environments (Figure 1). The first case study concerns the Hydrogeo-
logical Unit “Eastern Mancha”, situated mainly within Albacete province in the region
of Castilla-La Mancha, southeastern Spain. This area covers 8500 km? and includes more
than 110,000 hectares of irrigated farmland, with a population density of approximately
150 inhabitants per km?. Its central coordinates are 38°59’ N and 1°51’ W [23]. The climate
consists of short, hot summers and long, notably cold winters, with a mean annual tem-
perature of 14.6 °C and typical values ranging from 0.5 to 33.3 °C. Annual precipitation
averages 360 mm, and mean wind speeds reach 14.5 km/h [24].

The second study area is the Sidi Bouzid Governorate in central Tunisia, one of the
country’s 24 administrative regions. It covers 7405 km?, with a recorded population of
429,912 in 2014, corresponding to a density of 58 inhabitants per km?. Its coordinates are
35°02' N and 9°30" E [25]. The climate is marked by very hot summers and prolonged cold
winters, with temperatures ranging from 4.4 to 36.6 °C. The region receives an average
of 248 mm of rainfall per year, and mean wind speeds are approximately 13.7 km /h [26].
Groundwater constitutes the sole source of irrigation in this governorate.

The third study region lies within Lebanon’s Beqaa Valley, a major agricultural corridor
extending roughly 120 km in length and 16 km in width, centred around 34°00’ N and
36°08’ E. The valley experiences a continental Mediterranean climate, characterised by
wet and frequently snowy winters and dry, warm summers [27]. Temperatures typically
fluctuate between 3 °C and 34 °C, while annual rainfall varies from about 230 mm in the
northern sector to 610 mm in central areas. Mean wind speeds average near 7 km/h [28].
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Figure 1. Spatial extent of the three study areas (a) Eastern Mancha (Spain), (b) Sidi Bouzid (Tunisia),
and (c) the Beqaa Valley (Lebanon) and (d) their overall distribution across the Mediterranean region.

These three regions were selected based on the following criteria [27]:

e  All study areas are located within the broader Mediterranean basin.

e  Their contrasting geographical settings—as representatives of Europe, North Africa,
and the Middle East—enhance the likelihood of observing marked differences in
drought and wetness conditions.

e A considerable geographical separation between sites ensures that local atmospheric
and environmental variability can be adequately captured.

e  The current analysis extends the historical drought/wetness assessment of the same
regions from 1980 to 2050.

Together, these parameters allow for a comparative assessment of future spatiotempo-
ral meteorological patterns and climatic extremes (e.g., precipitation variability, drought,
and wetness). They also support the interregional evaluation of the four fundamental di-
mensions of drought—severity, frequency, spatial extent, and duration—that are recognised
as key components of one of the most impactful environmental hazards [27].

2.2. Weather Research and Forecasting Modelling (WRF)

The Weather Research and Forecasting (WRF) model is a mesoscale numerical weather
prediction (NWP) system widely employed for atmospheric research and operational
forecasting [29]. Developed through collaboration between NCAR, NOAA, and the U.S.
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Air Force, and currently maintained by UCAR, WRF provides an open-source framework
suitable for real-time forecasting as well as regional climate simulations [30].

WREF includes two dynamical cores—the Advanced Research WRF (ARW) and the
Nonhydrostatic Mesoscale Model (NMM)—each tailored to different modelling applica-
tions. The model supports a broad suite of physical parameterisation options, including mi-
crophysics, cumulus convection, planetary boundary layer processes, land-surface schemes,
and shortwave/longwave radiation. These options allow users to configure simulations
according to their specific research needs.

The Weather Research and Forecasting model, using the Advanced Research WRF
(ARW) core (version 4.2) [29,31], was utilized to provide the necessary climate variables
for the SPI analysis over the regions of interest. The model was configured accordingly to
provide a high resolution 30-year climate simulation forced by CMIP5 CESM data under
emissions scenario RCP4.5 [32]. The choice of the forcing data was based on the available
CMIP5 data, as no CMIP6 data was available by the time of producing the 30-year climate
simulation. In addition, the RCP4.5 scenario was selected to represent an intermediate,
stabilisation-oriented climate pathway that has been widely applied in Mediterranean
drought research [33,34] and is broadly comparable to the SSP2-4.5 scenario adopted in
ARG in terms of radiative forcing trajectories. Given the substantial uncertainties associated
with long-term climate projections, the use of an intermediate forcing scenario provides
a balanced representation of future climatic conditions, avoiding reliance on either low-
end or high-end projections while remaining suitable for comparative, planning-oriented
drought assessments.

A parent domain covering the broader Mediterranean basin with horizontal reso-
lution of 18 km x 18 km (340 x 210 grid points) was considered, while three one-way
nested domains, each focusing on one study region (Eastern Mancha, Spain; Sidi Bouzid,
Tunisia; Beqaa Valley, Lebanon) were configured with horizontal resolution of 6 km x 6 km
(139 x 139 grid points). For vertical resolution, 50 sigma levels up to 50 hPa were employed.

The simulated period spanned from 2020-2050 (30 years), while the years 2018-2019
were used as spin-up time and were excluded from the analysis. The simulations were
carried out on the HPC cluster of the 3DSA on MPI communication mode and at monthly
time slices due to the demanding amount of computational and storage resources. In total,
approximately 210 days were needed for the completion of the 30-year climate simulation.

All drought statistics (SPI) and the reported 5 x 5 km pixels were computed on a
regular lat-lon grid of the inner nests. The precipitation model output used for SPI is
provided on a regular lat/lon grid with coordinate increments of approximately 0.045° (lat)
x 0.058° (lon) (5 km at the study latitudes), which was created by conservative remapping
of the native 6 km x 6 km WREF inner grids. This conservative remapping was applied
to ensure spatial consistency and comparability between the future SPI fields derived
from WRF and the historical SPI analyses based on CHIRPS precipitation data, thereby
supporting a coherent interpretation of drought conditions from historical to future periods.

This procedure enabled consistent, continuous dynamic downscaling across the full
projection period and provided the monthly precipitation fields used for subsequent
SPI estimation.

2.3. Standardized Precipitation Index

Future drought and wet conditions were assessed using the Standardized Precipitation
Index (SPI), a widely applied metric for identifying both dry and wet periods across
multiple temporal scales [35,36]. The SPI quantifies anomalies in accumulated precipitation
by comparing observed values with the long-term climatological distribution. For each
timescale (SPI-3, SPI-6, SPI-12, SPI1-48), precipitation totals are fitted to a gamma probability
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distribution, which was then transformed into a standard normal distribution such that SPI
values have a mean of zero and can be compared across regions with different climates [37].

The estimation of the SPI follows a standardised procedure. If the x-axis denotes
the accumulated precipitation over the selected time scale (e.g., 1, 3, 6 or 12 months),
the distribution of these values can be modelled using a gamma (I') probability density
function, g(x), expressed as [38]:

“_16_%,X >0 (1a)

I'(x) = /000 x"le ¥ dx (1b)

where g(x) represents the gamma function. In Equation (1a,b), the parameters « and (3 are
estimated using the maximum likelihood method, as shown below:

14+4/14+ %4
[x:i?’,[g:f (2a)

4A a

A=1In(x) — %(x) (2b)

where n denotes the number of observations in the precipitation time series (total months).
The corresponding precipitation value x can then be expressed in terms of its cumulative
probability:

6(w) = [ skt = g [ e P ®)

Substituting t = x/b into Equation (3) transforms it into a gamma function:
1 X
G(x) = —— / 1ot gt )
0

In cases where the accumulated monthly precipitation x is zero, Equation (4) is adjusted
accordingly and expressed as H(x).

H(x) =g+ (1-9)G(x) (5)

where g denotes the probability of zero precipitation (x = 0), which reflects the frequency
of zero-rainfall events within the entire time series. The SPI is then obtained by trans-
forming this cumulative probability using the standard normal distribution function, as
shown below.

co+c1+c t2 _ 1
*(t’ m) E=y/Ind (H(x))2> /0 <H(x) < 05

SPI = 6)

co+ertcot? o 1
— it = ln((l—H(x))Z) ,05<H(x)<1

assuming the constants ¢y = 2.51552, ¢; = 0.80285, c; = 0.01033, d; = 1.43279, d, = 0.18927,
and dsz = 0.00131.
A standard classification scheme (Table 1) was applied to categorise drought/wetness

severity (e.g., moderately dry, severely dry, extremely dry), which was adopted from the
European Drought Observatory [39].
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Table 1. SPI classification table adjusted from [39].

SPI Value Classification Probability (%)
<=2 Extremely dry 2.3
From —1.5to —1.99 Very dry 4.4
From —1 to —1.49 Moderately dry 9.2
From —0.99 to 0.99 Normal precipitation 68.2
From 1to 1.49 Moderately wet 9.2
From 1.5 to 1.99 Very wet 44
>2 Extremely wet 2.3

In the next stage, wet and dry conditions were assessed for each hydrological year (Oc-
tober to September). Although the SPI3 and SPI6 capture seasonal precipitation variability,
the SPI12 is preferred for hydrological planning applications as it better represents annual
water balance conditions relevant to agricultural productivity and groundwater resource
management in Mediterranean agroecosystems. For this purpose, the SPI12 was selected, as
its longer accumulation period allows for the identification of prolonged drought episodes
that may influence both surface and groundwater resources. This procedure enabled us
to derive annual average drought or wetness characteristics based on the corresponding
SPI values.

The SPI12 was computed at each WRF grid cell from monthly precipitation totals
using a 12-month moving accumulation. For each grid cell, accumulated precipitation
was fitted to a gamma distribution and subsequently transformed to a standard normal
variate, yielding the SPI12. In the present study, the hydrological year was defined as
October-September. Therefore, the SPI12 value assigned to a given hydrological year
corresponds to the September SPI12, which represents the precipitation accumulation over
the preceding 12 months (October-September). For annual mapping of the driest and
wettest hydrological years, we present the monthly SPI12 values within each hydrological
year, all derived from the same rolling 12-month accumulation window.

The outcomes are illustrated through a series of maps depicting the most extreme
wet and dry years across the three study regions. The SPI12 was computed directly
from gridded WREF precipitation at each model grid cell (native 5 km grid). For spatial
representation and area-based summaries within the irregular boundaries of the study
regions, we generated Voronoi polygons [40] from the WRF grid-cell centroids, clipped
them to each study area, and attributed each polygon with the SPI value of its corresponding
grid cell. This procedure provides a complete areal representation within each study region
and enables the computation of areal fractions (percent coverage) of SPI classes. It is not a
station-based interpolation workflow, and no meteorological station data were used for
SPI estimation.

3. Results

This section presents the SPI12 results for all the study areas for the projected period
2020-2050, based on precipitation outputs from the Weather Research and Forecasting
(WRF) model. The WRF simulations provided future monthly precipitation values, which
were then used to calculate the SPI12. Assessing the future evolution of drought condi-
tions enables a better understanding of potential long-term dry periods and supports the
development of proactive measures to mitigate the impacts of exceptionally dry years.
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3.1. Prognostic Model for Estimating Potential Drought Conditions in Albacete, SE Spain
(2020-2050)

The WREF provided the projected precipitation values for each month in Albacete
from 2020 to 2050. Table 2 presents the monthly evolution of the SPI;, for the projected
time frame (2021-2049). As shown, the driest hydrological year is projected to occur in
2046-2047 (SPI = —1.24), whereas the wettest hydrological year is projected one year earlier,
in 2045-2046 (SPI = 1.62). The projected SPI values indicate that extreme drought conditions
are not expected in Albacete up to 2050.

Table 2. Monthly evolution of the SPI;, for the projected time frame (2021-2049).

Hydrological Year SPI12 Hydrological Year SPI12
2021-2022 0.26 2035-2036 —0.86
2022-2023 0.92 2036-2037 0.43
2023-2024 0.85 2037-2038 —0.39
2024-2025 —1.04 2038-2039 —0.10
2025-2026 0.59 2039-2040 —0.34
2026-2027 1.14 2040-2041 —0.76
2027-2028 1.02 2041-2042 0.76
2028-2029 0.24 2042-2043 1.09
2029-2030 0.08 2043-2044 -1.23
2030-2031 0.52 2044-2045 —0.05
2031-2032 —0.69 2045-2046 1.62
2032-2033 —0.51 20462047 —1.24
2033-2034 —0.56 2047-2048 -1.15
2034-2035 —0.45 2048-2049 —0.13

During the entire projected period, attention was given to the driest and wettest hy-
drological years. In this context, the spatial distribution of drought and wetness categories
was mapped to enable decision makers to implement spatially explicit measures in the
regions at highest risk, rather than applying uniform management strategies. This ap-
proach supports the efficient allocation of financial and environmental resources. Figure 2a
illustrates the distribution of drought categories in Albacete during the driest hydrological
year (2046-2047). Most of the study area experiences moderate drought (—1.49 < SPI < —1),
particularly in the central and western regions, while a smaller area in the northeast is
projected to experience severe drought (—1.99 < SPI < —1.5). A small area in the east is
characterised by normal conditions (—0.99 < SPI < 0.99).

Conversely, the hydrological year of 2045-2046 is projected to be the wettest
(Figure 2b). Here, Albacete is divided into four distinct zones. The northern part presents
normal conditions (—0.99 < SPI < 0.99). The adjacent zone to the south displays wetter
conditions (1 < SPI < 1.49). The central and southwestern parts show even wetter conditions
(1.5 < SPI < 1.99), while the wettest region is located in eastern Albacete (SPI > 2).

https:/ /doi.org/10.3390 /hydrology13020073
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SPI - Albacete: Oct. 2046 - Sep. 2047 SPI - Albacete: Oct. 2045 - Sep. 2046

SPI 12
SPI12 -0.99-0.99
-0.99-0.99 1.00-1.49
-1.49- -1.00 B 1.50-1.99
mre—gy OEEEL —=F  I- -2 e

(a) (b)

Figure 2. (a). SPI12 in Albacete (October 2046-September 2047). (b). SPI12 in Albacete (October
2045-September 2046).

Next, an intra-annual analysis was conducted to explore the spatiotemporal evolu-
tion of drought and wetness trends throughout the two most extreme hydrological years.
Figure 3 presents the monthly SPI12 evolution for 2046-2047 (driest year). At the beginning
of this hydrological year (October—December), normal and wet conditions prevail across
most of Albacete. Specifically, the central, southern, and eastern areas experience various
degrees of wetness in October, while the northern part remains under normal conditions.
November and December are predominantly characterised by normal conditions. From
January to March, two diagonally opposite regions—located in the northeastern and south-
western parts of the study area—begin to experience moderate drought. However, almost
the entire region is projected to face extreme drought (SPI < —2) from June to September,
with the exception of a small area in the east exhibiting moderate drought. Conditions in
April and May are less severe, with approximately three-quarters of Albacete experiencing
moderate to severe drought but not extreme levels. Certain northern regions, however, do
experience extreme drought.

Figure 4 summarises the drought conditions in Albacete for the projected hydrological
year of 2046-2047 in terms of the proportion of pixels falling into different categories.
The pattern is highly variable. From October to March, many areas experience normal
or moderate drought conditions, while an escalating shift towards severe and extreme
drought is observed from April to September. Extreme drought expands progressively
across Albacete toward the summer months.

Table 3 shows the percentage of pixels (5 x 5 km) falling into each drought category,
allowing for the quantification of the spatial extent of each condition. Extensive areas
(15-90%) experience severe or extreme drought between April and September. Approxi-
mately one-third of the study area faces moderate drought from January to March. Normal
or wet conditions prevail between October and December (31-93%).
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Figure 3. Monthly SPI12 in Albacete, Spain (projected hydrological year: 2044-2045).
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Figure 4. Number of pixels per drought category in Albacete (2046-2047).

Figure 5 illustrates the monthly SPI12 evolution for 2045-2046 (wettest hydrological
year). The study domain is again divided into four zones. The wettest conditions are
concentrated in the eastern and southern regions (SPI > 2). The central part of Albacete
is characterised by slightly less wet conditions (1.5 < SPI < 2). Moving northwards, con-
ditions become progressively drier, with the intermediate zone showing mild wetness
(1 < SPI < 1.5) and the northernmost regions approaching normal conditions. This spatial
pattern is consistent throughout the year, with only slight variations in the extent of each
wetness category.
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Table 3. Percentage contribution of pixels falling into different levels of drought in Albacete
(2046-2047).

Year Month Normal  Moderate Dry Severely Dry Extremely Dry

2046 October 31% 0% 0% 0%
2046 November 94% 0% 0% 0%
2046 December 93% 7% 0% 0%
2047 January 60% 37% 3% 0%
2047 February 66% 34% 0% 0%
2047 March 67% 32% 1% 0%
2047 April 0% 6% 59% 36%
2047 May 0% 9% 45% 46%
2047 June 0% 2% 26% 71%
2047 July 0% 2% 15% 83%
2047 August 0% 1% 15% 84%
2047 September 0% 1% 9% 90%

Projected hydrological year 2045-2046 (SPI112), Albacete, Spain
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Figure 5. Monthly SPI12 in Albacete, Spain (projected hydrological year: 2045-2046).

3.2. Prognostic Model for Estimating Potential Drought Conditions in Sidi Bouzid Governorate,
Tunisia (2020-2050)

The WREF provided the projected precipitation values for each month in Tunisia from
2020 to 2050. Accordingly, Table 4 presents the monthly evolution of SPI12 for the projected
period (2021-2049). As shown, the driest hydrological year is projected to be 2030-2031
(SPI = —1.44), while the wettest is projected to be 20452046 (SPI = 2.15). Most of the
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remaining years are expected to be characterised by normal conditions (—0.99 < SPI < 0.99),
with only a few exceptions.

Table 4. Monthly evolution of SPI;, in Sidi Bouzid Governorate (Tunisia) for the projected time frame
(2021-2049).

Hydrological Year SPI12 Hydrological Year SPI12
2021-2022 —0.41 2035-2036 —0.22
2022-2023 0.24 2036-2037 —1.07
2023-2024 0.01 2037-2038 —0.81
2024-2025 1.47 2038-2039 0.45
2025-2026 0.13 2039-2040 —0.42
2026-2027 —0.10 2040-2041 —0.42
2027-2028 1.51 2041-2042 0.62
2028-2029 —0.33 2042-2043 0.18
2029-2030 —0.04 2043-2044 —0.81
2030-2031 —1.44 2044-2045 0.69
2031-2032 —0.29 2045-2046 2.15
2032-2033 —0.96 20462047 0.23
2033-2034 0.04 2047-2048 —0.67
2034-2035 —-0.13 2048-2049 0.28

Throughout the projected period, the spatial distribution of drought and wetness
categories was mapped for the two most extreme hydrological years. The driest year is
projected to be 2030-2031 (Figure 6a). The study domain can be divided into two primary
regions with escalating drought severity. The southeastern part is characterised by severe
drought (—1.99 < SPI < —1.5), while the northwestern region experiences less severe,
moderate drought (—1.49 < SPI < —1). Only a few areas in the north and west exhibit
normal conditions.

Conversely, the wettest hydrological year is projected to be 2045-2046. Most of the
study area is expected to experience extremely wet conditions (SPI > 2), whereas several
regions in the southern, central, and eastern parts of the domain present slightly lower
levels of wetness (1.5 < SPI < 1.99) (Figure 6b).

Next, an intra-annual analysis was conducted to explore the spatiotemporal evolution
of drought and wetness across the two representative hydrological years. Figure 7 shows
the monthly SPI12 evolution for 2030-2031. The study area can be divided into three zones:
the northwestern region, the central territory, and the eastern—southern region. Drought
severity escalates across these regions—from moderate drought (—1.49 < SPI < —1) in the
northwestern zone, to severe drought (—1.99 < SPI < —1.5) in the central and eastern areas,
and finally to extreme drought (SPI < —2) in the south. This pattern is consistently observed
from January to August, with the area experiencing extreme drought expanding during
the summer months. In contrast, the entire region is characterised by normal conditions
in October. Moderate drought spreads across the eastern, southern, and central areas in
November and December. During September, most of Sidi Bouzid is affected by moderate
drought, except for some southern areas experiencing severe drought and a few eastern
areas showing normal conditions.
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Figure 6. (a). SPIj, in Tunisia (October 2030-September 2031). (b). SPI;; in Tunisia (October 2045—
September 2046).
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Figure 7. Monthly SPI;, in Sidi Bouzid Governorate (projected hydrological year: 2030-2031).

Figure 8 summarises the drought conditions in Sidi Bouzid Governorate for the
projected hydrological year of 2030-2031 in terms of the percentage of pixels falling into each
drought category. Many regions experience moderate drought (particularly in December
and September), severe drought (from January to August), and extreme drought (especially
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in April and August), while normal conditions dominate during the remaining months—
mainly in the first three months of the hydrological year. It is worth noting that most of the
territory is affected by either severe or extreme drought from February to August.

No of pixels per drought category (2030-2031)
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Figure 8. Number of pixels per drought category in Sidi Bouzid Governorate (2030-2031).

Table 5 presents the percentage of pixels falling into the different drought categories,
highlighting the variability in drought intensity throughout the year. Normal conditions
prevail in October and November (67-100% of the total area). Moderate drought dominates
in December and September (58-72%). Severe drought is prevalent from January to August
(40-61%), while extreme drought affects large portions of the study area in April and
August (41-47%).

Table 5. Percentage contribution of pixels falling into different levels of drought in Sidi Bouzid
Governorate (2030-2031).

Year Month Normal  Moderate Dry Severely Dry Extremely Dry

2030 October 100% 0% 0% 0%
2030 November 67% 33% 0% 0%
2030 December 41% 58% 1% 0%
2031 January 16% 30% 53% 1%
2031 February 0% 20% 61% 19%
2031 March 6% 21% 53% 20%
2031 April 0% 19% 40% 41%
2031 May 0% 24% 56% 20%
2031 June 0% 20% 56% 24%
2031 July 0% 19% 54% 26%
2031 August 0% 7% 46% 47%
2031 September 11% 72% 17% 0%

Finally, the wettest year in the projected period was evaluated. Figure 9 shows the
monthly SPI12 evolution for 2045-2046. All the months of this hydrological year exhibit
high levels of wetness, with no indication of drought. For nearly half of the year (October
to April), the entire study domain experiences extremely wet conditions (SPI > 2). From
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May to September, conditions remain moderately wet (1 < SPI < 1.49), with a few scattered
regions showing either wetter conditions (SPI > 2) or normal conditions (—0.99 < SPI < 0.99),

particularly in the north and south, respectively.
‘ December
‘ March

Hydrological year 2045-2046 (SPI12), Tunisia
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Figure 9. Monthly SPI;, in Sidi Bouzid Governorate (projected hydrological year: 2045-2046).

3.3. Prognostic Model for Estimating Potential Drought Conditions in Beqaa Valley, Lebanon
(2020-2050)

The Weather Research and Forecasting (WRF) model provided the projected precipi-
tation values for each month in Lebanon from 2020 to 2050. Table 6 presents the monthly
evolution of SPI12 for the projected time frame (2021-2049). As shown, the driest hydrolog-
ical year is projected to be 2047-2048 (SPI = —1.82), whereas the wettest is projected to be
2028-2029 (SPI = 1.62).

Table 6. Monthly evolution of SPI;; in Lebanon for the projected time frame (2021-2049).

Hydrological Year SPI12 Hydrological Year SPI12
2021-2022 1.41 2035-2036 0.08
2022-2023 1.39 2036-2037 —1.08
2023-2024 1.05 2037-2038 —0.67
2024-2025 —0.83 2038-2039 0.22
2025-2026 —0.74 2039-2040 —0.20
20262027 —0.18 2040-2041 0.78
2027-2028 0.26 2041-2042 0.89
2028-2029 1.62 2042-2043 0.54
2029-2030 —0.15 2043-2044 0.00
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Table 6. Cont.

Hydrological Year SPI12 Hydrological Year SPI12
2030-2031 —0.49 2044-2045 —0.57
2031-2032 0.07 2045-2046 0.48
2032-2033 0.08 20462047 —0.15
2033-2034 —0.86 2047-2048 —1.82
2034-2035 —0.25 2048-2049 —0.86

Throughout the modelled period, particular emphasis was given to the driest and
wettest hydrological years. The driest year is projected to be 2047-2048. According to
Figure 10a, most of the study area is characterised by severe drought (—1.99 < SPI < —1.5),
while the pilot study area (outlined by the black rectangle) predominantly experiences
extreme drought (SPI < —2). This result indicates that counterbalancing measures may be
required to safeguard crop viability during the driest period expected over the next 30 years.
Conversely, the hydrological year of 2028-2029 is forecast to be the wettest (Figure 10b).
Based on the projected weather data and SPI values, the pilot study area is expected to
experience very wet conditions (1.5 < SPI < 1.99), while several surrounding regions will
face slightly less wet conditions (1 < SPI < 1.49).

SPI - Lebanon: Oct. 2047 - Sep. 2048 SPI - Lebanon: Oct. 2028 - Sep. 2029
A A

H s

SPI 12
_1'49_ _1'33 sPI 12
=1.99—-1,50 e 1.00-1.49 "
(MUl mru— LT L Ikm
I -2.22- -2.00 048 16 20 2 40 [ 1.50-1.99 048 16 24 32 40

(a) (b)

Figure 10. (a). SPIj, in Lebanon (October 2046-September 2047). (b). SPI;; in Lebanon (October
2028-September 2029). The black rectangle depicts the pilot study area.

Next, an intra-annual analysis was conducted to examine the spatiotemporal evolu-
tion of drought and wetness trends throughout the two representative hydrological years.
Figure 11 illustrates the monthly SPI12 evolution for 2047-2048 (driest year). At the begin-
ning of this hydrological year (October-November), moderate drought (—1.49 < SPI < —1)
predominates across most of the pilot study area, while the surrounding regions experience
normal conditions. In December and January, the pilot study area presents a mixture
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of severe (—1.99 < SPI < —1.49) and extreme (SPI < —2) drought conditions. The wider
territory exhibits normal and moderately dry conditions in the western regions and se-
vere drought in the eastern regions in December; by January, the conditions intensify to
moderate and extreme drought, respectively. For the remainder of the hydrological year
(February—September), the pilot study area is projected to face extreme drought, which
may significantly affect crop growth and yield. The eastern part of the broader region
is characterised by severe and moderate drought from April to September, whereas the
central and western areas mainly experience extreme drought.

Hydrological year 2047-2048 (SPI12), Lebanon
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Figure 11. Monthly SPI;; in Lebanon (projected hydrological year: 2047-2048). The black rectangle
depicts the pilot study area.

Figure 12 summarises the drought conditions in Lebanon for the projected hydrological
year of 2047-2048 in terms of the proportion of pixels falling into each category. The
pattern is variable: many regions experience normal or moderate dryness from October to
December, while an escalating trend toward more severe drought is observed throughout
the remainder of the year. Severe and, predominantly, extreme drought conditions prevail
from January to September, with the pilot study area almost entirely characterised by
extreme drought.

Table 7 presents the percentage of pixels falling into the different drought categories.
Normal conditions dominate in October and November (85% of the study area). Moderate
drought is most widespread in December (40% of the total area), followed by severe drought
(33%). Extreme drought becomes the dominant condition from January to September
(45-94% of the study area), followed by severe drought (6-39%).
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Figure 12. Number of pixels per drought category in Lebanon (2047-2048).

Table 7. Percentage contribution of pixels falling into different levels of drought in Lebanon
(2047-2048).

Year Month Normal  Moderate Dry Severely Dry Extremely Dry

2047 October 85% 14% 1% 0%

2047 November 85% 12% 4% 0%

2047 December 16% 40% 33% 11%
2048 January 0% 16% 39% 45%
2048 February 0% 0% 7% 93%
2048 March 0% 0% 6% 94%
2048 April 0% 2% 21% 78%
2048 May 0% 12% 26% 63%
2048 June 0% 11% 26% 63%
2048 July 0% 12% 27% 62%
2048 August 1% 14% 28% 57%
2048 September 2% 14% 28% 57%

The wettest hydrological year (2028-2029) exhibits highly variable conditions.
Figure 13 shows the spatial distribution of wetness across the study area. The pilot study
area experiences normal conditions in October and November, while some eastern regions
display moderate wetness (1 < SPI < 1.49). The pilot study area becomes moderately wet in
January, March, and April. The surrounding regions are wetter in January and largely simi-
lar in March and April, except for a few areas exhibiting either wetter or slightly less wet
conditions compared to the pilot study area. Finally, the pilot study area is characterised
by predominantly extreme wetness in February and from May to September. The wider
region displays varying degrees of wetness, from moderate to extreme. Specifically, the
northeastern regions tend to exhibit extreme wetness, the southern regions experience mod-
erate wetness, and the remaining territory (apart from the pilot study area) is characterised
by wet conditions.
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Figure 13. Monthly SPI;; in Lebanon (projected hydrological year: 2028-2029). The black rectangle
depicts the pilot study area.

August

3.4. Comparative Analysis of Future Drought and Wetness Evolution for the Three Mediterranean
Study Areas

Finally, Figure 14 presents the comparative assessment of the future SPI12 evolution
and the corresponding dry and wet hydrological years for the entire projected period
across the three Mediterranean study areas. The first three values in the figure represent
the median SPI12 values for the last three historical periods—1982-2000, 2001-2010 and
2011-2020—providing an overview of past drought and wetness trends. Median values
were selected to minimise the influence of potential outliers on the overall assessment.

For Albacete, the variability is relatively low, with SPI12 values ranging from —1.24 to
1.62. This suggests only a few years with moderately dry conditions (e.g., 2043: —1.22 and
2046: —1.24) or moderately wet conditions (e.g., 2028 and 2042). In Sidi Bouzid Governorate,
aside from the extreme drought and wet years previously examined, no additional critical
dry hydrological years are anticipated. Variability is higher here, with SPI12 values ranging
from —1.43 to 2.15. Potential dry years generally exhibit values close to or slightly below
—1, except for 2030, which is expected to show moderate dryness (—1.43). In contrast, three
particularly wet years are anticipated—2024, 2027 and 2045—with SPI12 values of 1.47,
1.51 and 2.16, respectively, indicating moderately to very wet conditions. In the Bekaa
Valley, and beyond the extreme dry and wet years already highlighted, no other critical
dry hydrological years are projected. Variability is similar to that observed in Sidi Bouzid,
with SPI12 values ranging from —1.81 to 1.61. Most potential dry years range close to
or slightly below —1, except for 2047, which is anticipated to be a very dry year with
SPI12 values approaching —1.82. Conversely, 2021, 2022 and 2028 are projected to be wet
years, with SPI12 values of 1.41, 1.39 and 1.62, respectively, indicating moderately to very
wet conditions.

https://doi.org/10.3390/hydrology13020073


https://doi.org/10.3390/hydrology13020073

Hydrology 2026, 13, 73 20 of 25
2,5
2,0
1,5
1,0
A A
0,0 ' a /
-0,5 ’w
408 2 & N N & @ m oo om e T g S 9 s 3
AR o SRR AT = 0] =
15 N o o
P e O o
a S o
i o~ o
-2,0
-2,5
M Albacete (Spain)  m Sidi Bouzid (Tunisia) Bekka valey (Lebanon)

Figure 14. Drought severity assessment (hydrological years) through SPI;, evolution (1982-2048) in
Albacete (Spain), Sidi Bouzid (Tunisia) and Bekaa valley (Lebanon).

The modelled drought and wetness trends exhibit broadly similar behaviour across
the three Mediterranean regions. During the first projected decade (2020-2030), all areas are
expected to experience predominantly normal to slightly wet conditions. In the following
decade (2030-2040), conditions are predicted to be mostly normal to slightly dry. In the
final decade (2040-2048), Albacete and the Bekaa Valley are expected to maintain similar
patterns, while Sidi Bouzid shows more variability. Overall, conditions across all regions
are expected to remain within the normal range, except for a few years presenting moderate
dry or wet conditions.

4. Discussion and Planning Recommendations

This study employed a two-stage procedure for assessing future drought conditions.
First, precipitation projections for the period 2020-2050 were generated using the WRF
model. These served as input for estimating SPI12 values for three Mediterranean coun-
tries with similar yet distinct climatic characteristics—Spain, Tunisia and Lebanon. This
process is essential, as it provides decision makers with the necessary information to de-
sign appropriate measures against drought, particularly in regions where the highest risk
is anticipated.

The findings align with similar studies in which the Reconnaissance Drought Index,
Precipitation Decile Index and the Standardized Precipitation Index were applied to assess
future drought conditions under different climatic scenarios, namely RCP2.6, RCP4.5 and
RCP8.5 [41]. Likewise, the authors of [42] estimated the future spatiotemporal patterns
of drought intensity for Greece using the SPEI6,12 and SPI16,12 based on WRF projections
under RCP4.5 and RCP8.5 up to 2100. In the same context, the authors of [43] conducted
a probabilistic drought assessment using Global Circulation Model simulations to drive
historical and future SPI and SPEI analyses, showing that droughts are expected to intensify
during summer months. While previous studies have provided valuable insights into
future drought evolution using indices such as the SPI and SPEI under different climate
scenarios, their primary focus has generally been on regional or national-scale assessments
and on annual or seasonal drought indicators. In many cases, drought projections are
analysed as standalone climatic outputs, without an explicit linkage to spatial planning,
land-use decision making, or resilience-oriented applications. The research gap addressed
in this study lies in the absence of high-resolution, planning-oriented drought projection
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frameworks that explicitly support spatially targeted adaptation strategies. In this context,
the combined application of dynamically downscaled WRF precipitation projections and
SPI analysis enables the estimation of future drought and wetness conditions at a 5 km
spatial resolution and across both annual and monthly temporal scales, supported by a
series of thematic maps. This multi-scale representation of temporal and spatial drought
and wetness intensity allows for the identification of sub-regional variability that is often
masked in coarser or purely temporal analyses. As a result, the proposed framework moves
beyond descriptive drought assessment and provides an operational basis for informed,
place-based resilience planning in Mediterranean agroecosystems.

Our findings are fully consistent with those in [44], which emphasised the need for fur-
ther drought assessment studies based on representative locations across the Mediterranean
basin in order to better address uncertainties in regional climate behaviour. These uncertain-
ties are particularly pronounced for hydrological droughts, where human pressures—such
as increasing water demand driven by urbanisation and declining water availability—play a
critical role, especially in the southern and eastern Mediterranean regions [44]. By adopting
a comparative, multi-regional approach, the present study directly responds to this need,
providing spatially explicit drought projections that support more robust and regionally
tailored planning and water-management strategies.

Our monthly analysis similarly revealed differentiated drought conditions across the
three countries in the driest projected year: Albacete is expected to experience extreme
and severe drought from late spring to early autumn (April-September); Sidi Bouzid
Governorate is projected to be affected by shorter but less spatially extensive drought from
February to August; and the Bekaa Valley is anticipated to face more widespread and
persistent drought from February to September.

Although the SPI is one of the most widely applied indices for drought assessment,
its limitations are acknowledged [45]. Specifically, its performance depends entirely on
precipitation and does not incorporate additional atmospheric variables. Under climate
change and rising temperatures, evapotranspiration becomes increasingly important in
assessing future drought [46—48]. Even though the SPEl is often considered a more reliable
index [1], the SPI remains robust when compared with weather station measurements [45],
and its use is particularly relevant in regions lacking sufficient temperature data and
where the SPI may be the only feasible option [49]. In the context of this study, the SPI
was prioritised to isolate precipitation-driven drought signals that are directly relevant
to water availability and planning decisions while ensuring methodological consistency
across regions and future climate projections. This choice facilitates comparability between
study areas and supports the spatial planning focus of the analysis, without precluding the
integration of temperature-based indices in future work.

We extended the drought assessment analysis to three Mediterranean countries. Al-
though some tendencies appear similar, the occurrence of extreme drought and wet years
varies considerably across the study areas. The driest projected year is 2046 for Spain and
2047 for Lebanon, whereas Tunisia is expected to experience its driest year much earlier, in
2030. Conversely, the wettest year is projected to occur in 2045 for Spain and Tunisia, while
2028 is projected to be the wettest in Lebanon. This variability reflects the heterogeneous
nature of regional atmospheric processes, even among countries sharing broadly similar
climatic environments.

Beyond identifying the driest hydrological year—an essential step for strengthening
drought resilience—we also identified the wettest year, both statistically and geographically.
This information may support more rational water resource management. Anticipating
a wet year may enable managers to temporarily ease drought-mitigation efforts while
promoting water storage that enhances crop productivity. In this regard, spatial planning
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should play a central role alongside climate planning. It is recommended that land-use
optimisation prioritise agricultural zones, particularly in areas expected to have favourable
climatic conditions. Likewise, land-use restrictions may be necessary to prevent the en-
croachment of higher-value but incompatible uses (e.g., industrial activities) [50]. Such
measures help safeguard valuable agricultural land and prevent soil contamination unless
socioeconomic conditions justify mixed land-use development through vertically integrated
production systems.

In parallel, planners and policymakers should adopt a multi-hazard perspective by
jointly assessing drought and flood risks. Analysing both the driest and wettest projected
hydrological years provides insight into the full spectrum of extremes that a region may
face. As highlighted in recent multi-hazard planning research, droughts and floods may
share underlying climatic drivers, occur sequentially and generate cascading or compound
impacts. Addressing them together supports more coherent and efficient land-use plan-
ning, improves integrated water-management strategies and strengthens overall territorial
resilience [51,52].

Considering the inherent uncertainty associated with climate projections, although
future precipitation projections cannot be directly validated against observations, the ro-
bustness of the SPI methodology has been extensively evaluated in previous studies. In
particular, the SPI-based drought assessment framework applied herein has been vali-
dated against observed meteorological records in similar Mediterranean environments [45],
demonstrating its reliability in capturing drought severity and temporal variability. In
the present study, the SPI is applied consistently across regions using dynamically down-
scaled WRF precipitation to support comparative, planning-oriented assessments. No
bias correction was applied to the dynamically downscaled precipitation outputs, which
constitutes a recognised limitation for SPI-based analyses and is therefore acknowledged
when interpreting the results. Nevertheless, uncertainty in climate projections remains an
inherent constraint of future-oriented drought assessments [53].

5. Conclusions

Drought hazard is expected to increase in both frequency and intensity, emphasising
the importance of forward-looking assessments to support preparedness and resilience,
particularly in vulnerable regions. In this study, future precipitation for the period 2020-
2050 was projected using the WRF model for three representative Mediterranean regions in
Spain, Tunisia, and Lebanon, enabling the calculation of the SPI12 and the assessment of fu-
ture drought and wetness conditions. The results provide annual and monthly insights into
emerging dry and wet patterns, supported by spatially explicit mapping. Although extreme
drought or wetness conditions are not projected uniformly across all regions, considerable
local-scale variability was identified, underscoring the limitations of uniform adaptation
measures and highlighting the need for targeted, place-based planning strategies.

Beyond identifying the driest hydrological years, the analysis also highlights the
future wettest years, offering opportunities for more rational water-resource management,
including the temporary adjustment of drought mitigation measures, enhanced water
storage, and improved agricultural productivity. In this context, spatial planning plays a
critical role in safeguarding agricultural land, particularly in areas with favourable projected
climatic conditions, while land-use restrictions may be necessary to prevent incompatible
developments. Finally, adopting a multi-hazard perspective—through the joint assessment
of drought and flood risks—supports more coherent and efficient territorial planning
as these hazards may share climatic drivers, occur sequentially, and generate cascading
impacts. Such integrated approaches are essential for strengthening long-term resilience
and supporting sustainable development in climate-exposed regions.
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