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ARTICLE INFO ABSTRACT

Keywords: Climate change and extremes are increasingly threatening food security, especially in the Global South. Here, we
Southern Mediterranean examine how croplands and wheatlands of the southern Mediterranean region could be affected by projected
Cr;plalnds changes in agrometeorological extremes over the 21st century. We use 17 bias-corrected climate models from the
Wheatlands . sixth phase of the Coupled Model Intercomparison Project (CMIP6) to identify potential trends and assess the
Agrometeorological extremes . s N . . .

CMIP6 time of emergence of significant changes in agrometeorological extremes under the Shared Socioeconomic

Pathway (SSP3-7.0). We note that simulated historical trends in agrometeorological extremes closely match
observed trends, here derived from ERA5land, over croplands. Our analysis of CMIP6 projected scenarios reveals
a consistent rise in heat intensity, drought intensity, and the frequency of compound dry and hot (D5/H95) days.
While a reduction in frost intensity, combined with fewer wet and cold (W95/C5) and dry and cold (D5/C5)
events offer some mitigation potential, concerns about water scarcity due to heightened heat and drought
stresses may overshadow these benefits. These changes in agrometeorological extremes are projected to emerge
in the near- and mid-term future (by 2030 and 2050). We also note that the projected decreases in cold extremes
affect smaller agricultural regions than the increases in extreme heat. We find higher likelihoods of negative
agrometeorological impacts over croplands and wheatlands throughout the 21st century, which could signifi-
cantly challenge crop yields and agricultural sustainability. Without proactive adaptation and mitigation stra-
tegies, food security could come increasingly under threat in a changing climate in the southern Mediterranean
region.

1. Introduction heatwaves, will increase and threaten long-term prospects for food se-

curity in multiple regions during the 21st century (Ostberg et al., 2018;

Global food production will have to be doubled by 2050 to meet the
needs of the rising population and diet shifts (van Dijk et al., 2021). The
frequency of extreme climate has increased in recent decades in different
regions of the world (IPCC, 2022). Climate variations explain approxi-
mately a third of global crop yield variability (Ray et al., 2015; Heino
et al., 2023). Additionally, the Sixth Assessment Report (AR6) of the
Intergovernmental Panel on Climate Change (IPCC) suggests that the
intensity and duration of climate extremes, such as drought and
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Konduri et al., 2020; IPCC, 2022). Understanding past, present, and
future trends and variability in climate, especially extremes, affecting
agricultural lands, is therefore vital to enable communities to adapt and
match their long-term objectives for food security (IPCC, 2022; Kumar
et al., 2022). This is particularly critical in the Mediterranean region,
where climate change impacts are already being felt (Raymond et al.,
2019; Spagnuolo et al., 2022; Noto et al., 2023). While there has been
little research on future climate change in the southern Mediterranean
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Fig. 1. Climate and landscape characteristics of the southern Mediterranean region in the historical period include (a) The annual mean temperature in ERA5land
between 1995 and 2014. (b) The annual cumulative precipitation in ERA5land between 1995 and 2014. (c) The land-use/land-cover dataset from Chen et al. (2022)
in the year 2015 alongside its colour-coded legend to distinguish between various land use and land cover categories. (d) The harvested wheatlands from the
MIRCA2000 dataset, alongside its corresponding legend indicate the classification of harvested wheatland areas within each grid point by level and percentage.

region (North Africa and the Middle East), existing studies suggest
higher rates of warming in this region compared to the rest of the world
(Cramer et al., 2018; Le Page and Zribi, 2019; Gaaloul et al., 2020;
Tramblay et al., 2020; Urdiales-Flores et al., 2023). Previous studies also
reveal contrasting trends in future precipitation and associated ex-
tremes, underlying large uncertainties (Zittis et al., 2021; Tarin-Carrasco
et al., 2024).

In a changing climate, the socioeconomic dependence of the south-
ern Mediterranean region on the agriculture sector poses a substantial
threat to sustainability (Antonelli et al., 2022; Spagnuolo et al., 2022).
The effect of climate change is expected to be larger in countries relying
on rain-fed agriculture, which still predominates in the southern Medi-
terranean (Nin-Pratt et al., 2017; Schilling et al., 2020). Although the
focus of previous studies was mainly on the northern Mediterranean
region, regional studies in the Mediterranean have suggested potential
yield reductions in both winter and spring crops, in response to
increasing frequency and severity of extreme climate weather condi-
tions, e.g., heatwaves, droughts, coldwaves, and heavy rainfalls, during
the 21st century (Saadi et al., 2015; Deryng et al., 2016; Cammarano

et al.,, 2019; Abd-Elmabod et al., 2020; Alrteimei et al., 2022). In
particular, wheat, the main staple crop in the Mediterranean region, was
found to be one of the most vulnerable crops to climate change (Bouras
et al., 2019; Yang et al., 2020; Zampieri et al., 2020). Existing studies,
discussing the impact of climate change on crop production, however,
rely on climate models from the third and fifth phases of the Coupled
Model Intercomparison Project (CMIP3/5), which were used in the
fourth and fifth IPCC Assessment Reports (AR4 and AR5) (Schilling
et al., 2012; Chourghal et al., 2016; Bouabdelli et al., 2022; Kourat et al.,
2022), and use emission scenarios that are not up to date, potentially
incomplete or unrealistic (O’Neill et al., 2020). In addition, previous
regional agrometeorological impact studies do not systematically
employ bias correction techniques to increase the spatial resolution of
the climate model outputs and remove any systematic biases (Maraun
and Widmann, 2018). It is therefore crucially important to re-evaluate
future changes using robust state-of-the-art climate change models and
scenarios, such as those presented in the sixth phase of CMIP (CMIP6).

Estimating the time of emergence (ToE) for significant changes in
extreme weather conditions over the 21st century is essential for better
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Table 1

Information on the bias-corrected CMIP6 models used in this study.
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Table 2
Summary of analysed agrometeorological hazards over croplands.

Name of GCM Model centre/country Reference Indicator Description and Impacts
ACCESS-CM2 Commonwealth Scientific and Industrial Bi et al. (2020) Maximum heat intensity Definition: Annual maximum deviation of daily
Research maximum temperature from the 95th percentile.
Organization, Australia Potential Impact: Heat stress can disrupt plant
BCC—CSM2- Beijing Climate Centre and China Wu et al. (2020) growth cycles, reduce pollination rates, and scorch
MR Meteorological leaves and fruits, leading to significant yield losses (
Administration, China Bernacchi et al., 2023; Hatfield and Prueger, 2015).
CanESM5 Canadian Centre for Climate Modelling and Swart et al. Maximum drought Definition: Annual minimum seasonal Standardized
Analysis, Canada (2019) intensity Precipitation Evapotranspiration Index (SPEI) value.
CMCC-ESM2 The Euro-Mediterranean Centre on Climate Lovato et al. The SPEI integrates monthly precipitation and
Change, Italy (2022) potential evapotranspiration, standardized using the
CNRM- Centre National de Recherches Séférian et al. generalised extreme value (GEV) distribution for
ESM2-1 Météorologiques—Centre Européen de (2019) comparisons across locations and periods (
Recherche et de Formation Avancée en Calcul Vicente-Serrano et al., 2010). A rectangular kernel
Scientifique, France function is applied to give equal weight to all the data
EC-Earth3- EC-EARTH consortium, Sweden Doscher et al. integrated over a three-month period. The reference
Veg-LR (2022) period used for parameter fitting is set to 1955-2100.
FGOALS-g3 LASG, Institute of Atmospheric Physics, Li et al. (2020) The potential evapotranspiration is computed using
Chinese Academy of Sciences, China the Hargreaves equation modified by Droogers and
GFDL-ESM4 NOAA Geophysical Fluid Dynamics Horowitz et al. Allen (2002).
Laboratory, USA (2020) Potential Impact: Droughts can severely limit water
GISS-E2-1-G NASA/GISS (Goddard Institute for Space Kelley et al. availability for plants, hindering growth, reducing
Studies), USA (2020) photosynthesis, and ultimately leading to crop failure
INM-CM5-0 Institute for Numerical Mathematics, Russian ~ Volodin et al. (Mirgol et al., 2020; Seleiman et al., 2021; Nazari
Academy of Science, Moscow, Russia (2019) et al.,, 2021)
IPSL-CM6A- L’Institut Pierre-Simon Laplace, France Boucher et al. Maximum frost intensity Definition: Annual maximum deviation of daily
LR (2020) minimum temperature (only negative values) from
KACE-1-0-G National Institute of Meteorological Lee et al. (2020) 0°C.
Sciences/Korea Meteorological Potential Impact: Frost events can have a stage-
Administration, Korea specific damaging impact on plant growth, reducing
MIROC6 Japan Agency for Marine-Earth Science and Takemura and yields or causing entire crop failures (Jagannathan,
Technology, Atmosphere and Ocean Toshihiko (2019) 2019; Parker et al., 2021).
Research Institute, Japan Maximum extreme Definition: Annual maximum deviation of daily
MPI-ESM1-2- Max Planck Institute, Germany Wieners et al. precipitation intensity precipitation from the 95th percentile.
LR (2019) Potential Impact: Heavy precipitation can cause
MRI-ESM2-0 Meteorological Research Institute (MRI), Yukimoto et al. waterlogging, soil erosion, and nutrient leaching, all
Japan (2019) of which have a detrimental influence on crop health
NorESM2-LM Climate Modelling Consortium, Norway Seland et al. and yield (Kaur et al., 2019).
(2019) Number of dry and hot Definition: Annual number of days when daily
UKESM1-0-LL ~ Met Office Hadley Centre, UK Sellar et al. days (D5/H95) precipitation falls below the 5th percentile and daily
(2019) mean temperature exceeds the 95th percentile,

decision-making and smarter planning for climate change adaptation,
particularly in the under-researched southern Mediterranean region.
Previous studies underscore the importance of identifying the ToE for
new climate extremes that significantly differ from past and present
conditions (Hawkins and Sutton, 2012; Lehner et al., 2017; Gaetani
et al., 2020). Such analyses are crucial for developing robust risk as-
sessments, optimising resource allocations, and designing appropriate
policies across the southern Mediterranean region. This paper specif-
ically assesses the ToE regarding significant positive and negative
changes in agrometeorological extremes that affect croplands and
wheatlands in this region. Moreover, compound extremes often exac-
erbate the impacts and result in substantial reductions in crop yield,
making the coexistence of climate extremes more damaging than indi-
vidual events. Earlier studies have shown that simultaneous dry and hot
conditions have triggered poor harvests and up to 30 % yield reductions
globally since the early 2000s (Ribeiro et al., 2020; Zscheischler et al.,
2020; Lesk et al., 2022; Velpuri et al., 2023). Similarly, an increased
occurrence of such compound extremes has posed significant threats to
Mediterranean crop production over the last four decades (Vogel et al.,
2021). Yet, the potential implications of future changes in compound
extremes (e.g., dry and hot, dry and cold, wet and hot, and wet and cold)
on crop production remain largely unexplored in the southern Medi-
terranean context. This research gap highlights the necessity for
comprehensive analyses that consider both the timing and the com-
pounded nature of extreme weather events in order to sustain agricul-
tural productivity in this vulnerable region.

In this paper, we aim to identify potential trends in agro-
meteorological extremes, including compound events, over the southern

simultaneously.

Potential Impact: The increased co-occurrence of
drought and heat stresses exacerbates crop growth
conditions, leading to further reductions in crop yields
(Guion et al., 2021).

Definition: Annual number of days when daily
precipitation and mean temperature exceed the 95th
percentile, simultaneously.

Potential Impact: While some crops might benefit
from the increased water availability, very hot and
wet conditions can promote the spread of plant
diseases and hinder pollination, potentially reducing
yields (Velasquez et al., 2018; Singh et al., 2023).
Definition: Annual number of days when daily
precipitation exceeds the 95th percentile and daily
mean temperature falls below the 5th percentile,
simultaneously.

Potential Impact: The increased co-occurrence of
frost days and heavy precipitation events can inflict
more severe damage on crop production than
experiencing either event alone (Mirgol et al., 2023).
Definition: Annual number of days when daily
precipitation and mean temperature fall below the 5th
percentile, simultaneously.

Potential Impact: Extended cold and dry periods can
delay planting, shorten growing seasons, and
potentially damage crops depending on their specific
cold tolerance (Mirgol et al., 2023).

Number of wet and hot
days (W95/H95)

Number of wet and cold
days (W95/C5)

Number of dry and cold
days (D5/C5)

Mediterranean region during the 21st century using bias-corrected
climate change scenarios from CMIP6 models. Specifically, we assess
where and when significant changes in agrometeorological extremes are
more likely to affect croplands and wheatlands, and potentially combine
their impacts during the 21st century. The structure of our paper is as
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Table 3
Summary of analysed agrometeorological hazards over wheatlands and their
potential impacts within the reproductive phase of winter wheat.

Indicator Description and Impacts

Maximum heat Definition: maximum deviation of daily maximum
shock temperature from 30 °C during the reproductive phase of

winter wheat.Potential Impact:

Heat stress reduces grain number (sterility and abortion of
grains) during flowering to early grain filling (Barlow

et al., 2015).

It shortens the duration of grain filling affecting final grain
weight (Dias and Lidon, 2009).

Post-heading heat stress can significantly explain the grain
yield variability (Liu et al., 2014).

Definition: minimum seasonal SPEI value during the
reproductive phase of winter wheat.Potential Impact:

Maximum drought
intensity

The flowering and grain-filling stages are the most sensi-
tive periods for winter wheat, when even a mild drought
can significantly decline yield (Yu et al., 2018; Mirgol

et al., 2020).

Droughts between the Booting and Heading stages reduce
the yield (Zhang et al., 2021).

Definition: maximum deviation of daily minimum
temperature from —4 °C during the reproductive phase of
winter wheat.Potential Impact:

Maximum frost
intensity

Wheat tolerates frosts during its vegetative growth stages
but becomes increasingly susceptible during flowering,
particularly in early spring, and a short period of freezing
temperatures during the reproductive phase can severely
damage it (Cheong et al., 2019; Frederiks et al., 2015).
Frost can cause significant reductions in yield due to the
plant’s heightened sensitivity and diminished cold
acclimation in the reproductive phase (Hassan et al.,
2021).

Frost’s most significant impacts are sterility and grain
abortion around flowering (Barlow et al., 2015).
Definition: number of days within the winter wheat
reproductive phase when both daily precipitation is below
one millimetre and daily mean temperature surpasses 30 °C.
Potential Impact:

Nb DH days

Concurrent dry and hot events exacerbate the negative
impacts on wheat yields, particularly during the
reproductive phase (Mahrookashani et al., 2017; Zampieri
et al., 2017; He et al., 2024).

Definition: number of days within the winter wheat
reproductive phase when both daily precipitation is below
one millimetre and daily mean temperature falls below —4
°C.Potential Impact:

Nb DC days

e The combination of extreme dry and cold events has more
devastating impacts on wheat yield, particularly during its
reproductive phase (Mirgol et al., 2024).

follows. Section 2 describes the study area, data, and methods. In Sec-
tion 3, we first analyse potential trends in projected changes of eight
agrometeorological extreme indicators, before assessing their ToE and
capacity to combine their impacts over croplands and wheatlands.
Finally, in Section 4, we conclude and engage in a discussion exploring
the broader implications of our findings.

2. Study area, data, and methods
2.1. Study area

This study focuses on Morocco, Algeria, and Tunisia, which account
for the majority of the southern Mediterranean croplands
(Benabdelkader et al., 2021). This region is known for its climatic di-
versity, ranging from a temperate climate in the north to arid regions in
the south, marked by hot and dry summers and temperate and wet
winters (Abd-Elmabod et al., 2017). The annual mean temperature of
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the region exhibits a considerable range, varying from 8 °C in moun-
tainous northern regions to 24 °C in the Sahara Desert (Fig. 1a). Pres-
ently, these temperatures are approximately 1.5 °C higher than
pre-industrial era, surpassing the global warming average of +1.1 °C
(Zribi et al., 2020). Furthermore, the region displays diverse annual
mean precipitation levels, ranging from 25 mm.year™ in the south to
over 1100 mm.year’1 in the Atlas Mountain in Morocco (Fig. 1b).
Various land use and land cover categories define the landscape of
this region, but croplands stand out as a pivotal feature, particularly in
the northern and coastal areas (Fig. 1¢). Additionally, agriculture in the
Sahara has experienced remarkable growth over the past few decades,
notably in Algeria, as a result of proactive policies and the existence of
great potential in groundwater resources (Bouchemal, 2021). These
croplands not only contribute significantly to the regional economy but
also offer the opportunity to export an estimated USD 13.8 billion worth
of agricultural products, particularly to Europe (Statista Research
Department, 2024a, b, c¢). Moreover, wheat, one of the three major
cereal crops providing daily calories and proteins worldwide, holds
prominence in the agricultural landscape of this region concentrated in
the northern areas (Awika, 2011; Giraldo et al., 2019; Fig. 1d). Wheat-
lands ensure the food security of the region and play a vital role in the
economies of Morocco, Algeria, and Tunisia by producing around 11.2
million metric tonnes in the marketing year 2021-2022 (USDA, 2024).

2.2. Climate data

To reduce the uncertainties inherent in climate modelling and
enhance the reliability of our analyses, we utilise the latest version of the
NASA Earth Exchange Global Daily Downscaled Projections (NEX-
GDDP-CMIP6) described by Thrasher et al. (2022). These projections
incorporate downscaled historical and future data from 1955 to 2100,
derived from CMIP6 outputs. The downscaled datasets were generated
utilising a daily version of the monthly bias correction/spatial disag-
gregation technique, as outlined by Wood et al. (2004) and Thrasher
et al. (2012), resulting in a horizontal resolution of 0.25° Specifically,
we used 17 downscaled and bias-corrected CMIP6 models (Table 1).
According to the findings of Masson and Knutti (2011) on the significant
similarities and dependencies among climate models from the same
institutions, we selected only one climate model from each institution.
Similarly, based on O’Neill et al. (2020) recommendations, we restricted
our analysis to the most plausible emission and forcing scenarios, i.e.,
the Shared Socioeconomic Pathway 3-7.0 (SSP370) scenario. The
SSP370 scenario represents a medium-high socioeconomic development
path with radiation forcing peaking at 7.0 W/m? by the end of the
century (O'Neill et al., 2020; Tang et al., 2022).

Furthermore, we assess how simulated historical trends and varia-
tions in agrometeorological extremes compare to observed trends and
variations, using the ERA5land reanalysis dataset (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview).
ERAS5land is the fifth-generation atmospheric reanalysis from the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF), offering
a wide set of meteorological variables at a high spatial resolution of 0.1°
x 0.1° (Munoz-Sabater et al., 2021). Reanalysis datasets combine his-
torical observations from across the world with advanced atmospheric
models to create a consistent and complete picture of Earth’s climate
system using the laws of physics. In this study, we extracted daily
maximum temperature, minimum temperature, mean temperature, and
total precipitation from 1955 to 2014.

2.3. Land-use/land-cover dataset

To assess the potential vulnerability of croplands to future climatic
changes, we employ a global land use and land cover (LULC) dataset
provided by Chen et al. (2022) (http://www.geosimulation.cn/Glo
bal-SSP-RCP-LUCC-Product.html). This dataset provides a 1-km global
LULC dataset with seven distinct LULC categories, facilitating our
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Fig. 2. Spatial distribution of CMIP6 multi-model mean projected trends (2015-2100) in agrometeorological extremes over the southern Mediterranean region under
the SSP370 scenario. Each subplot represents the multi-model mean trend of a specific agrometeorological indicator, including maximum intensities in (a) heat, (b)
drought, (c) frost, and (d) extreme precipitation, alongside the number of extreme compound events in (e) D5/H95, (f) W95/H95, (g) W95/C5, and (h) D5/C5.
Kendall’s Tau (blue to red shading) is used to measure the direction and rate of changes in different indicators. Black and grey dots show grid points where at least 90
% and 50 % of the models agree on the sign of significant changes, respectively. Dark blue contour lines indicate the cropland extent in the LULC dataset in 2015.
Numbers in the parenthesis indicate the estimated percentages of these croplands that would be influenced by each significant climate extreme.

understanding of cropland dynamics over the 21st century. It integrates
top-down land demand constraints from CMIP6 data and the bottom-up
spatial simulation using cellular automata (CA) and an Artificial Neural
Network (ANN), ensuring the accuracy of the land trajectories under
different SSP-RCP scenarios. The CA model is executed regionally to
capture spatial heterogeneity. Here, we focus on croplands, including
both rainfed and irrigated areas, under the SSP370 scenario over the
southern Mediterranean region. Given the higher resolution of the LULC
dataset compared to CMIP6 models, we define areas as croplands when
they cover at least 100 hectares of a climate model’s pixel.
Additionally, we employ the Monthly Irrigated and Rainfed Crop
Areas around the year 2000 dataset (MIRCA2000; https://www.
uni-frankfurt.de/45218031/Data_download_center_for MIRCA2000),
which provides information on both irrigated and rainfed crop areas for
26 crop classes at a resolution of 5 arc-minutes, equivalent to approxi-
mately 0.08° (Portmann et al., 2010). This dataset provided us with the
location and proportion of the harvested wheatland areas in the

historical period. This parallel assessment extends our focus to wheat-
lands, as one of the most strategic crops in the southern Mediterranean
region, enabling a more in-depth exploration of the potential influences
of climatic extreme events on both croplands and wheatlands. Due to the
coarser resolution of CMIP6 models, we establish a minimum 100-hect-
are wheatland cover threshold within each climate model’s pixel to
identify wheatland areas over the region.

2.3. Methodology

2.3.1. Analysing agrometeorological extremes and their impacts on crop
production

In this study, we first focus on eight extreme agrometeorological
indicators, each associated with specific impacts on croplands. These
indicators encompass maximum intensities in individual extreme events
and the frequency of compound extreme events across the calendar year,
both recognized as vital factors influencing crop growth and
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Fig. 3. Temporal evolution of observed and simulated agrometeorological extremes between 1955 and 2100 under the SSP370 scenario. Each subplot represents a
specific agrometeorological indicator and its trends in ERA5land, 17 bias-corrected CMIP6 models and their multi-model ensemble mean, including maximum in-
tensities in (a) heat, (b) drought, (c) frost, and (d) extreme precipitation, alongside the number of extreme compound events in (e) D5/H95, (f) W95/H95, (g) W95/
C5, and (h) D5/C5. The black lines depict multi-model ensemble mean values. On each panel, the red and blue lines indicate the corresponding most and least
pronounced trends across all climate models, respectively. The orange line shows the trends of each indicator in the ERA5land dataset. Dashed lines divide the
periods into two historical and future scenarios. Kendall’s Tau is used to measure the magnitude of the trends, which are shown in parentheses, with asterisks

indicating significant trends at a 95 % confidence level.

development. Table 2 outlines the details of these indicators.

We also analyse future changes in agrometeorological extremes
during the most sensitive phenological stages of winter wheat growth to
climatic changes. According to previous studies (Barnabas et al., 2008;
Yang et al., 2020), the reproductive phase, which includes booting,
heading, flowering, milk development, and grain filling, is the most
sensitive stage to climatic changes (Ahmad et al., 2021; Epule et al.,
2022; Hu et al., 2022). In the southern Mediterranean region, the
reproductive phase of winter wheat occurs between February and June,
varying by cultivation zone (Latiri et al., 2010; Epule et al., 2022).
During the reproductive phase, wheat is developing its flowers and
seeds, and exposure to climatic stresses, such as severe cold/hot tem-
peratures and drought, can damage the pollen grain, reduce the grain
number/ear, and reduce the filling rate, which leads to significant yield
reductions (Yu et al., 2018; Suresh and Munjal, 2020). Here, we,
therefore, evaluate potential future changes in maximum heat shocks,
drought intensity, frost intensity, and the combinations of drought with
heatwave and frost events during the reproductive stage of winter wheat
growth, incorporating insights from overlapping various existing

phenological calendars over the southern Mediterranean region. Table 3
provides more details about the selected extreme event indicators and
the potential impacts of these extreme events on the reproductive phase
of winter wheat growth and development.

2.3.2. Trend analysis in agrometeorological extremes

To analyse both past (1955-2014) and future (2015-2100) trends in
various agrometeorological extremes, we apply the Mann-Kendall (MK)
statistical test (Mann, 1945; Kendall, 1948). The MK test, known for its
wide use in hydrology, climate research, and environmental science
(Yue et al., 2002; Hu et al., 2020), is a non-parametric method that relies
on ranking data instead of their actual distribution (Wang et al., 2020).
To address the possibility of serial correlation within our data, we used a
modified version of the MK test introduced by Hamed and Ramachandra
Rao (1998). This modified approach estimates effective degrees of
freedom and adjusts p-values based on autoregressive coefficients.
Meanwhile, the MK Tau value is used to quantitatively evaluate the
direction and magnitude of trends across all projected bias-corrected
CMIP6 models.
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Fig. 4. Spatial and temporal distributions of ToE for the maximum heat intensity in 17 bias-corrected CMIP6 models under the SSP370 scenario over the southern
Mediterranean region. For all models (a-q), red (blue) shades show ToE for significant increases (decreases) in Maximum heat intensity compared to the reference
period (1995-2014). Plus (+) signs show the locations of croplands where the median of projected agrometeorological indicators significantly differs from the
median of the historical period based on the Wilcoxon test at a 95 % confidence level. Numbers in parentheses indicate the percentage (%) of croplands that could be
impacted by significant increases in maximum heat intensity by the end of the 21st century.

We summarize the results of the trend analysis using multi-model
ensemble means for each grid point across the southern Mediterra-
nean region. Additionally, we quantify the percentage of CMIP6 models
showing a significant increase or decrease in agrometeorological in-
dicators at p < 0.05. We also estimate the proportion of croplands
affected by significant trends, incorporating the LULC dataset in 2015.
To assess the regional trends in CMIP6 models over the years and
compare them with those observed during the historical period, we
calculated the regional average of each indicator for both the CMIP6
models and ERA5land.

2.3.3. ToE of significant changes in agrometeorological extremes

The ToE is here defined as the specific time (year) in the 21st century
when agrometeorological extremes are significantly different from past
and present conditions in terms of intensity and/or frequency. To
calculate the ToE in the agrometeorological hazard indicators, for each
model and each grid point, we first calculate the median of the projected
agrometeorological indicators using a 20-year running window, sliding
across the period from 2015 to 2100. Then, we compared all the future
20-year running medians to the median simulated over a historical
baseline (1995-2014). To assess the significance of future changes, we
employ the Wilcoxon test, a non-parametric statistical test well-suited
for comparing paired samples when the data distribution is non-

normal (Wilcoxon, 1945). Finally, we define the ToE as the start of
the 20-year period for which the median is significantly different from
the median of the historical period, as determined by the Wilcoxon test
at a 95 % confidence level. In addition, regardless of the change being
significantly positive or negative, the ToE must be irreversible, with the
new climate condition enduring until the century’s close. Moreover,
given that ToE detection can be affected by distribution sizes, we also
conducted ToE calculations using 15-year and 25-year time windows.
The results were quite similar to those obtained with the selected
20-year window (not shown).

Furthermore, to provide a synthesis of potential cumulated negative
and positive agrometeorological impacts, we estimate the fraction of
croplands and wheatlands that could be affected by the emergence of
one or multiple significant changes in agrometeorological extremes of
the multi-model mean of bias-corrected CMIP6 models under the
SSP370 scenario in the near-term (by 2030), mid-term (by 2050), and
long-term (by 2100) future. We consider a significant change to have a
negative impact on crops when it could potentially decrease crop pro-
ductivity, and vice versa for positive impacts (cf. Tables 2-3).
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Fig. 5. Spatial and temporal distributions of ToE for maximum drought intensity in 17 bias-corrected CMIP6 models under the SSP370 scenario over the southern
Mediterranean region. For all models (a-q), red (blue) shades show ToE for significant increases (decreases) in maximum drought intensity compared to the reference
period (1995-2014). Plus (+) signs show the locations of croplands where the median of projected agrometeorological indicators significantly differs from the
median of the historical period based on the Wilcoxon test at a 95 % confidence level. Numbers in parentheses indicate the percentage (%) of croplands that could be
impacted by significant changes in maximum drought intensity by the end of the 21st century.

3. Results

3.1. Multi-model agreement in climatic trends over the southern
Mediterranean croplands

We examine the potential occurrence of significant trends in
different agrometeorological extreme indicators over the southern
Mediterranean using 17 bias-corrected CMIP6 models. For simplicity,
Fig. 2 displays the multi-model mean monotonic trend magnitude (Tau)
and the multi-model agreement in simulating significant trends across
the 17 CMIP6 models. Using the LULC data shown in Fig. 1c, we also
estimate the proportion of croplands affected by significant decreasing
and increasing trends in these indicators between 2015 and 2100.

Significant increasing trends in maximum heat intensity, maximum
drought intensity, and the number of D5/H95 events are consistently
found across climate models (>90 % model agreement) and 90 % of grid
points in the southern Mediterranean region. In addition, we note that
these trends could affect 100 % of croplands over the region in the 21st
century (Figs. 2a, b, e). Similarly, in most climate models (>50 % model
agreement), the number of W95/H95 events shows increasing trends,
affecting 8 % of the croplands in north-eastern Algeria and northern
Tunisia (Fig. 2f).

We also found significant decreasing trends in maximum frost

intensity, and the number of W95/C5 and D5/C5 events in many climate
models, with over 50 % of models agreeing. Specifically, these
decreasing trends are evident in 43 %, 33 %, and 98 % of the grid points,
respectively (Figs. c, g, h). Decreasing maximum frost intensity could
affect 45 % of croplands in the southern Mediterranean region (Fig. 2c).
Meanwhile, decreasing the number of W95/C5 and D5/C5 events will
likely affect 85 % and 97 % of croplands, respectively (Figs. 2g, h).
However, we do not find robust and significant trends in the maximum
precipitation intensity over the southern Mediterranean region (Fig. 2d).
Significant trends in maximum precipitation intensity are found in over
4 % of the region, and only 3 % of croplands, across half of the climate
models analysed (Fig. 2d).

In summary, in bias-corrected CMIP6 models, southern Mediterra-
nean croplands are likely to be increasingly exposed to extreme heat and
drought during the 21st century, which could pose a significant threat to
crops, reducing the yields (del Pozo et al., 2019; Heino et al., 2023).
Meanwhile, the models suggest decreasing cropland exposure to cold
extremes over the 21st century, which could positively impact crop yield
(Abi Saab et al., 2019).
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Fig. 6. Spatial and temporal distributions of ToE for maximum frost intensity in 17 bias-corrected GCMs under the SSP370 scenario over the southern Mediterranean
region. For all models (a-q), red (blue) shades show ToE for significant increases (decreases) in maximum frost intensity compared to the reference period
(1995-2014). Plus (+) signs show the locations of croplands where the median of projected agrometeorological indicators significantly differs from the median of the
historical period based on the Wilcoxon test at a 95 % confidence level. Numbers in parentheses indicate the percentage (%) of croplands that could be impacted by

significant decreases in maximum frost intensity by the end of the 21st century.

3.2. Comparison of regional observed and future climate changes over
croplands

To further assess the impacts of agrometeorological extremes on
croplands, we utilised ERA5land and CMIP6 models to extract the
regional averages of eight agrometeorological indicators over croplands
for each year between 1955 and 2100. Then, we examine the recent
trends and variations in agrometeorological extremes by comparing the
regional averages of indicators derived from ERA5land data with those
estimated from CMIP6 models (Fig. 3).

ERA5land indicates significant increasing trends in the Maximum
heat intensity and number of W95/H95 events over the croplands be-
tween 1955 and 2014 in the southern Mediterranean region (Figs. 3a, f).
ERASland also shows significant decreasing trends in the maximum frost
intensity, number of W95/C5, and D5/C5 events (Figs. 3c, g, h). How-
ever, the ERA5land does not show significant trends in drought in-
tensity, extreme precipitation intensity, and the number of D5/H95
events (Figs. 3b, d, e).

In bias-corrected CMIP6 models, we note increasing trends in
maximum heat intensity, maximum drought intensity and the number of
D5/H95 and W95/H95 days (Figs. 3a-b, e-f). We also note decreasing
trends in maximum frost intensity and the number of W95/C5 and D5/
C5 days from 1955 to 2014 (Figs. 3c, g, h). However, over the historical

period, most of the CMIP6 models do not indicate significant trends in
maximum extreme precipitation intensity (Fig. 3d). These results indi-
cate that, apart from drought intensity and the number of D5/H95 days,
simulated historical trends align with ERA5land data.

However, there are significant differences in the magnitude of the
projected trends across bias-corrected CMIP6 models. For instance,
CanESM5 shows more pronounced trends in Maximum heat intensity
while indicating less pronounced trends in the frequency of D5/C5
events (Figs. 3a, h). GISS-E2-1-G demonstrates the least pronounced
trends in the maximum drought intensity and the number of extreme
W95/C5 (Figs. 3b, g). FGOALS-g3 reveals less pronounced trends in
Maximum heat intensity and the number of extreme D5/H95 events
(Figs. 3a, e). Furthermore, UKESM1-0-LL shows more pronounced
trends in maximum drought intensity and the number of extreme D5/
HO95 events (Figs. 3b, e). Meanwhile, CNRM-ESM2-1 exhibits less pro-
nounced trends in maximum frost intensity and the number of W95/H95
events (Figs. 3c, f).

3.3. ToE in individual climatic stressors impacting croplands

This section delves into the ToE of significant changes in the
maximum intensity of individual agrometeorological extremes. While
we calculate the ToE for all agrometeorological indicators, the results for
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Fig. 7. Spatial and temporal distributions of ToE for the number of compound extreme dry and hot (D5/H95) events in 17 bias-corrected CMIP6 models under the
SSP370 scenario over the southern Mediterranean region. For all models (a-q), red (blue) shades show ToE for significant increases (decreases) in the number of
compound D5/H95 compared to the reference period (1995-2014). Plus (+) signs show the locations of croplands where the median of projected agrometeorological
indicators significantly differs from the median of the historical period based on the Wilcoxon test at a 95 % confidence level. Numbers in parentheses indicate the
percentage (%) of croplands that could be impacted by significant increases in the number of compound D5/H95 events by the end of the 21st century.

extreme precipitation are not discussed here, because the climate
models do not project any significant trends in the southern Mediter-
ranean region (cf. Sup. Mat. Fig. S1).

3.3.1. Maximum heat intensity

We analyse ToE of significant changes in maximum heat intensity
across the southern Mediterranean region throughout the 21st century.
We compare projections from 17 bias-corrected CMIP6 models under the
SSP370 scenario with historical conditions from 1995 to 2014 (Fig. 4).
Results indicate a significant increase in maximum heat intensity, pro-
jected to emerge by 2030 over an extensive area, potentially impacting
around 93 % of the croplands by the end of the 21st century (Fig. 4).
Notably, earlier emergence of stronger heat stress is expected in areas
bordering the Sahara, while coastal regions may experience them later
in the century (Fig. 4).

However, regarding the ToE and the extent of cropland areas that
could be affected by significant increases in maximum heat intensity, we
note substantial discrepancies from one CMIP6 model to another. Can-
ESM5 and KACE-1-0-G present more pessimistic scenarios (Figs. 4c, 1),
with significant increases in maximum heat intensity emerging in the
early 21st century and could potentially affect 100 % of croplands by
2100. In contrast, EC-Earth3-Veg-LR projects a later ToE (ca. 2080;
Fig. 4f) of increased maximum heat intensity, which could affect 81 % of
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croplands by the end of the 21st century.

3.3.2. Maximum drought intensity

We now assess the ToE of significant changes in maximum drought
intensity across the southern Mediterranean (Fig. 5). Most of the region
is projected to experience significant increases in maximum drought
intensity throughout the 21st century, according to bias-corrected
CMIP6 models (Fig. 5). Croplands bordering the Sahara are expected
to face increased maximum drought intensity as early as the beginning
of the 21st century, while coastal regions will likely experience this
significant increase later in the century (Fig. 5). In addition, an average
of 52 % of croplands are projected to be impacted by this heightened
drought intensity by the end of the 21st century (Fig. 5). Interestingly, a
decrease in maximum drought intensity is projected for a small fraction
of the coastal region of Morocco, Algeria, and Tunisia (ca. 9 % of
croplands) in some CMIP6 models (e.g., CanESM5, FGOALS-g3, GISS-
E2-1-G, INM-CM5-0, NorESM2-LM; Figs. 5¢, g, i, j, p).

Furthermore, there are variations in the ToE and the extent of pro-
jected changes in maximum drought intensity from one CMIP6 model to
another. For example, CMCC-ESM2, KACE-1-0-G, and MRI-ESM2-0
models project an earlier emergence (by 2030) of significant drought
impacts on croplands (Figs. 5d, 1, o). In contrast, the CNRM-ESM2-1
model suggests a later emergence (ca. 2080; Fig. 5e). Similarly, IPSL-
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Fig. 8. Spatial and temporal distributions of ToE for the number of compound extreme wet and cold (W95/C5) events in 17 bias-corrected CMIP6 models under the
SSP370 scenario over the southern Mediterranean region. For all models (a-q), red (blue) shades show ToE for significant increases (decreases) in the number of
compound W95/C5 events compared to the reference period (1995-2014). Plus (+) signs show the locations of croplands where the median of projected agro-
meteorological indicators significantly differs from the median of the historical period based on the Wilcoxon test at a 95 % confidence level. Numbers in parentheses
indicate the percentage (%) of croplands that could be impacted by significant decreases in the number of compound W95/C5 events by the end of the 21st century.

CM6A-LR projects more widespread increases in maximum drought in-
tensity, affecting 72 % of croplands by 2100 (Fig. 5k). Meanwhile, in
GISS-E2-1-G, a significant increase in maximum drought intensity could
affect a smaller fraction of croplands by 2100 (23 %; Fig. 5i).

3.3.3. Maximum frost intensity

We now investigate the spatiotemporal distribution of the ToE of
significant changes in maximum frost intensity (Fig. 6). CMIP6 models
consistently project significant decreases in maximum frost intensity in
the early 21st century. Such changes are particularly found in the
mountainous and arid regions of Morocco, as well as most of Algeria and
Tunisia, which could affect an average of 47 % of croplands by 2100
(Fig. 6). However, it is important to note that, in most CMIP6 models, no
significant changes in maximum frost intensity are projected for
Moroccan coastal regions (Fig. 6).

Nevertheless, the ToE and the impacts of significant reductions in
maximum frost intensity over croplands vary across different CMIP6
models. CanESM5 projects an earlier emergence of this decrease (ca.
2016) compared to EC-Earth3-Veg-LR (ca. 2038; Figs. 6¢, f). Similarly,
CanESM5 projects more widespread impacts on croplands (ca. 66 %),
compared to MRI-ESM2-0 (ca. 26 %) by the end of the 21st century
(Figs. 6¢, 0).
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3.4. ToE in compound agrometeorological stressors impacting croplands

Here, we investigate the ToE of significant changes in the frequency
of concurrent agrometeorological extremes using the same bias-
corrected CMIP6 models under the SSP370 scenario. We do not
discuss the results for W95/H95 events, as most CMIP6 models do not
project significant changes over croplands (cf. Sup. Mat. Fig. S2).

3.4.1. Number of extreme compound D5/H95 events

We analyse the spatial and temporal distribution of the ToE of sig-
nificant changes in the frequency of D5/H95 events. While all CMIP6
models consistently project an increase in D5/H95 days at the very
beginning of the 21st century (ca. 2016-2020), it is important to note
that there are some variations in their impacts on croplands.
BCC—CSM2-MR suggests that approximately 89 % of croplands could be
affected by increased frequency of D5/H95 events (Fig. 7b), whereas the
majority of the CMIP6 models project a larger impact on around 100 %
of croplands by the end of the 21st century (Fig. 7).

3.4.2. Number of extreme compound W95/C5 events

Our analysis of the frequency of compound W95/C5 events reveals a
consistent decrease across all CMIP6 models. This decrease is projected
to emerge around 2040 on average across all CMIP6 models and could
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Fig. 9. Spatial and temporal distributions of ToE for the number of compound extreme dry and cold (D5/C5) events in 17 bias-corrected CMIP6 models under the
SSP370 scenario over the southern Mediterranean region. For all models (a-q), red (blue) shades show ToE for significant increases (decreases) in the number of
compound D5/C5 events compared to the reference period (1995-2014). Plus (+) signs show the locations of croplands where the median of projected agro-
meteorological indicators significantly differs from the median of the historical period based on the Wilcoxon test at a 95 % confidence level. Numbers in parentheses
indicate the percentage (%) of croplands that could be impacted by significant decreases in the number of compound D5/C5 events by the end of the 21st century.

impact an average of 44 % of the croplands by the end of the 21st
century (Fig. 8). However, there is variation among the models
regarding the timing and extent of these changes. For instance, FGOALS-
g3 projects a later ToE (ca. 2068) compared to MRI-ESM2-0 (ca. 2024;
Figs. 8g, 0). Additionally, in GISS-E2-1-G, only 13 % of croplands are
likely affected by such changes in the frequency of W95/C5 events
during the 21st century, compared to UKESM1-0-LL, in which projected
changes could affect up to 90 % of croplands (Figs. 8i, q).

3.4.2. Number of extreme compound D5/C5 events

We examine the ToE for changes in the frequency of compound D5/
C5 events. All CMIP6 models project a consistent decline, which is ex-
pected to emerge around 2026, and could affect an average of 81 % of
croplands by 2100 (Fig. 9). However, we note some variations across
CMIP6 models. NorESM2-LM shows later ToE of a significant decrease in
the frequency of D5/C5 events over the region (ca. 2052), and such
decreases are projected to emerge even later (ca. 2080) in northern
Morocco (Fig. 9p). In the same model, projected decreases in the fre-
quency of D5/C5 also affect a smaller fraction of croplands (ca. 46 %) by
the end of the 21st century (Fig. 9p). In contrast, GISS-E2-1-G model
projects earlier (ca. 2016) and more widespread decrease in D5/C5 days
affecting approximately 99 % of croplands by 2100 (Fig. 9i).
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3.5. Changes in agrometeorological extremes during the reproductive
phase of winter wheat

We analyse the ToE of significant changes in maximum heat shocks,
drought intensity, and frost intensity, alongside the occurrence of
extremely dry and hot days, and dry and frost days during the repro-
ductive stage of winter wheat growth, incorporating insights from
various existing phenological calendars over the southern Mediterra-
nean region. The reproductive phase, which includes booting, heading,
flowering, milk development, and grain filling, is the most sensitive
stage to climatic changes and mostly occurs between February and June
in the southern Mediterranean region (Latiri et al., 2010; Ahmad et al.,
2021; Epule et al., 2022). For simplicity, we summarise the results in a
table displaying the earliest, mean, and latest regional ToE of significant
changes in agrometeorological hazards for each individual model over
the wheat-harvested areas (Fig. 10). However, the spatial distributions
of those changes are provided in the supplementary material (cf. Sup.
Mat. Fig. $3-S7).

All CMIP6 models project consistent increases in maximum heat
intensity across the southern Mediterranean region during the repro-
ductive phase of winter wheat (Figs. 10, S3). In inland wheatlands,
significant increases in maximum heat intensity are projected to occur at
the earliest stage of the 21st century (ca. 2015), while these changes are
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ACCESS-CM2 2025 2075 2057 2080 2034 2078 2075 |

BCC-CSM2-MR 2042 2055 2079 2033 2065 2043
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CMCC-ESM2 2026 2054 2080 2038 2026
CNRM-ESM2-1 2078 2062 2080 2046 2069 2080 2078
EC-Earth3-Veg-LR 2069 2036 2079 2080 2069
FGOALS-g3 2043 2055 2080 2070 2043
GFDL-ESM4 2025 2051 2080 2073 2026
GISS-E2-1-G 2025 2039 2076 2042 2025
INM-CM5-0 2043 2042 2076 2056 2045
IPSL-CM6A-LR 2076 2033 2076 2072 2076
KACE-1-0-G 2052 2025 2080 2053 2064
MIROC6 2062 2034 2059 2037 2080 2062
MPI-ESM1-2-LR 2080 2038 2075 2038 2068 2080
MRI-ESM2-0 2079 2059 2080 2042 2075 2079
NorESM2-LM 2038 2054 2078 2028 2068 2038
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Fig. 10. Range of Time of Emergence (ToE) for various extreme agrometeorological events during the reproductive phase of winter wheat growth using 17 bias-
corrected CMIP6 models under the SSP370 scenario in the southern Mediterranean region. The blue/red shades indicate the expected ToE of decreased/

increased changes compared to the reference period (1995-2014).

expected to emerge in the mid-term future (ca. 2053) in coastal
wheatlands (Fig. S3). We also note non-negligible differences among
models regarding the ToE of significant changes in maximum heat in-
tensity. Some models like CanESM5, INM-CM5-0, and NorESM2-LM
project earlier emergence of such changes, whereas IPSL-CM6A-LR
projects a later emergence (Fig. 10). Similarly, CanESM5 projects a
larger impact on wheatlands, with around 99 % affected by increased
maximum heat intensity, while MRI-ESM2-0 suggests a much smaller
fraction, impacting 40 % of the wheatlands (cf. Sup. Mat. Figs. S3c, o)

Similarly, CMIP6 models consistently project an increase in
maximum drought intensity, with ToE varying during the 21st century
(Figs. 10, S4). Nevertheless, CNRM-ESM2-1 projects a later mean ToE in
2062, while KACE-1-0-G suggests an earlier ToE by 2025 over the
wheat-harvested areas (Fig. 10). Additionally, the projected drought
impacts on wheatlands are found to affect a smaller fraction of wheat-
lands compared to heatwaves (cf. Fig. S4). IPSL-CM6A-LR suggests that
59 % of wheatlands could be affected by increased drought intensity,
whereas GFDL-ESM4 projects an even smaller area, impacting 31 % of
the wheatlands (Figs. S4h, k).

Maximum frost intensity is projected to significantly decrease during
the reproductive phase of winter wheat, with an average ToE in the mid-
term (ca. 2034; Figs. 10, S5). These changes are expected to emerge
earlier (ca. 2016) in CanESM5, while CNRM-ESM2-1 shows later ToE
(ca. 2069) over the wheat-harvested areas (Fig. 10). However, we note
that these changes could only affect a very small fraction of wheatland
areas (ca. 14 %) mostly located in the mountainous regions (cf. Fig. S5).

Regarding the frequency of extreme compound events during the
same phenological stage of winter wheat, the number of extremely dry
and hot days is projected to significantly increase, with an average ToE
in the near-term future (ca. 2019; Figs. 10, S6). Again, there are varia-
tions in the extent of impacts and timing of emergence among CMIP6
models. In CanESM5, up to 100 % of wheatlands could be affected by
increased frequency of compound dry and hot days, while only 39 % of
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wheatlands could be affected according to CNRM-ESM2-1 projection
(Figs. Séc, e). Conversely, extremely dry and cold days are projected to
become less frequent, with a ToE in the near-term future (ca. 2028;
Figs. 10, S7). However, these decreases are projected to affect only a
minor proportion (ca. 7 %) of wheat-growing areas (Fig. S7).

3.6. Cumulative negative and positive impacts of agrometeorological
hazards

In this section, we evaluate the potential cumulative positive and
negative impacts of various agrometeorological extremes on croplands
and wheatlands in the near-term (by 2030), mid-term (by 2050), and
long-term (by 2100) future. Here, a negative (positive) impact is defined
as a significant change in agrometeorological extremes that is likely to
hamper (enhance) crop productivity (cf. Tables 2-3).

In the near-term outlook (by 2030), our analysis reveals that between
two and six changes in agrometeorological extremes could negatively
impact croplands and wheatlands (Fig. 11a). During the same period,
coastal regions will potentially be affected by fewer negative agro-
meteorological impacts compared to inland regions (Fig. 1la). In
particular, up to 53 % (47 %) of croplands could be affected by two
(three) negative agrometeorological impacts during this period of the
21st century, while 68 % (29 %) of wheatlands are likely to be affected
by four (five) cumulative negative impacts (Figs. 12a-b). Moreover,
fewer potential positive agrometeorological impacts are found over
croplands and wheatlands in the near-term future (Fig. 11b). Up to 98 %
of croplands and 95 % of wheatlands might experience one or two
positive cumulative changes in agrometeorological hazards by 2030
(Figs. 12a-b). Additionally, up to 4 % of Wheatlands will probably
experience three cumulative positive impacts by 2030 (Fig. 12b). These
potential positive climate impacts are more pronounced in Algeria
compared to Morocco and Tunisia (Fig. 11b).

The mid-term projection (by 2050) suggests a potential increase in
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Fig. 11. Spatial distribution of the cumulative positive and negative impacts associated with projected changes in agrometeorological extremes across the southern
Mediterranean region, based on the multi-model mean of bias-corrected CMIP6 models under the SSP370 scenario. a-b) show the potential cumulative negative (left)
and positive (right) agrometeorological impacts before 2030. c-f) same representation but by 2050 and 2100. Black and grey plus (+) signs show the locations of

wheatlands and other croplands, respectively.

negative agrometeorological impacts (up to six) over croplands and
wheatlands (Fig. 11c). Like the near-term outlook, cultivated regions
bordering the Sahara are expected to be more exposed. However,
exposure to negative agrometeorological extremes gradually decreases
towards the coastal areas (Fig. 11c). While the proportion of cultivated
areas experiencing three negative agrometeorological impacts is pro-
jected to increase to 82 % in croplands, the possibility of six negative
agrometeorological impacts is projected to emerge in over 34 % of
wheatlands by 2050 (Figs. 12a-b). Positive agrometeorological impacts
remain limited in the mid-term future (Fig. 11d). These positive changes
are more pronounced in Algeria and Tunisia than in Morocco. Up to 72
% of croplands and 70 % of wheatlands are projected to experience
between two and three positive agrometeorological impacts by 2050
(Fig. 12a-b).

By 2100, more severe agrometeorological conditions are projected,
with an extended domain affected by multiple negative impacts (up to
seven) over croplands and wheatlands (Fig. 11e). This increased expo-
sure is expected to be more pronounced in coastal areas, where higher
cumulative negative impacts are projected compared to previous out-
looks (Fig. 11e). In the long-term future, most croplands (up to 83 %)
could face three negative agrometeorological impacts, while 40 % of
wheatlands are projected to be affected by six negative agro-
meteorological impacts (Figs. 12a-b). Furthermore, three positive
agrometeorological impacts are projected over 35 % of croplands
(Fig. 12a). Such increases in the number of potential positive agro-
meteorological impacts are also found over wheatlands which are ex-
pected to experience similar cumulative positive impacts, with a minor
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increase in the possibility of four cumulative positive impacts (Fig. 12b).
4. Discussion and conclusion

Feeding a globally growing population is becoming increasingly
challenging due to the present and projected climatic extremes dis-
rupting crop production, especially in the Global South (IPCC, 2022). To
enable communities to adapt and meet their long-term objectives for
food security, we need to further understand future climate trends and
their potential impacts on agricultural areas (IPCC, 2022). Here, we used
bias-corrected CMIP6 models under the SSP370 scenario to investigate
potential future changes in agrometeorological extremes across crop-
lands and wheatlands in the southern Mediterranean region.

Our findings reveal that the cultivated lands in the southern Medi-
terranean region could experience between four and seven negative
changes in agrometeorological extremes during the 21st century. Higher
exposure to negative agrometeorological impacts is projected for the
agricultural lands bordering the Sahara compared to coastal regions.
Across all CMIP6 models, these negative agrometeorological impacts
include a consistent increase in maximum heat and drought intensities,
projected to emerge primarily by the near- and mid-term future (by
2030 and 2050) over croplands and wheatlands. Such increased heat
intensity poses significant risks to crop production, as they could affect
various physiological and metabolic processes within different phases of
crop development (del Pozo et al., 2019; Zhu et al., 2021). For instance,
extreme temperatures can reduce photosynthesis rates, increase water
demands, and amplify the vulnerability of crops to diseases and pest
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Fig. 12. The potential cumulative negative (left) and positive (right) impacts of climate change over the (a) Croplands and (b) Wheatlands across three timeframes:
near-term (by 2030), mid-term (by 2050), and long-term (by 2100). The numbers in the figure show the percentage of crops which would be potentially affected by

different cumulative impacts.

infestations, ultimately lowering crop yield and quality (Lizaso et al.,
2018; Rashid et al., 2018; Skendzic¢ et al., 2021; Alrteimei et al., 2022;
Bernacchi et al., 2023). Similarly, increased drought lowers soil mois-
ture content, hindering seed germination, root development, and
nutrient uptake, leading to yield losses and decreased crop quality,
particularly in rain-fed agricultural systems prevalent in the southern
Mediterranean region (Hubbard et al., 2012; Bista et al., 2018; Licaj
et al., 2023). Furthermore, we found an increase in the frequency of
extreme compound D5/H95 days, which could emerge in the near-term
future (by 2030) and exacerbate plant stress levels, potentially resulting
in substantial yield losses (Heino et al., 2023). Such projected increased
intensity and frequency of combined heat and drought stresses are
consistent with previous work using CMIP3 and CMIP5 by Barcikowska
et al. (2020). In addition, this study suggests that such changes could be
driven by the diminishing role of local atmospheric dynamics and tele-
connections and an increasing influence of warming land surface in
maintaining temperature and precipitation balance in the southern

15

Mediterranean.

In contrast, southern Mediterranean croplands are likely to
encounter between one to four positive changes in agrometeorological
impacts. These positive agrometeorological impacts are projected to
emerge in the near- and mid-term future (by 2030 or 2050), with more
pronounced effects over Algeria and western parts of Tunisia. Notably,
our study reveals for the first time that, bias-corrected CMIP6 models
consistently project a decrease in frost intensity and the frequency of
W95/C5 and D5/C5 days. These reductions are important because they
could mitigate frost damage and extend growing seasons in areas
currently limited by frost risk (Abi Saab et al., 2019; Liu and Zhang,
2020). However, it is crucial to quantify the relative importance of these
changes by integrating state-of-the-art CMIP6 models into crop models
to fully understand the implications of these changes on crop production
(Jagermeyr et al., 2021).

Furthermore, the implementation of adaptation strategies is essential
to mitigate their negative impacts on crop production, particularly in the
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near- and mid-term futures, when these extreme events are projected to
emerge over agricultural areas in the southern Mediterranean region
(Abbas et al., 2023). In the Mediterranean context, where most current
cultivars have been used under high resource input conditions, it is
crucial to develop new cultivars with higher potential yields adapted to
water-limiting and high-temperature conditions (del Pozo et al., 2019).
Moreover, adjusting the sowing dates according to the new climate
conditions can potentially mitigate the adverse impacts of extreme
events on agricultural production by enabling the crops to develop
ahead of the occurrence of extreme events (Baum et al., 2020).

Additionally, to prevent the degradation of soil and water resources
of the region, applying other efficient agronomical practices, such as
prioritizing the use of available water, transitioning from traditional
irrigation systems to modern methods, and adopting no-tillage and
minimum-tillage systems, can be implemented (Zalidis et al., 2002;
Lampurlanés et al., 2016). However, to ensure the long-term viability
and effectiveness of the potential adaptation strategies for future de-
cades, evaluating them within crop models under future climate change
scenarios is crucial (Grigorieva et al., 2023). This approach of
stress-testing how well adaptation strategies perform under future
climate conditions could offer insightful information for long-term,
sustainable decision-making in the agricultural sectors of the southern
Mediterranean region.
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