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Şen, Z.; Zhang, X. Projected Changes

in Extreme Precipitation Patterns

across Algerian Sub-Regions. Water

2024, 16, 1353. https://doi.org/

10.3390/w16101353

Academic Editor: Paul Kucera

Received: 12 April 2024

Revised: 6 May 2024

Accepted: 8 May 2024

Published: 10 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Projected Changes in Extreme Precipitation Patterns across
Algerian Sub-Regions
Yasmine Hamitouche 1 , Ayoub Zeroual 1,2,* , Mohamed Meddi 1 , Ali A. Assani 3,* , Ramdane Alkama 4 ,
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Abstract: Extreme precipitation events play a crucial role in shaping the vulnerability of regions
like Algeria to the impacts of climate change. To delve deeper into this critical aspect, this study
investigates the changing patterns of extreme precipitation across five sub-regions of Algeria using
data from 33 model simulations provided by the NASA Earth Exchange Global Daily Downscaled
Climate Projections (NEX-GDDP-CMIP6). Our analysis reveals a projected decline in annual precipi-
tation for four of these regions, contrasting with an expected increase in desert areas where annual
precipitation levels remain low, typically not exceeding 120 mm. Furthermore, key precipitation
indices such as maximum 1-day precipitation (Rx1day) and extremely wet-day precipitation (R99p)
consistently show upward trends across all zones, under both SSP245 and SSP585 scenarios. How-
ever, the number of heavy precipitation days (R20mm) demonstrates varied trends among zones,
exhibiting stable fluctuations. These findings provide valuable foresight into future precipitation
patterns, offering essential insights for policymakers and stakeholders. By anticipating these changes,
adaptive strategies can be devised to mitigate potential climate change impacts on crucial sectors
such as agriculture, flooding, water resources, and drought.

Keywords: extreme precipitation; Algerian climate zones; NEX-GDDP-CMIP6; scenarios; climate change

1. Introduction

In the context of current climate change, the Sixth Assessment Report by the Inter-
governmental Panel on Climate Change [1,2] highlights the anticipated changes in the
intensity, duration, and frequency of extreme weather events in many regions of the world.
These variations arise from atmospheric circulation dynamics and thermodynamic effects,
themselves influenced by the significant rise in temperature [3–6]. Changes in extreme
weather events can have numerous significant socio-economic repercussions, such as urban
flooding and infrastructure damage [7,8].

In recent years, Algeria has experienced numerous devastating floods caused by
torrential rainfalls in different areas, as highlighted by the works of Korichi et al. [9] and
Hadjij et al. [10]. These floods have caused relatively significant material and human
damage [11]. Their frequency has significantly increased over the past two decades in
several Algerian cities [11,12]. The devastating floods in Algiers on 10 November 2001
caused 680 deaths and 115 people to go missing, left 30,000 people homeless, and caused
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EUR 250 million in damage [13,14]. Hamitouche et al. [10] emphasize that several cities
in Algeria have faced floods over the last decade. For example, in Constantine on 24
August 2015, three people lost their lives due to torrential rains. Similarly, the flood
on 18 September 2018 resulted in two deaths and eleven injuries. During the flood on
25 August 2019, one person was reported missing. More recently, on 14 June 2023, ten
families had to be evacuated from their homes affected by floods caused by heavy rainfall
events. A growing number of studies attempt to analyze these extreme events [15] and
identify the factors responsible for flood-related losses [10]. Among these factors, it is
possible to cite the intensive urbanization of flood-prone areas, the increase in the number
of houses located near rivers, and the rise in episodes of extreme precipitation in the
Mediterranean regions [13,14]. The study conducted by Hamitouche et al. [10], focusing
on the spatio-temporal analysis of extreme events based on in situ observational data
from four distinct climatic zones in Algeria spanning from 1969 to 2021, revealed several
key findings. In the warm Mediterranean climatic zone (Csa), most of the ten extreme
precipitation indices exhibited an increase in temporal variability over this period, with the
exception of the consecutive dry-days index (CDD). Conversely, in the cold/warm semi-
arid zones (BSK/BSH), all indices displayed a decreasing trend, except for the consecutive
wet-days index (CWD). Regarding stations located in the cold desert climatic zone (Bwk),
the results unveiled heterogeneous trends, with some stations showing negative trends,
while others exhibited positive trends. However, the anticipated climate changes in the
21st century are expected to lead to diverse responses in extreme precipitation events [2].
The Mediterranean Basin, including Algeria, occupies a distinctive position between arid
(Sahara) and humid (Northern Europe) regions, making it particularly vulnerable to climate
change. According to the Intergovernmental Panel on Climate Change’s (IPCC) Sixth
Assessment Report [2], this region is projected to face significantly increased climate risks,
including an intensification of extreme weather events, due to anticipated greenhouse gas
(GHG) emission concentrations [16–19]. The question is, will this increase be accompanied
by changes in patterns of extreme precipitation across the various climatic zones of Algeria?
How will these extreme precipitation events evolve in the future?

This study aimed to tackle these inquiries by initially characterizing the various zones
through an analysis of the interannual mean precipitation variation spanning from 1990
to 2014. We then calculated four extreme precipitation climate indices for each grid cell
covering Algeria for a historical period (1990–2014) as well as for three future periods,
namely 2026–2050, 2051–2075, and 2076–2100, based on daily precipitation data from
the 33 simulations of the NEX-GDDP-CMIP6 models. These indices were analyzed as
recommended by the World Meteorological Organization [20] for historical and future
periods under the SSP245 and SSP585 scenarios. Relative and absolute changes between
these periods were also evaluated at each grid cell level. Subsequently, the averages of
these changes were calculated for each defined zone, each climate model, and for the
different future periods. Significant increasing or decreasing trends in the indices were
determined based on the number of models indicating a change in a given direction [21].
Such an approach helps us to better anticipate the future, make informed decisions, and
enhance Algeria’s resilience to the growing challenges posed by precipitation extremes in a
rapidly changing climate context. In the final part of this study, we focused on identifying
the thresholds associated with the projected changes and compared the values of the
most probable indices of precipitation extremes for the three future periods under the two
scenarios with those observed during the historical period. This analysis enabled us to
assess whether values exceeding the most probable thresholds will increase or decrease,
and with what probability, using kernel density distributions (KDDs). This information is
essential for adjusting agricultural practices, planning water resource management, and
designing resilient infrastructures capable of coping with changing weather conditions.
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2. Study Area

Located on the southern shore of the Mediterranean Basin, Algeria is a vast terri-
tory that stretches along the Mediterranean Sea with 1200 km of coastline. A latitudinal
extension ranging from the 37th to the 18th parallel covers this territory with an area of
2,381,741 km2 (Figure 1 on the left). Interannual precipitation in Algeria is characterized
by significant spatial variation, as shown in Figure 1 (on the right), which depicts a map
of the average precipitation over the 1990–2014 period using CHIRPS reanalysis data at
a 0.05◦ × 0.05◦ resolution [22] (https://www.chc.ucsb.edu/data/chirps; accessed on 1
November 2023).
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Figure 1. On the left are the boundaries and locations of the five defined geographical zones of
Algeria. On the right, mean annual precipitation (1990–2014) in Algeria derived from CHIRPS
0.05◦ × 0.05◦ data.

Precipitation in the country exhibits significant spatial variations. Annual rainfall
values decrease as one moves away from the Mediterranean Sea. The average annual
rainfall along the coast varies between 300 mm and 1200 mm, increasing from west to
east. The north–south and west–east disparities in precipitation in Algeria result from
a complex interaction of various geographical and meteorological factors. In the north,
the Tell Atlas and Saharan Atlas form two sets of parallel reliefs that converge eastward,
interspersed with vast plains and the High Plateaus. These reliefs, combined with the
extensive mountain ranges of the Aurès and Nememcha in Eastern Algeria, contribute
to precipitation variability. In addition to latitude, atmospheric circulation and seasonal
meteorological phenomena also influence the distribution of precipitation across the country.
These factors have generated five distinct zones, each characterized by similar average
precipitation. The first zone, with an average annual precipitation of 750 mm, extends along
the eastern coast to latitude 36.4◦. Zone 2 lies between the eastern coast (at latitude 36.4◦)
and the High Plateaus (at latitude 35.8◦) (Zone 4), with an average annual precipitation of
550 mm. The average annual precipitation in Zone 4 (which lies between latitudes 35.8◦

and 34.5◦) is 300 mm. Zone 3 represents the western coastal regions with an average annual
precipitation of 350 mm, while Zone 5 (which extends between latitudes 34.5◦ and 18.9◦)
corresponds to the desert with an average precipitation of 55 mm. According to the Köppen
classification, this study area mainly comprises four climatic zones, namely the following:

https://www.chc.ucsb.edu/data/chirps
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• The Csa climatic zone, characterized by a hot-summer Mediterranean climate, is
represented by Zones 1 and 2.

• The BSk/BSh climatic zone, representing the cold/hot semi-arid climate zone, which
is covered by Zones 3 and 4.

• The BWk/BWh climatic zone, indicating the cold/hot desert climate in Zone 5.

3. Materials and Methods
3.1. Data

In this study, daily precipitation data from 1990 to 2100 were extracted from the
entire ensemble of 33 global climate models available in the NASA Earth Exchange
Global Daily Downscaled Projections (NEX-GDDP-CMIP6) database (https://ds.nccs.nasa.
gov/thredds/catalog/AMES/NEX/GDDP-CMIP6/catalog.html; accessed on 1 November
2023), as indicated in Table S1 of the Supplementary Materials S1. Table S1 presents a list of
CMIP6 Global Climate Models (GCMs) used to develop the NEX-GDDP-CMIP6 database
(0.25◦ × 0.25◦), along with details including the model name, the institution responsible
for its development, and the country where this institution is based, as well as the spatial
resolution of the model. To assess precipitation extremes in Algeria in the 21st century,
the study period from 1990 to 2100 was divided into a historical period (1990–2014) and
three distinct future periods according to the SSP245 and SSP585 scenarios as near future
(2026–2050), mid-century future (2051–2075), and far-future (2076–2100). The NEX-GDDP-
CMIP6 dataset [23] provides downscaled global climate scenarios from model runs of
the Coupled Model Intercomparison Project Phase 6 (CMIP6) general circulation models
(GCMs) and Shared Socioeconomic Pathways (SSPs). These bias-corrected projections are
intended to assess the high-resolution impacts of climate change on processes sensitive to
climate gradients and local topography. The Bias Correction and Spatial Disaggregation
(BCSD) method [24,25] was employed to adjust the future projections to be consistent with
historical observations for the interpolation of GCM outputs to a higher spatial resolution.
This dataset combines historical simulations from thirty-five CMIP6 GCMs from 1950
to 2014 and future projections for the period of 2015–2100 under low-emissions (SSP1-
2.6), medium-emissions (SSP2-4.5), and high-emissions (SSP5-8.5) scenarios, at a spatial
resolution of 0.25 × 0.25 degrees. To apply the Bias Correction Spatial Disaggregation
(BCSD) method, daily precipitation data from the Global Meteorological Forcing Dataset
(GMFD) (DOI: https://doi.org/10.5065/JV89-AH11) spanning from 1960 to 2014 and GCM
simulations were first corrected for biases using a quantile mapping approach. This in-
volved matching the cumulative distribution functions (CDFs) of observed and simulated
data and adjusting the GCM data accordingly. Once bias correction was complete, spatial
disaggregation was performed to downscale the GCM data to the finer resolution of the
GMFD (0.25-degree resolution). This was achieved by scaling the GCM data using spatial
scaling factors derived from observed data. The BCSD method ensures that the downscaled
GCM data retain the statistical characteristics of the observed data while incorporating
the climate projections from the GCMs. This process resulted in spatially and temporally
consistent climate projections at a finer resolution (0.25◦ × 0.25◦), suitable for local-scale
impact assessments and adaptation planning.

3.2. Methods

In this study, daily precipitation data were utilized from the NEX-GDDP-CMIP6 model
simulations to compute four extreme precipitation climate indices for each grid cell covering
Algeria (0.25◦ × 0.25◦), spanning from 1990 to 2100 (see Table 1). These four indices were
recommended by the Expert Team on Climate Change Detection Indices (ETCCDI) of the
World Meteorological Organization (WMO) for regional climate analysis [20]. In this study,
the following steps were followed:

https://ds.nccs.nasa.gov/thredds/catalog/AMES/NEX/GDDP-CMIP6/catalog.html
https://ds.nccs.nasa.gov/thredds/catalog/AMES/NEX/GDDP-CMIP6/catalog.html
https://doi.org/10.5065/JV89-AH11
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Table 1. Extreme precipitation index.

Index Index Name Definition Units

01 PRCPTOT Wet-day precipitation Annual total precipitation in wet days mm
02 RX1day or Pmax Maximum 1-day precipitation Annual maximum 1-day precipitation mm

03 R99p Extremely wet-day precipitation Annual total precipitation from days > 99th
percentile mm

04 R20mm Number of heavy precipitation days Annual number of days when daily
precipitation ≥ 20 mm days

1. After calculating the four ETCCDI extreme precipitation indices for the historical pe-
riod (1990–2014) as well as for the three future periods ((2026–2050), (2051–2075), and
(2076–2100)) under both SSP245 and SSP585 scenarios, the average of each ETCCDI
index was calculated for each grid cell over the four periods. Then, the changes be-
tween the three future periods were determined and compared to the historical period
using relative change (%) for the indices PRCPTOT (mm), RX1day (mm), RX5day
(mm), R95p (mm), and R99p (mm), and absolute change (days) for the two indices
R10mm (days) and R20mm (days). The relative change (%) and absolute change
(days) between the ETCCDI indices were calculated at each grid cell level over the
historical period (ETCCDIhist) and the projected periods (ETCCDIproj), according to
the following expressions.

Changement relati f (%) =
ETCCDIproj − ETCCDIhist

ETCCDIhist × 100 (1)

Changement absolu(jours) = ETCCDIproj − ETCCDIhist (2)

2. For each of the five defined zones and each of the ETCCDI extreme precipitation
indices, the mean relative change (%) and the mean absolute change (in days) were
calculated for each zone for each climate model, as well as the ensemble mean of
all models (MME-33) for the three future periods ((2026–2050), (2051–2075), and
(2076–2100)) under both SSP245 and SSP585 scenarios.

3. After calculating the mean relative (%) and absolute (in days) changes in each index
for each zone and climate model over three future periods according to the SSP245 and
SSP585 scenarios, the relative changes in the 33 climate models are presented in each
zone for the three future periods under the two scenarios using box and whisker plots.
Each box represents the distribution of model relative changes for a specific period
and for each zone with both scenarios. In these box and whisker plots, the medians,
quartiles, and inter-quartile ranges are clearly visible, enabling a quick comparison
of projected variations by different models in each zone and with the two scenarios.
Additionally, spatial maps of each model for the four indices and their changes over
the three future periods are provided under the two scenarios.

4. After calculating the mean relative (%) and absolute (in days) changes for each zone
and climate model over three future periods according to the SSP245 and SSP585
scenarios, the number of models out of the 33 was assessed for indications of an
increase or decrease in the extreme precipitation index. An increase or decrease is
considered significant if it is simulated in at least 22 models, which is two-thirds of
the total models (33 models) or 66% of the models [21].

5. For each extreme precipitation index from the ETCCDI for each climate model, specific
grid cells were defined for each zone and plotted in the form of the kernel density
distribution (KDD) for the historical period (1990–2014) as well as for the three future
periods ((2026–2050), (2051–2075), and (2076–2100)) according to the SSP245 and
SSP585 scenarios. This analysis was performed by identifying specific grid cells
for each zone from the ensemble of models simultaneously. The kernel density
distribution (KDD) [26] is a non-parametric approach used to estimate the probability
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distribution function (PDF) of data based on their density without assuming a specific
PDF shape. It relies on the use of kernels, typically PDFs such as the Gaussian, to
estimate the probability density at each data point. The KDD is widely used in data
analysis and is available in the Python seaborn library under the sns.kdeplot() module.
The bandwidth, a key parameter of the method, controls the width of the window
around each point from which estimation data are considered. A wider bandwidth
produces a smoother estimate but may lose details, while a narrower bandwidth can
capture local variations under more noise. Jones [26] studied the performance of
kernel density functions, while Kamalov [27] demonstrated the applicability of KDD
in various contexts. In this study, a bandwidth of 0.1 was used, which smoothed the
data over a window of 0.1 units to balance smoothing and to capture local variations.

4. Results
4.1. Future Evolution of Extreme Precipitation Indices in Each Zone
4.1.1. Relative Changes (%) in Indices for Each Model Simulation

The relative percentage changes of the indices are considered with each of the models
as well as with the multi-model ensemble (MME-33) in Figure 2 (PRCPTOT), Figure 3
(RX1day), Figure 4 (R99p), and Figure 5 (R20mm) for each zone and for the three future
periods of (2026–2050), (2051–2075), and (2076–2100) according to the two scenarios.
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a. Annual Total Precipitation in Wet Days (PRCPTOT)

Regarding the relative change (%) in the PRCPTOT index for the three periods and
both scenarios, a general decreasing precipitation trend was observed in Zones 1, 2, 3,
and 4, as illustrated in Figure 2. However, most models predicted a relative increase in
precipitation in Zone 5, regardless of the period or scenario considered. For Zone 1, the
maximum decrease in precipitation under the SSP245 scenario was observed in the CMCC-
ESM2 model simulations, with, a decrease of −24.10% for the period of 2026–2050, followed
by the PSL-CM6A-LR model, with −26.14% for the period of 2051–2075, and finally the
CESM2 model, with a decrease of −31.36% for the period of 2076–2100. Under the SSP585
scenario, the greatest precipitation decrease in Zone 1 was recorded with simulations from
the IPSL-CM6A-LR model. This decrease was about −22.82% for the period of 2026–2050;
−36.78% for the period of 2051–2075; and reached a considerable level of −57.49% for the
period of 2076–2100. For Zone 2, under the SSP245 scenario, simulations from the CMCC-
ESM2 model showed the greatest decrease in precipitation, reaching −24.89% for the period
of 2026–2050. Similarly, for the period of 2051–2075, the IPSL-CM6A-LR model recorded
the highest decrease, with a decrease of −27.64%. Finally, for the period of 2076–2100, the
CESM2 model presented the maximum decrease, with −32.23%.

Under the SSP585 scenario, the IPSL-CM6A-LR model recorded the most pronounced
decreases, with −23.38% for the period of 2026–2050; −37.43% for the period of 2051–2075;
and −58.45% for the period of 2076–2100. For Zone 3, the IPSL-CM6A-LR model recorded
the greatest decrease, with −25.21% for the period of 2026–2050, −31.88% for the period of
2051–2075, and −37.06% for the period of 2076–2100. Under the SSP585 scenario, the IPSL-
CM6A-LR model also showed the largest declines, with decreases of −26.23%, −39.18%,
and −64.03% for the periods 2026–2050, 2051–2075, and 2076–2100, respectively. In the
case of Zone 4, under the SSP245 scenario, the CMCC-ESM2 model showed the largest
decrease, reaching −23.41% for the period of 2026–2050. This trend intensified over time,
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with the MPI-ESM1-2-HR model recording the greatest decrease of -38.65% for the period
of 2076–2100. Under the SSP585 scenario, the trend towards decreasing precipitation was
also very pronounced, with minimum values of −24.92%, −36.57%, and −60.01% for
the periods of 2026–2050, 2051–2075, and 2076–2100, respectively, all recorded with the
IPSL-CM6A-LR model. Finally, for Zone 5 under the SSP245 scenario, although the general
trend was towards an increase in precipitation, divergent results were observed for certain
periods. For the period of 2026–2050, the MRI-ESM2-0 model showed an increase of 34.36%.
However, for the subsequent periods, the increase with the EC-Earth3 model was more
pronounced with values of 63.64% for the period of 2051–2075 and 62.57% for the period
of 2076–2100. Under the SSP585 scenario, the NESM3 model showed the highest increase
for the period of 2026–2050 with 59.1%. The increases for the subsequent periods were
86.63% for 2051–2075 and 97.6% for 2076–2100, respectively, and all were recorded with the
EC-Earth3 model.

The use of the multi-model ensemble MME-33 confirmed these observations, with a
general decrease in precipitation in Zones 1, 2, 3, and 4 and an increase in Zone 5, regardless
of the scenario or period as shown in Figure 2. Thus, under the SSP245 scenario, the results
obtained with the MME-33 multi-model ensemble reveal a trend of decreasing precipitation
in Zones 1, 2, 3, and 4 for the period OF 2026–2050, with percentages ranging from 7.5%
to 8.5%. This trend intensified over time, with percentage decreases reaching up to 15%
in Zone 1, 14.3% in Zone 3, and 16.1% in Zone 4 for the period of 2076–2100. Conversely,
an increase in precipitation was observed in Zone 5, with respective percentages of 8.01%,
4.04%, and 3.31% for the periods of 2026–2050, 2051–2075, and 2076–2100. Under the
SSP585 scenario and for the period of 2026–2050, the percentage decreases with MME-33
range from 7.5% in Zone 1 to 8.5% in Zone 3 and 7.7% in Zone 4. This trend becomes
more intense over time, with percentage decreases of 15.1% in Zone 1, 14.3% in Zone 3,
and 16.1% in Zone 4 for the period of 2076–2100. On the other hand, the relative increase
occurrence in precipitation Zone 5 is about 8.1%, 4.1%, and 3.3%, respectively, for the
periods of 2026–2050, 2051–2075, and 2076–2100.

b. Annual maximum 1-day precipitation (RX1day)

Regarding the relative change (%) in the RX1day index for the three periods and two
scenarios, a general increasing trend took place across all model simulations, as observed
in the five zones (see Figure 3). For Zone 1 under the SSP245 scenario, the KACE-1-0-G
model showed the highest increase in RX1day for the period of 2026–2050, reaching 26.62%.
This trend persisted for the subsequent periods, with values of 26.03% for 2051–2075 and
31.26% for 2076–2100 both recorded with the same model. Under the SSP585 scenario, the
KACE-1-0-G model exhibited the highest increase in RX1day for the period of 2026–2050,
with a value of 20.36. This trend continued for the period of 2076–2100, with an increase of
31.02, both recorded with the KACE-1-0-G model. For Zone 2, under the SSP245 scenario,
the UKESM1-0-LL model showed the highest increase in the RX1day index for the period
of 2026–2050, with a value of 15.44%. However, for the periods of 2051–2075 and 2076–2100,
the FGOALS-G3 model recorded the most significant increases, with values of 16.47% and
16.18%, respectively. Under the SSP585 scenario, the CMCC-ESM2 model showed the
highest increase in rx1day for the period of 2026–2050, with a value of 18.87. However,
for the periods of 2051–2075 and 2076–2100, the FGOALS-g3 model recorded the most
significant increases, with values of 14.31 and 11.51, respectively. For Zone 3, under the
SSP245 scenario, the NESM3 model exhibited the highest increase in the RX1day index for
the period of 2026–2050, with 20.28%. This trend continued for the period of 2076–2100,
with an increase of 29.43%, while for the period of 2051–2075, the MIROC6 model recorded
the highest increase, with 17.83%. Under the SSP585 scenario, the CMCC-ESM2 models
showed the highest increases in RX1day for the period of 2026–2050 (17.06%). For the
period of 2051–2075, the NESM3 model records the highest increase with (20.76%), while
for the period of 2076–2100, the MIROC6 model shows the highest increase, with a value of
17.05%. For Zone 4, under the SSP245 scenario, the CESM2-WACCM model showed the
highest increases in the RX1day index for the period of 2051–2075, with values of 16.92%.



Water 2024, 16, 1353 10 of 28

For the period of 2026–2050, the NESM3 model recorded the highest increase (16.35%),
while for the period of 2076–2100, the FGOALS-g3 model showed the highest increase,
with 14.99%. Under the SSP585 scenario, the CMCC-ESM2 models exhibited the highest
increases in Rx1day for the period of 2026–2050, with a rate of 18.34%. For the period
of 2051–2075, the CANESM5 model recorded the highest increase with a rate of 14.66%,
while for the period of 2076–2100, the FGOALS-g3 model showed the highest increase
(11.67%). For Zone 5 under the SSP245 scenario, the MRI-ESM2-0 model exhibited the
highest increase in the RX1day index for the period of 2026–2050 with 32.22%. For the
subsequent periods, the most significant increases were recorded with the KIOST-ESM
model, with 29.34% for 2051–2075 and 26.38% for 2076–2100. Under the SSP585 scenario,
the NESM3 model exhibited the highest increase in Rx1day for the period of 2026–2050,
with 47.11%. For the periods 2051–2075 and 2076–2100, the most significant increases were
recorded with the KIOST-ESM model, with 45.76% and 59.83%, respectively.

The use of the multi-model ensemble MME-33 confirmed these simulations with a
general increase in the Rx1day index in five zones regardless of the scenario or period as
illustrated by Figure 3. Therefore, under the SSP245 scenario, the results from the MME-33
multi-model ensemble reveal an increasing trend in Rx1day in five zones for the period
of 2026–2050, with rates ranging from 2.5% to 7.0%. This trend intensifies during the
subsequent period, 2051–2075, where the increase reaches up to 5.0% in Zone 1, 3.85% in
Zone 2, 4.15% in Zone 3, 2.90% in Zone 4, and 5.58% in Zone 5. However, for the period of
2076–2100, these increase rates decrease slightly. Under the SSP585 scenario, for the period
of 2026–2050, the increase obtained by the MME-33 multi-model ensemble ranges from
3.56% in Zone 1 to 8.63% in Zone 5 and 3.6% in Zone 3. This increasing trend strengthens
during the subsequent period, 2051–2075, with rates reaching 4.1% in Zone 1 and 8.83% in
Zone 5. However, for the period of 2076–2100, these rates show a slight decrease, except for
Zone 5 where this rate increases up to 12.43%.

c. Annual total precipitation from days > 99th percentile (R99p)

Regarding the relative change (%) in the R99p index for the three periods and the two
scenarios, a general increasing trend took place across all model simulations and in the five
zones as illustrated in Figure 4. For Zone 1, under the SSP245 scenario, the NorESM2-LM
model recorded the highest increase in R99p values for the period of 2026–2050 reaching
45.72%. This trend persisted also for the subsequent periods at values of 44.97% for
2051–2075 with the KACE-1-0-G model and 49.78% for 2076–2100 in the NorESM2-LM
model. Under the SSP585 scenario, the KACE-1-0-G model also exhibited the highest
increase in R99p for the periods of 2026–2050 and 2076–2100, with rates of 46.06% and
81.02%, respectively. This trend was also observed in the GFDL-CM4 model for the period
of 2051–2075, with an increase of 49.66%. For Zone 2, under the SSP245 scenario, the
EC-Earth3 model showed the highest increase in R99p values for the period of 2026–2050,
reaching 37.91%. This trend persisted for the period of 2051–2075 with a value of 42.89%
recorded with the MRI-ESM2-0 model. For the period of 2076–2100, the EC-Earth3-Veg-LR
model exhibited the highest increase at 41.38%. Under the SSP585 scenario, the CMCC-
ESM2 model also showed the highest increase for the period of 2026–2050, at a value
of 44.83, while the GISS-E2-1-G model recorded the highest increase for the period of
2051–2075, with a value of 42.91%. This trend was also observed through the KACE-1-0-G
model for the period of 2076–2100, with an increase of 50.61%. For Zone 3, under the
SSP245 scenario, the CNRM-CM6-1 model exhibited the highest increase in R99p values for
the period of 2026–2050, reaching 56.15%. It persisted for the period of 2051–2075 to reach
82.18%, which was recorded with the MRI-ESM2-0 model. For the period of 2076–2100, the
MIROC6 model presented the highest increase of 62.80%. Under the SSP585 scenario, the
NorESM2-MM model also showed the highest increase for the period of 2026–2050 (43.39),
while the GFDL-CM4 model recorded the highest increase for the periods of 2051–2075 and
2076–2100, with 42.36% and 75.52%, respectively. For Zone 4, under the SSP245 scenario,
the CMCC-CM2-SR5 model exhibited the highest increase in R99p values for the period
of 2026–2050, reaching 36.05%. This trend persisted for the period of 2051–2075, with
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a value of 55.31% recorded with the MRI-ESM2-0 model. For the period of 2076–2100,
the EC-Earth3-Veg-LR model presented the highest increase (35.88%). Under the SSP585
scenario, the BCC-CSM2-MR model showed the highest increase in R99p values for the
period of 2026–2050 (38.47%). This trend was also observed with the GFDL-CM4 model for
the period of 2051–2075, with an increase (42.57%). Additionally, the GFDL-CM4 model
recorded the highest increase for the period of 2076–2100, with a value of 48.39%. For Zone
5, under the SSP245 scenario, the CNRM-CM6-1 model recorded the highest increase in
R99p values for the period of 2026–2050, reaching 42.23%. This trend persisted for the
period of 2051–2075, with a value of 52.87% recorded with the NorESM2-LM model. For
the period of 2076–2100, the MRI-ESM2-0 model presented the highest increase at 48.83%.
Under the SSP585 scenario, the KIOST-ESM model showed the highest increase in R99p
values for the period of 2026–2050, reaching 44.72. This trend persisted for the period
of 2051–2075, with 44.98% recorded by the EC-Earth3-Veg-LR model. For the period of
2076–2100, the KIOST-ESM model exhibited the highest increase, at 59.38%.

The use of the multi-model ensemble MME-33 confirmed these simulations with a
general increase in the R99p index in the five zones, regardless of the scenario or period
(Figure 4). Therefore, under the SSP245 scenario, the results from the MME-33 multi-model
ensemble reveal an increasing trend in R99p index values in the five zones for the period of
2026–2050. The R99p index values range from 12.00% to 19.32% across different zones, with
Zone 5 showing the highest value (19.32%). For the period of 2051–2075, the increasing
values range from 14.99% to 25.9%. Once again, Zone 5 recorded the highest increase with
25.9%. Finally, for the period of 2076–2100, the values decreased slightly compared to the
previous period from 12.29% to 19.45%. Also, in this period, Zone 5 exhibited the highest
value at 19.45%. For the SSP585 scenario, the increase rates recorded with the MME-33
multi-model ensemble varied differently across the different periods. For the period of
2026–2050, the increase varied from 14.28% in Zone 1 to 19.06% in Zone 5. During the
period of 2051–2075, these rates experienced an increase, ranging from 14.72% to 23.52%.
However, for the period of 2076–2100, there was an average variation from 12.42% to
23.76%. Generally, there was a rising trend in the R99p index over time, with specific
variations across zones and periods.

d. Number of heavy precipitation days (R20mm)

Figure 5 shows that in all zones and for both scenarios, there is a general increasing
trend in R20mm index values. The observed increases go up to 1.5 days, and the decreases
go down to −1.6 days. For Zone 1, under the SSP245 scenario, the GFDL-CM4 model
recorded the highest increase in R20mm values for the period of 2026–2050, reaching
1.17 days. This trend continued for the subsequent periods, with values of 1.43 days for
2051–2075 with the GFDL-CM4 model and 0.58 days for 2076–2100 in the MPI-ESM1-2-
LR model. Under the SSP585 scenario, the MRI-ESM2-0 model also showed the highest
increase in R20mm for the period of 2026–2050, with a value of 0.77 days. For the period of
2051–2075, the GFDL-CM4 model recorded the highest increase, with a value of 1.33 days.
Finally, for the period of 2076–2100, the FGOALS-G3 model exhibits the highest increase,
with a rate of 0.51 days.

For Zone 2, under the SSP245 scenario, the IITM-ESM model had the highest increase
in R20mm rates for the period of 2026–2050, reaching 1.18 days. This trend continued for
the subsequent periods, with a maximum of 0.88 days for 2051–2075 and 0.89 days for
2076–2100 with the GFDL-CM4 model for both periods. Under the SSP585 scenario, the
MRI-ESM2-0 model indicated the highest increase in R20mm for the period of 2026–2050,
with a value of 0.71 days. For the period of 2051–2075, the GFDL-CM4 model recorded
the highest increase, with a value of 0.94 days. Finally, for the period of 2076–2100, the
FGOALS-G3 model presented the highest increase, with a value of 0.50 days. For Zone 3,
under the SSP245 scenario, the GFDL-CM4 model recorded the highest increase in R20mm
values for the period of 2026–2050, reaching 0.94 days. This trend continued for the subse-
quent periods, with values of 0.57 days for 2051–2075 with the BCC-CSM2-MR model and
0.79 days for 2076–2100 with the MIROC6 model. Under the SSP585 scenario, the NorESM2-
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MM model also recorded the highest increase in R20mm for the period of 2026–2050, with
a value of 0.57 days. For the period of 2051–2075, the NESM3 model showed the highest
increase at a rate of 0.54 days. Finally, for the period of 2076–2100, the GFDL-CM4 model
presented the highest increase with a value of 0.69 days. For Zone 4, under the SSP245
scenario, the GFDL-CM4 model showed the highest increase in R20mm values for the
period of 2026–2050, reaching 0.84 days. This trend continued for the subsequent periods,
with values of 0.60 days for 2051–2075 with the CMCC-CM2-SR5 model and 0.89 days for
2076–2100 with the GFDL-CM4 model. Under the SSP585 scenario, the NorESM2-MM
model recorded the highest increase in R20mm for the period of 2026–2050, with a value
of 0.60 days. For the period of 2051–2075, this value still decreased to 0.47 days with the
NorESM2-MM model. Finally, during the period of 2076–2100, the FGOALS-G3 model
yielded the highest increase, with a value of 0.28 days. For Zone 5, under the SSP245
scenario, the MRI-ESM2-0 model recorded the highest increase for R20mm for the period
of 2026–2050, with 0.11 days. This trend continued for the subsequent periods, with values
of 0.06 days for 2051–2075 for the ACCESS-CM2 model and 0.09 days for 2076–2100 from
for CMCC-CM2-SR5 model. Under the SSP585 scenario, the NESM3 model maintained
a constant value of R20mm for the periods of 2026–2050 and 2051–2075 with values of
0.06 days. However, for the period of 2076–2100, the MIROC-ES2L model showed a slight
increase with 0.09 days.

The individual models as well as the multi-model ensemble MME-33 show the same
increasing and decreasing trends from the simulated variations across the five zones for
different periods under both scenarios (Figure 5). For Zone 1, under the SSP245 scenario,
there is a decrease of −0.09 days from 2026 to 2050, followed by a slight increase of
−0.028 days from 2051 to 2075 and a more pronounced decrease of −0.118 days from 2076
to 2100. In Zone 2, the values gradually decrease from −0.12 to −0.16 for the three periods.
However, in Zone 3, there is an increasing trend that ranges from 0.07 to 0.09 days over the
same period. As for Zones 4 and 5, they show relatively stable variations with oscillations
around 0 days. Under the SSP585 scenario, the variations in the R20mm index are also
variable across the five zones for different periods. In Zone 1, a decrease is observed from
−0.17 days for 2026–2050 to −0.53 days for 2076–2100. Zone 2 shows a similar trend with
values ranging from −0.18 days to −0.62 days over the same period. However, in Zone 3,
there is a slight increase of 0.06 days from 2026 to 2050, which is followed by a decrease
from 2051 to −0.09 days in the 2076–2100 period. Zones 4 and 5 also show downward
trends, though these are less pronounced than in Zones 1 and 2, with values ranging from
−0.03 days to −0.32 days for Zone 4 and remaining relatively stable around 0 days for
Zone 5.

4.1.2. Relative Percentage Variations in Indices for Each Zone by All Models

The box and whisker plots illustrate the relative variations in the 33 climate models in
each zone for the three future periods, and they are presented according to the two scenarios
in Figure 6 (PRCPTOT), Figure 7 (RX1day), Figure 8 (R99p), and Figure 9 (R20mm). The
spatial maps of each model for the four indices as well as their changes over the three
future periods under the two scenarios are compiled in Supplementary Materials S2 in the
form of an HTML page.
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a. Annual Total Precipitation in Wet Days (PRCPTOT)

The box and whisker plots represent the relative changes (%) of the PRCPTOT index
for the 33 climate models in each zone for the three future periods according to the two
scenarios presented in Figure 6.

The analysis of changes in the PRCPTOT index according to the SSP245 and SSP585
scenarios over three distinct periods (2026–2050, 2051–2075, and 2076–2100) highlights gen-
eral trends as well as emphasizing disparities among the geographical regions. Across each
period, a variety of values were observed in all zones, ranging from negative to positive.
These variations are clearly depicted by the box plots, revealing specific asymmetrical distri-
butions for each zone. In the SSP245 scenario, the average changes in the PRCPTOT index
for each zone are generally lower than in SSP585 over the three periods. For example, for
Zone 1 during the period of 2026–2050, the average change is -7.66% in SSP245, compared
to −10.09% in SSP585. This trend holds true across all periods and zones illustrating less
pronounced variations in SSP245 compared to SSP585. In both scenarios, Zones 1 to 4 show
a decreasing trend characterized by negative means and quartiles, indicating significant
dispersion of relative changes in the PRCPTOT index, while Zone 5 stands out with an
increasing trend, suggesting a progressive relative increase in precipitation in this region
over time. Despite these differences in means, the variations between zones and periods
remain consistent between the two scenarios, with the trend in Zones 1 to 4 generally
decreasing and that in Zone 5 increasing. Detailed descriptions of the box plots of relative
(%) changes in the PRCPTOT index for each period and scenario are provided in Annex 3.

b. Annual maximum 1-day precipitation (RX1day)

The box and whisker plots illustrate the relative (%) changes in the RX1day index
for the 33 climate models in each zone over the three future periods, according to the two
scenarios (Figure 7).

The analysis of RX1day index variations under the SSP245 and SSP585 scenarios for
the periods 2026–2050, 2051–2075, and 2076–2100 reveals significant results, highlighted by
the changes from the 33 climate models used. In the SSP245 scenario, the observed changes
in each zone over the periods show some consistency. Overall, the trends vary between
decreases and increases with relatively moderate discrepancies. For example, in Zone 1 for
the period of 2026–2050, the average change is about 4.0%, while for the period of 2076–2100,
it is about 5.45%. This general trend is observed in all zones, although variations may
differ across periods. Conversely, in the SSP585 scenario, variations are more pronounced,
with larger discrepancies between periods and zones. The average changes are also higher
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than in SSP245, which reflects more significant variations in extreme precipitation. For
instance, in Zone 5 for the period of 2026–2050, the average change is 8.96%, while for the
period of 2076–2100, it is 12.76%. In summary, the results show that the SSP585 scenario
projections have more substantial variations in the RX1day index compared to SSP245, with
significantly marked differences between periods. While SSP245 presents relatively stable
and moderate variations, SSP585 reveals more dynamic trends and significant variations
over time. Descriptions of the box and whisker plots of relative (%) changes in the RX1day
index for each period and scenario are detailed in Supplementary Materials S3.

c. Annual total precipitation from days > 99th percentile (R99p)

The box and whisker plots represent the relative (%) changes in the R99p index for the
33 climate models in each zone over the three future periods under the two scenarios that
are presented in Figure 8.

The analysis of R99p index variations under the SSP245 and SSP585 scenarios reveals
significant differences between the different geographical zones and periods. Under the
SSP245 scenario, the variations in the R99p index for the periods of 2026–2050, 2051–2075
and 2076–2100 show notable discrepancies. The values vary significantly, with averages
progressively increasing over time in each zone. For example, for the period of 2026–2050,
the average changes observed in all zones in sequence are 12.0%, 12.67%, 14.13%, 14.04%,
and 19.32% in Zones 1, 2, 3, 4, and 5, respectively. Similar trends are observed for the
following periods, with average changes continuing to increase. Similarly, under the SSP585
scenario, significant variations are observed between different geographical zones for the
three analyzed periods. The average changes are higher than under the SSP245 scenario,
which indicates more significant variations in extreme precipitation. For example, for the
period of 2026–2050, the average changes for the different zones are 14.17%, 12.99%, 12.48%,
12.1%, and 19.24%, respectively. Variations are also observed in the following periods in the
average increase change continuation. Descriptions of the box and whisker plots of relative
(%) changes in the R99p index for each period and scenario are detailed in Supplementary
Materials S3.

d. Number of heavy precipitation days (R20mm)

Box and whisker plots illustrating the absolute changes (in days) in the R20mm index
for the 33 climate models in each zone over the three future periods are presented in
Figure 9, according to the two scenarios.

The absolute changes in the R20mm index under the SSP245 scenario show relatively
small differences in each geographical zone and for the three analyzed periods. The overall
trends indicate slight fluctuations around zero with means close to zero in most zones.
Under the SSP585 scenario, the absolute variations in the R20mm index exhibit trends
similar to those observed under SSP245, but with slightly more pronounced means around
zero. The differences between zones remain relatively small, although some deviations
may be observable. Overall, the variations are close to zero and thus indicate that the
mean changes in the R20mm index are relatively small and the values fluctuate around
zero positively and negatively. This suggests a general stability of the R20mm index in
the different geographical zones and for the studied periods, with minimal changes in
most cases.

4.2. Analysis of the Significance of Changes in Extreme Precipitation Indices: Analysis of
Model Consensus

Figure 10 depicts the percentage of models showing a relative positive change for each
zone and over three future periods under the SSP245 and SSP585 scenarios, accompanied
by a threshold of 66% to highlight the significance of the increase. Additionally, a lower
threshold of 33% is included. If the percentage of models with a relative positive change
falls below this 33% threshold, it implies a significant decrease.
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a. Annual Total Precipitation in Wet Days (PRCPTOT)

Figure 10 exhibits significant variations in the percentage of models in Zones 1, 2,
3, and 4, with a positive relative change over time for the SSP245 scenario. Specifically,
Zones 1 and 2 display percentages between 0% and 15.15% (<33%) for the period of 2026–
2050, indicating that a significant consensus appears in the model projections in terms of a
decrease in the PRCPTOT index. However, these percentages decrease considerably over
time, reaching 0% for the period of 2076–2100. Zone 5 shows higher percentages, exceeding
66% for all three periods, suggesting a significant increase in the PRCPTOT index.

For the SSP585 scenario, the results show similar trends, although the percentages of
models with a positive relative change have generally lower values (not exceeding 3.5%)
compared to SSP245. Overall, Zones 1, 2, 3, and 4 display percentages that gradually
decrease over time, eventually reaching 0% for the period of 2076–2100, indicating a
significant consensus in the model projections in terms of a decrease in the PRCPTOT index.
However, Zone 5 exhibits significant variations, with percentages exceeding 66% for the
first and last periods, indicating a significant increase in the PRCPTOT index.

b. Annual maximum 1-day precipitation (RX1day)

For the SSP245 scenario, Zones 1, 2, 3, and 5 exhibit significant variations in the
percentage of models, with a relative positive change over time for the RX1day index.
Specifically, Zones 1 and 2 display high percentages that range between 60.61% and 72.73%
for the period of 2026–2050, with a significant consensus in the model projections in terms
of an increase in the RX1day index. These percentages decrease slightly over time but
remain generally high for all periods. Zone 3 shows an increase in the percentages of
models over time, reaching up to 75.76% for the period of 2076–2100. Zone 4 displays
percentages ranging between 63.64% and 75.76% throughout the study period.

For the SSP585 scenario, the results show similar trends, although the percentages of
models, with a positive relative change, are generally lower compared to SSP245. Zones 1,
2, and 5 exhibit percentages that decrease slightly over time, while Zone 3 shows a more
pronounced decrease that reaches 57.58% for the last period. Zone 4 demonstrates a gradual
decrease in the percentage of models over time, with values ranging between 48.48% and
63.64%.

c. Annual total precipitation from days > 99th percentile (R99p)
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For both scenarios and all three periods, a significant consensus was observed in the
model projections in terms of an increase in the R99p index. As for the SSP245 scenario,
all zones show variations in the models’ percentages with a positive relative change over
time for the R99p index. Zones 1, 2, and 3 exhibit high percentages from the beginning
of the study period, ranging from 69.70% to 87.88% for the period of 2026–2050. These
percentages remain high over time, although Zone 5 has a decrease in the percentage of
models over time from 93.94% to 87.88% between the periods of 2051–2075 and 2076–2100.
For the SSP585 scenario, the trends are similar, with generally lower percentages compared
to SSP245. Zones 1, 2, and 3 display high percentages at the beginning of the study period,
but they decrease gradually over time. Zone 5 also shows a decreasing trend, although the
percentages remain high, exceeding 90% for the last two periods.

d. Number of heavy precipitation days (R20mm)

For both scenarios and all three periods, a consensus was observed in the model
projections in terms of an increase in the R20mm index. For the SSP245 scenario, all zones
show significant variations in the models’ percentage with a relative positive change over
time. Specifically, Zones 1, 2, and 3 display high percentages from the beginning of the
study period, ranging from 45.45% to 57.58% for the period of 2026–2050. However, these
percentages gradually decrease over time, eventually reaching 39.39% for the period of
2076–2100. Zone 5 stands out with higher percentages, exceeding 66% for all three periods
(2026–2050, 2051–2075, 2076–2100), which indicates a significant increase in the R20mm
index in this zone throughout the study period. For Zone 3, a significant increase is also
observed during the period of 2051–2075, with a percentage exceeding 66%. For the SSP585
scenario, the percentages of models with a relative positive change are generally lower
compared to SSP245. Zones 1, 2, 3, and 4 exhibit high percentages at the beginning of the
study period (ranging from 34% to 57%), but these gradually decrease over time, eventually
reaching 9.09% in Zones 1 and 2 and 12.12% in Zone 4 for the period of 2076–2100. This
suggests a significant decrease in the R20mm index in these zones for the period of 2076–
2100. Zone 5 shows a trend towards an increase, although the percentages remain high but
do not exceed 66% for all three periods.

4.3. Kernel Density Distribution (KDD) Plots for Extreme Precipitation Indices across Studied
Periods and Regions Using MME-33

In this section, a comparison of kernel density distributions (KDDs) is performed
for the three future periods under the SSP245 and SSP585 scenarios compared to the
historical period, for each extreme precipitation index. The comparison is conducted for
each zone using the multi-model ensemble MME-33 simultaneously. However, figures
showing the comparison of probability densities for each individual model are aggregated
in Supplementary Materials S2 in the form of an HTML page.

a. Annual Total Precipitation in Wet Days (PRCPTOT)

Using the multi-model ensemble MME-33 simultaneously, Figure 11 illustrates the
comparison, in each zone, of the KDDs for the three future periods of the PRCPTOT index
under the SSP245 and SSP585 scenarios compared to the historical period.

The KDD curves of the PRCPTOT index indicate a shift to the left for future periods
under all scenarios compared to the reference period in the first four zones with a nearly
similar distribution in Zone 5. For the historical period (1990–2014), the annual precipitation
corresponding to the maximum KDD in Zones 1 and 2 is approximately 580 mm, indicating
that this value is the most frequently observed during this period. For the three future
periods under the SSP245 scenario, the relative probability is higher than that of the
historical period but with annual precipitation values lower than 580 mm. For Zone
1, according to both SSP245 and SSP585 scenarios, the most probable precipitations are
similar, with values of 520 mm for the period of 2026–2050 and 480 mm for the periods 2051–
2075. However, for the period of 2076–2100, the probable precipitations differ significantly
between the two scenarios, with 480 mm under SSP245 and 290 mm under SSP585. For
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Zone 2, the most probable precipitations under SSP245 are 480 mm for the periods of
2026–2050 and 2051–2075, and 420 mm for the period of 2076–2100.
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Under SSP585, precipitation levels of 480 mm are also observed for 2026–2050,
440 mm for 2051–2075, and 290 mm for 2076–2100. Furthermore, it is important to note
that for both Zones 1 and 2, as well as for all three future periods under both SSP245 and
SSP585 scenarios, annual precipitation levels below 580 mm are more likely than during
the historical period, while precipitation levels above 580 mm are less likely. During the
historical period, the most frequently observed annual precipitations in Zones 3 and 4
were 380 mm and 350 mm, respectively. For these zones, the most probable precipitations
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could decrease in the future under the SSP245 scenario, reaching 300 mm for the periods of
2026–2050 and 2051–2075, and then decrease to 250 mm for the period of 2076–2100. Under
the SSP585 scenario, the most probable annual precipitations are 280 mm for 2026–2050
and 200 mm for both periods of 2051–2075 and 2076–2100. Additionally, it is important
to note that for Zones 3 and 4 for all three future periods under both scenarios, annual
precipitation levels below 380 mm are more likely than during the historical period, while
precipitation levels above 380 mm are less likely. It is also worth mentioning that the likely
observed annual precipitation, less than 380 mm, is higher in the period of 2076–2100
than in the two periods of 2026–2050 and 2051–2075. For the desert zone (Zone 5), it is
more likely to observe zero annual precipitation under both SSP245 and SSP585 scenarios,
whether during the historical or future periods. However, this probability is higher in the
period of 2076–2100 than in the two periods of 2026–2050 and 2051–2075, as well as during
the historical period. For the three future periods, an annual rainfall of between 20 and
100 mm has a higher probability of occurrence, albeit minimal, than that observed historically.

b. Annual maximum 1-day precipitation (RX1day)

Figure 12 illustrates the comparison, in each zone, of the KDD of the RX1day index for
the three future periods according to the SSP245 and SSP585 scenarios against the historical
period, using the multi-model ensemble MME-33 simultaneously. The RX5day KDD shows
a nearly similar pattern and becomes flatter in the future under both scenarios compared
to the reference period. However, compared to the historical period, there is an increase
in the probability of daily maximum precipitation exceeding 35 mm in the four northern
zones. These values could reach up to 100 mm per day but with a relatively low probability.
Under both scenarios, the most probable daily maximum precipitation for the historical
period is almost similar to that of the three future periods. These values are approximately
25 mm in Zone 1, 28 mm in Zone 2, 18 mm in Zone 3, 22 mm in Zone 4, and 0 mm in Zone
5. Additionally, it is noteworthy that for Zones 1, 2, 3, and 4, as well as for the three future
periods under both scenarios, daily maximum precipitation exceedance of 35 mm will be
more probable compared to the historical period. These precipitations could range from
60 mm to 100 mm, although their probability remains relatively low. As for Zone 5, daily
maximum precipitation values from 20 mm to 100 mm could be observed in the future.

c. Annual total precipitation from days > 99th percentile (R99p)

Figure 13 illustrates the comparison, in each zone, of the KDD of the R99p index for the
three future periods under the SSP245 and SSP585 scenarios based on the historical period,
using the multi-model ensemble MME-33 simultaneously. The KDDs of R99p indicate that
future periods are shifted to the right and become flatter under all scenarios compared to
the reference period. In comparison with the historical period, it is possible to observe an
increase in the probability of experiencing extremely heavy precipitation events (R99p) of
more than 50 mm in all five examined zones. Although their probability remains relatively
low, these values could reach up to 200 mm per year. The most probable R99p indices for
the historical period are nearly similar to those for the three future periods under both
scenarios that range around 30 mm in Zones 1, 2, 3, and 5 and 25 mm in Zone 4. Moreover,
it is noteworthy that these extremely heavy precipitations will be more probable in future
periods compared to the historical period, although their occurrence will remain rare.
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d. Number of heavy precipitation days (R20mm)

Figure 14 illustrates the comparison, in each zone, of the R20mm index KDDs for the
three future periods under the SSP245 and SSP585 scenarios based on the historical period
by using the multi-model ensemble MME-33 simultaneously. It is noteworthy that all zones
exhibit double and triple peaks in the distribution of R20mm, and the distributions are
flatter in the future period compared to the historical period. With respect to the historical



Water 2024, 16, 1353 22 of 28

period, there is an increase in the probability of the annual number of days where the daily
precipitation is ≥20 mm exceeding 8 days in Zones 1, 2, and 4 and 2 days in Zones 3 and
5. These numbers could reach up to 25 days in Zones 1, 2, and 4 and up to 16 days in
Zones 3 and 5, although their probability remains relatively low. Moreover, it is noteworthy
that the annual number of days with daily precipitation of ≥20 mm ranges between 1 and
5 days but could increase in the three future periods under both scenarios compared to the
historical period in Zones 1, 2, and 4.
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5. Discussion and Conclusions

A comparison of spatial variability across five distinct sub-regions of Algeria and the
temporal evolution of potential changes in the four extreme precipitation indices over the
three future periods (2026–2050, 2051–2075, and 2076–2100), under the SSP245 and SSP585
scenarios, relative to the historical period (1990–2014) was conducted using 33 simulation
models from NEX-GDDP-CMIP6. Five significant conclusions result from this analysis:

1. Despite the differences among the individual models, the multi-model ensemble
MME-33 predicted a decrease in annual precipitation in Zones 1 (eastern coastal), 2
(between the eastern coastal zone and the High Plateaus), 3 (western coastal regions),
and 4 (High Plateaus) and an increase in Zone 5 (desert regions). The rate of increase
or decrease projected by all 33 models for the SSP585 scenario was higher than the
one projected for the SSP245 scenario. Furthermore, this rate of change gradually
increased from the period of 2026–2050 to the period of 2076–2100. The MME-33
ensemble showed a decreasing trend in precipitation in Zones 1, 2, 3, and 4 for
the period of 2026–2050 with percentages that ranged from 7.5% to 8.5% under the
SSP245 scenario and 7.5% in Zones 1 and 2; 8.5% in Zone 3; 7.7% in Zone 4 under
the SSP585 scenario. This trend intensified over time, with percentage decreases
reaching up to 15% in Zone 1, 14.3% in Zone 3, and 16.1% in Zone 4 for the period
of 2076–2100 under the SSP245 scenario, and 15.1% in Zone 1, 14.3% in Zone 3, and
16.1% in Zone 4 for the period of 2076–2100 under the SSP585 scenario. Conversely,
under the SSP245 scenario, the increases in precipitation in Zone 5 were, respectively,
8.01%, 4.04%, and 3.31% for the periods of 2026–2050, 2051–2075, and 2076–2100.
Under the SSP585 scenario, these increases were 8.1%, 4.1%, and 3.5% for the same
periods. The average changes for the three periods were estimated for the entire
model ensemble at −11% (Zone 1), −12.5% (Zones 2 and 4), −14% (Zone 3), and
5% (Zone 5) under the SSP245 scenario, and at −19% (Zone 1), −20% (Zones 2 and
4), −23% (Zone 3), and 11% (Zone 5) under the SSP585 scenario. Similar changes
have been observed in different regions of the Mediterranean Basin. For example,
in a study using simulations from the regional climate model RCA4, Bouabdelli
et al. [15] and Zeroual et al. [28] found decreases in precipitation ranging from −0.5
to −1.5 mm/year (RCP4.5) and from −1.5 to −2.5 mm/year (RCP8.5) in Northern
Algeria, while a trend around 0 was observed in Southern Algeria. Compared to
the reference period from 1986 to 2005 using simulations from CMIP5 and CMIP6,
Cos et al. [17] anticipated a significant decrease in long-term winter precipitation,
reaching up to −20% to −40% over Northern Africa. Furthermore, compared to the
reference period of 1985–2014, Majdi et al. [29] found a decrease in precipitation of 81
mm in both future periods (2020–2049 and 2050–2079) under the SSP585 scenario in
the northern zones of the MENA region, which includes Zones 1, 2, and 3. Conversely,
increases of up to 189 mm were observed in the southern regions of the MENA, where
Zone 5 of our study is located.

2. Despite the differences among the individual models, the multi-model ensemble MME-
33 predicted an upward trend in the maximum precipitation in one day (Rx1day) and
extremely heavy precipitation (R99p) indices across all zones, according to nearly
all models. The results from the MME-33 ensemble reveal an increasing trend in the
Rx1day and R99p indices in all five zones. For the period of 2026–2050, the rates
of increase varied from 2.5% to 7.0% under the SSP245 scenario and from 3.6% to
8.6% according to the SSP585 scenario for the Rx1day index, and from 12.0% to 19.3%
under SSP245 and from 14.3% to 19.1% under SSP585 for the R99p index. This trend
strengthened for the following period, 2051–2075, where the rates of range increase
were from 3.9% to 5.6% under SSP245 and from 4.1% to 8.8% under SSP585 for the
Rx1day index, and from 15.0% to 25.9% under SSP245 and from 14.3% to 19.1% under
SSP585 for the R99p index. However, for the period of 2076–2100, a slight decrease in
the rates of increase was observed, except for Zone 5, where this rate increased up
to 12.4% under SSP585 for the Rx1day index, while it ranged from 12.3% to 19.5%
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under SSP245 and from 14.7% to 23.5% under SSP585 for the R99p index. The average
changes for the three periods were estimated for the entire model ensemble, with
+14% (Zone 1), +13.5% (Zones 2 and 4), +17% (Zone 3), and +21% (Zone 5) for the
Rx1day index and +5% (Zone 1), +3% (Zones 2 and 4), +4% (Zone 3), and +8% (Zone 5)
for the R99p index under the SSP245 scenario. Under SSP585, the changes were +15%
(Zone 1), +14% (Zones 2 and 4), +14% (Zone 3), and +22% (Zone 5) for the Rx1day
index and 3% (Zone 1), +2% (Zones 2 and 4), +1% (Zone 3), and +12% (Zone 5) for the
R99p index. The results obtained by Li et al. [30] and Seneviratne et al. [2] corroborate
our results, showing an increase in the intensity and frequency of heavy precipitation
events (Rx1day) for the period of 2071–2100 under the SSP126 and SSP585 scenarios
compared to the reference period of 1985–2014. Specifically, Li et al. [30] observed
increases ranging from 10% to 20% in Rx1day and Rx5day events over a 50-year
period, as well as 5% to 10% increase in annual Rx1day and Rx5day events during the
period of 2071–2100 under the SSP585 scenario. Similar results have been obtained
by other studies covering regions including Algeria. Those studies were based on
CMIP5 simulations and regional climate models (RCMs) assessing an increase in the
intensity of heavy precipitation events [31–33]. For example, in a study on the MENA
region, Driouech et al. [33] observed positive changes in the future (%) in extremely
rainy days (R99p) for the period of 2071–2100 compared to the reference period of
1976–2005; for the R99p index in this study, changes ranged from +5% to +10% (Zone
1), +5% to +10% (Zones 2, 3, and 4), and exceeded +40% (Zone 5) under RCP4.5, while
under RCP8.5, the changes ranged from +5% to +20% (Zone 1), +20% to +40% (Zones
2, 3, and 4), and from +40% to +100% (Zone 5).

3. The individual models as well as the multi-model ensemble MME-33 showed the
same trend, with increases and decreases in simulated variations across the five zones
for different periods under both scenarios. However, it is important to note that these
changes were minimal, not exceeding one day in the case of the multi-model ensemble
MME-33. In Zone 1, the MME-33 ensemble predicted decreases for the periods of
2026–2050, 2051–2075, and 2076–2100 of −0.09 days, −0.03 days, and −0.12 days
under the SSP245 scenario and −0.1 days, −0.17 days, and −0.12 days under the
SSP585 scenario, respectively. In Zone 2, the values gradually decreased from −0.12 to
−0.16 days over the three periods under the SSP245 scenario and from −0.18 days
to −0.62 days under the SSP585 scenario. Under the SSP245 scenario, in Zone 3,
an increasing trend was observed, ranging from 0.07 to 0.09 days. Regarding the
SSP585 scenario, a slight increase of 0.06 days was observed from 2026 to 2050, which
was followed by a progressive decrease to −0.09 days in 2076–2100. Under both
scenarios and for the three future periods, Zones 4 and 5 exhibited relatively stable
variations that oscillated around 0 days. The average changes for the three periods
were estimated for the entire model ensemble, with −0.1 days (Zones 1 and 2) and
+0.1 days (Zones 3, 4, and 5) under the SSP245 scenario and -0.36 days (Zones 1 and
2), −0.14 days (Zone 3), and 0.01 days (Zones 4 and 5) under the SSP585 scenario.
In the Sixth IPCC Assessment Report [2], it was emphasized that at a global warming
level of 1.5 ◦C, projections from CMIP6, CMIP5, and RCM models show divergent
changes in the Mediterranean region, of which Algeria is a part [30–32,34]. In this
regard, a decrease in annual precipitation and an expected intensification of extreme
precipitation in the future are observed. This forecast is associated with low confidence
when compared to the recent period (1995–2014) and with medium confidence when
placed in the context of the pre-industrial era [2,30]. At a global warming level of
2 ◦C, the CMIP6 models anticipate a significant increase in the intensity and frequency
of extreme precipitation in the Mediterranean Basin [30]. A median increase of over
2% is projected for Rx1day and Rx5day events over 50 years for a 1 ◦C warming
level [30], as well as over 1% for annual Rx1day and Rx5day events and less than −2%
for annual Rx30day events compared to the pre-industrial era. Additional evidence
from CMIP5 simulations and RCMs confirms an increase in the intensity of extreme
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precipitation [30–32,34]. In this context, an intensification of extreme precipitation
events is anticipated. This anticipation is characterized by moderate confidence
when evaluated against the recent period (1995–2014) and by high confidence when
considered against the pre-industrial era [2,30]. At a level of global warming of 4 ◦C,
CMIP6 models project a robust decrease in annual precipitation and an increase in
the intensity and frequency of extreme precipitation throughout the Mediterranean
Basin [30]. A median increase of over 8% is projected for Rx1day and Rx5day events
over 50 years compared to a 1 ◦C warming level [30], as well as over 2% for annual
Rx1day and Rx5day events, and less than −2% for annual Rx30day events compared
to the pre-industrial era [2]. Additional simulations from CMIP5 models and RCMs
confirm an increase in the intensity of extreme precipitation [31–36]. In this context, an
increase in extreme precipitation is projected. This anticipation is strongly supported
when compared to the recent period (1995–2014) and also when evaluated against the
pre-industrial era [2,30].

4. For the three future periods under both scenarios, the decrease in annual precipitation
in Zones 1, 2, 3, and 4, as well as the relative increase in annual precipitation in Zone
5 and the increase in the Rx1day and R99p indices in all zones, was predicted by 70%
of the models. However, for the R20mm index, in Zones 1, 2, 3, and 4, a number of
models indicated increases reaching 45.5% to 57.6% during the first period, with these
gradually decreasing in the second and third periods to 9.09% and 12.12%. Zone 5
stood out with higher percentages exceeding 66% for the first two periods under the
SSP245 scenario. These rates of increase remained high but did not exceed 66% for
the third period under SSP245 and for all three periods under SSP585.

5. The comparison of probability densities for the three future periods of the four indices
with the historical period, according to the SSP245 and SSP585 scenarios, revealed
the following facts: (a) Annual precipitation being below the most probable values in
each zone during the historical period will become more probable in the future, while
precipitation exceeding these values will be less probable. (b) The RX1day index for
the three future periods showed an increase compared to the historical period in the
probability of occurrence of the maximum daily precipitation exceeding 35 mm in the
four northern zones. These values could reach up to 100 mm per day with a relatively
low probability. Regarding Zone 5, a maximum daily precipitation from 20 mm to
100 mm could be observed in the future. (c) Compared to the historical period, there
was an increase in the probability of extremely heavy precipitation (R99p) exceeding
50 mm in the five zones examined. Furthermore, these extremely heavy precipitation
events are expected to be more probable in future periods with respect to the historical
period, although their occurrences are rare. Furthermore, compared to the historical
period, the models anticipated an increase in the probability of daily precipitation
thresholds ≥20 mm in Zones 1, 2, and 4 (8 days), as well as in Zones 3 and 5 (2 days)
for future periods. Additionally, it is noteworthy that the probability of observing
between 1 and 5 days with daily precipitation ≥20 mm could increase in the three
future periods in Zones 1, 2, and 4 compared to the historical period.

The current decrease in precipitation and the increase in extreme precipitation in
certain areas of Algeria raise major concerns according to the reports by Hamitouche
et al. [11], along with rising temperatures [37]. Additionally, forecasts anticipate a future
decrease in precipitation in all sub-regions of Algeria, as well as a projected increase in
maximum daily precipitation and extremely heavy precipitation. These trends could lead
to numerous problems, including disruptions to agricultural cycles, reduced water resource
availability, growing challenges in natural resource and environmental management, as
well as increased flood risks, with their detrimental consequences on infrastructure, homes,
and society as well as arable soil erosion, which will pose serious problems for food security.
It is also wise to harness water resources from maximum precipitation events by building
water retention basins in urban areas and constructing dams in watersheds to better manage
floods and store excess water for future use, particularly for agricultural irrigation. This
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approach would help optimize water resource management and mitigate the adverse effects
of extreme weather events on populations and infrastructure. It is essential to integrate
these considerations into future socio-economic development plans to enhance resilience
to anticipated climate change. By providing valuable insights to policymakers, planners,
and researchers, this study contributes to strengthening Algeria’s resilience to the growing
challenges posed by precipitation extremes in a context of rapid climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16101353/s1, Table S1: CMIP6 Global Climate Models (GCMs)
and their Affiliated Institutions and Countries.
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and X.Z.; writing—original draft, Y.H. and A.Z.; writing—review and editing, A.Z., M.M., A.A.A.,
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