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Abstract

The research focuses on analyzing historical climate variability over the period 1982-2022,
as well as future projections of climate change over the period 2025-2099, with regard to the
Souss-Massa watershed, a semi-arid region with high dependency on agricultural activities.
Precipitation and temperature data were collected annually from five meteorological sta-
tions, Agadir, Amaghouz, Amsoul, Aoulouz, and Taroudant, in order to analyze long-term
climatic trends and predict possible scenarios of climate change. A trend analysis was
carried out using a combination of the Mann-Kendall test and Sen’s slope estimator. The
findings of this study indicate that there is an increase in mean annual temperature that
is statistically significant (p < 0.05) across all stations, ranging from +0.28 °C per decade
at Agadir, which is located along the coastal region of Morocco, to as high as +0.45 °C per
decade at Taroudant, which is located inland. Conversely, the precipitation trend is decreas-
ing and not statistically significant (p > 0.05). For projecting future climatic conditions, we
used the Statistical Down-Scaling Model (SDSM v4.2.9) with global climate models using
outputs from CanESM2 under two emission scenarios, namely RCP 4.5 and RCP8.5. The
calibration period (1982-2001) and the validation period (2002-2022) were satisfactory, as
indicated by the high values of the coefficients of determination (R? > 0.6) for temperature
and moderate values (R? = 0.5-0.6) for precipitation. Projections indicate an increase in
temperature, with the mean temperature change ranging from +4.8 °C and +8.7 °C by

2099 depending on the station’s location. Projected precipitation decreases are found under
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both scenarios, but with stronger decreases under RCP8.5, especially along the coastal
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1. Introduction

Climate change is one of the greatest challenges of the 21st century, defined as a long-
term change in weather patterns that do not occur locally but globally. Our understanding
of extreme climate events has improved considerably in the last several decades, as much
research has been carried out [1]. The evidence shows dramatic changes in the frequency
and intensity of climate extremes across continents, regions, and ocean basins [2]. Various
regions are already seeing shifts in climate that modify patterns of precipitation and
temperature. Continued environmental changes will increase modifications to hydrological
processes in many regions, particularly in arid and semi-arid regions [3]. It is anticipated
that these impacts will worsen as global warming continues. The research highlights how
climate change is altering rainfall patterns, resulting in more severe droughts and floods
in several regions. Precipitation is predicted to decrease in most subtropical zones and to
increase at high latitudes [4].

The Mediterranean basin is now recognized as a primary “climate hot spot,” with
warming rates projected to exceed the global average by 20-50% [5-7]. Simulations carried
out through regional climate models have shown that a projected decrease in annual
precipitation by 10-30% by the end of the 21st century, especially during the wet season;
there is also a predicted increase in the frequency and intensity of extreme climate events
such as droughts, heatwaves, and flash floods [8-10].

In North Africa, the effects of climate change are expected to be more significant,
especially considering the already-arid conditions, significant interannual climate variabil-
ity, and high socio-economic dependence on climate-sensitive sectors such as agriculture
and water resources [11,12]. Regional projections suggest a warming of 2—4 °C and a
precipitation decline of 10-20% under moderate scenarios, with even more severe warming
expected under high-emission pathways [13-15].

Moreover, the IPCC hopes that there will be an annual decrease in precipitation for
much of Mediterranean Africa and the northern Sahara, estimating that the chances of
reduced precipitation increase the closer one gets to the Mediterranean coast [16]. Global
sea levels may increase by as much as 48 cm by 2099, according to the IPCC reference
scenario, while temperatures in the western Mediterranean Basin could rise by an average
of 2.8 °C, accompanied by a decrease in precipitation of approximately 12% [17]. Thus,
climate change poses a significant challenge for North Africa, profoundly impacting both
environmental and human systems [11]. This area has a very diverse climate with signif-
icant temporal fluctuation, especially in precipitation [18]. North African coastal areas,
including Morocco, are at risk from climate change stemming from intensive development
driven by agriculture [19-21].

Despite being positioned on the Atlantic and Mediterranean Coast, Morocco remains
part of an arid region, characterized by variable rainfall and unpredictable drought periods.
The stress on the already limited water resources is increased by competing demand and
quick deterioration [16]. Various studies on precipitation in Morocco have revealed that
years of precipitation deficit are more frequent than years of excess. The general trend
shows a decrease in precipitation [14,22-25].

Recent studies in Morocco have reaffirmed these trends, showing that the warming
trend over the period from 1960 to 2005 was in the range of 1.0 to 1.8 °C. There has also
been a general decrease in precipitation over the years, ranging from 3 to 30% in different
regions [26,27]. For example, in the High Atlas Mountains, where there is an important
source of downstream water resources, the decrease in snowpack and the earlier onset of
spring snowmelt have further stressed the available water during the dry season. There
have also been more extreme temperature events, such as an increase in the frequency of
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warm nights and heatwave days [28,29]. Drought frequency and severity have increased in
the southern and semi-arid regions of the country [30].

The Souss-Massa watershed is used as an example to illustrate the associated vul-
nerabilities in semi-arid environments facing the effects of climate change. This region is
considered one of the most important agricultural areas in Morocco, and the increasing
pressure on water resources is the result of growing demand and climatic variability. Pre-
vious studies in the Souss-Massa watershed in the Souss-Massa River Basin emphasized
the sensitivity of the region to water stress resulting from groundwater over-exploitation
and increased irrigation demands in the context of climate variability [31,32]. However,
a comprehensive study combining historical trend analysis with future projections using
statistical downscaling is lacking.

While the historical precipitation trend shown in many Moroccan research works is
ambiguous and non-significant, the present study presents a rigorous statistical analysis
using the Mann-Kendall and Sen’s slope tests to confirm whether the trend in the Souss-
Massa watershed is statistically significant or merely reflects natural variability.

Although there is an increasing body of literature on climate change research in
Morocco, no study has been found to date that has employed and validated the Statistical
Downscaling Model (SDSM) with the CanESM?2 model in the Souss-Massa watershed, a
region with considerable economic and agricultural significance. Furthermore, this research
provides the first comprehensive assessment that incorporates a robust statistical detection
of trends (Mann-Kendall and Sen’s slope) with future projections based on two contrasting
emission pathways (RCP 4.5 and RCP8.5) at five locations with strategic significance in the
Souss-Massa watershed. This is a critical gap in our current understanding of past trends
and future risks in this highly susceptible semi-arid environment.

This study pursues four main objectives. Firstly, the paper aims to identify and quan-
tify any statistically significant historical precipitation and temperature trends from 1982 to
2022 using the Mann-Kendall test and Sen’s slope method. Guided by regional previous
studies, we predict that there will be a statistically significant historical warming trend at
all stations (H1), while the historical precipitation decline will not be statistically significant
due to the high year-to-year variability (H2). The second objective is to calibrate and
validate the Statistical Downscaling Model (SDSM) for downscaling large-scale climate
variables in the Souss-Massa context. The third objective is to project future climate change
(2025-2099) under RCP 4.5 and RCP8.5 scenarios using the validated SDSM with CanESM2
predictors. We hypothesize that future projections under both scenarios will show contin-
ued warming throughout the 21st century (H3), and that the magnitude of both warming
and precipitation decline will be significantly greater under the high-emission RCP8.5
scenario compared to the moderate RCP 4.5 scenario (H4). The fourth objective is to discuss
the implications of these projections for water resources and agriculture in the context of
uncertainty, and to provide evidence-based recommendations for adaptation planning.

2. Materials and Methods
2.1. Study Area

Located in central-western Morocco, the Souss-Massa watershed (Figure 1) is more
than 27,000 km? and contains varied topography. It consists of 21% plains (~5700 km?), and
79% mountains (21,300 km?). The watershed’s altitude is also varied, ranging from sea level
at the Atlantic coastline to 4167 m at Toubkal, which is the highest peak in the High Atlas.
Its main plains, the Souss and Chtouka-Massa plains, range between 0 and 700 m elevation
above sea level. The local economy is largely dependent on these plains for agriculture,
which shows strong dependence on the water available through the watershed. Its climate
is mainly semi-arid to desert, except for the pre-Saharan regions and the western-high Atlas
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Mountains, which can be humid with cold winters. Closeness to the Atlantic Ocean, the
cooling effect of the Canary Current, and the Anti-Atlas barrier offer some moderation of
these conditions through protection from southern winds [33].
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Figure 1. Geographic location of the Souss-Massa watershed.

Rainfall differs a lot temporally and spatially, but it is significantly reduced in the
plains compared to the mountains. Between 1998 and 2015, the plains received 250 mm
to 300 mm of average annual rain compared to 500 mm to 600 mm of annual rain for
the mountains. The dry season lasted from May to October in 1980-2013. Most annual
precipitation occurred during the months from November to March [34]. Anti-Atlas and
High Atlas average yearly temperatures range from 14 °C to 20 °C, while the plains can
be as hot as 48 °C. In addjition to the varying temperatures throughout the year, there can
be significant daily temperature fluctuations between winter temperatures of 19 °C and
summer temperatures of 27 °C [35].

In the hilly zones and the Atlantic Coast, annual evaporation rates are 1400 mm; evap-
oration rates in the Souss, Massa, and Tiznit plains increase to 2000 mm [36]. Evaporation
rates are very low in January, but maximal in July, and average about 100 mm (270 mm) in
the plains and 35 mm (240 mm) in the mountains [33].

2.2. Methodology
2.2.1. Data Sources

Historical daily precipitation and temperature records (maximum, minimum, and
mean) from 1982 to 2022 were collected from five meteorological stations (Table 1) via
the Souss-Massa Hydraulic Basin Agency (ABHSM, Agadir, Morocco)) and the Moroccan
Directorate General of Meteorology (DGM, Casablanca, Morocco). The five stations were
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selected based on the completeness and quality of the available time-series data, thereby
ensuring that the stations are sufficiently apt for robust trend analysis. The large-scale
atmospheric predictor fields used in the model calibration, as well as the results from
the CanESM2 global climate model (Canadian Centre for Climate Modelling and Anal-
ysis, Victoria, BC, Canada; version of the model used in CMIP5), were obtained from
the Canadian Climate Data and Scenarios website (https://climate-scenarios.canada.ca/,
accessed on 4 March 2026). The NCEP/NCAR reanalysis predictors (National Centers
for Environmental Prediction/National Center for Atmospheric Research, Boulder, CO,
USA,; https:/ /psl.noaa.gov/data/reanalysis/, accessed on 4 March 2026) were also used
for model calibration. The results include the historical scenario as well as the results from
future periods corresponding to the RCP 4.5 and RCP8.5 scenarios. The selection of the
CanESM?2 model was primarily based on the availability of the requisite predictor variables
needed in the SDSM, as well as its previous usage in regional studies, thereby ensuring a
degree of comparability. This, however, is the primary limitation of the current research.

Table 1. Geographical coordinates of meteorological stations in Souss-Massa.

Station Latitude (N)  Longitude (W)  Elevation (m) Station Type
Agadir 30°25' —9°35’ 23 Coastal plain
Amaghouz 30°55 —8°25' 1120 Mountain
Amsoul 31°05’ —7°55 1850 High mountain
Aoulouz 30°40 —8°10/ 780 Piedmont
Taroudant 30°28 —8°52 240 Inland plain

2.2.2. Historical Trend Analysis

For the detection and quantification of past trends, the non-parametric Mann-Kendall
test was applied to the time series of total annual precipitation and mean temperature at
each station. The Mann—Kendall test identifies monotonic trends without assuming any
specific data distribution. The magnitude of the trend was calculated using Sen’s slope esti-
mator. Statistical significance was tested at o« = 0.05 [37-39]. These statistical analyses were
performed using R software (version 4.3.2, R Foundation for Statistical Computing, Vienna,
Austria; https:/ /www.r-project.org/) with the “trend” package (version 1.1.6). Results are
presented as anomalies relative to the 1982-2022 multi-annual mean where appropriate.

2.2.3. Future Climate Modeling with SDSM

The Statistical Downscaling Model (SDSM, version 4.2.9), developed by Wilby et al. [40]
(Loughborough University, Loughborough, UK; https://sdsm.org.uk/) was employed to
generate future climate projections. The procedure involved the following steps:

1. Quality Control and Data Preparation: Observed historical data were examined for
missing values, outliers, and homogeneity. Daily precipitation and temperature data were
formatted for SDSM.

2. Selection of Predictor: The selected atmospheric predictor variables from the
NCEP/NCAR data set were subjected to correlation analysis for the selection of the most
appropriate local variable predictor.

3. Model Calibration (1982-2001): Multiple linear regression equations were used to
establish the link between local predictands and the selected local predictor variables from
the data set. The parameters of the models were determined using the default algorithms
of the SDSM software.

4. Weather Generation: The calibrated model was used to create artificial daily
weather time series data for the calibration period, with the objective of evaluating the
model’s performance.
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5. Model Validation (2002-2022): The synthetic data was validated using observed
data, with metrics such as R?, Root Mean Square Error (RMSE), Nash-Sutcliffe Efficiency
(NSE), and Mean Bias.

6. Scenario Generation: The validated model was employed using CanESM2 predictors
under RCP 4.5 and RCP8.5 scenarios to produce synthetic daily climate time series for
2025-2099. Ensemble members (20) were produced to represent stochastic uncertainty.

However, the study acknowledges the uncertainty associated with statistical down-
scaling, as well as the limitation imposed by the application of a single global climate model
(CanESM2), which determines the entire scope of the variability associated with climate
projections. There are other uncertainties associated with internal climate variability and
the assumptions used in the statistical downscaling methods.

3. Results and Discussion
3.1. Historical Climate Trends (1982-2022)
3.1.1. Precipitation Trends

Annual precipitation variability during the period 1982-2022 was analyzed at five
meteorological stations in the Souss-Massa watershed. In the time-series analysis, a marked
alternation between wet and dry periods is observed, reflecting the strong interannual
variability characteristic of semi-arid climates, with five major periods of high variability:
1982-1986, 1987-1989, 1990-2008, 20092011, and 2012-2022 (Figure 2). While the periods
from 1987 to 1989 and from 2009 to 2011 showed precipitation levels much higher than the
mean, the other periods show arid conditions, except for the years 1982, 1996, and 2014,
during which precipitation reached critically low levels.

The box plot for the interannual variability in precipitation provides an alternative
perspective on the interannual variability in precipitation. The median precipitation varies
from 244 mm at Aoulouz to 365 mm at the high-elevation station Amsoul, which enjoys
orographic enhancement. The interquartile range (IQR) is large at all stations, ranging
from 150 to 200 mm. This indicates the large variability that is characteristic of semi-arid
climates. The distribution is highly skewed, with many values extending beyond the
whiskers, which correspond to extreme wet years such as 1995/1996 and strong drought
years such as 2018/2019, which were identified in the time series.

At the local scale, the Agadir station shows a considerable gap between the hydrologi-
cal year 1995/1996, which was the wettest on record, with 584.3 mm, and the 2018/2019
period, during which a notable rainfall deficit of 94.4 mm was recorded. Similarly, the
observed data from Amaghouss Station exhibit a similar variability pattern. The highest
amount of rainfall in the year 1987/1988 was recorded to be 637.3 mm, and then it de-
creased sharply in the year 2000/2001 to reach a minimum of 100.6 mm. Observations
recorded at Amsoul, as well as Aoulouz, also emphasize this irregularity, with the wet
season of 1995/1996 recording 819.4 mm and 542.8 mm, respectively, compared with the
extremely dry season of 2018/2019, during which the rainfall never exceeded 133.2 mm and
100.08 mm. Data from the station at Taroudant confirm this pattern, with rainfall varying
between a maximum of 544.9 mm in 1995/1996 and a minimum of 89.02 mm in 2018/2019.

The MK test results show a general trend of decreasing precipitation amounts on
an annual basis for all stations (Agadir, Amaghouss, Amsoul, Aoulouz, and Taroudant).
However, the statistical significance of these trends differs in space.
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Figure 2. Evolution of annual precipitation from 1982 to 2022 at five stations in the Souss-Massa
watershed. The colored bars represent annual precipitation totals, with darker shades indicating
wetter years (higher precipitation) and lighter shades indicating drier years (lower precipitation). The
solid black line represents the 5-year moving average, and the dashed red line shows the linear trend.

For the Agadir and Amaghouss stations, there were negative trends, with Sen’s slopes
of —0.91 mm/year and —1.85 mm/year, respectively. Nevertheless, these trends were not
statistically significant (p > 0.05). Amsoul also showed a negative trend of —3.42 mm/year,
which was again statistically insignificant at the 95% confidence level.

The low coefficients of determination (R? ranging from 0.006 to 0.035) further confirm
the absence of a strong linear trend and the dominance of interannual variability in the
precipitation record, a finding that is visually supported by the wide dispersion and
numerous outliers observed in the box plots.

Conversely, Aoulouz and Taroudant stations showed more pronounced negative
trends of —2.74 mm/year and —2.96 mm/year, respectively. These trends were marginally
significant (p = 0.058) at Aoulouz and weakly significant (p = 0.081) at Taroudant, suggesting
a progressive intensification of aridity in the interior regions of the watershed (Table 2).
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Table 2. Mann-Kendall trend analysis and Sen’s slope estimates for annual precipitation and mean
temperature (1982-2022).

Station Variable Sen’s Slope Z-Value p-Value Significance
Agadir Precipitation (mm) —0.91 mm/yr —-0.72 047 Not significant
Temperature (°C) +0.028 °C/yr 2.67 0.007 Significant
Amaghouss  Precipitation (mm) —1.85 mm/yr —1.21 0.22 Not significant
Temperature (°C) +0.032 °C/yr 3.02 0.002 Significant
Amsoul Precipitation (mm) —3.42 mm/yr —1.58 0.11 Not significant
Temperature (°C) +0.034 °C/yr 3.41 0.0006 Highly significant
Aoulouz Precipitation (mm) —2.74 mm/yr —1.89 0.058 Not significant at « = 0.05
Temperature (°C) +0.041 °C/yr 3.52 0.0004 Highly significant
Taroudant Precipitation (mm) —2.96 mm/yr —1.74 0.081 Not significant
Temperature (°C) +0.045 °C/yr 3.87 <0.001 Highly significant

3.1.2. Temperature Trends

In contrast to precipitation, a trend analysis of maximum (T-max), minimum (T-min),
and mean (T-mean) annual temperatures reveals a clear and consistent upward trend at
all monitoring stations (Figure 3). The temporal evolution of temperature can be divided
into four main periods: 1982-1990, 1991-2001, 2002-2016, and 2017-2022. Relatively stable
temperature conditions are observed from 1982 to 1990 and 2002 to 2016, while increasing
trends are evident from 1991 to 2001 and 2017 to 2022.

The box plot of annual mean temperatures (Figure 4) provides a synthetic view of the
thermal regime across the watershed, clearly illustrating the spatial gradient from coast
to interior. The coastal station of Agadir, the mean maximum temperature, T-max, was
27 °C, while the mean minimum temperature, T-min, was 15 °C, and the mean temperature,
T-mean, of 21 °C. Similarly, at Amaghouss and Amsoul, temperatures of 25 °C, 12 °C, and
18 °C, respectively, were recorded for T_max, T_min, and T_mean. The results indicate
that all three thermodynamic parameters recorded at these three locations showed an
increase of 1 °C when comparing the periods between 1991 and 2001 and 2017 and 2022.
The increase was more pronounced at inland locations, namely Aoulouz and Taroudant,
where temperatures showed an increase of 2 °C. The range of maximum temperatures
recorded across these regions was found to vary between 24 °C and 27 °C, with minimum
temperatures recorded as between 9 °C and 15 °C, resulting in mean temperatures varying
between 17 °C and 21 °C.

The statistical significance of the temperature increase can be further supported by
the outcome of the Mann—Kendall test, as indicated in Table 2. The Agadir region shows a
significant warming trend, with a Sen’s slope of +0.028 °C per year (+0.28 °C per decade,
p < 0.01), consistent with the positive trend observed in the time series, with a statistical
significance of p < 0.01. Similarly, significant trends are found in the temperature series
of Amaghouss and Amsoul, with annual rates of +0.032 °C and +0.034 °C, respectively.
The highest rates of temperature increase are found in the interior regions of Aoulouz and
Taroudant, with annual rates of +0.041 °C and +0.045 °C, respectively, and with a statistical
significance of p < 0.001, corresponding to decadal temperature increase rates of +0.41 °C
and +0.45 °C.
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Figure 3. Evolution of annual maximum, minimum, and average temperatures from 1982 to 2022 at
five stations in the Souss-Massa watershed.

The results of the box plot analysis confirm these observations, with the interior sta-
tions (Aoulouz, Taroudant) showing higher dispersion and higher medians in temperature
values compared to the coastal and mountainous stations, in agreement with the higher
values of the Sen’s slope.

Moreover, the spatial distribution shows an incremental increase in temperature from
the coast to the interior, reflecting increasing continental influence from coastal to inland
areas and the high sensitivity of the region to climate change. In addition, this increase in
temperature, coupled with the concurrent decline in precipitation, represents a significant
challenge for water resource sustainability in the Souss-Massa region as the dry periods of
2000-2001 and 2018-2019 experienced an increase in temperature.
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Figure 4. Box plot distribution of annual precipitation and temperature variables (T-min, T-mean,
and T-max) across the Souss-Massa meteorological stations (1982-2022).

3.2. SDSM Calibration and Validation

The performance metric for the model over the validation period from 2002 to 2022 is
presented in Table 3. The model demonstrates a strong ability to reproduce observed climate
variability, with specific proficiency in temperature. For temperature, the values of R? range
from 0.77 to 0.84, while the values of Nash—Sutcliffe Efficiency (NSE) range from 0.75 to
0.82. Biases are very small (<0.2 °C). For precipitation, the model performance is moderate,
with R? values ranging from 0.52 to 0.62, and NSE values ranging from 0.50 to 0.60. This
behavior is expected due to the inherently stochastic nature of precipitation and higher
variability of precipitation, and it is considered acceptable for statistical downscaling in
semi-arid regions. Similar performance differences between temperature and precipitation
simulations have been reported in previous statistical downscaling studies.

Table 3. SDSM performance metrics during validation (2002-2022).

Station Variable R? RMSE NSE Bias

Agadir Precipitation (mm) 0.58 85.2 0.55 -21
Temperature (°C) 0.81 1.2 0.79 0.1

Amaghous  Precipitation (mm) 0.55 78.4 0.52 —2.8
Temperature (°C) 0.79 1.3 0.77 0.2

Amsoul Precipitation (mm) 0.62 72.1 0.6 -19
Temperature (°C) 0.84 1.1 0.82 0.1

Aoulouz Precipitation (mm) 0.53 88.7 0.51 -32
Temperature (°C) 0.77 14 0.75 0.2

Taroudant Precipitation (mm) 0.52 92.5 0.5 —-3.5
Temperature (°C) 0.78 1.4 0.76 0.2

3.3. Future Climate Projection

An analysis of the results from different models, such as the CMIP5 model, as discussed
and presented in the Intergovernmental Panel on Climate Change’s Fifth Assessment Report
(IPCC), is vital for understanding the variations that occur in temperature and precipitation
within the region of interest.
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After completing several processes, including weather generation, model calibration,
data analysis, and scenario generation, synthetic daily weather datasets were generated
by modifying the Statistical Downscaling variables for the RCP 4.5 and RCP8.5 scenarios.
These variables were normalized to the reference period (1982-2022) to ensure consistent
projections and enable reliable monitoring of future climatic changes. For this study, we
chose two scenarios, RCP8.5, the high-emission scenario characterized by stronger radiative
forcing and more pronounced climate change impacts, and RCP 4.5, the moderate-emission
scenario with measures to regulate global warming [41].

3.3.1. Precipitation

Projected mean annual precipitation from 2025 to 2099 relative to the baseline period
is shown in Table 4. The results show a general decrease in precipitation at all stations
under the two scenarios. However, the magnitude of this reduction varies considerably by
station and scenario.

Table 4. Projected mean annual precipitation (mm and % change) for 2025-2099 relative to the
1982-2022 baseline.

. 1982-2022 Change Change RCP8.5 — RCP 4.5
Station Mean (mm) RCP 4.5 (mm)  RCP8.5 (mm) RCP 4.58(%) RCPS.SgE%) Difference (pp)
Agadir 425.3 379.4 196.4 —10.80% —53.80% —43

Amaghouz 245.6 203.7 198.1 —17.10% —19.30% —22
Amsoul 298.2 254.9 243.2 —14.50% —18.40% -39
Aoulouz 245.8 211.7 206.5 —13.90% —16.00% —-21
Taroudant 168.5 145.2 143.2 —13.80% —15.00% -1.2

pp = percentage points.

Analysis of the expected precipitation for the Souss-Massa region for the year 2099
(Figure 5) shows large differences between the two scenarios. For the RCP 4.5 scenario,
which is relatively optimistic, there is a trend of decreasing precipitation. The average
precipitation per year will be 379.44 mm in Agadir 203.68 mm in Amaghouz, 254.9 mm in
Amsoul 211.7 mm in Aoulouz and 145.19 mm in Taroudant. This represents a decrease of
between —10.8% and —17.1% from the reference period.

Conversely, the RCP8.5 scenario emphasizes the extent of the increase in the precipita-
tion deficit. The annual average values projected are 196.36 mm in Agadir, 198.12 mm in
Amaghouz, 243.23 mm in Amsoul, 206.48 mm in Aoulouz, and 143.24 mm in Taroudant.
The reduction varies from —15.0% in Taroudant to —53.8% in Agadir, which shows high
sensitivity and a 43% point difference between the two scenarios. On the other hand, the
differences between the RCP 4.5 and 8.5 scenarios for the other stations are relatively small,
with all being below 4% and showing low sensitivity to the increase in radiative forcing.
Based on climate projections over the period 2024-2099, the precipitation is thus expected
to decrease over the watershed, with strong differences between scenarios and stations.
These projections represent the possible effects of different scenarios of greenhouse gas
concentration on precipitation regimes over the Souss-Massa watershed.

These spatial differences are likely controlled by elevation gradients, orographic effects,
and regional atmospheric circulation patterns.
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Figure 5. Evolution of annual precipitation according to the (RCP 4.5) and (RCP 8.5) scenarios during
the period 2025-2099 at five stations in the Souss-Massa watershed.

3.3.2. Temperature

For the Souss-Massa region, extending to 2099, a thermal projection analysis indicates
a significant and widespread warming trend for the RCP 4.5 and RCP8.5 scenarios. In all
cases, it is observed that the temperature will continue to rise above the historical reference
periods (T_hist). This is an indication of asymmetric warming, where the T-min are rising
faster than the T-max in the Souss-Massa region, as evidenced by the projected data in all
the monitoring stations in the region (Figure 5). This pattern is confirmed by the projected
slopes, which are systematically higher for T-min than for T-max, particularly under the
high-emission RCP8.5 scenario; for instance, at the Agadir station, the T-min slope reaches
0.064 °C/year compared to 0.026 °C/year for T-max.

In the Agadir station, the projected maximum temperature is expected to attain or
slightly exceed the 44 °C level after 2090, showing a significant increase compared to the
historical T-max average of 27.7 °C. At the same time, the continuous increase in mini-
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mum temperatures reflects a significant enhancement of nocturnal warming, considerably
contributing to the increase in the annual mean temperature.

An acceleration of warming becomes more pronounced after 2050 at the Amaghouz
and Amsoul stations, where projected trends show a continued increase in T-mean through-
out the remainder of the century. Inland stations such as Aoulouz and Taroudant show
concurrent increases in T-min, T-mean, and T-max compared to their historical averages,
where T_mean increases by 17.6 °C and 20.7 °C, respectively, highlighting the increased
sensitivity to long durations of hot temperatures in inland regions.

The RCP8.5 scenario shows a continued trend for increasing temperatures up to the
end of the century, while the RCP 4.5 shows a relative stability for temperature increases
from around 2085 onwards. Based on these projections, it is evident that there is a gradual
increase in temperatures, as well as a decline in precipitation levels, which is likely to lead
to a gradual increase in aridity within the Souss-Massa region (Table 5).

Table 5. Annual maximum, minimum, and mean temperatures by 2099 for the Agadir, Amaghouz,
Amsoul, Aoulouz, and Taroudant stations under RCP 4.5 and RCP8.5 scenarios.

Station Scenario T-max (°C) T-min (°C) T-mean (°C)
Agadir RCP 4.5 44.63 16.31 30.47
RCP8.5 44.67 16.34 30.57
Amaghouz RCP 4.5 32.45 8.98 20.71
RCP8.5 32.47 9.16 20.81
Amsoul RCP 4.5 33.76 13.34 23.57
RCP8.5 33.83 13.39 23.58
Aoulouz RCP 4.5 37.92 17.32 27.64
RCP8.5 37.96 18.45 28.18
Taroudant RCP 4.5 37.28 17.45 23.36
RCP8.5 37.42 18.05 23.73

According to climate forecasts for the Souss-Massa watershed, temperatures are pro-
jected to consistently increase between 1982 and 2022, as well as between 2025 and 2099
(Figures 3 and 6). Future forecasts for the years 2025-2099 under the RCP 4.5 scenario
indicate significant temperature increases compared to the historical period. T-max could
increase by +6.10 °C in Agadir, +6.58 °C in Amaghouz, +4.82 °C in Amsoul, +5.36 °C
in Aoulouz, and +5.68 °C in Taroudant. For T-min, the increases would be +8.14 °C in
Agadir, +6.94 °C in Amaghouz, +5.46 °C in Amsoul, +8.49 °C in Aoulouz, and +8.69 °C in
Taroudant. The annual average T-mean could increase by +5.63 °C in Agadir, +6.41 °C in
Amaghouz, +4.98 °C in Amsoul, +7.37 °C in Aoulouz, and +7.18 °C in Taroudant.

The high-emission RCP8.5 scenario makes temperature increases even more critical:
+4.84 °C for T-max, +5.74 °C for T-min, and +4.99 °C for T-mean in Amsoul; +5.42 °C
for T-max, +8.74 °C for T-min, and +7.46 °C for T-mean in Aoulouz; +5.82 °C for T-max,
+8.74 °C for T-min, and +7.36 °C for T-mean in Taroudant; +6.42 °C for T-max, +8.74 °C
for T-min, and +5.84 °C for T-mean in Agadir; and finally +6.65 °C for T-max, +7.04 °C for
T-min, and +6.61 °C for T-mean in Amaghouz (Tables 6-10).

These projections highlight the expected magnitude of temperature increases at the
various stations studied, depending on greenhouse gas emission scenarios, and highlight
the spatial heterogeneity of regional climate responses to global warming to global change.

Overall, the combined effects of increasing temperature and decreasing precipitation
indicate a progressive intensification of aridity across the Souss-Massa watershed, particu-
larly in inland areas, which may significantly increase pressure on regional water resources
and agricultural sustainability.
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Figure 6. Evolution of annual temperatures according to the (RCP 4.5) and (RCP 8.5) scenarios during
the 2025-2099 period at five stations in the Souss-Massa watershed.
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Table 6. Evolution of annual temperature at the Agadir station.
1982-2022 2025-2099 RCP (4.5) 2025-2099 RCP (8.5)
T-max +3.02°C +6.10 °C +6.42 °C
T-min +2.81°C +8.14 °C +8.74 °C
T-mean +2.89 °C +5.63 °C +5.84 °C
Table 7. Evolution of annual temperature at the Amaghouz station.
1982-2022 2025-2099 RCP (4.5) 2025-2099 RCP (8.5)
T-max +3.78 °C +6.58 °C +6.65 °C
T-min +3.3 °C +6.94 °C +7.04°C
T-mean +4.43 °C +6.41 °C +6.61 °C
Table 8. Evolution of annual temperature at the Amsoul station.
1982-2022 2025-2099 RCP (4.5) 2025-2099 RCP (8.5)
T-max +3.5°C +4.82 °C +4.84 °C
T-min +3.01 °C +5.46 °C +5.74 °C
T-mean +3.19 °C +4.98 °C +4.99 °C
Table 9. Evolution of annual temperature at the Aoulouz station.
1982-2022 2025-2099 RCP (4.5) 2025-2099 RCP (8.5)
T-max +3.36 °C +5.36 °C +5.42 °C
T-min +3.18 °C +8.49 °C +8.74 °C
T-mean +3.17 °C +7.37 °C +7.46 °C
Table 10. Evolution of annual temperature at the Taroudant station.
2025-2099 RCP 2025-2099 RCP
195272022 4.5) (8.5)
T-max +3.39 °C +5.68 °C +5.82°C
T-min +3.23°C +8.69 °C +8.74 °C
T-mean +3.21 °C +7.18 °C +7.36 °C

The analysis of historical observations (1982-2022) and future projections (2025-2099)
highlights consistent but contrasting climate responses in the Souss-Massa basin. While the
temperature data show high statistical robustness, the precipitation data are more variable
and uncertain for both past observations and future projections.

The results reveal two major characteristics of regional climate change. First, the
temperature increase is statistically significant and spatially consistent across all stations
considered. All climate projections indicate a warming trend until the end of the twenty-first
century. Based on the RCP 4.5 and RCP8.5 scenarios, projected warming ranges between
1.3 and 8.7 °C by the year 2099, depending on the station and variable. Specifically, the
projected increase in T-min reaches +8.74 °C in Aoulouz and +8.69 °C in Taroudant under
the RCP8.5 scenario (Tables 9 and 10), reflecting a severe intensification of nocturnal heat.

The historical climate trends identified in this study provide a vital context for un-
derstanding the implications of the forthcoming projections. The significant increase in
temperature, as identified in the historical period, reveals that the projected increase in
temperature is not just a result of model-based projections but, rather, is a continuation of
the existing climatic shifts that are currently affecting the Souss-Massa basin.
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These results are in agreement previous studies conducted at the Mediterranean
and national levels. For example, Kusi et al. [42] showed increases in temperature and
evapotranspiration by 2050 and 2090. Similar results have been reported by Attar et al. [43]
and Diaz et al. [44], who estimated an average temperature increase of 1.5 to 6 °C by
the end of the century in the Souss-Massa catchment. The magnitude of the historical
warming detected in this study reinforces previously identified national trends, confirming
the persistence of a long-term temperature increase in Morocco [26,45].

In contrast, precipitation projections remain more uncertain. Although a decreasing
tendency appears in historical observations, the trends are not statistically significant due
to the strong interannual variability typical of semi-arid climates. Nevertheless, climate
projections consistently indicate a reduction in annual precipitation under both scenarios.
Decreases range between 11% and 17% under RCP 4.5 and may reach up to —53.8% under
RCP8.5 in coastal areas such as Agadir. These results align with previous studies projecting
precipitation reductions between 10% and 20% by the end of the century [26,45], as well as
MASEN (2014), which estimated decreases of 14-40% depending on model configurations.

The divergence between RCP 4.5 and RCP8.5 becomes increasingly pronounced after
the mid-twenty-first century. Under RCP8.5, an additional warming of approximately
0.3-1.1 °C is projected by 2099 compared with RCP 4.5, confirming global assessments
indicating that emission pathways strongly control late-century warming intensity [46].
Differences in precipitation response also display spatial variability, with coastal stations
showing stronger sensitivity to high-emission scenarios, possibly linked to large-scale
atmospheric circulation changes affecting Mediterranean storm tracks, as suggested by
Driouech et al. [47]. For inland stations, the differences are relatively small (24 percentage
points), which may indicate lower sensitivity to emission scenarios or larger uncertainties
in precipitation simulation over continental regions. Recent research carried out within
the Souss-Massa basin also confirms the reduction in precipitation and an increase in
temperatures for both RCP 4.5 and RCP8.5 scenarios [34], thus supporting the consistency
of the current results with the national climate projections.

The projected changes observed in the Souss-Massa basin are consistent with broader
Mediterranean climate tendencies, suggesting that local climate evolution follows regional-
scale warming and drying patterns [11]. The Fourth IPCC Assessment Report also shows
warming of 2.5-5.5 °C by the end of the century depending on emission pathways [48].
Future projections also suggest the likelihood of drought events [49-51], in line with the
trend of enhanced aridity in Morocco, especially in the north [52]. At the global scale, there
are several semi-arid basins that display similar trends of increasing temperatures and
decreasing rainfall [53-55]. On the other hand, there are areas that display a concurrent
increase in both temperatures and rainfall [56-58], highlighting that the impacts of climate
change are not uniform in nature.

The combination of strong warming and reduced precipitation has important impli-
cations for water resource management. Rising temperatures are expected to increase
evapotranspiration rates, reduce soil moisture availability, and intensify irrigation de-
mand. Increased minimum temperatures may additionally affect crop development and
agricultural productivity through warmer nighttime conditions.

In the coastal region of Agadir, the large precipitation reduction expected in the
RCP8.5 scenario could have severe impacts on water resources and agricultural production.
Nevertheless, due to the level of uncertainty involved in precipitation projections, water and
agricultural resources in the basin should be strengthened through adaptive management
strategies based on multi-scenario climate projections.
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4. Limitations and Uncertainties

Several important limitations should be acknowledged:

Modeling Constraints: The use of only the CanESM2 GCM implies that our results do
not encompass the entire uncertainty range associated with different model formulations.
A multi-model ensemble analysis would have been more reliable.

Statistical Downscaling: The assumption of stationarity in predictor-predictand rela-
tionships in the SDSM may become less valid under rapidly changing climate conditions.

Uncertainty in Precipitation: The high interannual variability of precipitation in
semi-arid areas reduces the statistical power of trend analysis and thus the reliability
of projections.

Extreme Projections: The extreme reduction in precipitation amount projected for
Agadir in the RCP8.5 scenario should therefore be interpreted with caution and checked
against other GCMs in future studies.

Bias Correction: The lack of systematic bias correction for GCM predictors could add
extra uncertainty, especially for precipitation.

5. Conclusions

This study provides a comprehensive quantitative assessment of past and future cli-
mate change in the Souss-Massa watershed. The observed data (1982-2022) and statistically
downscaled future projections (2025-2099) of the CanESM2 model under the RCP 4.5
and RCP8.5 scenarios were used to analyze historical trends and generate future climate
projections. The results indicate substantial and statistically significant warming trends and
uncertain but potentially large changes in precipitation, which have important implications
for water resources and agricultural sustainability.

Historical analysis reveals a strong and significant warming trend at all five stations.
Mean annual temperatures rose at rates from +0.28 to +0.45 °C per decade (p < 0.05), with
the strongest rates of warming found at inland stations like Taroudant (+0.45 °C/decade)
and Aoulouz (+0.41 °C/decade). Conversely, historical precipitation data, while negative at
all stations (—0.91 mm/year at Agadir to —3.42 mm/year at Amsoul), lack statistical signifi-
cance (p > 0.05 in most instances), reflecting the strong interannual variability characteristic
of semi-arid climates.

The expected warming in the future is significant for both scenarios. Projected tem-
perature increases by 2099 range between +4.8 °C and +8.7 °C, depending on the station,
temperature variable, and scenario. The minimum temperatures are expected to increase
the most, particularly in the RCP8.5 scenario, where temperatures increase by as much
as +6.4 °C at Aoulouz. The difference between the scenarios will be large after 2050, with
RCP8.5 expecting an extra 0.3-1.1 °C warming by the end of the century compared to
RCP 4.5. The large difference between the two scenarios emphasizes the importance of
mitigating greenhouse gas emissions to keep warming low in the latter part of the century.
Changes in precipitation remain more uncertain compared to temperature projections. Un-
der RCP 4.5, the decrease in annual precipitation amounts varies from —10.8% to —17.1% at
the stations. Under RCP8.5, the reduction is more drastic, ranging from —15.0% to —53.8%,
with the largest projected reduction occurring at the coastal station of Agadir. Although
the Amaghouz, Amsoul, Aoulouz, and Taroudant stations in the inland regions project a
relatively less drastic reduction, the spatial variability in the reduction is still large and is
expected to be affected by physiographic factors such as elevation, topography, vegetation,
and proximity to the Atlantic Ocean. The largest reduction projected at Agadir, although
not impossible under high-emission scenarios, should be treated with caution due to model
uncertainties. Precipitation projections are more uncertain than temperature projections.
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The cumulative impact of strong warming and uncertain but mostly decreasing pre-
cipitation suggests a definite trend of increasing aridity in the Souss-Massa region. Even in
the case where precipitation decline is not strong, warming will lead to increased evapo-
transpiration, reduced availability of soil moisture, and increased water demand. These
projected changes are likely to pose significant challenges to water resource management,
irrigated agriculture, and urban water supply.

These results provide a scientific foundation for evidence-based adaptation planning.
Priority adaptation measures include: (1) the optimal management of water resources
by artificial groundwater recharge and the use of non-conventional water sources such
as desalination and wastewater reuse; (2) climate-smart agriculture by drought-tolerant
crop varieties and more efficient irrigation; (3) the development of heatwave and drought-
resistant infrastructure; (4) enhancing early warning systems for droughts and heatwaves;
and (5) the use of a variety of plausible precipitation futures in long-term planning rather
than a single deterministic projection.

Future research should aim to better quantify and reduce projection uncertainties. The
key research priorities include: (1) applying multi-model ensembles to better represent
uncertainties in projections, (2) downscaling other GCMs to validate the projection of
extreme precipitation, particularly for coastal areas such as Agadir, (3) coupling climate
projections with hydrological and agricultural impact models to evaluate the sector’s
vulnerability, and (4) developing probabilistic climate scenarios to support risk-informed
decision-making.

In conclusion, the Souss-Massa region is expected to face continuous warming and a
possible precipitation reduction in the twenty-first century. While warming projections are
robust and consistent, precipitation changes remain more uncertain but may lead to more
severe hydrological impacts. Hence, effective adaptation and mitigation strategies will be
required to ensure long-term water security and agricultural sustainability in the region.
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