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Abstract: The current study is essential for obtaining an accurate representation of weather
conditions in the Ziz and Guir watersheds, characterized by an arid climate. This study
combined climate data from the ERA5 model with data from observation stations in order
to evaluate the ERA5 model in Morocco’s arid environment and increase the temporal and
geographical coverage of climate data. From the data collected, precipitation, minimum
and maximum temperatures were predicted under the RCP4.5 and RCP8.5 scenarios by
applying the SDSM model in the two watersheds for the 2025 and 2100 periods. These
forecasts contribute to the development of adaptation strategies in the face of climate change
by giving precise indications of future trends and providing local communities with tools
for enhancing their resilience capacity. At all climatic stations, the temperature changes
predicted under these scenarios showed a marked positive trend for both minimum and
maximum temperatures. By the end of the century, minimum temperatures may increase
by 1.84 ◦C and 2.39 ◦C under the RCP4.5 and RCP8.5 scenarios, respectively. Similarly,
maximum temperatures may increase by 1.78 ◦C and 2.9 ◦C under the RCP4.5 and RCP8.5
scenarios, respectively. In addition, the precipitation forecast under the RCP 4.5 scenario
showed a significant negative trend at the Ait Haddou station, while under the RCP 8.5
scenario, significant negative trends were predicted for the Sidi Hamza, Ait Haddou, Tit
N’Aissa, and Bouanane stations.

Keywords: statistical downscaling model; Southeastern Morocco; future temperatures;
future precipitation

1. Introduction
Climate change poses a significant threat to Africa due to the continent’s limited

adaptive capacity and reliance on climate-sensitive sectors like agriculture [1]. According
to the Intergovernmental Panel on Climate Change (IPCC) [2], rising GHG concentrations,
particularly carbon dioxide, may cause an increase in global surface temperature of between
1.4 and 5.8 ◦C by the end of the century. Across Africa, average annual temperatures are
projected to rise by 3 to 6 ◦C by the end of the 21st century under the high-emission scenario
RCP8.5. In contrast, precipitation projections are more uncertain, exhibiting significant
spatial variability and strong seasonal dependence [3,4]. Specifically, the northern and
southern regions of Africa are expected to experience reduced precipitation, while central
areas may see increased rainfall [4]. Furthermore, water resources are foreseen to be
severely affected, with annual water discharge potentially dropping by 15–45% in a world
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that might be 2 ◦C warmer [5]. This will worsen existing water scarcity problems, with
a particular impact on rain-fed agriculture, which accounts for 70% of the agricultural
sector [5].

Global climate variables can be simulated using General Circulation Models (GCMs),
which take into account the impact of greenhouse gases in the atmosphere and the ensuing
global climate change [6]. However, their broad spatial resolution limits their useful-
ness for assessing regional and local impacts. To overcome this limitation, downscaling
techniques have been developed to produce high-resolution climate scenarios from GCM
outputs [7]. Downscaled climate projections remain critical for resource management and
regional climate.

The Mediterranean region is considered to be a climate change “hotspot”, with tem-
perature projected to increase by 1–5 ◦C and drought by 10–40% [8]. Situated in the
Mediterranean basin, Morocco faces decreasing precipitation and rising temperatures,
making it one of the most vulnerable countries to climate change [9].

Future projections consistently indicate substantial warming in Morocco, along with a
reduction in annual precipitation across the majority of the country’s regions [10]. These
changes are expected to exacerbate drought conditions, particularly in the second half of
the century, with moderate droughts likely to predominate and affected areas potentially
reaching up to 90% over a six-year period [11].

Furthermore, ref. [12] proposed the adoption of downscaling models to more accu-
rately simulate the climate of central and southern regions in Morocco, which are strongly
affected by geographical factors. Refs. [13,14] found a decrease in the wet periods and the
intensity of precipitation for the 2030–2050 period, based on simulations obtained from
the regional climate model (RCM) piloted by ECHAM5 (scenario A1B). In the same vein,
ref. [15] noted a reduction in total precipitation at many stations in Morocco for the years
2021–2050 according to the A1B scenario, by applying a set of various RCMs.

The present study aims to assess future climate parameters in the Ziz and Guir catch-
ments between the years 2025–2100 by combining data from climate stations and the ERA5
model. Forecasting precipitation and minimum and maximum temperatures are of vital
importance in this arid region, given the vulnerability of these areas to extreme weather
conditions. This makes it a powerful tool for policy-makers, managers, and researchers
willing to develop resilience strategies adapted to the specific local contexts of these re-
gions. In this framework, the SDSM model is being used to forecast future climate change
conditions under the RCP 4.5 and 8.5 (Representative Concentration Pathway) scenarios.

2. Materials and Methods
2.1. Study Area

The study area belongs to the large Guir, Ziz, Rheris, and Maider watersheds, encom-
passing two adjacent watersheds in southeastern Morocco: The Guir watershed and the Ziz
watershed, located precisely between parallels 5◦40′ and 2◦00′ W and meridians 33◦00′ N
and 30◦57′ N. Covering an area of 26,760.15 km2 (Figure 1), this area is limited to the east
by the Algerian–Moroccan border, to the north by the Haut Moulouya basin and to the
southeast by the Rheris watershed.
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The forecasts of the precipitation and of the minimum and maximum temperature
were carried out on various stations of the Ziz and Guir watersheds, distributed at different
altitudes, that is the stations Sidi Hamza, Tillicht, Hassan Adakhil dam and Erfoud in the Ziz
watershed, and the stations Ait Haddou, Tit N’Aissa and Bouanane in the Guir watershed.

2.2. Data Collection

The data used in this study are daily climatic data, specifically precipitation, and
minimum and maximum temperatures, obtained from two sources: the Agency of the
Hydraulic Basin of Guir-Ziz-Gheris (ABHGZR) and the ERA5 reanalysis dataset. The
ABHGZR provided daily precipitation data for the Sidi Hamza, Tillicht, Hassan Addakhil
dam, and Erfoud stations. However, to ensure complete data coverage, particularly for
stations with unavailable station data, the ERA5 reanalysis dataset was used to supplement
the station observations.

The ERA5 dataset provided daily precipitation data for the Ait Haddou, Tit N’Aissa,
and Bouanane stations, as well as minimum and maximum temperature data for all stations.
The integration of ERA5 data ensured consistent data coverage across the study area.
Indeed, the ERA5 model is widely recognized for its high temporal and spatial resolution,
offering significantly improved accuracy compared to earlier global reanalyses [16].

2.3. ERA5 Data

ERA5 is the fifth generation of reanalysis models made available by the Copernicus
Climate Change Service (C3S). This service belongs to the six information services proposed
by the Copernicus Earth Observation program and produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF). The ERA5 presents estimates at a spatial
resolution of 0.25◦ × 0.25◦ and an hourly temporal resolution, covering the period from
1940 to the present day, for many parameters relating to the atmosphere, ocean waves,
and land surface, by combining historical observations with climate model data. This
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approach makes it possible to obtain a complete and globally coherent data set through
data assimilation.

For this study, hourly data for total precipitation and temperature at 2 m from the
ERA5 reanalysis dataset were retrieved for the period 1997–2023 via the CDS interface
of C3S (https://cds.climate.copernicus.eu/#!/home, accessed on 12 June 2024) using the
cdsapiPython package. Using Python, the hourly data were aggregated on a daily scale,
and the daily minimum and maximum temperatures were calculated.

The use of ERA5 data in this study was essential to provide climatic data for locations
without station observations, ensuring comprehensive data coverage for the application
and validation of the SDSM model.

2.4. Methodology

The Statistical Downscaling Model (SDSM), developed by Wilby et al. [17] and used
in this study, integrates a weather generator with a multiple linear regression technique.
This model is less computationally demanding and easily applicable, making it a practical
tool for downscaling climate data. In terms of data requirements, SDSM relies on basic
predictor variables from Global Climate Models (GCM) outputs and local observational
data, which are typically available for most regions. In contrast, dynamical downscaling
methods use regional numerical models that incorporate comprehensive physical processes.
Although these methods are grounded in physical principles, they are computationally
expensive [18] and therefore require significant computing time [19]. Several studies
have compared statistical and dynamical downscaling approaches, showing that they
often produce comparable results [18,20,21]. Furthermore, when compared to machine
learning models, SDSM has demonstrated greater efficiency and reliability in various
applications [22].

The Canadian Earth System Model (CanESM2) from the Coupled Model Intercom-
parison Project Phase 5 (CMIP5) was utilized in this study to generate climate projections
based on Representative Concentration Pathways (RCPs) 2.6, 4.5, and 8.5. CanESM2 has
been widely used and proven in the projection of temperature and precipitation trends
in various regional climate studies [23–27]. Additionally, it is fully compatible with the
Statistical Downscaling Model (SDSM), which requires predictor variables from GCM.
Furthermore, CanESM2 predictors are readily available in a format suitable for statistical
downscaling. Although CMIP6 represents a more recent generation of climate models,
CMIP5 data remain a widely used benchmark in many studies, particularly those em-
ploying statistical downscaling methods such as SDSM. The use of CMIP5 scenarios also
ensures comparability with prior studies in the region, which frequently rely on these
scenarios for projecting climate trends.

RCP scenarios represent different levels of greenhouse gas emissions and their poten-
tial impacts on future climate. Earth system models simulate carbon emissions compatible
with these scenarios, showing substantial model spread but general consistency with in-
tegrated assessment models [28]. For RCP2.6, models project an average 50% emission
reduction by 2050 from 1990 levels, with some requiring sustained negative emissions [28].
However, achieving the 2 ◦C target may be challenging, as simulations suggest slightly
higher warming [29]. Uncertainties in land carbon uptake are significant, with some
models predicting a shift from sink to source within the 21st century [30]. Key factors
affecting allowable emissions include aerosol forcing, climate sensitivity, and carbon cycle
parameters [30].

This study focused on analyzing climate projections under the RCP 4.5 and RCP 8.5
scenarios, which exhibited clear trends in the analyzed parameters. The RCP 2.6 scenario
was excluded from the analysis, as it showed no significant trends for the two parameters

https://cds.climate.copernicus.eu/#!/home
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under study. The predictor variables were derived from CanESM2 results and data from
the National Centers for Environmental Prediction (NCEP)/National Center for Atmo-
spheric Research (NCAR) Reanalysis Project 1. These predictor variables were obtained
from specific spatial domains corresponding to two grid files in the South-Eastern zone of
Morocco. The file BOX_127X_44Y, with a center point at longitude −5.625◦ and latitude
32.091◦ N, covers an area approximately between −7.03125◦ and −4.21875◦ longitude
and 30.68475◦ and 33.49725◦ latitude. This grid box was used to extract predictor vari-
ables for the Sidi Hamza, Tillicht, Hassan Addakhil Dam, and Erfoud stations. The file
BOX_128X_44Y, with a center point at longitude −2.8125◦ and latitude 32.091◦ N, covers
an area approximately between −4.21875◦ and −1.40625◦ longitude and 30.68475◦ and
33.49725◦ latitude. This grid box was used for the Ait Haddou, Tit N’Aissa, and Bouanane
stations. These files were downloaded from the Canadian Climate Data and Scenarios
website (https://climate-scenarios.canada.ca/, accessed on 14 June 2024), based on the
CanESM2 model with a grid resolution of approximately 2.8125◦ by 2.8125◦.

To ensure the selection of the most relevant predictor variables, a correlation analysis
was conducted between the climatic parameters and the predictor variables. This approach
identified the variables that were most strongly related to the observed parameters, im-
proving the accuracy of the downscaling process. Following model calibration, projections
of climate parameters were generated for the period 2025–2100, based on the RCP 4.5 and
RCP 8.5 scenarios. Figure 2 illustrates the sequence of steps involved in the SDSM model
process, from predictor selection to the generation of future climate projections.
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A trend analysis was conducted using two non-parametric tests on the predicted
climate parameter time series: the Mann–Kendall test [31,32], and the Sen’s slope test [33].
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The Mann–Kendall test is a nonparametric method used to determine the presence of
a statistically significant trend in a time series. In this test, the null hypothesis (H0), which
assumes no trend, is accepted if the p-value exceeds the chosen alpha significance level. The
direction of the trend is determined by the Mann–Kendall statistical coefficient (Z value),
as shown in Equation (1). A positive Z value (Z > 0) indicates an upward trend, while a
negative Z-value (Z < 0) indicates a downward trend.

Z =


S−1√
Var(S)

S > 0

0 S = 0
S+1√
Var(S)

S < 0
(1)

where S is the test statistic calculated using Equation (2), with Xi and Xj representing the
time series data at time points i and j, respectively. The sign function sgn(Xj − Xi) returns
+1 if Xj > Xi, 0 if Xj = Xi, and −1 if Xj < Xi.

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
Xj − Xi

)
(2)

The variance of S, denoted as Var(S), is calculated to account for ties (equal values) in
the data. The formula for Var(S) is given by Equation (3):

Var(S) =
n(n − 1)(2n + 5)− ∑m

t=1 tt(tt − 1)(2tt + 5)
18

(3)

where n is the total number of observations in the time series, m is the number of tied
groups (groups of equal values), and tt is the number of data points in the tth tied group.

The Sen’s slope [33] was used to estimate the magnitude of the trend. It is a non-
parametric method that calculates the slope as the median of all possible pairwise slopes
between data points in a time series. The slope between two data points Xj and Xk (where
j > k) is calculated as:

Si =
Xj − Xk

j − k
(i = 1, . . . , N) (4)

where N is the total number of slope values calculated from all possible pairs of data points,
and i represents each slope calculated from N pairs of data points.

The Sen’s slope is then obtained by calculating the median of these N slope values:

Qmed =

S N+1
2 , i f N is odd

S N
2
+S N+2

2
2 , i f N is even

(5)

2.5. Statistical Analysis

The ERA5 Reanalysis Model data were evaluated for their performance using widely
applied statistical indices, calculated in R with the stats and Metrics packages. These statis-
tical indices primarily include the coefficient of determination (R2) [34], which quantifies
the proportion of the total variance in the observed data explained by the ERA5 model
data. Additionally, the mean error (ME), mean absolute error (MAE), and root mean square
error (RMSE) were used to evaluate the accuracy of the ERA5 data compared to observed
values. ME measures the average deviation between observed and modeled values, MAE
reflects the magnitude of the mean error regardless of direction, and RMSE emphasizes
larger errors by calculating the square root of the average squared differences between
observed and modeled values.
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3. Results
3.1. Comparison of Climate Data from the ERA5 Reanalysis Model and Observed Station
Climate Data

The precipitation data from the ERA5 reanalysis model applied in this study are
compared with those observed at the climate stations in the Guir watershed, which are
Ait Haddou, Tit N’Aissa, and Bouanane. In addition, the temperature data from the ERA5
model are compared with those from the Hassan Adakhlil dam, Erfoud, and Bouanane
stations, which are the only stations with temperature data. This comparison is carried
out on a monthly scale by calculating statistical indices (R2, ME, MAE, and RMSE). The
results showed good adequacy between the two data sources (Table 1), particularly for
the temperature data, where R2 ranged from 0.85 to 0.97 and from 0.60 to 0.70 for the
precipitation data. Furthermore, the RMSE values range from 1.34 to 4.25, and the MAE
values are below 5.04. This indicates a high degree of consistency between the climate data
from the ERA5 model and those observed by the stations.

Table 1. Statistical indices of data used.

Station Station R2 ME MAE RMSE

Hassan Addakhil dam
T min 0.851 −2.58 3.27 3.84
T max 0.934 −1.8 2.22 2.67

Erfoud
T min 0.954 0.97 1.43 2.02
T max 0.974 −0.43 0.9 1.34

Bouanane
T min 0.920 0.02 1.57 2.24
T max 0.975 −0.60 0.91 1.40

Precipitation 0.705 −0.55 4.98 3.01

Ait Haddou Precipitation 0.604 0.60 5.04 3.78

Tit N’Aissa Precipitation 0.643 −0.20 4.86 4.25

3.2. Selection of Predictor Variables

The selection of predictor variables provided by NCEP/NCAR was essential for de-
veloping a model to predict various climatic factors. A correlation analysis was conducted
to identify the predictor variables most strongly associated with the target climate vari-
ables. Two statistical parameters guided the selection process: the correlation coefficient
(r) and the p-value. All selected predictor variables demonstrated statistically significant
correlations, with p-values less than 0.0001. To further validate the relationships, scatter
plots were used to confirm and verify the associations between the predictor variables and
the climatic factors. Based on this analysis, the set of predictor variables was selected for
the creation of the calibrated model.

The predictors selected for maximum and minimum temperature at all studied stations
are the mean temperature at 2 m and the vorticity at 500 hPa (Table 2), which measures air
rotation at this altitude in the atmosphere. For precipitation, the predictor variables vary
spatially across the study area (Table 3), reflecting the complexity of the meteorological
processes responsible for precipitation.



Earth 2025, 6, 4 8 of 24

Table 2. Selection of predictive variables for temperatures.

Station Predictive
Variables

Predictor
Description r

Minimum
temperature

Sidi Hamza

p5_z 500 hPa
vorticity

0.634
0.721

Tillicht 0.692
0.735

Hassan
Addakhil dam

0.625
0.766

Erfoud

temp Surface mean
temperature

0.651
0.712

Ait Haddou 0.670
0.720

Tit N’Aissa 0.632
0.754

Bouanane 0.676
0.783

Maximum
temperature

Sidi Hamza

p5_z 500 hPa
vorticity

0.655
0.730

Tillicht 0.682
0.753

Hassan
Addakhil dam

0.671
0.746

Erfoud

temp Surface mean
temperature

0.626
0.750

Ait Haddou 0.644
0.762

Tit N’Aissa 0.605
0.775

Bouanane 0.653
0.780

Table 3. Selection of predictive variables for precipitation.

Climatic
Parameter Stations Predictive

Variables Predictor Description r

Precipitation

Sidi Hamza p8_zh,
temp

850 hPa divergence
Surface mean temperature

0.682
0.730

Tillicht prcp,
p5_zh

Surface precipitation
500 hPa divergence

0.691
0.576

Hassan
Addakhil dam

p1_f,
p500

Surface air flow strength
500 hPa geopotential height

0.714
0.682

Erfoud p1_z,
p1_zh,

Surface vorticity
Surface divergence

0.625
0.590
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Table 3. Cont.

Climatic
Parameter Stations Predictive

Variables Predictor Description r

Precipitation

Ait Haddou
mslp,
p1_v,
p500

Mean sea level pressure
Surface meridional velocity
500 hPa geopotential height

0.583
0.645
0.670

Tit N’Aissa mslp,
p850

Mean sea level pressure
850 hPa geopotential height

0.574
0.667

Bouanane p1_v,
p500

Surface meridional velocity
500 hPa geopotential height

0.702
0.680

3.3. Calibration and Validation of the SDSM Model

The calibration (period 1997–2015) and the validation (period 2016–2023) of the SDSM
model are conducted by the calculation of statistical indices, notably the coefficient of deter-
mination (R2) and the root mean square error (RSME), to assess the model’s performance
at the studied climate stations. Table 4 presents the results of the calculation, highlighting
the model’s performance in simulating and supplying rainfall data as well as maximum
and minimum temperatures. For all climate stations, the coefficient of determination (R2)
values for the climate parameters studied range from 0.66 to 0.77. The root mean square
error (RSME) values range from 1.52 to 3.84.

Table 4. Calculation of statistical indices for the calibration (1997–2015) and validation (2016–2023) of
the SDSM model at the climate stations studied.

Stations Climatic
Parameters

RMSE R2

(1997–2015) (2016–2023) (1997–2015) (2016–2023)

Sidi Hamza
Precipitation 3.41 3.02 0.70 0.75

T max 2.87 2.43 0.72 0.76
T min 3.51 3.12 0.68 0.72

Tillicht
Precipitation 3.23 2.86 0.69 0.71

T max 3.37 3.05 0.70 0.74
T min 3.44 3.08 0.68 0.72

Hassan
Adakhil dam

Precipitation 3.84 3.25 0.66 0.70
T max 3.21 2.89 0.70 0.76
T min 3.54 3.16 0.68 0.73

Erfoud
Precipitation 3.68 3.23 0.67 0.70

T max 3.14 2.78 0.68 0.72
T min 3.34 2.97 0.66 0.71

Ait Haddou
Precipitation 2.81 2.55 0.71 0.76

T max 3.17 1.52 0.75 0.77
T min 2.46 1.62 0.73 0.75

Tit N’Aissa
Precipitation 3.04 2.83 0.67 0.70

T max 2.27 1.84 0.69 0.72
T min 2.98 2.52 0.72 0.75

Bouanane
Precipitation 3.43 2.94 0.68 0.74

T max 2.23 1.65 0.70 0.73
T min 3.56 1.88 0.69 0.75
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3.4. Comparison of Observed and Simulated Data

The comparison of observed and simulated data shows that the simulated precipitation
data are similar or very close to the observed data (Figure 3), suggesting that the SDSM
model has a good ability to downscale precipitation. Additionally, the simulated minimum
and maximum temperature data show a nearly perfect match with the observed data
across all months and stations. Given this near-perfect match, we have focused solely
on presenting the precipitation data (Figure 3). These results highlight the relevance of
the selected predictive variables for both precipitation and temperature modeling at the
studied stations.
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simulated precipitation for the period 1997–2023.

3.5. Analysis of Historical and Predicted Climate Parameters Trends

To investigate the potential influence of the downscaling procedure on the climate
change signal, we analyzed trends in historical and downscaled data, as well as Weather
Generator series produced by SDSM based on the NCEP-NCAR reanalysis data.

The analysis of historical precipitation (1997–2023) revealed non-significant trends
(p > 0.05) across all stations (Table 5). This result suggests that precipitation variability
during the historical period does not exhibit a consistent or significant directional change.
For the future precipitation projections (2025–2100), the results revealed a significant
negative trend at the 5% significance threshold under the RCP 4.5 scenario, at the Ait
Haddou station (Table 6). Under the RCP 8.5 scenario, there was a significant negative
trend at the Sidi Hamza, Ait Haddou, Tit N’Aissa, and Bouanane stations, and a significant
positive trend at the Hassan Addakhil dam station. These results suggest that future
precipitation trends reflect the climate change signal estimated by the model, especially
under the RCP8.5 scenario. The difference between historical and future trends highlights
the increasing prominence of climate change impacts on precipitation patterns in the latter
half of the 21st century.
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Table 5. Mann-Kendall (Z and p value) and Sen slope tests for historical precipitation and minimum
and maximum temperatures at stations of the Ziz and Guir watersheds.

Stations Climatic
Parameters

MK
Z Value

MK
p Value

Sen’s
Slope Trend

Sidi Hamza
Precipitation −0.125 0.900 −0.146 NS *

T min 0.801 0.423 0.003 NS
T max 0.018 0.036 0.114 S **

Tillicht
Precipitation 0.667 0.505 0.961 NS

T min 0.674 0.500 0.003 NS
T max 0.049 0.046 0.104 S

Hassan
Addakhi dam

Precipitation −0.188 0.851 −0.325 NS
T min 0.593 0.553 0.002 NS
T max 1.104 0.269 0.004 NS

Erfoud
Precipitation 1.751 0.080 1.428 NS

T min 0.676 0.499 0.003 NS
T max 0.029 0.039 0.235 S

Ait Haddou
Precipitation −0.500 0.617 −0.863 NS

T min 0.661 0.508 0.002 NS
T max 0.872 0.383 0.003 NS

Tit N’Aissa
Precipitation −0.208 0.835 −0.177 NS

T min 0.720 0.471 0.003 NS
T max 0.871 0.383 0.003 NS

Bouanane
Precipitation −0.167 0.867 −0.214 NS

T min 0.485 0.627 0.002 NS
T max 0.047 0.031 0.144 S

* not significant at 5% significance level (p > 0.05). ** significant at 5% significance level (p < 0.05).

The analysis of historical temperature trends (1997–2023) revealed distinct patterns for
minimum and maximum temperatures. No significant trends were detected for minimum
temperatures at any station (p > 0.05). In contrast, significant positive trends were ob-
served for maximum temperatures at stations Sidi Hamza, Tillicht, Erfoud, and Bouanane
(Table 5). For the forecasted period (2025–2100), significant positive trends were observed
for minimum and maximum temperatures at all climatic stations under the RCP 4.5 and
RCP 8.5 scenarios (p < 0.05, Table 6). These results indicate an intensification of warming
trends in the future, in line with anticipated impacts of climate change predicted by the
scenarios. The contrast between historical and predicted trends highlights the evolving
influence of climate change on regional temperature dynamics, with a clear amplification
of warming trends in the future.

The analysis of the Weather Generator series revealed no significant trends (p > 0.05)
in the climatic variables across all stations for the historical period (Table 7). This result
indicates that the predictor variables used in the downscaling process do not exhibit
inherent trends that could influence the projected series. Consequently, the trends observed
in the downscaled series are primarily attributable to the GCM projections rather than the
predictors. The comparison between the Weather Generator series and the downscaled
series indicates that the climate change signal observed in the projections is primarily
driven by the GCM outputs.
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Table 6. Mann–Kendall (Z and p value) and Sen slope tests for predicted precipitation and minimum
and maximum temperatures at stations of the Ziz and Guir watersheds.

Stations Climatic
Parameters

MK
Z Value

MK
p Value Sen’s Slope Trend

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

Sidi Hamza
Precipitation −0.152 −0.4389 0.053 2.12 × 10−8 −0.136 −0.559 NS * S **

T min 0.0078 0.0231 0.0424 0.0296 0.158 0.185 S S
T max 0.014 0.0401 0.0326 0.007 0.233 0.259 S S

Tillicht
Precipitation 0.0449 −0.148 0.569 0.059 0.039 −0.143 NS NS

T min 0.0028 0.0292 0.0408 0.0186 0.254 0.266 S S
T max 0.0148 0.0332 0.039 0.0134 0.244 0.287 S S

Hassan
Addakhi dam

Precipitation −0.0632 0.190 0.422 0.015 −0.052 0.120 NS S
T min 0.0068 0.0269 0.0360 0.0223 0.173 0.189 S S
T max 0.0131 0.0283 0.0383 0.0200 0.183 0.196 S S

Erfoud
Precipitation 0.0968 −0.05.68 0.218 0.470 0.034 −0.020 NS NS

T min 0.0073 0.0242 0.042 0.0473 0.143 0.156 S S
T max 0.0066 0.0329 0.046 0.0437 0.126 0.148 S S

Ait Haddou
Precipitation −0.28 −0.673 0.0003 <2.2 × 10−16 −0.193 −0.770 S S

T min 0.0094 0.0234 0.038 0.0249 0.235 0.265 S S
T max 0.0138 0.0484 0.031 0.029 0.256 0.281 S S

Tit N’Aissa
Precipitation −0.072 −0.408 0.358 1.92 × 10−7 −0.173 −0.195 NS S

T min 0.0128 0.0268 0.044 0.0326 0.176 0.185 S S
T max 0.0079 0.0447 0.031 0.043 0.123 0.151 S S

Bouanane
Precipitation 0.0014 −0.408 0.989 1.92 × 10−7 0.001 −0.189 NS S

T min 0.0081 0.0265 0.039 0.0331 0.147 0.160 S S
T max 0.0088 0.0457 0.032 0.039 0.160 0.172 S S

*: not significant at 5% significance level (p > 0.05). **: significant at 5% significance level (p < 0.05).

Table 7. Mann–Kendall (Z and p-value) and Sen slope tests for Weather Generator series at Ziz and
Guir watershed stations.

Stations Climatic
Parameters

MK
Z Value

MK
p Value

Sen’s
Slope Trend

Sidi Hamza
Precipitation −0.583 0.560 −0.215 NS

T min 0.237 0.156 0.070 NS
T max 0.178 0.092 0.582 NS

Tillicht
Precipitation 0.4176 0.156 0.064 NS

T min 0.294 0.195 0.016 NS
T max 0.044 0.201 0.104 NS

Hassan Addakhi dam
Precipitation −0.375 0.2075 −0.353 NS

T min 0.034 0.1281 0.134 NS
T max 0.203 0.140 0.117 NS

Erfoud
Precipitation 0.667 0.0954 0.177 NS

T min 1.818 0.068 0.161 NS
T max 0.1957 0.162 0.114 NS

Ait Haddou
Precipitation 0.709 0.478 0.380 NS

T min 0.322 0.107 0.128 NS
T max 0.938 0.052 0.014 NS

Tit N’Aissa
Precipitation −0.163 0.567 −0.133 NS

T min 0.201 0.097 0.059 NS
T max 0.0871 0.183 0.003 NS

Bouanane
Precipitation 0.583 0.059 0.477 NS

T min 0. 398 0.158 0.090 NS
T max 0.188 0.102 0.046 NS
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3.6. Precipitation Forecasts

The results of precipitation forecasts for the period 2025–2100 according to the RCP4.5
and RCP8.5 scenarios are shown in Figure 4.

The precipitation forecast under the RCP4.5 scenario for the Sidi Hamza station
showed fluctuations over the period studied. Nevertheless, under the RCP8.5 scenario, the
precipitation appears to have a negative trend, with values reaching 191.94 mm in 2089 and
269.13 mm in 2025.

The forecast precipitation results for the Tillicht station also reveal clearly apparent
fluctuations and interannual variability under the RCP4.5 scenario. The future rainfall
series under the RCP8.5 scenario shows positive peaks in 2034, 2068, and 2074, indicating
periods of high precipitation.

For the Hassan Addakhil Dam station, the precipitation values forecast for the period
2025–2100, according to the RCP4.5 and RCP8.5 scenarios, are lower than those forecast
for the previous stations owing to its geographical location. These values do not exceed
144.32 mm and 132.40 mm, respectively, under the RCP4.5 and RCP8.5 scenarios.

The annual precipitation will continue to increase towards the South of the Ziz water-
shed, where the Erfoud station is located. Indeed, the range of precipitation forecast under
the RCP4.5 and RCP8.5 scenarios is 50.43 mm to 76.53 mm and 50.40 mm to 78.72 mm,
respectively.

In the Guir watershed, the forecast precipitation at the Ait Haddou station shows a
downward trend for the RCP4.5 scenario, this trend is particularly evident in the case of
the pessimistic RCP8.5 scenario.

Earth 2025, 6, x FOR PEER REVIEW 14 of 24 
 

 

under the RCP4.5 and RCP8.5 scenarios is 50.43 mm to 76.53 mm and 50.40 mm to 78.72 
mm, respectively. 

In the Guir watershed, the forecast precipitation at the Ait Haddou station shows a 
downward trend for the RCP4.5 scenario, this trend is particularly evident in the case of 
the pessimistic RCP8.5 scenario. 

At the Tit N’Aissa station, the analysis of the annual precipitation forecast under the 
RCP4.5 scenario shows interannual variations, with two negative peaks of 109.43 mm and 
110.10 mm that will be recorded in 2084 and 2099, respectively. The temporal evolution of 
precipitation forecast under the RCP8.5 scenario shows a decrease from 2048 onwards. 

The downstream of the Guir watershed sits the Bouanane station, which presents the 
lowest forecast precipitation compared with the other stations in this watershed. The anal-
ysis of the annual forecast precipitation for the period 2025–2100 showed fluctuations 
throughout the time series according to the RCP4.5 scenario. However, the precipitation 
forecast under the RCP8.5 scenario revealed a downward trend. 

 

Figure 4. Cont.



Earth 2025, 6, 4 15 of 24Earth 2025, 6, x FOR PEER REVIEW 15 of 24 
 

 

 

 

Figure 4. Precipitation evolution of the Ziz and Guir watershed stations for the 2025–2100 period. 

3.7. Minimum and Maximum Temperature Forecasts 
The forecast of the minimum and maximum temperatures for the periods 2025 and 

2100 according to the RCP4.5 and RCP8.5 scenarios is shown in Figure 5. 
At the Sidi Hamza station, the minimum temperature will rise over the period 2025–

2100, this increase being from 0.47 °C to 1.28 °C during the last quarter of the century 
(2075–2100) according to the RCP4.5 scenario, and 1.39 to 2.30 according to the RCP8.5 
scenario. Similarly, the maximum temperature will rise from 0.40 to 1.36 and 2.35, respec-
tively, according to the RCP4.5 and RCP8.5 scenarios. 

For the station of Tillicht, it is forecast that the minimum temperatures will increase 
by 0.68 °C to 1.31 and by 0.76 to 1.23 °C during the period 2075–2100, respectively, accord-
ing to the scenarios RCP4.5 and RCP8.5. The maximum temperature will also rise by 1.27 
°C and 2.52 °C, respectively, under the RCP4.5 and RCP8.5 scenarios, at the end of the 
century. 

Figure 4. Precipitation evolution of the Ziz and Guir watershed stations for the 2025–2100 period.

At the Tit N’Aissa station, the analysis of the annual precipitation forecast under the
RCP4.5 scenario shows interannual variations, with two negative peaks of 109.43 mm and
110.10 mm that will be recorded in 2084 and 2099, respectively. The temporal evolution of
precipitation forecast under the RCP8.5 scenario shows a decrease from 2048 onwards.

The downstream of the Guir watershed sits the Bouanane station, which presents
the lowest forecast precipitation compared with the other stations in this watershed. The
analysis of the annual forecast precipitation for the period 2025–2100 showed fluctuations
throughout the time series according to the RCP4.5 scenario. However, the precipitation
forecast under the RCP8.5 scenario revealed a downward trend.

3.7. Minimum and Maximum Temperature Forecasts

The forecast of the minimum and maximum temperatures for the periods 2025 and
2100 according to the RCP4.5 and RCP8.5 scenarios is shown in Figure 5.
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At the Sidi Hamza station, the minimum temperature will rise over the period
2025–2100, this increase being from 0.47 ◦C to 1.28 ◦C during the last quarter of the century
(2075–2100) according to the RCP4.5 scenario, and 1.39 to 2.30 according to the RCP8.5 sce-
nario. Similarly, the maximum temperature will rise from 0.40 to 1.36 and 2.35, respectively,
according to the RCP4.5 and RCP8.5 scenarios.

For the station of Tillicht, it is forecast that the minimum temperatures will increase by
0.68 ◦C to 1.31 and by 0.76 to 1.23 ◦C during the period 2075–2100, respectively, according
to the scenarios RCP4.5 and RCP8.5. The maximum temperature will also rise by 1.27 ◦C
and 2.52 ◦C, respectively, under the RCP4.5 and RCP8.5 scenarios, at the end of the century.

As for the Hassan Addakhil dam station, the minimum and maximum temperatures
will show an upward trend under both scenarios. Indeed, the minimum temperature
values will increase by 0.52 ◦C to 1.22 ◦C and by up to 1.84 ◦C, respectively, according
to the RCP4.5 and RCP8.5 scenarios. For the maximum temperature, the increase will be
0.68 ◦C to 1.26 ◦C and 0.96 ◦C to 2.63 ◦C according to the RCP4.5 and RCP8.5 scenarios,
respectively.

The Erfoud station, which is characterized by an arid climate, will experience an
increase in the minimum and maximum temperatures, as will the other stations. By the
end of the century, the minimum temperature will have risen by 0.47 ◦C to 1.15 ◦C and
by 0.66 ◦C to 2.18 ◦C, respectively, according to the RCP4.5 and RCP8.5 scenarios. For the
same scenarios, the maximum temperature will rise by 0.51 ◦C to 1.21 ◦C and 0.82 ◦C to
2.52 ◦C, respectively.

In the Guir watershed, there is a rising trend in forecast temperatures for both scenarios
at the Ait Haddou station. This trend is more marked under the RCP8.5 scenario than the
RCP4.5 scenario. Over the period 2075–2100, the minimum temperature will rise under the
RCP4.5 and RCP8.5 scenarios by 0.57 ◦C to 1.21 ◦C and by 0.99 ◦C to 2.39 ◦C, respectively,
and the maximum temperature by 0.67 ◦C to 1.13 ◦C and by 0.78 ◦C to 2.9 ◦C, respectively.
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For the Tit N’Aissa station, the temperatures will also record a significant increase.
Under the RCP4.5 scenario, the minimum and the maximum temperatures will rise by
0.66 ◦C to 1.17 ◦C and 0.68 ◦C to 1.24 ◦C, respectively, over the period 2075–2100. Further-
more, according to the RCP8.5 scenario, the minimum and the maximum temperatures will
increase by 0.83 ◦C to 2.39 ◦C and by 1.17 ◦C to 2.70 ◦C, respectively.

The Bouanane station, for its part, will experience an upward trend in temperatures
under both scenarios. The minimum temperature will rise by 0.56 ◦C to 1.16 ◦C under
the RCP4.5 scenario and by 0.73 ◦C to 2.35 ◦C under the RCP8.5 scenario. The maximum
temperature will also rise by 0.6 ◦C to 1.78 ◦C and by 1.02 ◦C to 2.63 ◦C, according to the
RCP4.5 and RCP8.5 scenarios, respectively.

It is important to emphasize that the maximum increase in the forecast temperatures
is recorded in particular during the months of June, September, October, and November.
This increase could reflect significant changes in the climate regime, leading to local reper-
cussions, but could also be more widespread. The noticeable rise in temperatures during
the month of June suggests that summer will get off to an early start with more intense
heat waves. This increase also indicates that the summer season will get increasingly
hotter. Further, the significant increase in the months of September, October, and November
indicates a prolongation of the annual warm period beyond the summer months.

In addition, the predicted spike in the minimum and the maximum temperatures is
much more pronounced under the RCP8.5 scenario than under the RCP4.5 scenario. The
latter is a stabilization scenario, which foresees the attenuation of greenhouse gas emissions
through ambitious but achievable reduction measures. In contrast, the RCP8.5 scenario is
often regarded as a pessimistic scenario of high emissions.

4. Discussion
In the present study, ERA5 climate data were used to complement station data in order

to provide an overall climatic forecast for the Ziz and Guir watershed. The results of com-
paring ERA5 climate data with observed station climate data showed a good fit between
the two data sources. These results indicate that ERA5 reanalysis data can be a valuable
alternative to station observations in the Guir and Ziz watersheds, which are characterized
by an arid climate. The authors of [35,36] showed that ERA5 generally outperforms other
reanalysis products in reproducing temperature and precipitation patterns, displaying
higher correlations and lower errors compared with station observations. However, reanal-
ysis performance can vary according to location, with better results generally observed in
mid-latitude continental regions than in coastal and arctic regions [36].

The SDSM is a widely used tool for generating high-resolution climate change scenar-
ios [37]. SDSM has shown good performance in simulating temperature and precipitation,
and good concordance between observed and simulated data, making it a valuable tool for
local-scale climate projections [38]. Ref. [39] also revealed satisfactory results in simulating
temperature and precipitation in the city of Xingtai, China.

SDSM projections showed a significant downward trend in precipitation under the
RCP 4.5 scenario, at the Ait Haddou station. Under the RCP 8.5 scenario, the majority of
stations in the study area presented a significant negative trend. Furthermore, in Khyber
Pakhtunkhwa, Pakistan, SDSM model projections showed an increase in precipitation
in monsoon-dominated areas under the RCP4.5 scenario, while RCP8.5 indicated a de-
crease [40]. A Moroccan study in the Boufakrane watershed revealed no rainfall trend under
the RCP4.5 and RCP8.5 scenarios, but a downward trend under the RCP2.6 scenario [41].
Another Moroccan study for the Souss-Massa and Ouergha watersheds predicted a de-
crease in precipitation for the RCP4.5 and RCP8.5 scenarios [42]. In the Subansiri river
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basin in Northeast India, annual precipitation is projected to increase by 1.8% to 11% under
various RCP scenarios [43].

Additionally, the trends in predicted minimum and maximum temperatures were
significantly positive under the RCP4.5 and RCP8.5 scenarios, at all the climate stations
studied. Research conducted in different regions, such as Tehran in Iran [44], Yunnan
province in China [38], and Sohra in India [45], consistently predicted rises in temperature
under the RCP4.5 and RCP8.5 scenarios. These studies demonstrate the ability of SDSM to
downscale climate variables and highlight the consistency of warming trends predicted
under various RCP scenarios in different geographical locations.

It is important to point out that the largest increases in forecasted temperatures were
recorded particularly in the months of June, September, October, and November. This
suggests that the summer season may intensify earlier and that the annual warm period
might extend beyond the traditional summer months. These results are in line with those
performed by [46,47].

Overall, the present study is highly relevant for obtaining an accurate understanding
of future climatic and meteorological trends in both the Ziz and Guir watersheds, which are
characterized by an arid climate. The integration of ERA5 reanalysis data with observed
station data allowed us to evaluate the performance of ERA5 in Morocco’s arid climate
and improve the temporal and geographical coverage of climate data, particularly in
regions where observation stations are sparse or absent. However, it is important to
acknowledge that the use of reanalysis data may introduce uncertainties related to the
resolution and accuracy of the dataset, especially in complex terrains or areas with limited
observational records.

Forecasting precipitation and minimum and maximum temperatures in arid regions is
crucial due to the vulnerability of these areas to extreme weather conditions. It contributes
to water and food security, helps anticipate extreme weather events, and promotes adap-
tation to climate change. The SDSM primarily works with General Circulation Models
(GCMs) to generate downscaled climate projections. However, this presents a limitation, as
SDSM does not directly support other types of climate models, such as Regional Climate
Models (RCMs) or Earth System Models (ESMs). Employing a multi-model ensemble ap-
proach could help capture a broader range of possible outcomes and enhance the robustness
of downscaled projections by reducing model-specific biases and uncertainties.

Despite these limitations, the findings of this study provide valuable insights into
local climate trends and demonstrate the practical utility of statistical downscaling in
regional climate assessments. These projections can serve as an important tool for decision-
making in water resource management, agriculture, and disaster preparedness, enabling
arid communities to better prepare for the environmental and climatic challenges they face.

5. Conclusions
The Statistical Downscaling Model (SDSM) was applied under the RCP4.5 and RCP8.5

scenarios to downscale precipitation and temperature values for the Ziz and Guir water-
sheds using station data and ERA5 reanalysis. The results indicate that ERA5 can serve as
a valid alternative to station observations in these arid regions.

After calibration and validation, the SDSM model demonstrated good performance
in simulating daily precipitation and temperatures (minimum and maximum). The trend
analysis of the forecasted temperatures revealed a significant increase in both minimum
and maximum temperatures under both scenarios, with increases reaching 1.84 ◦C and
2.39 ◦C by the end of the century for minimum temperatures under the RCP4.5 and RCP8.5
scenarios, respectively. For maximum temperatures, the RCP4.5 and RCP8.5 scenarios
predict an increase of 1.78 ◦C and 2.9 ◦C, respectively. The highest increases are forecast for
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June, September, October, and November, suggesting an extension of the warm period into
traditionally cooler months. Precipitation forecasts showed a significant negative trend
under the RCP4.5 scenario at the Ait Haddou station. Under RCP8.5, a negative trend
is observed at the Sidi Hamza, Ait Haddou, Tit N’Aissa, and Bouanane stations, with a
positive trend at the Hassan Addakhil dam station.

These projections indicate that the climate in the studied arid regions is becoming
drier due to rising temperatures, necessitating specific adaptation strategies to mitigate the
impacts of climate change. Therefore, we recommend the following measures: (i) Water
resource management: Prioritize efficient water use through water-saving technologies,
sustainable irrigation systems, and rainwater harvesting techniques to ensure water avail-
ability during drought periods; (ii) Agricultural practices: Enhance crop resilience by
introducing drought-tolerant crops, adjusting planting schedules, and adopting soil conser-
vation techniques to reduce the risk of crop failure and preserve soil moisture; (iii) Disaster
preparedness: Establish early warning systems and community-based risk management
plans to help vulnerable communities anticipate extreme weather events and take proactive
measures to reduce their impacts.
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