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ARTICLE INFO ABSTRACT
Keywords: Study Region: Morocco, North Africa. This study examines 36 mountainous basins that supply
Climate change impacts most of the country’s surface water.
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Study Focus: This study aims to evaluate the potential impacts of climate change on discharge
in Morocco. Two hydrological models, World Wide HYPE and GR4J-CemaNeige, were used in
combination with outputs from nine bias-corrected regional climate models. Future discharge was
projected under the high-emission RCP8.5 scenario for the mid-century (2040-2060) and late-
century (2070-2100). By implementing a state-of-the-art modeling approach on numerous
representative sites, the study provides a robust framework for assessing changes in hydrological
processes and water availability.

New Hydrological Insights for the Region: This research identifies critical changes in snow
dynamics, with peak snow storage projected to decrease by over 50 % due to rising temperatures.
Consequently, the contribution of snowmelt to discharge will significantly diminish. These snow-
related shifts are heading to an average reduction in discharge of —55 % by the late century
(2070-2100). This reduction is primarily driven by significant decreases in precipitation (up to
—43 %) combined with substantial increases in potential evapotranspiration (up to +38 %).
Additionally, hydrological droughts are expected to become more frequent and prolonged,
underscoring the urgent need for adaptive water management strategies specifically designed to
address basin-specific characteristics.

1. Introduction

Climate change is one of the most pressing challenges of the twenty-first century, significantly impacting natural cycles, partic-
ularly the hydrological cycle. Alterations in precipitation and temperature patterns driven by climate change have spurred extensive
research on their effects on global water resources. These shifts disrupt established hydrological regimes across diverse ecosystems
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(Alley et al., 2021; Calvin et al., 2023). Anthropogenic greenhouse gas emissions are the primary drivers of these changes, leading to
rising global surface temperatures that influence both the intensity and variability of hydrological processes (Pachauri et al., 2014;
Shindell et al., 2013). According to the IPCC’s 2023 report, global surface temperatures have increased more rapidly since 1970 than
during any other 50-year period in the past two millennia. This temperature rise, combined with more frequent and intense precip-
itation events, has become increasingly pronounced since the 1950s, largely attributable to human-induced climate change (Calvin
etal., 2023). These changes have led to more frequent occurrences of agricultural and ecological droughts in certain regions, driven by
heightened evapotranspiration rates (Cook et al., 2015; Trenberth et al., 2013).

Developing countries, particularly those with limited adaptive capacities, are especially vulnerable to these shifts, complicating
water resource management under changing climate conditions (Kusangaya et al., 2014). In North Africa, for example, the Atlas
Mountains is a critical "water tower," supplying water for agriculture, urban water needs, and industrial activities downstream.
However, the stability of these water resources is increasingly threatened by climate change, which disrupts seasonal snowmelt and
precipitation patterns that sustain regional water supplies (Schilling et al., 2012; Tramblay et al., 2013). Global studies in mountainous
regions such as the European Alps, the Himalayas, and the Andes have demonstrated consistent climate-driven hydrological shifts,
including reduced snowpack and glaciers, earlier snowmelt, and altered river flow patterns (Barnett et al., 2005; Gobiet et al., 2014;
Huss and Hock, 2018; Immerzeel et al., 2010), Research focusing on the Atlas Mountains water resources in Morocco remains limited
on single basins. Projections using models from the Med-CORDEX and Euro-CORDEX initiatives indicate significant reductions in
water availability under high-emission scenarios, primarily due to decreased precipitation and increased evapotranspiration (El Khalki
etal., 2021; Filahi et al., 2017; Marchane et al., 2017; Tramblay et al., 2020; Tramblay and Somot, 2018). For instance, snow cover in
this region could decline by up to 50 % by the end of the century, severely affecting river flows during critical spring and summer
(Hanich et al., 2022; Tuel et al., 2022). Yet, there is no regional assessment of these changes in different basins.

Understanding how climate change impacts hydrological processes in the Atlas Mountains is essential for effective water resource
management. While existing research provides insights into large-scale climatic changes, studies focused on the interconnected basins
of the Atlas region remain sparse. This study aims to bridge this gap by assessing climate change impacts on water availability across
multiple mountainous basins in Morocco. Precipitation, evapotranspiration, and river discharge across multiple basins are simulated
by a CORDEX-Africa multi-model ensemble (CMIP5) under the RCP 8.5 scenario. This research is novel in its multi-basin and multi-
model approach in North Africa using observed data and two hydrological models to assess the impacts of climate change on river flow.
The HYPE (Hydrological Predictions for the Environment) model and the GR4J-CemaNeige model, able to reproduce snowmelt effects
on river discharge, are utilized to provide future hydrological scenarios. By examining the influence of basin characteristics on model
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Fig. 1. Location of sub-basins with elevation and distribution of measurement stations in the study region.
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performance as well as the variability in climate change projections, this study offers a deeper understanding of how these factors
shape future water availability. The findings of this research are expected to provide valuable insights at the scale of Morocco for
adaptive water management strategies and support the sustainable use of water resources in the face of a changing climate.

2. Data and methods
2.1. Study area

The Atlas Mountains constitute a prominent geographical feature of North Africa, extending across Morocco, Algeria, and Tunisia,
and play a crucial role in shaping the region’s hydrological systems. In Morocco, the Atlas range is traditionally divided into three
major sections: the Middle Atlas, the High Atlas, and the Anti-Atlas. Among these, the High Atlas is particularly noteworthy for its
capacity to retain and distribute water, as it encompasses Mount Toubkal, North Africa’s highest peak at 4167 m. This mountainous
terrain acts as a natural climatic barrier, preventing moist Mediterranean and Atlantic air masses from reaching the arid desert regions
to the south.

This study focuses on 36 river basins distributed across the Moroccan Atlas Mountains (Fig. 1). These basins were selected for their
diverse climatic and hydrological characteristics, to evaluate the impacts of climate change on water availability under high-emission
scenarios. They are mainly fed by snowmelt and seasonal rainfall, which are crucial for maintaining river flow and groundwater
recharge. Their water resources support key socio-economic activities, such as agriculture, hydropower, and domestic water supply,
and therefore vital for the livelihoods of local populations.

The climate in the Atlas Mountains varies significantly with altitude and orientation. The northern slopes, exposed to Mediter-
ranean influences, experience cool, wet winters and hot, dry summers, while the southern slopes, facing the Sahara, are markedly drier
(Chaponniere, 2005). Annual precipitation ranges from approximately 600 mm in the Middle Atlas and northern High Atlas to less
than 200 mm in the southern Anti-Atlas (Hanich et al., 2022). Snowfall in the High Atlas plays a critical role in the region’s hydro-
logical cycle, as snowmelt during the spring and summer months sustains river flows essential for downstream agricultural and urban
areas (Boudhar, 2009; Boudhar et al., 2009; Hanich et al., 2022; Marchane et al., 2014).

Given the significant variability in climatic conditions and water availability across these basins, the Atlas Mountains present a
unique and valuable case study for assessing the impacts of climate change on water resources. By focusing on multiple interconnected
basins, this study aims to explore how variations in basin characteristics such as altitude, slope, and land cover affect the performance
of hydrological models and shape climate change projections. Understanding these dynamics is essential for developing adaptive water
management strategies, particularly in a region where water resources are becoming increasingly vulnerable to climate-induced
changes (Beniston et al., 2011; Garcia-Ruiz et al., 2011).

Moreover, the selected basins reflect broader hydrological challenges typical of semi-arid regions globally such as high climate
variability, water scarcity, and vulnerability to drought (Kreamer, 2012; Vorosmarty et al., 2000). By investigating how changes in
temperature and precipitation under the high-emission RCP 8.5 scenario affect river discharge and water availability, this research
provides critical insights into the future sustainability of water resources. These findings will not only inform water management
policies in Morocco but also offer valuable lessons for other regions facing similar challenges (Schilling et al., 2020).

2.2. In-situ precipitation and discharge data

For this study, we retrieved data from 53 rain gauges and 36 discharge stations across various Moroccan river basins from 1989 to
2014. This period was selected based on data availability to ensure a continuous dataset. The rain gauges are located in the Tensift
Basin (10 stations), the Oumrbiaa Basin (9 stations), the Souss Massa Basin (5 stations), the Draa Oued Noun Basin (11 stations), the
Sebou Basin (11 stations), the Moulouya Basin (4 stations), and the Ziz Rheris Basin (3 stations). These datasets provide daily pre-
cipitation records. The studied catchments vary widely in size, with upstream areas ranging from 100 km? to 3000 km?, ensuring that
both small and large basins are represented in the analysis.

A rigorous quality control process is implemented and applied to ensure the data’s reliability and consistency. Out of the 53
available precipitation stations, only 36 are retained for use in the study, given the numerous gaps found in many stations. These
retained stations are located at the outlets of catchments and are selected based on their data completeness and quality. These stations
also most often located close to the hydrometric stations that provides daily discharge records, critical for validating the hydrological
models. However, the rain gauges used in the study do not include direct measurements of snowfall.

Snow significantly contributes to streamflow generation in high-altitude regions of our study area. Due to the limited observational
network, snow depth measurements from the Oukaimeden station (3250 m) available daily since 2011 are utilized to derive snow
water equivalent (SWE), following the empirical relationship established by Boudhar et al. (2009). These SWE estimates are then used
together with rainfall in the hydrological models for the different basins to represent snowpack dynamics more realistically. Although
spatially limited, this approach provides a better calibration of snow-related processes in both HYPE and GR4J-CemaNeige models.
Preliminary tests showed that it was not possible to obtain satisfactory calibration results using rain data alone, which is quite expected
in mountainous basins. A detailed analysis of the modelled contribution of snowmelt to runoff is presented in the Results section. The
spatial distribution of the 36 retained meteorological stations and the Oukaimeden snow station is presented in Fig. 1, with their
geographic coordinates detailed in Table A.1 in the supplementary materials. While the retained stations provide essential data for the
study, the network remains sparse, limiting spatial coverage and potentially underrepresenting precipitation variability, especially in
areas with complex topography. Nonetheless, the selected stations serve as a key dataset for capturing the hydrological variability of
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the studied basins.
2.3. Climate data

Gridded climate datasets are essential for providing high-resolution, long-term data on precipitation and temperature with com-
plete spatiotemporal coverage, particularly in data-scarce regions. This study employs two widely used datasets: ERAS5 reanalysis data
for temperature (at ~0.25° spatial resolution) and CHIRPS v2.0 for precipitation (at ~0.05° resolution). These datasets have
demonstrated satisfactory performance in North Africa, including mountainous and semi-arid regions (Ahmed et al., 2024). However,
several studies have reported potential biases in both datasets that must be considered. For example, ERA5 may underestimate
temperature variability in complex topographies, while CHIRPS can underrepresent extreme rainfall events, especially in arid envi-
ronments (Gebrechorkos et al., 2024; Lavers et al., 2022b). In our study, CHIRPS precipitation and ERA5 temperature were used to
calibrate and validate the hydrological models. The use of spatially continuous and bias-assessed reanalysis products ensured input
consistency across the domain and supported robust model performance evaluation. While reanalysis products provide consistent and
gap-free coverage, they have limitations, and their uncertainties can propagate through the modelling chain. Therefore, acknowl-
edging both the strengths (e.g., spatial completeness, consistency) and limitations (e.g., systematic errors, local-scale inaccuracies) of
reanalysis data is important in the context of hydrological modelling under climate change scenarios.

2.4. ERAS

ERAS is the fifth-generation reanalysis dataset developed by the European Centre for Medium-Range Weather Forecasts (ECMWF).
This dataset provides atmospheric, oceanic, and land data with a spatial resolution of 25 km and hourly temporal coverage (Hersbach
et al., 2020). ERAS5 integrates diverse observational inputs, including surface-based measurements and satellite-derived data, to
produce consistent estimates of atmospheric variables.

In this study, 2-meter air temperature data from ERAS are used as inputs for hydrological modelling. The dataset’s reliability in
representing temperature trends has been validated in various climatic contexts, particularly for long-term analyses (Beck et al., 2021).
Additionally, ERAS data are employed to correct biases in climate model simulations, ensuring an accurate representation of local
temperature variations. This correction step is especially critical in regions with complex topographies, where raw climate model
outputs can exhibit significant discrepancies (Jiao et al., 2021; Lavers et al., 2022).

2.5. CHIRPS v2.0

The Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) dataset provides high-resolution precipitation data
(~5 km spatial resolution) with daily, monthly, and annual temporal coverage. CHIRPS integrates satellite infrared data with in-situ
precipitation observations, offering long-term coverage starting in 1981 (Funk et al., 2015). Its design enables effective monitoring of
rainfall variability and drought conditions, particularly in semi-arid and mountainous regions.

For this study, CHIRPS data are employed as precipitation-forcing data to refine hydrological model calibration by improving the
representation of rainfall-runoff processes. Additionally, CHIRPS data are utilized to correct biases in precipitation simulations from
climate models, ensuring consistency with observed precipitation patterns. The dataset’s demonstrated accuracy in capturing rainfall
dynamics in complex terrains was particularly advantageous for this study’s focus on semi-arid basins (Dembele et al., 2020; Katsanos
et al., 2016).

Both ERAS and CHIRPS datasets have distinct yet complementary roles within our methodological framework. ERA5 is specifically
employed to provide temperature data (~0.25° spatial resolution), crucial for accurately representing temperature variability across
the study domain. In contrast, CHIRPS is used for precipitation due to its finer spatial resolution (~0.05°) and detailed temporal
coverage, which is particularly beneficial in capturing precipitation variability. Importantly, these datasets are integral to our bias-
correction strategy. We apply ERAS5 (temperature) and CHIRPS (precipitation) data to correct biases inherent in the outputs of
regional climate models (RCMs). This step enhances the reliability and representativeness of climate inputs subsequently fed into our
hydrological models. Employing these corrected datasets for hydrological model calibration, in place of scarce observations, ensures
consistency across basins, this is particularly important given the region’s complex terrain and climatic variability (Beck et al., 2021;
Dembele et al., 2020). Additionally, discharge measurements from gauging stations located within the Atlas Mountain basins serve as
primary observational benchmarks for validating hydrological simulations. Although in-situ precipitation data are available and
presented on the map, preliminary calibration trials indicated inadequate results due to their sparse spatial distribution and limited
basin-scale representativeness. Thus, CHIRPS precipitation was ultimately selected for calibration and validation, ensuring method-
ological consistency with the bias correction of climate model outputs based on the same reanalysis datasets.

2.6. Climate models

In this study, future climate variables are obtained using CORDEX Africa data to assess the impact of climate change on water
resources in the Atlas Mountains. The Coordinated Regional Climate Downscaling Experiment (CORDEX) provides high-resolution
projections by downscaling global climate models (GCMs) to better capture regional climate patterns (Giorgi et al., 2009). In this
study, the CORDEX data have a spatial resolution of 25 km, achieved through bias correction using reference datasets such as ERAS5 for
temperature and CHIRPS for precipitation. This high resolution is crucial for accurately representing the complex topography and



O. Lahnik et al. Journal of Hydrology: Regional Studies 59 (2025) 102371

climatic variability of the Atlas Mountains. Nevertheless, we acknowledge that the CORDEX ensemble, comprising only 9 simulations,
may not fully encompass the structural uncertainties inherent to climate models. This ensemble size represents a necessary
compromise: while a larger ensemble could offer a more comprehensive uncertainty assessment, the limited availability of
high-resolution climate simulations in the CORDEX Africa experiment restricts our options (Dosio et al., 2015, 2019; Nikulin et al.,
2012).To link the gridded data to specific basins, the grid cells intersecting the study basins are identified using a shapefile of the basin
boundaries. Climate variables from the selected grid cells are then averaged at the basin scale to represent the spatially aggregated
climate conditions for each basin. This approach ensures that the unique characteristics of each basin are reflected in the analysis while
maintaining the spatial resolution of the climate data.

This study focuses on the RCP 8.5 scenario, a high-emission pathway that projects significant increases in greenhouse gases
throughout the 21st century. This scenario is widely used to assess severe climate impacts, especially in vulnerable regions like North
Africa, where rising temperatures and changes in precipitation patterns are expected to be particularly pronounced (Calvin et al., 2023;
Stocker, 2013). The selection of RCP 8.5 is dictated by data availability, as the projections used in this study are only available under
this scenario. The analysis includes two future periods (2040-2060 and 2070-2100) compared to a historical baseline (1975-2005).

A bias correction is applied using the Cumulative Distribution Function transform (CDFt) method (Michelangeli et al., 2009),
calibrated against ERA5 for temperature and CHIRPS for precipitation. The CDFt method, a variant of quantile mapping adapted to
non-stationary conditions, has been widely applied in previous studies in many different regions(Ayar et al., 2021; Famien et al., 2018;
Luo et al., 2025; Michelangeli et al., 2009; Vrac et al., 2016; Zhu et al., 2022a, 2022b).In our implementation, transfer functions are
computed on a daily basis to capture daily variability accurately. For precipitation, a pre-processing step is performed to reduce the
drizzle effect by applying a minimum threshold. This approach enhances the consistency between model outputs and observed dis-
tributions, thereby improving the reliability of hydrological projections. The methodology is implemented using the SBCK (Statistical
Bias Correction Kit) Python package, which provides a robust and flexible framework for multivariate bias correction of climate
simulations (Robin and Vrac, 2021). The code and detailed documentation are publicly available at https://github.com/yrobink/
SBCK-python.

Recognizing the uncertainties inherent in climate modelling, this study employs nine RCMs simulations from the CORDEX
ensemble (Table 1) to capture a range of possible climate futures (Giorgi et al., 2009). Global climate models (GCMs) often show
significant divergences in their projections, particularly in representing regional processes critical for hydrology, such as precipitation
variability and orographic effects (Christensen and Lettenmaier, 2007). Using a multi-model approach, incorporating an ensemble of
climate models, helps address these uncertainties in projections for the Atlas Mountains (Muerth et al., 2013).

2.7. Hydrological modeling approach

For the purpose of this study, two hydrological models were selected: the HYPE (Hydrological Predictions for the Environment)
model and the GR4J-CemaNeige model. This selection was driven by the necessity to capture diverse hydrological processes and
evaluate uncertainties inherent in simulating complex water systems under climate change conditions. It is important to emphasize
that the choice of hydrological models can significantly influence hydrological projections and, consequently, climate impact as-
sessments (Clark et al., 2016; Vetter et al., 2017). In addition to data availability and computational constraints, our selection of two
hydrological models with different structural approaches was primarily guided by the study’s specific objectives. Using multiple
models aligns with current practices in hydrological sciences, enabling a comprehensive assessment of uncertainty and enhancing the
reliability of hydrological predictions under climate change scenarios (Fatichi et al., 2016; O’Connell and Todini, 1996)

2.7.1. HYPE model

The HYPE model, a semi-distributed model, has been widely used and validated in diverse climates and regions, including Sweden
(Pechlivanidis et al., 2014; Stromqvist et al., 2012), the Baltic Sea basin(Arheimer et al., 2012), Europe (Donnelly et al., 2016), the
Indian subcontinent (Pechlivanidis and Arheimer, 2015), and the Niger River (Andersson et al., 2017) and on global scale (Arheimer
et al., 2020). One of the main advantages of HYPE is its open-source code, which allows for flexible adaptation and parameterization.
This model is especially suitable for climate change impact assessments, where it has demonstrated robust performance compared to
other models across various global sites (Donnelly et al., 2016; Gelfan et al., 2017; Gosling et al., 2017).

For this study, the HYPE model setup is derived from the World-Wide HYPE framework, which provides a global hydrological

Table 1

Forcing GCMs and RCMs used in this Study.
Driving GCM RCM Resolution Abbreviation
CCCma-CanESM2 RCA4 v1 0.25° CCCma
CNRM-CERFACS-CNRM-CM5 RCA4 vl 0.25° CNRM
ICHEC-EC-EARTH RCA4 vl 0.25° ICHEC
NOAA-GFDL-GFDL-ESM2M RCA4 v1 0.25° NOAA
MPI-M-MPI-ESM-LR RCA4 vl 0.25° MPI
NCC-NorESM1-M RCA4 vl 0.25° NCC
MIROC-MIROC5 RCA4 vl 0.25° MIROC
CSIRO-QCCCE-CSIRO-Mk3-6-0 RCA4 vl 0.25° CSIRO
IPSL-IPSL-CM5A-MR RCA4 vl 0.25° IPSL
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model adapted to regional and basin-level applications (Arheimer et al., 2020). The World-Wide HYPE provides a global setup, offering
predefined parameters and catchment geographical delineations. This setup is further refined to align with the specific characteristics
of the study area, incorporating local data were available to enhance accuracy. The adaptation includes calibrating parameters
relevant to snowmelt dynamics, surface-groundwater interactions, and precipitation-runoff processes, ensuring that the model
accurately represents the hydrological dynamics of mountainous regions like the Atlas Mountains.

HYPE’s ability to model complex hydrological processes and its flexibility in parameterization make it particularly well-suited for
mountainous regions. Additionally, the extensive validation and active scientific support, along with detailed documentation, make
HYPE a suitable choice for assessing the impacts of climate change on water resources in multi-basin systems.

2.7.2. GR4J-CemaNeige model

Conceptual hydrological models, such as the GR models, are widely used in studies assessing the impacts of climate change on
water resources (Mouelhi et al., 2006, 2004; Perrin, 2002; Perrin et al., 2003). However, the inherent simplifications in conceptual
models can limit their ability to fully capture complex hydrological processes under changing climatic conditions, particularly when it
comes to simulating drought events. For example, the aggregated representation of catchment processes may not accurately reproduce
detailed soil moisture dynamics, evapotranspiration feedback, and groundwater contributions that are crucial for simulating drought.
Furthermore, calibration based on historical discharge may not encompass the full range of future variability induced by climate
change since this type of model does not explicitly reproduce energy and water budgets. While these models remain valuable tools for
assessing water balance and snow-driven processes in data scarce regions, their application for drought analysis should be interpreted
with caution. Future studies could enhance drought simulation by using more physically based approaches or by refining the model
parameterizations to better represent drought-related processes.

The GR4J-CemaNeige model is chosen for its simplicity and effectiveness in simulating hydrological balance, combined with
CemaNeige’s capacity to simulate snow dynamics. This is particularly crucial in regions where snow provides a significant water
source. The integration of snow processes with other components of the water cycle, such as precipitation and runoff, enhances its
applicability in mountainous environments. A schematic overview of the hydrological processes and key governing equations rep-
resented in the GR4J-CemaNeige model, along with those of the HYPE model used in this study, is provided in the supplementary
material (Figure A.1) to offer a clearer understanding of their conceptual structures.

The GR4J-CemaNeige model has been applied in various studies within Morocco to assess the impacts of climate scenarios on water
resources (Boumenni et al., 2017; Hajhouji et al., 2020, 2018). Its implementation is further facilitated by the availability of appli-
cation tools such as the airGR package in R (Coron et al., 2017), which simplifies model calibration and analysis.

2.7.3. Model calibration and validation

The calibration and validation of the HYPE and GR4J-CemaNeige hydrological models relied on observed discharge data from
gauging stations across various basins in the Atlas Mountains. These data served as the main benchmark for evaluating model per-
formance. However, observational data for precipitation proved significantly limited. Available precipitation data contained sub-
stantial gaps and were unevenly distributed, compromising their spatial representativeness. Additionally, no observed temperature
data were available for the region.

To address these limitations, we utilized CHIRPS precipitation and ERAS5 temperature datasets, which offer spatially continuous
and temporally consistent gridded data. This approach ensured coherent climate forcing across all basins, a key requirement for
reliable hydrological simulations. It is important to note that while model calibration was performed with observed discharge data,
CHIRPS and ERAS datasets were used as climate data inputs due to the lack of reliable and spatially complete observational data.

The calibration process covered the period from 1989 to 2000, during which model parameters were adjusted to maximize
agreement between simulated and observed discharge. In the HYPE model, this process refined parameters related to snowmelt, soil
moisture, and surface runoff. The GR4J-CemaNeige model focused on snow accumulation and runoff generation, consistent with its
emphasis on snow-driven hydrological processes. Incorporating CHIRPS precipitation data enhanced the spatial representation of
rainfall variability, particularly in regions with sparse gauge networks (Dinku et al., 2018; Gebrechorkos et al., 2024). Regarding
temperature, we did not have observed data available and thus relied on ERA5 temperature data, acknowledging potential biases
associated with this dataset, especially in mountainous areas characterized by steep temperature gradients.

The calibration of the HYPE model involved fine-tuning 15 key parameters that govern various hydrological processes. Each
parameter was constrained within physically plausible bounds based on hydrological theory and previous applications (Arheimer
et al., 2020):

e Snowmelt rate (mm/day): Calibrated within a range of 2-5; controls the rate at which snow is converted to runoff.
Evapotranspiration correction factor (-): Calibrated between 0.1 and 0.3; modulates the partitioning of precipitation between
evapotranspiration and runoff.

Percolation rate (mm/day): Explored within 5-100; governs vertical water movement through soil layers.

Soil moisture storage (-): Calibrated between 0.05 and 0.5; defines the water-holding capacity of soil layers.

Effective porosity (-): Set within 0.05-0.5; affects the proportion of soil volume available for water transport.

Runoff coefficient (-): Varied between 0.05 and 0.5; dictates the fraction of precipitation contributing directly to surface runoff.
River flow velocity (m/s): Calibrated between 0.5 and 2; determines the speed of water movement within the river network.
Lake depth (m): Adjusted within 5-10; represents the vertical storage capacity of lakes.
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e Rating curve parameters (-): Two coefficients, calibrated between 1-100 and 1-2, respectively, that control the relationship be-
tween water storage and observed discharge.

An iterative calibration procedure was applied, guided by a global sensitivity analysis to prioritize influential parameters. Initial
calibration was conducted on representative basins grouped according to soil and land use characteristics. Optimization was per-
formed using the Kling-Gupta Efficiency (KGE) metric, which combines correlation, bias, and variability ratios.

For the GR4J-CemaNeige model, calibration focused on six core parameters:

X1 (mm): Maximum capacity of the production reservoir; calibrated between 100 and 1200.

X2 (mm): Exchange coefficient between production and routing reservoirs; calibrated between -5 and 3.
X3 (mm): Capacity of the routing reservoir; calibrated between 20 and 300.

X4 (days): Time constant of the routing reservoir; calibrated between 1 and 5.

CNX1 (°C): Threshold temperature for snow accumulation; calibrated between -2 and 2.

CNX2 (mm/day): Degree-day melt factor; calibrated between 0.1 and 0.3.

The GR4J-CemaNeige calibration employed the “Calibration_Michel” algorithm from the airGR package (Coron et al., 2017). This
method used a grid-search approach to determine optimal parameter values based on the KGE metric. The KGE provides a compre-
hensive assessment of hydrological performance by combining correlation, bias ratio, and variability ratio (Gupta et al., 2009).

To ensure model robustness, a split-sample approach divided the data into calibration (1989-2000) and validation (2001-2014)
periods (Liu et al., 2018). This approach tested the models’ ability to generalize beyond the calibration period, minimizing the risk of
overfitting. Subsequently, the hydrological models were forced with bias-corrected climate simulations using CHIRPS and ERA5
datasets. This correction step ensured that climatic inputs were representative of the study area’s conditions, providing a solid
foundation for future hydrological projections under changing climate scenarios.

2.8. Analysis of hydrological droughts

A systematic approach is employed to identify and compare hydrological drought characteristics across historical and future pe-
riods (Hodgkins et al., 2024). Simulated daily discharge data, from the HYPE and GR4J-CemaNeige models, driven by CORDEX climate
data, are processed using a 7-day moving average (MA7) to smooth short-term fluctuations and detect low-flow conditions (Smakhtin,
2001; Tallaksen and Lanen, 2004). The low-flow threshold is calculated as the 10th percentile of the smoothed discharge (MA7) during
the historical period, representing baseline conditions for each basin (Hisdal et al., 2000; Smakhtin, 2001). Drought episodes are
identified as consecutive days when the MA7 discharge values remained below this threshold, and each episode is characterized by its
start and end dates, duration, and maximum intensity. To ensure consistency, the same threshold and methodology are applied to
climate projections under the RCP8.5 scenario for the periods 2040-2060 and 2070-2100. Additionally, the seasonal occurrence of
droughts is examined by mapping the start and end dates of episodes to their respective months, allowing the identification of potential
shifts in the timing of hydrological stress periods under future climatic conditions.
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Fig. 2. Boxplot of KGE Scores for Calibration and Validation of HYPE and GR4J-CemaNeige Models.
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3. Results and discussion
3.1. Model performance

3.1.1. Overall performance

The performance of the GR4J-CemaNeige and HYPE hydrological models was assessed using the Kling-Gupta Efficiency (KGE)
criterion for daily discharge over both calibration and validation periods (Fig. 2). Across all studied basins, median daily KGE values
obtained during calibration were 0.44 for HYPE and 0.38 for GR4J-CemaNeige. Representative hydrographs comparing observed and
simulated discharge (Fig. 3) illustrate that both models effectively capture the overall discharge dynamics, particularly during events
driven by snowmelt processes.

However, clear discrepancies remain evident, particularly regarding accurately simulating peak discharge magnitudes. These
discrepancies are most pronounced during high-flow conditions and may result from inadequate representations of critical processes
and complex spatial variability in mountainous regions, factors previously highlighted by studies (Gascoin, 2021; Hanich et al., 2024).
Additionally, the lack of spatially distributed snow measurements could significantly alter observed snowmelt dynamics and,
consequently, the hydrological response, further contributing to observed deviations.

Moreover, the analysis of the annual discharge cycle (Figure A.2 in the supplementary materials) highlights both models’ capa-
bilities in simulating seasonal discharge variability, effectively simulating river flows typically occurring in winter and early spring due
to snowmelt. Although these seasonal patterns are generally captured, observed differences between simulated and actual peak dis-
charges emphasize the ongoing need for improved model representations of snow dynamics and associated hydrological processes.

Further detailed analyses of these hydrological processes, including the quantification of snowmelt’s contribution to total
discharge, are presented in subsequent sections of the manuscript.

3.1.2. Spatial variability

The spatial variability of model performance is evident in the distribution of Kling-Gupta Efficiency (KGE) values across the study
area (Fig. 4). Both models generally achieve higher KGE values during the calibration phase. The HYPE model consistently outperforms
GR4J-CemaNeige across most regions, achieving higher KGE values in both calibration and validation phases, which indicates its
robustness in simulating hydrological processes under varying climatic and physiographic conditions.

In contrast, GR4J-CemaNeige shows weaker performance during validation, particularly in the southwestern regions, where KGE
values are notably lower. This discrepancy primarily occurs during high-flow events, indicating limitations in the model’s ability to
accurately represent rapid runoff generation, infiltration excess, and surface-subsurface flow interactions. These limitations suggest
challenges in generalizing model performance beyond calibration conditions and highlight the importance of better addressing spatial
variability to improve model reliability in diverse hydrological settings.
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Fig. 3. Representative hydrographs showing observed and simulated daily discharge and snowmelt for a representative basin (Ait Ouchene basin)
during calibration and validation periods.
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Fig. 4. Spatial Distribution of KGE for HYPE and GR4J-CemaNeige Models.

3.1.3. Influence of basin characteristics

The correlation analysis between model performance and basin characteristics is presented in Fig. 5. To assess these relationships,
key basin attributes such as slope, land use, soil type, and the aridity index are analyzed. The aridity index is calculated using De
Martonne’s formula (Martonne, 1926), which is based on precipitation and temperature data, while other basin characteristics are
sourced from publicly available databases, as detailed in the supplementary materials (Table A.2).

The results reveal that certain basin characteristics are positively correlated with model performance, as measured by the Kling-
Gupta Efficiency (KGE). Specifically, higher annual mean precipitation, greater forest cover, and a larger proportion of irrigated
cropland are linked to improved model accuracy. This suggests that hydrological models generally perform better in regions with
greater water availability and stable land cover conditions. Conversely, negative correlations, especially with the aridity index,
indicate a decline in model accuracy in drier areas.

In addition, basin size does not emerge as another important factor to explain model performance. Smaller basins typically respond
more quickly to precipitation events due to lower storage capacity and shorter concentration times, leading to more pronounced short-
term variability in discharge. Larger basins, by contrast, tend to exhibit a more buffered or delayed response because of their greater
storage capacity. This distinction in hydrological response behavior can partly explain the variability in model performance across
basins of different sizes. The results presented herein indicate the climatic conditions may be a more important factor to explain the
hydrological model performance across the basins, since also the basin sample does not include basins larger than 3000 km?.

The findings further indicate that the HYPE model outperforms GR4J-CemaNeige in simulating discharge in the Atlas Mountains
during both the calibration and validation phases. This superior performance can be attributed to HYPE’s capability to represent
complex hydrological processes, such as snowmelt dynamics and surface-groundwater interactions, which are particularly important
in mountainous regions. However, GR4J-CemaNeige might provide complementary insights, potentially performing better at
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Fig. 5. Correlation Matrix of KGE Scores from HYPE and GR4J-CemaNeige Models and Basin Characteristics., Notes: Al Aridity Index, CN: Curve
Number, AWC: Available Water Capacity, BD: Bulk Density, %Cly: %Clay, %Grv: %Gravel, %Snd: %Sand, %Slt: %Silt, GW_depth: Groundwater
Depth, GW_prod: Groundwater Productivity, GW_stor: Groundwater Storage, Max_Alt: Maximum Altitude, Mean_Alt: Mean Altitude, TWI: Topo-
graphic Wetness Index, %For: %Forest, %Urb: %Urban, %Crp: %Cropland, %Crp_irr: %Cropland Irrigated, %Grs: %Grassland, %Shrb: %Shrubland,
%Spv: %Sparse Vegetation, %Brl: %Bare Land, Area: Basin Area, MAP: Mean Annual Precipitation, MAT: Mean Annual Temperature, MAPE: Mean
Annual Potential Evapotranspiration, %Irr: %Irrigation, KGE_HYPE: Kling-Gupta Efficiency of HYPE model, KGE_GR4J-CemaNeige: Kling-Gupta
Efficiency of GR4J-CemaNeige model.
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representing specific processes or adapting to temporal changes not evaluated numerically in this study. The spatial variability in
model performance underscores the critical role of local factors such as topography, land use, and climatic conditions. Incorporating
basin-specific characteristics into model calibration could further enhance predictive accuracy. These findings underscore the value of
multi-model approaches in climate change impact assessments, as each model brings distinct structures, parameterizations, and as-
sumptions (Giuntoli et al., 2015). By encompassing a broader range of uncertainties and perspectives, multi-model ensembles lead to
more robust and reliable projections under evolving climate conditions. Furthermore, choosing models suited to the basin’s charac-
teristics and research objectives remains critical for ensuring accuracy and relevance in hydrological studies.

3.2. Climate change projections

3.2.1. Projected changes in precipitation

To assess future precipitation changes, we first examine the annual precipitation cycle to evaluate seasonal variability and compare
historical simulations with observations. Figure A.3 in the supplementary materials presents a comparison of observed and modeled
historical precipitation cycles (1975-2005), highlighting a tendency of climate models to overestimate precipitation during the wet
season, particularly in February and March, while performing well during drier months.

Under the RCP8.5 scenario, precipitation is projected to decrease, particularly in the wet season. As shown in Figure A.4
(supplementary materials), moderate reductions are expected during 2040-2060, with significant declines in February, March, and
December. By 2070-2100, this drying trend intensifies, especially in winter and early spring. However, precipitation levels during the
driest months (July and August) remain relatively stable across all periods, leading to an increasing seasonal contrast.

3.2.2. Spatial distribution of precipitation changes

Precipitation changes across Morocco exhibit significant regional variations under the RCP8.5 high-emission scenario. Fig. 6
presents the spatial distribution of mean relative precipitation changes (%) for 2040-2060 and 2070-2100.For 2040-2060, moderate
declines of —11 % to —23 % are projected, particularly in the southern Atlas region, potentially exacerbating existing water scarcity
issues. By 2070-2100, reductions intensify, reaching up to —43 % in some areas, especially in the southwest, indicating a progressive
drying trend over time.

While some regions experience significant decreases, others may remain relatively stable or even see slight increases, highlighting
spatial variability in climate change impacts. These projected shifts in precipitation patterns have major implications for water re-
sources, agriculture, and ecosystem stability, emphasizing the need for region-specific adaptation strategies.

3.2.3. Inter-Model Variability in Precipitation Projections

The magnitude of precipitation changes varies across climate models. Figure A.5 (supplementary materials) shows the mean
relative change in precipitation (%) projected by different models for 2040-2060 and 2070-2100. While all models indicate declining
precipitation, the extent of reduction differs: MIROC-MIROC5 and NOAA-GFDL-GFDL-ESM2M project the steepest declines, exceeding
30 % by 2070-2100, while CCCma-CanESM2 and ICHEC-EC-EARTH suggest reductions below 20 %.

This variability is further illustrated in Figure A.6 (supplementary materials), which presents a boxplot of precipitation changes
across basins for different models. For 2040-2060, median reductions range between —10 % and —30 %, with some models exhibiting
significant outliers. By 2070-2100, the spread widens, reflecting increased uncertainty in long-term projections.

3.2.4. Projected changes in potential evapotranspiration

To assess future changes in potential evapotranspiration (PET), we first examine the historical annual cycle to compare observed
and simulated PET values. Figure A.7 (supplementary materials) presents the mean daily cycle of potential evapotranspiration (PET)
for the period 1975-2005, highlighting a pronounced seasonal pattern with a peak occurring in July, coinciding with the warmest
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Fig. 6. Spatial Distribution of Mean Relative Change in Precipitation (%) relative to the historical period (1975-2005) for 2040-2060
and 2070-2100.
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months and highest solar radiation. The PET values used here are calculated using the temperature-based formulation developed by
Oudin et al. (2005), based on ERAS air temperature, and are used as reference data in the absence of direct temperature observations to
compute PET. These PET estimates consistently exceed those simulated by historical climate models, especially during peak months.
This discrepancy may result from biases inherent in the reanalysis inputs or from limitations in the climate models’ representation of
atmospheric processes affecting evapotranspiration, such as radiation, humidity, and wind speed (Mcfarlane, 2011; Trenberth et al.,
2007). Future projections under the RCP8.5 scenario indicate a progressive intensification of PET, especially during summer.
Figure A.8 (supplementary materials) illustrates the projected annual cycle for 2040-2060 and 2070-2100, showing a steady increase
in PET magnitude, with the largest differences observed in summer months (June to August). By the late century, PET reaches its
highest projected levels, reinforcing concerns about increased water loss and exacerbated water scarcity risks in the region.

3.2.5. Spatial Distribution of PET Changes

The spatial distribution of mean relative PET changes (%) for 2040-2060 and 2070-2100 is presented in Fig. 7. For 2040-2060,
PET is projected to increase by 10-21 %, indicating higher evaporative demand and greater water loss through evaporation and
transpiration. By 2070-2100, PET increases become more widespread, with some regions experiencing rises of up to 38 %. These
trends suggest an elevated risk of drought conditions, as higher PET, coupled with declining precipitation, may lead to reduced water
availability and increased pressure on water resources.

3.2.6. Inter-model variability in PET projections

Future PET projections exhibit considerable variability across climate models. Figure A.9 (supplementary materials) presents the
mean relative change in PET (%) for different models under RCP8.5, comparing mid-century (2040-2060) and late-century
(2070-2100) projections. While all models indicate PET increases, the magnitude varies: some models project increases exceeding
30 % by 2070-2100, whereas others suggest more moderate rises.

This variability is further illustrated in Figure A.10 (supplementary materials), which presents a boxplot of PET changes across
basins. For 2040-2060, median increases range between 10 % and 30 %, with some models displaying significant outliers. By
2070-2100, projections show even greater increases and higher inter-model variability, emphasizing the uncertainty in long-term PET
projections. These findings underscore the importance of using multi-model ensembles for a robust assessment of climate impacts on
evapotranspiration and water availability.

3.2.7. Projected changes in discharge

To assess future river discharge dynamics, we use the HYPE and GR4J-CemaNeige hydrological models, both previously calibrated
and validated with CHIRPS precipitation data and ERA5 temperature data. These models are then driven by climate simulations
(precipitation and temperature) that have been bias-corrected.

3.2.8. Spatial distribution of discharge changes

The spatial distribution of the mean projected change of the mean annual discharge under RCP8.5 is illustrated in Fig. 8, showing
consistent declines across both models for 2040-2060 and 2070-2100.

For 2040-2060, reductions in mean annual discharge range from —20 % to —60 %, with a further intensification by 2070-2100,
where declines could reach up to —80 % in certain regions. The HYPE model projects moderate decreases of —10 % to —40 % in
2040-2060, particularly in southwestern basins, but up to —60 % to —80 % in 2070-2100, especially in western basins. Similarly, the
GR4J-CemaNeige model projects discharge reductions of —20 % to —40 % in the mid-century period, with more pronounced declines
of up to —80 % toward 2100, particularly in central and southwestern regions.
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Fig. 7. Spatial Distribution of Mean Relative Change in Potential Evapotranspiration (%) relative to the historical period (1975-2005) for
2040-2060 and 2070-2100.
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Fig. 8. Spatial Distribution of Relative Change in Mean Discharge (%) for the HYPE and GR4J-CemaNeige Models relative to the historical period
(1975-2005) for 2040-2060 and 2070-2100.

3.2.9. Inter-model variability in discharge projections

Projected changes in mean annual discharge across multiple climate models (Figure A.11, supplementary materials) show a
consistent decline across both hydrological models and future horizons (2040-2060 and 2070-2100). Some models, such as MIROC-
MIROCS5 and IPSL-CM5A-MR, project reductions exceeding 60 % by 2070-2100, indicating a severe impact of climate change on water
resources.

This variability is further illustrated in Fig. 9, which presents a boxplot of projected discharge changes for the HYPE and GR4J-
CemaNeige models across basins. For 2040-2060, median reductions range from —20 % to —50 %, depending on the hydrological
model and time period. While HYPE exhibits slightly lower variability, both models indicate increased hydrological stress in
2070-2100, emphasizing the need to account for climate and hydrological model uncertainties when assessing future water
availability.

The projected decline in discharge, driven by decreasing precipitation and increasing evapotranspiration, underscores the growing
vulnerability of water resources under climate change.

3.2.10. Projected changes in Snow

3.2.10.1. Snow storage. The annual cycle of snow storage is illustrated in Fig. 10, as simulated by the HYPE and GR4J-CemaNeige
hydrological models. These models explicitly account for snow processes, providing insights into snow accumulation and melt dy-
namics. The mean snow storage across all basins is depicted for each climate model individually and for the ensemble mean of the
models.

The results indicate distinct seasonal patterns of snow accumulation, with peak snow storage typically occurring between February
and March for both models. Under historical climate conditions, the snow storage simulated by the HYPE model reaches its seasonal
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Fig. 9. Boxplot illustrating the change signal in Discharge (Q) for Two Hydrological Models (HYPE and GR4J-CemaNeige) across basins for different
climate models under RCP8.5 Scenario.
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Fig. 10. Annual cycle of snow storage simulated by HYPE and GR4J-CemaNeige models under historical and projected climate conditions across all
basins. The lines represent the basin-average snow storage for individual climate models and their ensemble means.

maximum during this period, although it remains lower compared to the values simulated by GR4J-CemaNeige. Snow storage then
progressively decreases throughout spring, completely melting by early summer.

Under future climate projections, all climate models consistently project a significant decrease in snow storage. This decline is
particularly pronounced during peak snow accumulation months, suggesting warmer temperatures and potentially altered precipi-
tation patterns in the future. The ensemble mean indicates that snow storage could decrease by more than 50 % relative to historical
levels. This substantial reduction could result from warmer winter and spring temperatures, leading to a shorter snow accumulation
period, earlier melt onset, and reduced overall snowpack. These projected changes in snow dynamics are critical as they imply sig-
nificant alterations in the hydrological regime, including earlier peak discharge and potential reductions in water availability during
the drought season.

3.2.10.2. Snow melt contribution. Fig. 11 illustrates the spatial distribution of snowmelt contribution (%) to discharge for each basin
under historical and projected climate scenarios. Fig. 12 presents boxplots comparing snowmelt contributions across different climate
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Fig. 11. Spatial distribution maps illustrating the relative contribution (%) of snowmelt to discharge across all basins for historical and projected
periods under the HYPE and GR4J-CemaNeige models.

models for the HYPE and GR4J-CemaNeige models during both historical and projected periods.

Historically, snowmelt significantly contributes to discharge, especially in mountainous regions, with contributions frequently
reaching around 15 % and occasionally exceeding 30 % in specific basins (Boudhar et al., 2016). However, both the GR4J-CemaNeige
and HYPE models tend to overestimate snowmelt contributions compared to these observational estimates. The GR4J-CemaNeige
model generally reports slightly higher values than the HYPE model, which can be attributed to differences in the snowmelt
parameterization schemes implemented in the two models. This overestimation underscores the importance of accurately representing
snow processes in hydrological modeling, particularly in snow-dominated catchments. Under projected climate conditions, snowmelt
contributions to discharge exhibit a clear decrease, generally falling below 5 % across most basins. This marked decline signifies a shift
towards rainfall-dominated hydrology and highlights the reduced role of snowmelt in future water availability. These spatially
coherent patterns highlight substantial alterations in hydrological processes, underscoring the critical need for adaptive water man-
agement strategies to mitigate the impacts of projected reductions in snowmelt-driven discharge under future climate warming
scenarios.

3.3. Relationships between climatic and hydrological variables

The relationships between climatic changes and hydrological responses under the RCP8.5 scenario (2070-2100) are analyzed by
examining changes in precipitation (P), potential evapotranspiration (PET), and discharge (Q) for the HYPE and GR4J-CemaNeige
models, Figure A.12 (supplementary materials) illustrates these correlations. Both models exhibit a strong positive correlation be-
tween changes in precipitation and discharge (R = 0.96 for HYPE; R = 0.95 for GR4J-CemaNeige), indicating that reductions in
precipitation are closely associated with substantial decreases in mean annual discharge. Conversely, there is a negative correlation
between changes in evapotranspiration and discharge (R = —0.74 for HYPE; R = —0.73 for GR4J-CemaNeige); suggesting that
increased evapotranspiration due to rising temperatures contributes to diminished discharge by enhancing water loss.

These consistent patterns across both models highlight that precipitation is the dominant factor influencing future discharge in the
mountainous basins, while evapotranspiration also plays a significant role. The findings underscore the critical impact of projected
climate-induced precipitation reductions and evapotranspiration increases on water availability. Incorporating both variables into
hydrological assessments is essential for accurate projections and for developing effective water resource management strategies under
changing climatic conditions.
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Fig. 12. Boxplots comparing snowmelt Contribution (%) across different climate models for two hydrological models (HYPE and GR4J-CemaNeige)
during historical and projected periods.

3.4. Relationships between projected changes and basin characteristics

This section examines how various physical and climatic attributes of the basins influence the projected mean changes in discharge
under the RCP8.5 scenario for 2070-2100. Fig. 13 presents a correlation matrix illustrating the relationships between the projected
changes in discharge for the HYPE and GR4J-CemaNeige models and several environmental variables.

The analysis indicates that basins with higher aridity index values are projected to experience larger changes in discharge, sug-
gesting that drier regions are more sensitive to alterations in discharge under climate change. This finding highlights how the impacts
of climate change manifest differently across basins with varying levels of aridity. Similarly, climatic variables such as mean annual
precipitation and potential evapotranspiration exhibit moderate to strong correlations with projected changes, particularly for the
HYPE model. This underscores the predominant role of climatic factors in driving hydrological responses under future climate
scenarios.

Soil and groundwater characteristics, such as available water capacity and groundwater depth, display weaker or more variable
correlations with discharge changes. While these factors influence hydrological responses, their impact appears less pronounced
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Fig. 13. Correlation Matrix of Mean Changes in Discharge, Precipitation, Evapotranspiration, and Basin Characteristics (RCP8.5, 2070-2100).
Notes: AL Aridity Index, CN: Curve Number, AWC: Available Water Capacity, BD: Bulk Density, %Cly: %Clay, %Grv: %Gravel, %Snd: %Sand, %Slt:
%Silt, GW_depth: Groundwater Depth, GW_prod: Groundwater Productivity, GW_stor: Groundwater Storage, Max_Alt: Maximum Altitude, Mean_Alt:
Mean Altitude, TWI: Topographic Wetness Index, %For: %Forest, %Urb: %Urban, %Crp: %Cropland, %Crp_irr: %Cropland Irrigated, %Grs: %
Grassland, %Shrb: %Shrubland, %Spv: %Sparse Vegetation, %Brl: %Bare Land, MAP: Mean Annual Precipitation, MAT: Mean Annual Temperature,
MAPE: Mean Annual Potential Evapotranspiration, %Irr: %Irrigation, AQ_HYPE: Mean Change in Discharge for HYPE, AQ_GR4J: Mean Change in
Discharge for GR4J-CemaNeige.
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compared to climatic drivers. Land cover attributes, including the percentages of forest, cropland, and irrigated areas, show mixed
effects.

Interestingly, the overall correlation patterns between environmental variables and discharge changes are similar for both models
in terms of aridity index, mean annual precipitation, and the percentage of sparse land cover. However, notable differences are
observed for variables such as urban areas, clay content, and basin area. These discrepancies suggest that HYPE and GR4J-CemaNeige
may respond differently to specific processes, potentially due to variations in model structure or parameterization.

This analysis highlights the intricate interactions between basin characteristics and projected hydrological changes under climate
change. It underscores the importance of selecting models that can accurately capture these dynamics and adapting them to specific
basin conditions. A model tailored to local physiographic attributes enhances the reliability of climate change impact projections on
water resources, providing deeper insights into how basin characteristics influence hydrological responses in a changing climate.

3.5. Analysis of hydrological droughts

Under the RCP8.5 scenario, hydrological droughts are projected to intensify significantly. Both the HYPE and GR4J-CemaNeige
models project notable increases in the duration and frequency of drought events, alongside discernible shifts in their seasonal
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Fig. 14. Projected annual average duration (A) and frequency (B) of drought events for HYPE and GR4J-CemaNeige models under the RCP8.5
scenario, based on the 10th percentile of the 7-day moving average discharge.
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patterns during the future periods 2040-2060 and 2070-2100. These findings highlight the escalating risks posed by climate change to
water resources in mountainous basins and are detailed below.

3.5.1. Projected increases in drought duration and frequency

The projections reveal a pronounced intensification in the characteristics of drought events. Fig. 14A illustrates the projected
increase in average drought duration. In the historical period, droughts lasted an average of 5-15 days depending on the hydrological
model and basin. Projections for 2040-2060 under the RCP8.5 scenario reveal a near doubling of these durations, with averages
ranging between 10 and 25 days. By 2070-2100, drought durations are projected to exceed 20 days on average, with some basins
modeled by GR4J-CemaNeige experiencing particularly prolonged events of up to 30 days. These extended durations reflect a sig-
nificant shift in the hydrological regime of the study region.

In addition to longer durations, the annual frequency of drought events is also expected to rise significantly (Fig. 14B). Historically,
basins experienced 1-2 drought episodes per year. Projections indicate that by 2040-2060, this number will increase to 2-3 events
annually, and by 2070-2100, basins are projected to experience up to 4-5 drought episodes per year based on the range of variability
within the climate model ensemble used. The HYPE model projects slightly higher frequencies compared to GR4J-CemaNeige, sug-
gesting and higher sensitivity to climatic variability. Combined with extended durations, this increase in frequency poses significant
challenges for water resource management, particularly in basins already experiencing water stress.

The analysis further reveals a strong correlation between drought characteristics and the aridity index of the basins, as illustrated in
Figure A.13 (supplementary materials). Higher aridity is associated with longer drought durations (-0.60 for HYPE and —0.65 for
GR4J-CemaNeige) and a greater number of drought episodes (-0.45 for HYPE and —0.50 for GR4J-CemaNeige). These findings indicate
that drier basins are more susceptible to intensified drought conditions, driven by a combination of reduced precipitation and higher
evapotranspiration rates under future climate scenarios.

3.5.2. Shifts in seasonal occurrence of droughts

Future climate projections reveal significant shifts in the seasonal timing and distribution of drought events, with critical impli-
cations for water resources in mountain basins. Historically, droughts have been predominantly concentrated in the summer months,
particularly from July to September. However, as shown in Fig. 15, climate change is expected to alter this distribution, with drought
events occurring more frequently earlier in the year, March or April and persisting later into October or November. These changes
result in a broader temporal spread of droughts, with a notable increase in their frequency during the spring months, especially in April
and May.

The projections indicate that by the mid-century period (2040-2060), spring months will experience a marked rise in drought
episodes, while by the end of the century (2070-2100), these increases will extend into late autumn (September—October). Addi-
tionally, the peak of drought occurrences is expected to shift towards mid-summer, with overall higher drought frequencies compared
to the historical baseline.

4. Conclusion

This study assesses the impacts of climate change on discharge in 36 mountainous basins across Morocco, utilizing observed data
and climate projections from nine CORDEX-Africa models under the RCP8.5 scenario for the periods 2040-2060 and 2070-2100.
Employing the HYPE and GR4J-CemaNeige hydrological models provides valuable insights into projected hydrological responses
across diverse basin characteristics.

The evaluation of the two hydrological models shows Kling-Gupta Efficiency (KGE) values between 0,4 and 0,3. The HYPE model
consistently demonstrates higher median KGE values compared to GR4J-CemaNeige, suggesting stronger predictive performance
across diverse hydrological conditions. Nonetheless, the interpretation of these metrics must consider both the structural limitations of
the models and the specific characteristics of the calibration procedures applied. It is important to acknowledge that conceptual
hydrological models inherently simplify complex natural catchment dynamics. Consequently, they may not fully capture land-surface
energy and water budgets, because they aggregate various processes including soil moisture dynamics, evapotranspiration, and
groundwater contributions.

Analysis of projected climatic conditions highlights significant declines in precipitation of up to —43 %, coupled with increases in
potential evapotranspiration of up to + 38 % by 2070-2100. These changes exacerbate existing water scarcity challenges, presenting
critical implications for sustainable water resource management. Both hydrological models predict notable reductions in mean
discharge, with some areas potentially experiencing discharge decreases of up to —80 % by the end of the century. This underscores the
severe threat posed by high-emission scenarios to water availability in Morocco’s mountainous basins.

Furthermore, snow storage and snowmelt contributions are projected to decline substantially due to rising temperatures. Peak
snow storage is expected to decrease by over 50 %, leading to a shift in the hydrological regime from snowmelt-dominated to rainfall-
driven discharge regime. This reduction in snowmelt contribution will alter seasonal water availability, reducing discharge during late
spring and early summer, when snowmelt historically played a crucial role in sustaining discharge in Morocco. The diminishing
snowpack further compounds the risk of extended dry periods, emphasizing the need for climate-adaptive water resource planning in
mountainous regions.

In addition to decreasing discharge, hydrological droughts are projected to intensify, characterized by longer durations, increased
frequency, and earlier seasonal onset. By 2070-2100, drought events could persist for more than 30 days on average, occurring up to
4-5 times annually. This increase in the severity and duration of drought conditions places substantial pressure on water resources,
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Fig. 15. Monthly distribution of drought episodes across historical and future periods for HYPE and GR4J-CemaNeige models.

heightening the need for adaptive management and mitigation measures to safeguard water security.

The findings of this study emphasize the dominant role of precipitation variability in driving discharge changes, as demonstrated by
strong positive correlations (R ~ 0.96) between precipitation decline and discharge reduction. Simultaneously, increased evapo-
transpiration shows a significant negative correlation (R ~ —0.74) with discharge, further compounding water loss across the basins.
Notably, the impacts are not uniform, with drier basins exhibiting greater sensitivity to hydrological stress. The projected decline in
snow storage and snowmelt contribution further amplifies these hydrological changes, requiring integrated water management ap-
proaches that account for both precipitation-driven and snowmelt-driven water supply reductions.

Perspectives and recommendations

The projected discharge reductions and intensified drought conditions underscore the heightened vulnerability of water resources
in mountainous regions under high-emission scenarios. Longer and more frequent droughts are likely to strain water supplies for
agricultural, domestic, and ecological needs. These changes highlight the urgency for developing adaptive water management stra-
tegies to mitigate the adverse impacts of climate change on the region’s water resources and to ensure sustainable development.
Adaptive water management is paramount to optimizing resource utilization and buffering against the variability in water availability.
Key strategies include implementing efficient irrigation practices, enhancing water storage infrastructure such as reservoirs and
groundwater recharge systems and promoting drought-resistant crop varieties. Additionally, formulating integrated water resource
management policies that incorporate climate projections and hydrological modeling is essential. Such policies should prioritize
sustainable water allocation, conservation measures, and the development of early warning systems to predict and mitigate drought
risks effectively. In the agricultural sector, adaptation measures such as shifting to less water-intensive and drought-resistant crops,
adjusting planting schedules, and adopting water-saving technologies are crucial for sustaining productivity under changing climatic
conditions. Furthermore, strengthening monitoring and early warning systems by expanding snowpack monitoring and improving
seasonal forecasting of precipitation, temperature, and evapotranspiration will enhance drought preparedness and water planning.
These approaches not only improve forecasting accuracy but also support the optimization of reservoir management and mitigate the
impacts of climate change on mountainous basins.

The shifts in the annual distribution of hydrological drought events pose critical challenges for water resource management in
mountain basins. Snowmelt and spring rainfall, which are essential for replenishing surface and groundwater systems, may no longer
align with periods of increasing water demand. The earlier onset of droughts coincides with the snowmelt period, potentially dis-
rupting the balance between water supply and demand, particularly for agricultural and domestic needs. Prolonged drought conditions
are also likely to reduce discharge levels and groundwater recharge over an extended period, creating water scarcity for irrigation,
drinking water supplies, and hydroelectric power generation. The early depletion of snowpacks and soil moisture reserves could
weaken ecosystems’ ability to withstand extended dry conditions, affecting vegetation and aquatic habitats.

Agriculture, which depends heavily on reliable water availability, may face disruptions to planting schedules and reductions in crop
yields as a result of these changing seasonal patterns. To address these challenges, infrastructures such as reservoirs may need to be
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adapted to accommodate these shifts in water availability. Additionally, integrated water resource management strategies will be
essential, focusing on improved forecasting, sustainable water allocation, and measures to enhance ecosystem resilience. These
changes in the seasonal distribution of drought events highlight the urgent need for adaptive strategies to ensure the sustainability of
water resources in mountain basins under future climate conditions.

To address the uncertainties and complexities of future climatic and hydrological conditions, a broader scenario analysis is needed.
Incorporating CMIP6 projections and exploring multiple Shared Socioeconomic Pathways (SSPs) alongside emission scenarios such as
RCP4.5 and RCP2.6 will enable a comprehensive assessment of potential outcomes. This broader framework will help evaluate both
high- and low-emission trajectories and provide valuable insights into the effectiveness of mitigation efforts.

Enhancing hydrological models to better capture complex processes such as snowmelt dynamics, groundwater interactions, and
land-use changes will improve the precision of projections. Investigating the impacts of land-use and land-cover changes on hydro-
logical responses under climate change is also essential to develop integrated strategies for managing land and water resources.
Furthermore, integrating socioeconomic variables into hydrological models will facilitate a deeper understanding of the combined
effects of climate change and human activities on water resources, supporting the development of holistic adaptation measures.

This study highlights the critical need for integrated water resource management and the development of robust adaptation policies
in response to climate change impacts. Demonstrating, the projected hydrological changes in complex mountainous regions provides a
foundational understanding that can inform policy decisions, guide resource allocation, and support sustainable development efforts.
Proactive measures based on scientific insights are essential to safeguard water resources for future generations and to enhance the
resilience of vulnerable communities and ecosystems in the face of a changing climate.
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