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Abstract: This paper presents a comprehensive river discharge analysis to estimate past and future
hydrological extremes across Morocco. Hydrological simulations with historical forcing and climate
change scenario inputs have been performed to better understand the change in magnitude and
frequency of extreme discharge events that cause flooding. Simulations are applied to all major
rivers of Morocco, including a total of 16 basins that cover the majority of the country. An ensemble
of temperature and precipitation input parameter sets was generated to analyze input uncertainty,
an approach that can be extended to other regions of the world, including data-sparse regions.
Parameter uncertainty was also included in the analyses. Historical simulations comprise the period
1979-2021, while future simulations (2015-2100) were performed under the Shared Socioeconomic
Pathway (SSP) 2—4.5 and SSP5-8.5. Clear patterns of changing flood extremes are projected; these
changes are significant when considered as a proportion of the land area of the country. Two types
of basins have been identified, based on their different behavior in climate change scenarios. In the
Northern/Mediterranean basins we observe a decrease in the frequency and intensity of events by
2050 under both SSPs, whereas for the remaining catchments higher and more frequent high-flow
events in the form of flash floods are detected. Our analysis revealed that this is a consequence of
the reduction in rainfall accumulation and intensity in both SSPs for the first type of basins, while
the opposite applies to the other type. More generally, we propose a methodology that does not
rely on observed time series of discharge, so especially for regions where those do not exist or are
not available, and that can be applied to undertake future flood projections in the most data-scarce
regions. This method allows future hydrological hazards to be estimated for essentially any region of
the world.
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1. Introduction

For many regions of the world, the frequency and severity of flood events are projected
to increase under the effects of climate change [1,2], and we are already seeing the signals
and impacts in some large events [3]. However, the hazard of flooding varies significantly
with geography. Arid and semi-arid regions are typically more prone to experiencing flash
floods [4] than other climatic zones. This type of flood poses a serious socio-economic
threat, particularly in countries that lack the infrastructure to mitigate and protect against
their impacts.

This study focuses on Morocco, a country that experiences a semi-arid climate and has
historically suffered from major flood events [5], often with devastating consequences for
the local economy and livelihoods. The objective of this work is to employ a hydrological
model across all the basins in Morocco to assess current and possible future changes in
hydrological extremes.
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Morocco has a semi-arid climate with a tendency for thunderstorms and extreme
precipitation events [5]. Cumulative rainfall demonstrates a clear north-south gradient with
highest precipitation, exceeding 800-1000 mm/year, in the northwest and less precipitation,
<50 mm/year, in the southern region [6,7]. Both droughts [8] and extreme precipitation
events leading to devastating flash floods [9,10] are common phenomena in Morocco.

Global climate models (GCMs) project Morocco to experience an increase in temper-
ature and a general decline in average rainfall in the coming decades (e.g., [7]), with an
associated northwards expansion of the arid zone, and as such, increasing desertifica-
tion [11]. Likewise, the occurrence of heavy rainfall events is expected to decline over the
course of the 21st century [12,13], bearing in mind that projecting precipitation into the
future is still highly uncertain, especially for looking at flash floods [14]. Generally speak-
ing, dry soils reduce the infiltration capacity and so less frequent but heavy precipitation
events may result in more severe flash flooding due to a rapid increase in surface runoff. A
tendency of more extreme flood events has already been reported [15,16], and this trend is
expected to accelerate due to climate change [17]. Additionally, sea level rises will increase
the hazard of flooding in the coastal region of Morocco [18,19].

Vulnerability to flood impacts varies by economic sector and characteristics of the
population. Across the socioeconomic spectrum, the economically poor often reside in
informal (slum) settlements with precarious building quality that cannot withstand weather
extremes, and are often located in the most flood-prone areas [20]. With regard to economic
activities, the agricultural and industrial sectors are most vulnerable to flood impacts.
Floods have caused extensive and large-scale damage to crops and livestock [20,21]. For
instance, the Gharb Valley, one of Morocco’s largest agricultural production areas, is
frequently impacted by riverine flooding from the adjacent Sebou River [22].

Given that flooding is frequently occurring in Morocco, researchers have studied
floods by employing basin-scale hydrological models in certain areas [23-25] and to some
extent also flood inundation models; primarily 1D models at river reach and regional scales
to identify high-hazard areas [26-32], or 2D flood models [33-37].

While the use of models to identify flood hazard areas for Morocco is not new, prior
studies are highly localized and focus on subcatchment and river reach scale. A country-
wide study of flood hydrology to estimate related hazards and associated risks is still
missing. More importantly, little is understood about changes in future hydrological hazard
under various climate change scenarios. To fill this gap, this study addresses the following
research questions:

(1) How will the frequency and magnitude of hydrological extremes be impacted in
Morocco by 2100 under climate change?

(2) Which basin areas in Morocco will experience changes in hydrological extremes under
climate change, and in which direction?

It is important to note that from a general point of view, coupling climate change
scenarios and hydrological models could lead to a potential considerable bias estimation of
streamflow extremes in climate change studies. This is because hydrological studies on the
effects of climate change on extremes often rely on model calibration procedures using only
observed hydro-meteorological data, which could lead to biased assessments of extreme
flows. As a possible solution to this, Majone et al. [38] suggest, for example, a calibration
procedure that maximizes the probability that the modeled and observed high streamflow
extremes belong to the same statistical population.

In our approach, we accounted for uncertainty in the model parameter sets, which
should accommodate biases but is no guarantee that high flows are well represented under
climate change conditions.

2. Materials and Methods

A total of 16 hydrological basins (Figure 1) representing rivers of various sizes (area
range: 400-110,000 km?) and discharge magnitudes were selected across Morocco. No
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record of observed discharge was readily available for the basins studied, and therefore no
traditional calibration of a hydrological model is possible.
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Figure 1. Map of the 16 selected basins and their ID. Note: Elevation expressed in meters above sea
level (m.a.s.l.).

2.1. Historical Datasets

For historical simulations, 43 years of forcing data (1979-2021) were obtained from the
NOAA Climate Prediction Center (CPC) accessible at the NOAA Earth System Research
Laboratory (NOAA ESRL). We selected CPC global unified gauge-based analysis of daily
precipitation and CPC global daily minimum and maximum temperature, both available at
50 x 50 km grids from 1 January 1979 to 31 December 2021 [39].

2.2. Climate Change Datasets

To determine future flood hazard, we used climate simulations to reproduce future
river discharges over the period of 2015-2100 (86 years). The sixth assessment report (AR6)
of the Intergovernmental Panel on Climate Change (IPCC) provides climate scenarios for
the globe that are derived from General Circulation Model (GCM) simulations conducted
under the Coupled Model Intercomparison Project Phase 6 (CMIP6) and across different
greenhouse gas emissions scenarios.

The NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP) dataset
is comprised of global downscaled climate scenarios derived from the GCM runs of CMIPS6,
across two of the four “Tier 1” greenhouse gas emissions scenarios known as Shared
Socioeconomic Pathways (SSPs) [40,41]. The spatial resolution of the dataset is 0.25° and
the downscaling approach used is based on bias-correction spatial disaggregation [39].

We selected two emission scenarios, one with intermediate emissions and one with
very high emissions, namely SSP2-4.5 and SSP5-8.5. The SSP2—4.5 scenario can be described
as moderate. The levels of CO, emissions remain stable, without significant changes, until
the middle of the century when they begin to decline. However, they do not reach net-zero
by 2100. Socioeconomic factors continue to follow their historical patterns without any
noteworthy deviations. The progress towards sustainability is gradual, with varying rates
of development and income growth. According to this scenario, temperatures are projected
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to increase by 2.7C by the close of the century. In sharp contrast, the SSP5-8.5 scenario
represents a future that should be strongly avoided. By 2050, CO, emissions levels in this
scenario approximately double compared to the present. The global economy experiences
rapid growth, but it heavily relies on the exploitation of fossil fuels and energy-intensive
lifestyles. Consequently, by the year 2100, the average global temperature rises dramatically
by 4.4C, reaching extreme heat levels. Although the IPCC6 report did not estimate the
likelihoods of these scenarios, a 2020 commentary described SSP5-8.5 as highly unlikely
and SSP2-4.5 as likely [42].

Time series of daily precipitation and average temperature were extracted from
30 GCM ensemble members within NEX-GDDP. Both SSP2—4.5 and SSP5-8.5 comprise
projections for the period 2015-2100. For the hydrological model setup, we define the
historic period as 1979-2021 and provide future analysis for the time period 2015-2100,
which represents a seven-year simulation overlap period. The overlap period permits the
evaluation of the simulation.

2.3. Hydrological Model Parameterization

The Hydrologiska Byrans Vattenbalansavdelning (HBV) hydrologic model was se-
lected for the analysis. This is a lumped or semi-distributed conceptual hydrological model
representing various components of the hydrological cycle, which has been widely applied
to a variety of application studies [43—49], across a range of temporal and spatial scales
and from a single basin to global coverage. For global-scale studies, typically, hydrological
models are calibrated with a timeseries of measured discharge. However, in many areas
around the world there is a lack of gauged data or those data cannot be easily shared. In
addition, as stated earlier, in climate impact studies, using observed streamflow to calibrate
a hydrological model may lead to biased assessments of climate change’s impact. In order
to overcome these limitations, we propose to use the regionalized parameterization in
Beck et al. [50] that provides parameter maps for the global land surface including un-
gauged regions. Such parameterization consists of ten cross-validation folds of parameter
sets, with each parameter set being composed of 16 parameters. The regionalized pa-
rameters are available as global high-resolution parameter maps at www.gloh20.org/hbv
(accessed on 17 July 2023).

3. Methodology

Analyzing the impact of future climate change on hydrological hazards for most rivers
and streams in Morocco requires a robust hydrological modeling approach that represents
all key governing hydrological processes.

As mentioned previously, the HBV model was chosen because only minimal input data
are required to simulate river discharge. Different versions of HBV exist, and the version
used here only requires daily precipitation and daily mean temperature as forcing data
to simulate most components of the hydrological cycle (e.g., groundwater, soil moisture,
snow water equivalent, etc.). Potential evapotranspiration (PET), typically also a required
input to the model, was calculated using the McGuinness—-Bordne formulation, which is
based on the Penman-Monteith equation but uses simplified assumptions to calculate
PET. HBV has been used successfully in climate impact studies across a wide variety of
catchments and scales [44—49]. Additionally, the model is computationally efficient and
proven to be effective under a wide range of climatic and physiographic conditions. In
fact, the methodology proposed here is potentially applicable to any region of the world,
including those with scarce information.

For each selected basin, HBV was set up to simulate historical discharge time series at
the outlets of all selected basins (Figure 1). The absence of observed discharge time series
hinders the possibility of a traditional, more straightforward model calibration, which
in the case of climate change studies may not be preferred anyway since it could lead
to an underestimation of future discharge [38]. However, the availability of the global
regionalized calibrated parameterization provided in Beck et al. [51] compensates for the
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absence of observed discharge. The tenfold cross validation used by Beck et al. [51] to
evaluate the generalizability of the approach and to obtain an ensemble of parameter maps
helps account for parameter uncertainty, given the number of parameters involved [52].

While the HBV model and the regionalized calibrated parameterization offer signif-
icant advantages, it is crucial to acknowledge the uncertainties associated with climate
change projections and the inherent limitations of modeling techniques. Climate change
scenarios involve complex interactions of multiple variables, and uncertainties arise from
factors such as emissions scenarios, global climate models, and downscaling techniques.

Additionally, modeling approaches inherently simplify the complex processes oc-
curring in hydrological systems, and uncertainties may arise due to simplifications or
assumptions made during model development. However, by utilizing a comprehensive
approach that incorporates parameter uncertainty and leverages ensemble modeling, the
analysis can account for these uncertainties to a certain extent, providing more reliable
results and actionable insights. We believe that the proposed modeling approach enables
a more comprehensive assessment of future discharge under climate change scenarios,
capturing potential variations in hydrological response across different basins. This ap-
proach helps to mitigate underestimation biases and provides a more robust estimation of
hydrological hazards in river systems in Morocco, and across the globe.

4. Results

This section presents the analysis of the discharge simulations, and provides a com-
parison between the historical period and that of future scenarios, for both SSP2—4.5 and
SSP5-8.5. For each SSP and for each of the 30 GCM member runs, we compute 10 discharge
timeseries, using 10 cross-validation folds of parameter sets. So, for each SSP, 300 discharge
timeseries were simulated for each of the 16 river basin outlets.

Given the large uncertainties inherent in climate models and their projections [53,54],
we chose the parameter set that best represents the median (best estimate) discharge,
instead of the mean discharge, to simulate future discharge timeseries. Analysis indicates
that the spread in terms of temperature among the different GCMs is rather small, whereas
the variance among GMCs is more pronounced for precipitation, with different trends for
different basins. This leads to a large spread in the simulated discharge timeseries.

Table 1 reports, for all 16 basins and for both SSPs, the changes, with reference to the
historical dataset, in terms of magnitude and frequency in peak discharge, average rainfall
and average precipitation.

For the historical simulations, 10 discharge time series, 1 per fold of the parameter
sets, were computed while for the climate change simulations, for each SSP and for each
basin, we used 300 discharge time series, from a combination of 30 GCMs and 10 folds of
parameter sets. In both cases, historical and climate change, we then computed, for each
SSP and for each basin, the mean over the number of discharge time series. In the end, we
obtained, per SSP per basin, one discharge time series for the historical period and one
discharge time series for the future period. Concerning peak discharge, for each basin in
both the historical and the future time series, we extracted the yearly peaks. The change in
the magnitude of yearly peaks was computed as the difference between the average of the
historical yearly peak values and the average of the climate change peak values, over the
average of the historical peak values. The change in the frequency of peaks was calculated
by identifying, in the historical and in the future time series, all events higher than the
average of the yearly maxima in the historical period.

To determine the change in rainfall, given the number of values equal to zero in the
time series of such variable, we computed, for each SSP, for each basin and for each of the
30 GCMs, the average of the yearly accumulation, and then, for each SSP and for each basin,
we calculated the median over the 30 GCMs, to obtain one value per basin per SSP. For the
historical time series, we also computed averages of the accumulated yearly rainfall, also
to obtain one value per basin per SSP. The change in the yearly rainfall is then represented
as the change in percentage between the SSP value and the historical value.



Water 2023, 15, 2722 60f12

Table 1. Percentage of changes in discharge magnitude and frequency, rainfall and temperature
between the historical period and the future, under SSP2—4.5.

. Char.lge m Change in Change in Yearly = Change in Average
Basin ID Magnitude of Frequency of Rainfall (%) Temperature (%)
Yearly Peak (%) Peaks (%)
1 1190.6 1089.0 10.8 6.8
2 217.0 1287.3 26.0 10.1
3 —40.2 —6.4 5.3 10.9
4 —85.0 —100.0 -16.7 10.8
5 1204.7 5682.2 83.6 9.5
6 6440.8 9189.4 94.3 1.7
7 186.3 494.2 16.2 4.8
8 —42.4 —27.3 2.7 10.4
9 -19.7 46.0 0.9 5.8
10 —84.5 —100.0 —16.1 2.7
11 4374.6 7956.7 80.5 6.1
12 13.0 97.1 —20.6 11.8
13 4091.1 7039.9 76.0 6.2
14 —74.6 —98.2 —9.1 10.1
15 —70.5 —100.0 —52 9.6
16 —58.1 —53.5 —5.8 10.0

For the change in average temperature, per basin, we computed the difference between
the historical temperature time series and the average of the 30 temperature time series
(one per GCM), over the historical temperature.

Tables 1 and 2 report the changes between the values computed following the methods
described above.

Table 2. Percentage of changes in discharge magnitude and frequency, rainfall and temperature
between the historical period and the future, under SSP5-8.5.

. Char'lge m Change in Change in Yearly = Change in Average
Basin ID Magnitude of Frequency of Rainfall (%) Temperature (%)
Yearly Peak (%) Peaks (%) P
1 560.4 870.3 —0.5 12.3
2 174.1 936.2 10.1 16.5
3 —53.0 -32.1 —4.3 17.8
4 —87.9 —100.0 —28.6 16.8
5 941 4440.8 65.3 17.0
6 4936.9 8205.6 77.0 8.9
7 162 465.6 —0.4 10.1
8 —50.7 —43.6 —121 16.7
9 —33.3 21.1 -124 11.4
10 —86.6 —100.0 -30.1 9.1
11 2694.8 6666.2 68.0 12.9
12 —35.0 382 -325 16.2
13 3201.3 5984.4 58.8 13.0
14 —78.4 —99.3 —21.8 16.3
15 —75.8 —84.9 —154 15.5
16 —64.4 —65.1 —18.2 16.8

Under both SSPs, the basins showing an increase in rainfall present unsurprisingly
also show a corresponding increase in discharge magnitude and peak frequency. All
basins present a decrease in the change in discharge magnitude and peak frequency when
comparing SSP2-4.5 to SSP5-8.5, as is expected given the more extreme nature of the latter.
Most basins are subject to an increase in temperature (between 1.7% and 11.8% for SSP2-4.5
and between 8.9% and 17.8% for SSP5-8.5), which is in line with a general projection of
drier conditions in the future. The basin with highest increase in discharge magnitude
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(6441% and 4937% for SSP2-4.5 and SSP5-8.5, respectively), basin 6, is at the same time
characterized by a significant increase in rainfall and the lowest rise in temperature.

Tables 1 and 2 show two clusters of basins, one with decreasing rainfall and therefore
decreasing discharge magnitude and frequency and one with the opposite behavior. All
basins exhibit the same directional change in both discharge magnitude and frequency
under both SSPs, except for basins 9 and 12. Basins 3, 4, 8, 10, 14, 15 and 16 present
decreasing discharge in both magnitude and frequency, in both SSPs. All the other basins
show an increase in both discharge characteristics.

We display the comparison between historical simulation and climate change scenarios
for basin 1 (Figure 2) and 4 (Figure 3), representative of the two different groups of basins
in terms of their response to climate change, under SSP2—4.5.

300

=== \lean Discharge (1979-2021)

=== \Mean Discharge CMIP6 (2015-2100)
250 Discharge (1979-2021) 10 folds g
Discharge CMIP6 (2015-2100) 10 folds

Discharge (m?3/s)
=) o S
o o o

T T T
| | |

A
o
T

L

2000 2025 Dat 2050 2075 2100

Figure 2. Timeseries of monthly water discharge for basin 1 (increase in discharge magnitude and
frequency) for both the historical and the climate change period, under SSP2—4.5 inputs.
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Figure 3. Same as Figure 2 but for basin 4 (decrease in discharge magnitude and frequency).

Figure 4 illustrates the changes in magnitude of the yearly maxima between the
historical period and the future climate change scenarios.
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Figure 4. Difference in magnitude between empirical distribution of yearly maximum discharge for
the period 1979-2020 compared to the future climate change scenarios: (a) SSP2—4.5 and (b) SSP5-8.5.

5. Discussion

Care should be taken when interpreting future flood hazard. Individual climate simu-
lations are extremely uncertain, they can represent unrealistically high or low precipitation
and they often diverge greatly, e.g., [53]. However, on average, there seems to be a de-
crease in discharge for northern Morocco in the future, which is most likely related to
the semi-arid climate and projected increases in temperature for this region, accompanied
by a decrease in rainfall. A different behavior is observed in the remaining part of the
country. For these catchments, an increase in the magnitude of rainfall peaks and also in the
magnitude and frequency of floods result from our simulations. Such regional differences
are only detectable when performing more regional climate change impact studies at the
hydrological basin scale, as we present here.

A general decrease in discharge for Morocco has also been noted in a global study
concerning climate change impacts on discharge trends by Falloon and Betts [55] and more
recently by Sperna Weiland et al. [53]. For basins that will reach their water limit and where
local water demand will thus be difficult to satisfy in the future, adaptation strategies will
need to be developed. However, it should be noted that an average decrease of discharge
in the future does not necessarily mean a lower flood hazard at local level [56]. Also, it is
worth noting that even if flood events may become less frequent, in the case of generally
drier conditions, the actual impact of a high-magnitude flash flood may be worse. However
as indicated above, these forecasts should be treated with caution, precipitation projection
accuracy strongly depends on the spatial and temporal resolution of the models. Given the
spatial resolution, downscaling to local conditions is highly recommended, especially for a
proper representation of extreme weather events [57].

This said, it will be important for the national and regional authorities as well as the
local municipalities to consider an increase in the frequency and magnitude of flood events
when planning for a future under increasingly severe climate impacts [58], despite the
uncertainty. Our analysis has revealed a distinct spatial pattern (Figure 4) that is simi-
lar across the two different SSP future scenarios (SSP2-4.5 and SSP5-8.5): an increase in
discharge magnitude and a resulting higher likelihood for flood events in basins in the
southern regions of Morocco. Policies and programs to reduce the exposure of infrastruc-
ture, businesses, as well as the vulnerability of the local population to flood impacts may be
most effective when strategically placed in these southern catchment regions. For example,
flood risk insurance policies, such as implemented in the Ait Melloul area by Deutsche
Gesellschaft fiir Internationale Zusammenarbeit (GIZ) in cooperation with the Allianz
Insurance Group [59] may be expanded across southern Morocco. Similarly, flood events
are most destructive in urban areas with poor engineering infrastructure (e.g., culverts,
drainage channels, pipes, etc.) and in these areas, carefully planned development projects
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may go a long way towards reducing the vulnerability of local businesses and populations
to floods [60].

Despite the large uncertainties associated with flood-related climate impact studies, we
demonstrate a methodology to undertake future discharge projections at the hydrological
basin scale, in particular for data-scarce regions. This method allows future hydrological
hazards to be estimated for any region of the world. Studies like the one presented here
are still relatively rare but are starting to appear. The significance of such studies can
be extremely far-reaching and are of global importance. This is particularly true when
performed over even larger spatial scales but with impact-level detail, such as the recent
study for the entire US by Bates et al. [61].

6. Conclusions

In this paper, we used a basin-scale hydrological modeling approach to assess cur-
rent and possible future changes in hydrological extremes across Morocco. The work
emphasizes the need for caution when interpreting future flood hazards, as individual
climate simulations can be highly uncertain and divergent. However, on average, there
appears to be a decrease in discharge and rainfall in Northern Morocco due to the semi-arid
climate and projected temperature increases. In contrast, other regions of the country may
experience an increase in the magnitude and frequency of (flash) floods. These regional
differences are detectable through more localized climate change impact studies at the
hydrological basin scale.

While a general decrease in discharge has been observed for Morocco in global studies,
it does not necessarily translate to a lower flood hazard at the local level. The actual impact
of high-magnitude flash floods may be worse in drier conditions. Accuracy in precipitation
projections relies heavily on the spatial and temporal resolution of the models, emphasizing
the importance of downscaling to local conditions for a better representation of extreme
weather events.

Considering the uncertain future, national, regional and local authorities should take
into account the potential increase in frequency and magnitude of flood events when
planning for climate impacts. Southern regions of Morocco show a spatial pattern of
increased discharge magnitude and higher likelihood of floods across different future
scenarios. Policies and programs to reduce exposure and vulnerability to floods should be
strategically implemented in these areas, including flood risk insurance and well-planned
development projects in vulnerable urban areas.

Despite the uncertainties in flood-related climate impact studies, this paper highlights
the need to project future discharge at the hydrological basin scale, especially in data-scarce
regions. Such studies have global importance and can contribute to better understanding
and preparedness for hydrological hazards.
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