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Abstract: The Mediterranean Region is presumed to be one of the locations where climate change
will have the most effect. This impacts natural resources and increases the extent and severity of
natural disasters, in general, and soil water erosion in particular. The focus of this research was
to assess how climate change might affect the rate of soil erosion in a watershed in the High Atlas
of Morocco. For this purpose, high-resolution precipitation and temperature data (12.5 x 12.5 km)
were collected from EURO-CORDEX regional climate model (RCM) simulations for the baseline
period, 1976-2005, and future periods, 2030-2060 and 2061-2090. In addition, three maps were
created for slopes, land cover, and geology, while the observed erosion process in the catchment was
determined following field observations. The erosion potential model (EPM) was then used to assess
the impacts of precipitation and temperature variations on the soil erosion rate. Until the end of the
21st century, the results showed a decrease in annual precipitation of —32% and —46% under RCP
4.5 for the periods 2030-2060 and 2061-2090, respectively, —28% and —56% under RCP 8.5 for the
same periods, respectively, and a large increase in temperature of +2.8 °C and +4.1 °C for the RCP 4.5
scenario, and +3.1 °C and +5.2 °C for the RCP 8.5 scenario for the periods 2030-2060 and 2061-2090,
respectively. The aforementioned changes are anticipated to significantly increase the soil erosion
potential rate, by +97.11 m3/km?/ year by 2060, and +76.06 m3/km?/ year by 2090, under the RCP
4.5 scenario. The RCP 8.5 predicts a rise of +124.64 m3/km?/ year for the period 2030-2060, but a
drop of —123.82 m3/km?/year for the period 2060-2090.

Keywords: soil erosion rates; climate change; RCP 4.5; RCP 8.5; EPM model; High Atlas; Morocco

1. Introduction

Water erosion is among the leading global causes of soil degradation worldwide, and it
is considered as one of the major threats to the environment, agriculture, and food security.
In addition, numerous recent studies have raised concerns about the dangers of erosion
on the world’s soil, water, and ecosystems [1,2]. Therefore, soil is considered as a limited
natural resource that must be protected [3]. Natural variables, such as rainfall intensity,
soil qualities, terrain, vegetation, morphology, drainage network features, and land-use
activities, as well as human endeavors, influence the rate of soil erosion [4].

On the global timescale, the climate has an essential moderating impact on erosion
and mass loss mechanisms, structuring watersheds and stream systems, and dictating
debris output [5]. Moreover, many current soil erosion concerns will exacerbate as a
consequence of global change. In this context, desertification may be a result of climate
change and rapidly rising human pressures, both of which undermine the long-term
viability of soil. Variations in global temperature and precipitation patterns will influence
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soil loss in a variety of ways, including changes in rainfall erosivity [6,7]. Soil erosion
is expected to be negatively impacted by climate change due to a range of factors, such
as the intensity and quantity of precipitation, and the temperature effects on the soil’s
relative humidity, and vegetation development [8-14]. This is especially perceptible in the
hilly regions and southern Mediterranean areas [15]. There, Northwest Africa is extremely
sensitive to climate change because of its sensitivity to changes in temperature, freshwater
supply, and population [16]. In this context, Morocco is distinguished as one of the most
climate-vulnerable countries [15,17-19], especially since around 0.5 percent of the entire
water-holding capacity of Moroccan dams is lost annually [20].

To evaluate the siltation of dams and sediment transfer from river basins, managers
must estimate the risk of soil erosion and forecast potential future scenarios. To achieve
this, numerous methods, techniques, and innovative approaches have been initiated and
developed by specialists throughout the globe. Indeed, in the literature, researchers have
developed various physical and empirical models for the qualitative and quantitative
estimation of soil erosion at the watershed scale. These models range in complexity from
simple to complicated, and they vary considerably in their data sets and capacity to
forecast soil loss [21]. More recently, using high-resolution satellite imagery, researchers
investigated the effect of global warming on soil degradation. In hilly Mediterranean
catchments, regional climate models (RCMs) are constrained [22], but no research of this
type has been conducted in Morocco, according to the latest findings.

This study aims to assess the impact of climate change on soil degradation in a
mountainous Moroccan watershed using the erosion potential model (EPM) and climate
simulation of the EURO-CORDEX regional climate model. To do this, we will quantify
the soil loss during the reference period 1976-2005, then project future predictions of
temperature and precipitation to estimate the loss in two periods, 2030-2060 and 20612090,
under two climate scenarios, optimistic RCP4.5, and pessimistic RCP8.5. These results
will be an important database for effective, sustainable land-use planning that safeguards
natural resources.

2. Materials and Methods
2.1. Study Area

The Oum Er-Rbia Great Basin includes the Tassaoute basin, which is upstream of the
Moulay Youssef Dam (Figure 1). The Oum Er-Rbia watershed is situated in the middle of
Morocco between latitudes 31°15" N and 33°22" N and longitudes 5°00' W and 9°20’ W.
It is one of the biggest basins in Morocco, taking up roughly 35,000 km? (or 7% of the
country’s overall size) with a 550 km extension. It is surrounded on its eastern side by the
Atlas Mountains, which provide the majority of the water supply for the plains below and
contain the longest permanent river, the Oum Er-Rbia (nearly 600 km). Azemmour, which
is about 16 km from El Jadida, is where it empties into the Atlantic Ocean after rising to a
height of 1800 m in the Middle Atlas, through the Atlas Mountain range, the Tadla plain,
and the coastal Meseta.

Our research focuses on the catchment upstream of the Moulay Youssef Dam, which
is a part of the northern region of the sub-Atlasic of the Demnate High Atlas. The Oued
Tassaoute is regarded as the most significant and major tributary of the Oum Er-Rbia. This
geographic area has a surface area of 1418.35 km? and a perimeter of 246 km. It is located
35 km from Demnate and 90 km from Marrakech. The altitude varies from 809 to 3910 m
between the northern latitudes of 31°33/56" and 31°64'47" and the western longitudes of
6°48'40"" and 7°33/40"’. Table 1 describes the characteristics of the Tassaoute watershed.
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Figure 1. The geographical location of the research region; (a) on Moroccan scale, (b) on Oum Er-Rbia
watershed scale, and (c) digital elevation model of the Tassaoute catchment (upstream of the Moulay
Youssef Dam).

Table 1. Basic characteristics of Tassaoute catchment.

Parameters Units Values
Area km? 1418.35
Perimeter km 246
Gravelius Index - 1.83
Average elevation m 214413
Elevation min m 809
Elevation max m 3910
Average slope (Roche) % 1.56
Length of longest stream km 106.9
Average stream slope m/km 289
Hydrographic density Km~2 412

Water flow velocity m/s 2.8
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Geologically, the catchment is situated between the Jurassic massif in the east of Azilal
and the Western High Atlas, which is composed of sedimentary, igneous, and metamorphic
older Permian materials. The Permo-Triassic and Lias geological series are the most
prevalent in the basin, whereas some formations, other than the Quaternary, are only
present in small synclines.

2.2. EURO-CORDEX Initiative Climate Models

In this study, we employed five recent climate models from the EURO-CORDEX
experiment [23] with 0.11° spatial resolution, listed in Table 2.

Table 2. EURO-CORDEX simulations applied in this research.

GCM RCM Resolution

CNRM
ECEARTH
IPSL SMH11 12.5 km
MPI
HAD

Each model contains four different simulations:

e EVAL (evaluation simulation) is considered as a control period, using the ERA In-
terim reanalysis data as a boundary condition [24]. The simulation covers the period
1970-2005.

e  HIST (historical run) is a control period considering the historical runs of the GCM
models. The covered period is 1950-2005.

e  RCP4.5 (representative concentration pathway) is the climate change scenario that
conforms to +4.5 Wm™2 radiative forcing; it is considered as the optimistic scenario.
RCP4.5 covers the period 2006-2100.

e RCP8.5 is the pessimistic scenario with additive radiation of +8.5 Wm™2. The scenario
covers the same period as RCP 4.5.

In this study, we extracted 16 grid cells of the five RCMs to cover the region. The
projections concern two periods: 2030-2060 and 2061-2090, under the two scenarios, RCP
4.5 and RCP 8.5.

2.3. Projected Daily Changes in Precipitation and Temperature

The RCM outputs must be post-processed to examine future variations in precipitation
and temperature. In order to achieve consistency with the RCMs’ spatial resolution, we
spatially interpolated the observed precipitation using the IDW method at a resolution of
0.11° on a monthly time scale. The same process was followed for the temperature data.

For the downscaling method, we chose the perturbation method for this work, be-
cause the RCMs’ coarse resolution makes it unable to perform bias-correction techniques
effectively. This approach is based on applying a climate change factor to the observed data.
In the aim to model the potential variations in climate patterns, specifically changes in
temperature and precipitation, these factors are derived between the historical (1985-2005)
and future simulation periods (2030-2060 and 2061-2090) of each RCM, and afterward
applied to the observed time series of each pixel. In this study, we employed the “delta
change” method, which does not require bias correction of the RCM model [25-28]. After
these processes, the corrected data were converted into a yearly time scale.

2.4. Erosion Potential Model (EPM)

The EPM is employed in this research to assess soil erosion in the High Atlas of
Morocco at the present time and at the end of the century under a high-emission climate
change scenario. The model takes into consideration a number of variables, including
rainfall, temperature, terrain, land cover, and soil type, all of which have an impact on
soil erosion.
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The EPM [29-31], generally recognized as the Gavrilovic method, is a common em-
pirical method utilized to estimate sediment output and soil loss severity on a catchment
scale. The technique tries to estimate the soil loss due to water erosion and to suggest
practices to minimize soil degradation. It can estimate the different types of erosion (sheet
erosion, gully erosion, badlands, etc.), which make them distinct from the universal soil
loss equation (USLE, RUSLE), which only applies to sheet erosion.

The method considers six individual factors: lithology and soil properties, topographic
characteristics, climate conditions, land use, and observed erosion process. The calculation
of the erosion coefficient (Z) of a catchment is obtained by the formulae:

W=n«TxHx /Z>«F 1)

where:

W: average annual soil erosion (m?/km?/year).
T: temperature coefficient

T =(0.1x%to)+0.1 )

where:

to: average annual temperature in °C.
H: average annual precipitation in mm.
F: catchment area in km?.

Z: potential erosion coefficient.

Z=Y=x*Xa ((5+ \/]a) 3)

where:

Y: coefficient of soil erodibility. It depends on the lithology, soil characteristics, and climate.
Xa: soil protection coefficient against influences related to atmospheric phenomena.
6: coefficient that expresses the type and degree of evolution of visible erosion processes in
the catchment.
Ja: slope angle (%).

To determine the Xa-Factor values, the soil protection coefficient was determined
using the modified NDVI (XaNDVI), based on the methodology proposed by Zorn and
Komac (2008) [32], the Xa-Factor is determined as follows (4):

Xa = (Xa.NDVI —0.61).(—1.15) (4)

The soil protection coefficient (Xa) was assessed using the EPM Guide Table 3 [33].
This technique categorizes land uses into six groups and estimates the coefficient “Xa” from
0.1 (for high-density woodlands) to 1.0 (for badlands).

Table 3. EPM Soil protection coefficient values.

Coefficient of Soil Cover Xa Factor

Mixed and dense forest 0.05-0.20

Thin forest with grove 0.05-0.20

Coniferous forest with little 'gl“ove, scarce 0.20-0.40
bushes, bushy prairie

Damaged forest and bushes, pasture 0.40-0.60

Damaged pasture and cultivated land 0.60-0.80

Areas without vegetal cover 0.80-1.00

Coefficient ¢ represents the severity of erosion processes reflected in the area, with
values between 0.1 and 1 [33] (Table 4). The determination of ¢ factor (soil resistance to
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erosion) was realized based on the proposed framework by Zorn and Komac (2008) [32],
according to Formula (5):
| TM4
6 =
Qmax ®)

where:
TM4 is the Landsat image band 4,
Qmax is the maximum radiance of band 4,

The erosion coefficient values in the catchment upstream of the Tassaoute, varying
between 0.29 and 0.60.

Table 4. EPM coefficient values of erosion coefficient.

Coefficient of Type and Extent of Erosion J
Slight erosion on the catchment 0.10-0.20
20-50% of the' catchment area has erosion in 0.30-0.50
rivers and streams
Erosion in rivers, gul!les, an.d alluvial deposits, 0.60-0.70
karstic erosion

50-80 percent of drainage basin is impacted by

. . 0.80-0.90
surface erosion and landslides.

Erosion affect entire catchment 0.90-1.00

This study was performed in accordance with the process shown below (Figure 2).
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Figure 2. Flowchart of the methodology EPM climate simulation EURO-CORDEX approach.

3. Results and Discussion
3.1. Estimation of Actual Soil Losses According to the EPM Model

The map of soil loss is obtained by combining the various factors of Gavrilovic’'s EPM
equation and accounting for the numerical values of the seven factors (Figure 3). Using the
Gavrilovic method, the EPM model’s quantitative results for erosion severity (coefficient Z)
were mathematically evaluated by solving Equation (3); the results were then categorized
into five groups to produce the erosion potential map (Table 5, Figure 3g). The areas with
Z > 1 have a very high potential for erosion, whereas Z < 0.2 regions have a low erosion
potential. Using Equations (1) and (2), it was predicted that the annual specific production
of sediment per km? would be, on average, m3/ year (W) (1). Then, Equation (1) was used
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to determine the erosion volume (W). Using the EPM model, the created map of W for the
Tassaoute catchment was finally classified into six erosion categories (very low (tolerable),
low, moderate, high, very high, and extreme) (Figure 3h).
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Figure 3. Spatial distribution of EPM parameters; (a) soil erodibility coefficient, (b) soil protection
coefficient, (c) type and extent of erosion coefficient, (d) topographic coefficient, (e) Rainfall-H factor,
(f) temperature coefficient, (g) potential erosion coefficient, and (h) soil loss.
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Table 5. Potential erosion coefficient.

Potential Erosion Coefficient Classes of (Z) Area (km?) Area (%)
Very slight erosion <0.2 41.34 291
Slight erosion 0.2-0.4 59.67 421
Medium erosion 0.4-0.7 195.17 13.76
Severe erosion 0.7-1 277.41 19.56
Excessive erosion >1 844.76 59.56

The estimated global potential erosion average for the Tassaoute catchment from 1976
to 2005 is 3129.74 m3 /year/km?. The losses per plot range from 26,321 m3/year/km?, at
the maximum, to 0.24 m3/ year/ km? at the minimum, and the annual soil loss was found
to be equal to 3,840,670 m3/ year.

According to the effects of different physical and anthropogenic variables that regulate
the erosive process, the erosion severity differs from one watershed region to another.
These units are divided into six classes to improve the readability of the map (Figure 3 and
Table 6).

Table 6. Soil loss values in the Tassaoute catchment.

Erosion Categories Classes of (W) m3/year/km? Area (km?) Area (%)
Very low (tolerable) <50 14.68 1.03
Low 50-500 85.73 6.04
Moderate 500-1500 298.09 21.02
High 1500-5000 757.39 53.40
Very high 5000-20,000 262.17 18.48
Extreme >20,000 0.29 0.02

Land losses greater than 1500 m3/year/km? (high to extreme intensity class) come
from 72% of the catchment zone, situated largely in the center and southeastern area of
the catchment. It demonstrates how widely the phenomenon has spread. The very low
to low classes (soil losses of less than 500 m?/year/km?) encompass a negligible part of
the research region (7%) downstream of the catchment area and to the northwest of the
basin near the Moulay Youssef Dam, and 21% of the total area has losses of between 500
and 1500 m3/ year/ km? (moderate intensity class).

3.2. The Influence of Erosion Factors on Soil Loss

The considerable diversity of each erosion factor’s effects leads to an uneven distribu-
tion of soil loss throughout the catchment area. Some noteworthy tendencies may be seen
in the statistical association between the different parameters and the erosive dynamics
(Figure 4). First of all, the 0.95 correlation between the prospective erosion map and the
EPM map should be noted.

The soil resistance and slope have the biggest effects on potential erosion. In the case of
the erosion map, precipitation (correlation coefficient = 0.66) is the most important factor in
the erosive dynamics, and then soil resistance and slope (correlation coefficients = 0.63 and
0.58 respectively), followed by the soil protection factor, and, finally, the soil regularization factor.

More highly correlated with the soil resistance factor is the degree of visible erosion.
Precipitation seems to have a higher negative correlation with temperature (—0.84). None
of the other factors appear to have an impact on the slope, erosion types, and soil protection.
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Figure 4. Pairwise Pearson’s correlation between soil erosion rate and input factors.

3.3. Future Projections in Precipitation and Temperature
3.3.1. Future Projections Using All Models

The future temperatures and precipitation are predicted using five models under two
climate change scenarios, RCP4.5 and 8.5 (Figures 5 and 6). Regarding annual precipitation,
there is a significant difference between the models’ projected quantities. In fact, model MPI
predicted the greatest values for the period 2030-2060, with a minimum of 433 mm/year
and a maximum of 1810 mm/year, whereas model IPSL forecasted lower values, with a
minimum of 110 mm/year and a maximum that does not surpass 437 mm/year. As for
the 2060-2090 period, model MPIT still predicts the highest precipitation in the catchment
area, amounting to 1770 mm/year, while model IPSL is the most pessimistic, with values
ranging from 70 to 229 mm/year (Figure 5).

The findings of the temperature prediction indicate, from a more general standpoint,
that there is a significant difference between the values (minimum, maximum, and average)
of the five models used in this study, on the one hand, and between the scenarios, on the
other hand. Indeed, taking into account the first period (2030-2060), the most optimistic
prediction is that of model ECEARTH, with a minimum value of 1.58 °C and a maximum
of 22.1 °C. The most pessimistic prediction is made by model IPSL (min = 9.25 °C and
max = 24.9 °C). For the period 2060-2090, the same models consistently provide optimistic
(model ECEARTH with min = 3.25 °C and max = 22.6 °C) and pessimistic (model IPSL
with min = 13.9 °C and max =28.3 °C) forecasts (Figure 6).

3.3.2. Averaged Values of Projected Precipitation and Temperature (Figures 7 and 8)

Figure 7 shows the monthly projected precipitation, averaged over the basin, from
the ensemble of the five models under the two RCP scenarios compared to the historical
precipitation. The result indicates that precipitation shows a pronounced decrease with
—32% and —46% under RCP4.5 for the periods 2030-2060 and 2061-2090, respectively, and
—28% and —56% under RCP8.5 for the same periods, respectively. This decrease in the
precipitation amount is pronounced during both scenarios for the two periods (Figure 9).
However, the decrease is less pronounced during the autumn season, due to the intense
events of precipitation that can occur in the future [34]. These results are in parallel with
recent papers about Morocco, where [26,34] found that, in the center of Morocco, the
decrease in precipitation will be around —20%.
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Figure 5. Future changes of precipitation of the RCMs under RCP4.5 and RCP8.5 for the periods
2030-2060 and 2061-2090. C: CNRM, E: ECEARTH, H: HAD, I: IPSL, M: MPI, and P: period.
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Figure 6. Future changes of temperature of the RCMs under RCP4.5 and RCP8.5 for the periods
2030-2060 and 2061-2090. C: CNRM, E: ECEARTH, H: HAD, I: IPSL, M: MPI, and P: period.
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Figure 7. Future projected monthly precipitation (a) and future changes in precipitation by scenario
and period (b).

Figure 8 illustrates the expected temperature cycle, based on the two RCP scenarios
for the two periods. Figure 8b displays, in absolute temperature values, the effect of
climate change for each RCP scenario and period. Both scenarios detect a large increase in
temperature, as is evident. The temperature projections, on average, are +2.8 °C and 4.1 °C
for the RCP4.5 scenario and +3.1 °C and +5.2 °C for the RCP8.5 scenario, for the periods
2030-2060 and 2061-2090, respectively. These results are in parallel with [35], where they
found an increase in temperature in the Oum Er-Rbia basin from +1.9 °C to +3 °C under
RCP4.5 and +4 °C to +6.1 °C under RCP8.5. Compared to precipitation, these variations
are rather consistent throughout the year, with a higher rise during the summer months.
Summer has essentially little runoff or snow cover; therefore, summer temperature changes
are unlikely to have a significant influence on flows. However, increases in winter and
spring temperatures might have a significant impact on the snow, decreasing the time of
snow cover and, consequently, the available snow volume.
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Figure 8. Future projected daily temperature (a) and future changes in temperature by scenario and
period (b).
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In addition, we spatially interpolated the forecasted temperature coefficients and
precipitation data to highlight regional variability at the catchment level (Figure 9) The
precipitation values indicate that the eastern portion of the basin (which is downstream)
will receive less precipitation than the western portion (which is upstream). During the
period 2030-2060, the values will vary depending on the scenario, with a minimum of
264 mm/year and a high of 1226 mm/year under the RCP4.5 scenario, and a minimum of
236 mm/year and a maximum of 1260 mm/year under the RCP 8.5 scenario (Figure 9a,b).
The maximum values for the second period (2060-2090) will not exceed 1044 mm /year
under scenario RCP8.5 and 1169 mm/year under scenario RCP4.5 (Figure 9¢,d).

Concerning the temperature coefficient, T, the first period (2030-2060) demonstrates
higher values downstream (0.72 and 0.80 for RCP4.5 and 8.5, respectively) than upstream
(1.55 and 1.57 as maximum values for RCP4.5 and 8.5, respectively) (Figure 9e,f). Looking
further into the future (period 2060-2090), the projections indicate a significant increase
in the coefficient, particularly under the pessimistic scenario (min = 1.04 and max = 1.67),
with the class of 1.30-1.67 covering the majority of the catchment area (Figure 9g,h).

All of these findings illustrate the projected impact of climate change on the spatial and
temporal variability of annual precipitation and temperature in this semiarid mountainous
region. Therefore, the region is quite vulnerable to these fluctuations, which will certainly
affect the anticipated soil loss rates.

3.4. Projected Soil Erosion Rates

The method presented in Section 2.2 was used to obtain projected rainfall data, which
were then utilized to estimate annual average precipitation (H) for each scenario. Then,
according to the procedure outlined, the mean annual temperature map was created by
taking into account each potential future scenario (RCP 4.5, and RCP 8.5). These maps were
used to solve Equation (2) and produce the temperature coefficient (T) maps depicted in
Figure 7. Then, we performed the used model to estimate soil losses in the future, with
a static land cover to assess the impacts of climate change on soil erosion, irrespective of
changes in land cover.

3.4.1. Projected Soil Erosion Rates Using All Models

Figure 10 depicts the predictions of erosion rates using the EPM model for each
model (ECEARTH, IPSL, MPI, and HAD), scenario (RCP4.5 and RCP8.5), and time pe-
riod (2030-2060 and 2060-2090). Comparing the models, it appears that models CNRM,
ECEARTH, and MPI forecast extremely high rates, whereas model IPSL predicts the low-
est rate. In fact, the estimated rates for the years 2030-2060 under the RCP4.5 scenario
range from 0-37,014, 0-37,621, 029,120, and 0-56,952 m3/year/km? for models CNRM,
ECEARTH, HAD, and MP], respectively, while model IPSL predicts the lowest rates, which
will not exceed 13,233 m3/ year/ km?Z. Nevertheless, under the pessimistic scenario (RCP8.5),
the rates will rise to 59,514 m3/year/km? (model MPI) and 42,077 m3/year/km? (model
CNRM). For the period 2060-2090, model CNRM predicts a significant increase in rates,
with maximum values of 42,077 m3/ year/ km? under RCP4.5 and 51,615 m3/ year/ km?
under RCP8.5. Also, models ECEARTH and MPI forecast continuously high rates, rang-
ing between 0-40,723 (RCP4.5) and 0-48,302 (RCP8.5), 0-59,600 (RCP4.5), and 0-59,472
(RCP8.5) m3/year/km?, respectively. However, models HAD and IPSL predict an in-
crease in soil losses under the RCP4.5 scenario, with maximum values reaching 30,212
and 20,000 m3/year/km?, respectively, whereas, under the pessimistic RCP8.5 scenario,
the soil losses decrease significantly, with maximum values reaching only 28,794 and
10,837 m3/ year/ km? (model HAD and model IPSL, respectively) (model IPSL).
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Figure 9. Maps of average annual precipitation (Rainfall-H factor) and temperature coefficient (T)
considering future scenarios RCP 4.5 and RCP 8.5. (a) period 2030-2060 RCP4.5, (b) period 2030-2060
RCP8.5, (c) period 2061-2090 RCP4.5, (d) period 2061-2090 RCP8.5, (e) period 2030-2060 RCP4.5,
(f) period 2030-2060 RCP8.5, (g) period 2061-2090 RCP4.5, (h) period 2061-2090 RCP4.5.
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Figure 10. Soil erosion rates of the RCMs models under RCP4.5 and RCP8.5 for the periods 2030-2060
and 2061-2090. C: CNRM, E: ECEARTH, H: HAD, I: IPSL, M: MPI and P: period.

These results enabled us to calculate the change rates for the minimum and max-
imum values (Table 7). Consequently, the table demonstrates an increase in soil loss
rates across all time periods and scenarios. In fact, for the first period (2030-2060) un-
der scenario RCP4.5, the average maximum values of the five models will increase by
approximately 10,981.94 m?/year/km? (46.13%) compared to the initial value (baseline).
The situation becomes more serious under the RCP8.5 scenario, where the maximum losses
reach 61.81% (14,714.94 m3/ year/ km?2). For the second period (2060-2090), and across
the two scenarios, the change rates reach 56.59% (about 13,472 m3/ year/ kmz) for the
maximum losses under the RCP4.5 scenario. Moreover, the change is approximately 67.2%
(15,997.94 m3/ year/ km?) for the maximum losses under the RCP8.5 scenario.

Table 7. The minimum, maximum, and average values of expected soil losses.

Baseline W (m®/Km?/year)

Min
Max 23,806.06

Scenario RCP 4.5

Periods 2030—2060 2060—2090

W (m3/Km? /year) AW AW % W (m3/Km?/year) AW AW %

Min 0.00 0.00 0.00 0.00 0.00
Max 34,788.00 +10,981.94 +46.13 37,278.40 +13,472.34 +56.59

Scenario RCP 8.5
Min 0.00 0.00 0.00 0.00 0.00
Max 38,521.00 +14,714.94 +61.81 39,804.00 +15,997.94 +67.2
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3.4.2. Averaged Projected Soil Erosion Rates

The annual soil loss (m?/year) and catchment erosion rate (m3/km?/year) were
calculated using the previously specified factors and the EPM technique for the baseline
(1976-2021) and future periods (2030-2060/2061-2090), taking into consideration two
distinct future scenarios (RCP4.5 and RCP8.5) and a static land cover (Figures 11 and 12).
Lastly, the findings were compared in order to quantify the effects of climate change on
soil erosion.
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Figure 11. Maps of average annual soil erosion (W) [m3/year/km?] considering future scenarios
RCP4.5, RCP8.5, and using the EPM model. (a) period 2030-2060 RCP4.5, (b) period 2030-2060
RCP8.5, (c) period 2061-2090 RCP4.5, (d) period 2061-2090 RCP8.5.
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Figure 12. Classes of the change in the erosion rate from the present circumstances to the end of the
21st century, under the two scenarios, RCP4.5 and RCP8.5.
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The findings (Table 8) show that the total soil loss would be elevated by
137,738 m3/year, 176,789 m?/year, and 107,885 m>/year for the periods RCP4.5/2030-2060,
RCP8.5/2030-2060, and RCP4.5/2061-2090, respectively, and, as a result, the erosion rate
would be elevated by 97.11 m3/km?/year, 124.64 m3 /km? / year, and 76.06 m®/km? /year,
in the same order. However, the RCP8.5/2061-2090 scenario suggests a 175,612 m3/year
reduction in total soil loss and 123.82 m?/km? /year in the erosion rate. Table 8 summarizes
the detailed findings for the present and future climates.

Table 8. Annual soil loss and erosion rate in the current and projected climates.

Period/Climate Change Soil Loss Change Erosion Rate Change Change (%)
Scenario (m3/year) (m3/year) (m3/year/km?) (m3/year/km?) ge th
1976-2021 4,439,067 3129.74
2030-2060 RCP4.5 4,576,805 +137,738 3226.85 +97.11 +3.10
RCP8.5 4,615,856 +176,789 3254.38 +124.64 +3.98
2061-2090 RCP4.5 4,546,952 +107,885 3205.80 +76.06 +2.43
RCP8.5 4,263,455 —175,612 3005.92 —123.82 —3.96

To examine the influence on the spatial variation of erosion rates, Figure 12 illustrates
the classes of the variation in the erosion rate from the present condition to the end of the
21st century, in view of the two climate change scenarios, RCP4.5 and RCP8.5. Clearly, the
areas occupied by the classes with soil loss rates below 5000 m?/km? /year will decrease
significantly in comparison to the classes with soil loss rates beyond this threshold. In fact,
the soil losses between 500-5000 m®/km? /year will decrease from 53.40% of the total basin
surface in the baseline period to 51.33% in the period 2030-2060 under the RCP4.5 scenario,
to 50.34% under the RCP8.5 scenario and to 50.59% for the period 2060-2090 under the
RCP4.5 scenario, and to 48.53% under the most pessimistic scenario, RCP8.5, by the year
2090. However, the loss rates in excess of 5000 m®/km?/year will increase significantly,
particularly in the first period under the two scenarios.

In addition, in order to highlight the spatial variability of the change rates under
different scenarios in the two time periods (Figure 13), we have spatialized these changes
by calculating the difference between the expected losses for each period and those of
the baseline period. Consequentially, the modeling results indicated that, in high-altitude
regions and notably upstream of the catchment, erosion rates might significantly increase
under the considered climate change scenarios.

In terms of the Mediterranean region’s future climate conditions [36-39], and espe-
cially Morocco, a warmer and dryer climate is anticipated. Furthermore, an increase in
temperature of between +2 °C and +5 °C is anticipated in Morocco, despite the fact that
there would be a —20% decrease in precipitation in the center of Morocco [34]. In addition,
according to a review of the literature, future soil erosion will be affected by climate change.
However, all the previous research has shown that the projected soil erosion patterns in
the studied areas could be extremely heterogeneous. Our research substantially supports
these findings, confirming an overall rise in soil erosion in the catchments of the Atlas
Mountains caused by climate change, modulated particularly by rainfall as a determining
factor that can lead to regional patterns of increasing erosion. The definition of a general
trend becomes very difficult, as a result. In comparison to other catchments in the Atlas
Mountains, the rate of erosion in the research region was assessed to be rather high. The
weak geological subsurface and steep slopes, in addition to the degraded forest cover, were
shown to enhance the development of erosion phenomena. Concerning the estimated
erosion rates for the baseline period (3129 m?/km?/year on average), they are quite equiv-
alent to those determined by [40—42] in the Moroccan context. In addition, it was revealed
that, although precipitation will decrease, the soil loss rates will continue to rise [43,44],
particularly in the first period between 2030 and 2060. This can be explained by the fact that,
even if the annual rainfall in the basin decreases in quantity, taking into account its spatial
variability, it is clear that the maximum values expected will be localized in the upstream
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portion of the basin and coincide with the areas most susceptible to high loss rates, due
to their high exposure resulting from their degraded vegetation cover with significant
slopes. On the Mediterranean scale, [45] the research confirms similar losses in an Italian
river basin, as well as a tendency of change in loss between 6 and 10% by 2060, which is
consistent with the results of this study. Forthmore [39] suggested an increased soil loss in
a mountainous catchment in Greece.
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Figure 13. Anomaly of soil erosion rate relative to the baseline period (1976-2005) for the peri-
ods 2030-2060 and 2061-2090 under scenarios RCP4.5 and RCP8.5. (a) Period 2030-2060 RCP4.5,
(b) period 20302060 RCP8.5, (c) period 2061-2090 RCP4.5, (d) period 2061-2090 RCP8.5.

Comparing the two scenarios, it appears that scenario 4.5 predicts a rise in soil loss
during both time periods, with a peak in the first. In contrast, the second scenario (8.5)
forecasts a substantial increase in losses during the first period and a major drop during
the second. This can be attributed to the fact that the first scenario, 4.5, is more optimistic
regarding the rates of change of precipitation and temperature during the initial period.
In contrast, scenario 8.5 is more pessimistic, predicting a large decrease in precipitation
by 2090, which will reduce the closely associated loss rates. Comparing the periods, it is
evident that, given the precipitation and temperature trends, soil losses in the first period
(2030-2060) are going to be greatly susceptible to the effects of climate change. In addition,
the results of the three RCP 4.5 (2060 and 2090) and RCP 8.5 (2060) scenarios indicate that
precipitation will fall significantly while erosion rates go up (+3%). This can be explained by
the spatial component; even if precipitation on the basin scale decreases, the rates upstream
of the basin maintain their high values (Figure 9a—d), and these areas coincide with the
regions with degraded vegetation and steep slopes, potentially leading the EPM model to
estimate high erosion rates.

These results can be a useful resource for decision-makers and long-term management.
However, it is essential to recognize the limitations of the employed approaches. Certainly,
there is a pressing need for accurate future climate estimates in order to plan catchment
management and infrastructure projects. The regional climate model (RCM) is the most
current instrument for simulating future climatic conditions. Using models, on the other
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hand, might increase uncertainty with respect to a variety of key temporal and geographical
scaling concerns with the input data. Generally, RCMs overestimate temperature and
underestimate monthly precipitation, whereas better simulation is possible in the spring
and summer for temperature data and the winter and autumn for precipitation data [36,37].
Another constraint is that the study only takes climate factors (rainfall and temperature)
into account, assuming that all other factors (slope, soil erodibility, land use and land cover,
and conservation practices) will remain static in the future. Soil erosion and its vulnerability
may rise or fall throughout the twenty-first century depending on changes in these factors.
However, the statistically based downscaling model and the EURO-CORDEX regional
climate model predict that, in the future, there will be more or less rainfall, which will lead
to an increase or decrease in vegetation cover, land use, and conservation practices. In
addition, in general, the climate change scenarios exhibit considerable uncertainty in their
projections. Finally, empirical models represent an alternative analysis tool in the absence
of specific tangible data. Nonetheless, field observations, coupled with an estimation of
the future evolution of additional factors influencing erosion rates, such as vegetation and
human impact, could boost the accuracy and dependability of the entire process.

4. Conclusions

The climate change effect on soil degradation in a mountainous catchment in Morocco’s
High Atlas was investigated by means of the Gavrilovic erosion prediction method and the
EURO-CORDEX regional climate model’s climate simulation. The following are the major
conclusions reached:

e Applying the EPM model to the hilly catchment of Tassaoute upstream, the annual soil
loss was estimated to be 4,439,067 m3 / year, with an erosion rate of 3129.74 m3/ year/ km?.

e Based on the EURO-CORDEX regional climate model data, we predict a decrease in
annual precipitation of —32% and —46% under RCP4.5 for the periods 2030-2060 &
2061-2090, respectively, and —28% and —56% under RCP8.5 for the same periods,
respectively, and a large increase in temperature of +2.8 °C and 4.1 °C for the RCP4.5
scenario and +3.1 °C and +5.2 °C for the RCP8.5 scenarios for the periods 2030-2060
and 2061-2090, respectively.

e The model above predicted a bigger decline in monthly rainfall, particularly in the
spring, and this decrease is less pronounced during the autumn season due to the
intense events of precipitation that can occur in the future. In terms of temperature,
summer should see a higher increase in the mean monthly temperature.

o  Finally, a major increase in erosion rate was assessed, based on the described variations
in climatic conditions in the study region. Similar assessments should be conducted
throughout Morocco’s mountainous regions in order to identify potential erosion-
prone locations. Furthermore, researching how climate change would impact other
hydrometeorological risks (such as floods, flash floods, landslides, etc.) is required
for adaptation and mitigation. The results of the current study, using the erosion
prediction model; the erosion potential model, and the climate simulation of the
EURO-CORDEX regional climate model, provide estimates of climate change at a very
high resolution and its influence on water -induced soil erosion. It should be the goal
of future studies to show how important it is to use models with a higher resolution in
areas with complicated characteristics. Simulations of better temporal scale data (e.g.,
daily) will possibly also be investigated.
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