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The increase in flood events observed in West African countries, and often in
specificriver basins, canbeinfluenced by severalfactors, including anthropogenic
land use and land-cover changes. However, the potential contribution of land
cover changes to flood events still needs to be explored, especially in West
Africa. Here, the fully coupled atmosphere-hydrology WRF-Hydro system,
which comprises an atmospheric model and additionally incorporates the
surface, subsurface, overland flow, and channel routing, is used to investigate
the potential impact of a land cover change scenario on flood events in the
Senegal River basin. The simulation was performed from 2010 to 2020, with a
calibration period spanning from 2011 to 2012 and a validation period from 2013
to 2020. Several skill scores, including Nash-Sutcliffe Efficiency (NSE), BIAS,
and Kling-Gupta Efficiency (KGE), were utilized to assess the calibration and
validation performances. Additionally, two planetary boundary layer schemes
(PBL5 and PBL7) were used to determine their associated uncertainty. Our results
show that the best calibration results (NSE = 0.70; KGE = 0.83; PBIAS = -7% and
BE = 0.67) in the Senegal River basin are obtained with PBL5 when the calibration
is performed with a SLOPE parameter 0.03. A similar good performance was
also obtained for the validation with NSE = 0.74, KGE = 0.84, and PBIAS = —8%.
Likewise, our findings indicate that converting savanna to woody savannas can
elevate water resources, with a 2% rise in precipitation and a 4% increase in
runoff. This transition also correlates with an increase in moderate flood events
(3500-4000 m?/s), a decrease in severe floods (4000-5000 m?/s), and their
associated occurrence of extreme floods (>5000 m?/s) in the Senegal River
basin.

KEYWORDS

land cover change, WRF-Hydro, Senegal River basin, overbank flow, flood events

01 frontiersin.org


https://www.frontiersin.org/journals/Water
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frwa.2024.1447577&domain=pdf&date_stamp=2024-09-18
https://www.frontiersin.org/articles/10.3389/frwa.2024.1447577/full
https://www.frontiersin.org/articles/10.3389/frwa.2024.1447577/full
https://www.frontiersin.org/articles/10.3389/frwa.2024.1447577/full
mailto:ndiaye.assane@edu.wascal.org
mailto:assanendiaye58@gmail.com
https://doi.org/10.3389/frwa.2024.1447577
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Water#editorial-board
https://www.frontiersin.org/journals/Water#editorial-board
https://doi.org/10.3389/frwa.2024.1447577

Ndiaye et al.

1 Introduction

Climate hazards manifest differently from one locality to another.
At both global and local scales, increased flood risks have been noted
due to climate change and other processes such as urban expansion
and anthropogenically land use and land-cover changes (Kundzewicz
et al., 2014; Kadri and Kurniyaningrum, 2019; Pravilie et al., 2019;
Costache et al., 2019; Babaei et al., 2018). The frequency of significant
floods appears to be increasing worldwide (Hall et al., 2014; Najibi and
Devineni, 2018; Hirabayashi et al., 2021), particularly in developing
countries such as West Africa, where populations remain vulnerable
to extreme climates and their associated flooding events. These events
have become more frequent (Déqué et al., 2017; Cardona et al., 2012).

In West Africa, however, the spatial distribution of these extreme
events is not homogeneous (Ta et al., 2016). In Cote d’Ivoire, the
observed increase in heavy precipitation over the past 15 years (Konate
etal, 2023), has increased flooding, particularly in urban areas where
authorities and residents are not adequately prepared, exposing
infrastructure and human safety to heightened risks. In Niger, annual
flooding episodes have been recorded in the coastal states of the Niger
Delta, located along the Niger River and its tributaries (Mmom and
Aifesehi, 2013).

In Mali, an analysis of the flood report showed an increase in the
intensity and frequency of extreme precipitation in Bamako from 1982
t0 2019 (Fofana et al., 2022). Burkina Faso experienced approximately
three floods per year from 1986 to 2016 according to Tazen et al.
(2019). In Senegal, heavy rainfall frequently leads to flooding,
particularly impacting low-lying urban areas (Young et al., 2019).
Between 1980 and 2009, floods in Senegal affected over 900,000
people, resulting in 45 deaths and causing material damages estimated
at over 142 million US dollars, according to the Ministry of
Environment and Sustainable Development in 2015 (Zermoglio et al.,
2015). In the Senegal River basin, Ndiaye et al. (2023) highlighted an
increase in the number of flood occurrences in recent years.

However, several factors, such as changes in land use land cover,
can influence these increases in floods observed in West African
countries and often in specific basins (Rogger et al., 2017). Several
studies have been conducted to assess the impact of land use change
(deforestation/afforestation) on rainfall extreme weather indices in
West Africa (Camara et al., 2022; Sy and Quesada, 2020; Abiodun
et al., 2013). Focusing on the effects of reforestation on the Sahel-
Saharan interface on extreme events in the Sahel region during the
West African monsoon season, using the RegCM4 model, Camara
et al. (2022) showed an increase in the number of wet days (Rlmm)
in both above and outside the reforested area. Investigating the
consequences of afforestation on future extreme weather events in
Nigeria, Abiodun et al. (2013) demonstrated that afforestation can also
increase the frequency of extreme rainfall events and increase the
flood events in the coastal region.

Nevertheless, the potential contribution of land use changes to
flood events remains unexplored, especially in the Senegal River
Basin located between four West African countries - Senegal, Mali,
Mauritania, and Guinea. Few studies have investigated the land
use change in the Senegal River basin. For instance, Astou Sambou
et al. (2023) using the Landsat images from 1986, 2006, and 2020,
along with the Random Forest classification method, investigated
the past and future evolution of change of land use in the watersheds
of the Bafing and Falémé rivers, which are tributaries located in the
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Senegal River Basin. Their findings indicate that from 1986 to 2020,
Bafing witnessed a notable rise in vegetation, water, agricultural
zones, and settlements, accompanied by a decline in bare ground.
Projections for 2050 indicate a further increase in vegetation,
agricultural areas, and settlements, suggesting an environmental
impact. Faty et al. (2019) investigate the impact of the land use
dynamics in the context of hydrological regime variations in the
upper basin of the Senegal River. Their aim was to assess the
climatic vulnerability of water resources in the Senegal and Gambia
River basins. They employed historical data on annual rainfall and
streamflows from various tributaries, including Bafing Makana
station, Senegal; Bakel station, Bakoye, Oulia; and Faleme at Kidira,
spanning from 1955 to 2014. Additionally, they utilized Modis-
Terra satellite images from 2007 and 2014. They showed throughout
the study area, precipitation patterns underwent significant changes,
with a westward shift of high precipitation isohyets. This resulted in
an overall decrease in annual precipitation, an increase in average
annual temperatures and sunshine, and a reduction in the duration
of the rainy season.

Numerous studies have also attempted to analyze the impact of
land use change on flooding events using satellites and Random
Forest approaches (Acuna-Alonso et al., 2022; Thapa and Prasai,
2022; Banjara et al., 2024). However, it is worth noting that this
approach fails to sufficiently capture the large-scale and non-local
atmospheric responses triggered by land-use change (Sy et al., 2017).
Neglecting these influences may result in an incomplete evaluation
of the full effects of land cover on extreme floods at the river
basin scale.

To our knowledge, no study has investigated the impact of land
cover change on flood events using the fully coupled atmospheric-
hydrological model (WRF-Hydro) system (Gochis et al., 2020). Here,
for the first time, utilizing a coupled atmospheric-hydrological
modeling system (WRF-Hydro), which incorporates the surface,
subsurface, overland flow, overbank flow and channel routing (Arnault
etal., 2023), this study aims to evaluate whether land-based mitigation
policies, such as converting savannah to woody savannas in the upper
Senegal River Basin, would have a significant impact on flood events.
In other words, the paper aims to investigate the critical aspect of
understanding the potential flood risks related to land cover change.

The remainder of this article is structured as follows. Section 2
describes the study area, datasets used for model calibration and
validation, the WRF-Hydro model setup, and configuration, as well as
the land use change realized experiments. The discussion of the most
relevant results is provided in Section 3, while the summary and
conclusion are provided in Section 4.

2 Materials and methods
2.1 Study area and observational datasets

The Senegal River basin (see Figure 1), located in West Africa,
extends between 10° North latitude in Guinea and 17° North latitude
in Mauritania. In longitude, the basin ranges from 7° west to 16° west.
It covers an area of 300,000 km? and spans a length of 1800 km (Faye
etal., 2015).

The basin is fed by three tributaries: the Falémé, the Bakoye, and
the Bafing, originating from the high plateaus of the Fouta Djallon in
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FIGURE 1

panels.

Topography (in meters above sea level) of the outer and inner domains, D1 and D2, at 30 km and 10 km resolution, respectively. The sub-domain, D2-
sub, is represented at a resolution of 1 km, coupled with D2 for water routine computations. The red rectangle indicates the location of D2. The red
contour line and blue curved line delineate the upper basin of the Senegal River, main rivers, and the outlet gage station (denoted by a black point)
within D2-sub, referred to as the BAKEL station. The topography color scale provided by the color bar on the left side of D1 is consistent for both

Guinea. The Bafing and Bakoye tributaries are located in Mali, as well
as the Falémé, which borders Senegal and Mali and sometimes
traverses Senegalese territory. The basin is divided into three main
regions: the upper basin, the valley, and the delta. From a climatic
perspective, the rainy season lasts for 4 months in Bakel, from June to
September, and for 3 months, from July to September, in Matam,
Podor, and Saint-Louis. The yearly average precipitation ranges from
500 to 1500 mm (Ndiaye et al., 2021). The streamflow at the Bakel
reference station averaged 485 m3/s over the 40-year period, with a
median of 254 m3/s and a standard deviation of 631 m3/s according
Ndiaye et al. (2023). The vegetation in the region primarily follows a
rainfall gradient, transitioning from semi-arid savannah in the North
to sub-humid forest in the South (Stisen et al., 2008).

In this watershed, approximately 3.5 million people derive most
of their income from middle resources, managed by the OMVS
(Organization for the Development of the Senegal River).

The reference datasets to evaluate model performances are a
gridded precipitation observation product and discharge data. The
IMERG database (Integrated Multi-satellite Retrievals for Global
Precipitation Measurement), developed by Huffman et al. (2014), is
an almost global dataset, updated daily, presented on a regular grid
with a horizontal resolution of 0.1°, and available for the period from
2001 to 2020. This product can be obtained by following the link.'
Discharge data originates from the outlet (Bakel station), located at
the exit of the upper basin (depicted by the red line), at coordinates
(14.9°N, 12.4°W), as shown in Figure 1 (on the right). They were

1 https://gpm.nasa.gov/data/directory
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provided by the Directorate of Water Resources Management and
Planning of Senegal (DGPRE) in the form of a daily time series
covering the period from 2010 to 2020.

2.2 WRF-Hydro model setup

The WREF-Hydro model used for this study is the version of
Arnault et al. (2023) enhanced with the description of overbank flow.
It is built upon version 4.4 of the WREF climate model by Skamarock
etal. (2021), coupled with version 5.2 of the WRF-Hydro hydrological
module (Gochis et al., 2021). The model employs a sophisticated
approach to represent atmospheric dynamics, using a three-
dimensional grid that spans a specific geographical area. It
incorporates a diverse range of parameterizations aimed at capturing
the nuances of physical processes at a fine scale, covering aspects such
as radiation, turbulence, cumulus convection, cloud microphysics, and
terrestrial hydrology.

For our study, we define two nested modeling domains, as
illustrated in Figure 1: a large external domain with a horizontal
resolution of 30 km (121 x 121 grid points), encompassing the West
Africa region, and a confined internal domain with a horizontal
resolution of 10 km (151 x 121 grid points), centered on the Senegal
River basin. The model domains include 50 vertical levels up to 10
hPa. The initial conditions and lateral boundaries of the external
domain are tightly controlled, with atmospheric pressure, geopotential,
zonal and meridional winds, temperature, and water vapor data
sourced from ERA5 reanalysis (Hersbach et al., 2020). These data are
provided at six-hour intervals, with a resolution of 0.25°. The internal
domain is driven by the external domain through a one-way nesting
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TABLE 1 Experimental details of the atmosphere model, WRF and WRF-
Hydro.

WREF Physics options (D1 References

and D2)

Projection resolution Mercator

Microphysics WSM6 Hong and Lim
(2006)

Cumulus parametrisation Grell-Freitas Grell and Freitas
(2014)

Planetary boundary layer MYNN2 Nakanishi and

ACN2 Niino (2004)

Pleim (2007)

Land surface model Noah-MP Niu et al. (2011)

Longwave radiation RRTM Mlawer et al. (1997)

Shortwave radiation Dudhia Dudbhia (1989)

WRE-Hydro Physics options (D2)

Subsurface routing (SUBRTSWCRT) 1, yes Gochis et al. (2021)

Overland flow routing (OVRTSWCRT) 1, yes

Channel routing (CHANRTSWCRT) 1, yes

Baseflow bucket model 0, no

(GWBASESWCRT)

Overbankflow 1, yes Arnault et al. (2023)

(OVERBANKFLOWSWCRT)

method. Atmospheric motion equations in both domains are solved
at time intervals of 80 s for the external domain and 40 s for the
internal domain to ensure model stability. Both domains (D1 and D2)
share the same physical parameterization for the WRF part (see
Table 1). The choice of this parameterization is motivated by good
values of scores [KGE (Gupta et al., 2009), NSE (Nash and Sutcliffe,
1970), and BIAS] of mean daily flows noted between observation and
simulation during the calibration.

To evaluate model physics’ uncertainty, two planetary boundary
layer (PBL) schemes are used: PBL5 (Nakanishi and Niino, 2004) and
PBL7 (Pleim, 2007). The choice of these PBL schemes is based on their
specific characteristics, wet for PBL5 and dry for PBL7. Our choice of
the two schemes PBL5 and PBL7 aims to determine the model
uncertainty and also to observe its behavior under both wet and dry
physical conditions.

Noah-MP, integrated into the WREF-Hydro setup used in this
study, is a module dedicated to the land surface. It analyzes the
evolution of vegetation cover and soil moisture in a column of 2 m
depth, segmented into four distinct layers. The land use categories
option “Moderate Resolution Imaging Spectroradiometer (MODIS)”
land cover map (Friedl et al., 2002) is selected.

The WREF-Hydro routine modules are activated for the D2 domain
through a coupling with the D2-sub subgrid with a resolution of 1 km.
D2-sub is generated with the WRF-Hydro preprocessor tools and
elevation data from the Hydrological and Topographic Database
(HydroSHEDS) (Lehner et al., 2008). The Disaggregation between D2
and D2-sub is performed using a disaggregation factor. This factor is
updated at the end of each time step after consideration of the routing
processes calculated on D2-sub (Gochis et al., 2021). In this study, the
base flow bucket model (GWBASESWCRT) is not used. As in Arnault
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etal. (2016), for a West African Sahelian watershed, no groundwater
bucket option is retained because the base flow generated by this
method would lead to higher water input into the river compared to
observations (not shown).

2.3 Calibration and validation of
WRF-Hydro coupled

A WREF-Hydro simulation is conducted over a period of 11 years,
from 2010 to 2020, including a one-year spin up period. The
WREF-Hydro model is calibrated for a 2-year period (2011-2012) and
validated for the period from 2013 to 2020 in the Senegal River basin.
Our calibration period is considered sufficiently long to obtain robust
results with the WRF-Hydro model. The simulated discharge is
calibrated by focusing on one sensitive parameter governing the
amount of percolation (SLOPE), following the calibration strategy
proposed in Arnault et al. (2023). Two other sensitive parameters:
Manning’s roughness coefficient for rivers (MannN), and the runoff
infiltration partitioning parameter (REFKDT) are kept constant
during our calibration process. The parameter sensitivity analysis
we conducted is only partial, due to the limited amount of computing
resources available.

Thus, our calibration is based on varying the SLOPE across
different ranges (0.01, 0.03, 0.04, 0.06, 0.08), while the parameters
REFKDT (3) and MannN (see Table 2) are set to default. These
combinations are tested during the calibration based on planetary
boundary layers PBL5 and PBL7 (see Table 2).

The calibration and validation discharge results are evaluated
using skill scores such as percentage bias (Equation 1), Nash-Sutcliffe
efficiency [NSE, Equation 2, (Nash and Sutcliffe, 1970)], Kling-Gupta
efficiency [KGE, (Gupta et al., 2009)] (Equation 3) and benchmark
efficiency [BE, (Schaefli and Gupta, 2007)] (Equation 4).

z;’zl ( Yisim _ Y,'Obs )
n y,obs
2t

BIAS = X100 (1)

2 \2
Z:l:l(yil)bs _ Yistm)

2
Z:’zl(yiobs _ Yimean )

2 ) 2
1} + (“ﬂ - 1) 3)
Hobs

Zt]\il[gobs (t) —sim (t)]z
>N [dons (1) -as (1) |

NSE =1- (2)

Oobs

KGE:I—\/(r—1)2+[M—

BE=1- )

Y°? is data from the observation, ¥*™ data from from the
simulation (WRF-Hydro). About the KGE score, r represents the
linear correlation between observations and simulations, o is the
standard deviation of observations, o;,, is the standard deviation of
simulations. gy, is the mean of simulations and z¢,pis the mean of
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TABLE 2 Calibration of WRF-Hydro coupled over Senegal River basin.

10.3389/frwa.2024.1447577

SLOPE REFKDT MannN PBL KGE NSE BIAS BE

Default 0.1 3 Default 5 0.11 -1.17 —18% -1.30

7 0.37 —0.18 —41% -0.25
Overbankflow 0.1 3 Default 5 0.23 0.34 —56% 0.30
Overbankflow 0.08 3 Default 5 0.31 0.41 —51% 0.37
Overbankflow 0.06 3 Default 5 0.49 0.59 —39% 0.57
Overbankflow 0.04 3 Default 5 0.71 0.70 —22% 0.68

7 0.48 0.60 —41% 0.58
Overbankflow 0.03 3 Default 5 0.83 0.70 —7% 0.67

7 0.58 0.67 —33% 0.65
Overbankflow 0.01 3 Default 5 0.29 0.17 38% 0.13

observations. gops, ¢simare discharge from observation and simulation
data and g5 (¢) is the benchmark model discharge at time step t. this
benchmark efficiency measures whether the hydrologic model
explains more of the observed variability than what is already
contained in the seasonality of the climate according Schaefli and
Gupta (2007).

To assess the potential impacts of land use change on flooding in
the Senegal River basin, an afforestation experiment is conducted
using WRF-Hydro model. The calibration performed in Section 2.3 is
utilized for our land use change simulations.

The default MODIS land cover map from 2002 (Friedl et al.,
2002), considered as a reference, is modified. The principle is to
replace savannah with woody savannas found in the upper basin of
the river (Figure 2), because this region receives the largest
precipitation in the Senegal basin, so a landuse change there can
be expected to have the largest hydrological impact. A 10-year
simulation is conducted for each of the two scenarios (reference and
woody savannas) before evaluating the variation in hydrological
components and flooding events.

To assess the model uncertainty of our results, we conduct two
10-year simulations for each of the two planetary boundary layer
schemes, PBL5 and PBL7.

The results of these afforestation experiments aim to provide
further information on the variation of flooding due to changes in
land use in the upper basin of the Senegal River.

3 Results and discussion
3.1 Evaluation of WRF-Hydro precipitation

Figure 3 clearly illustrates that the WRF-Hydro model adequately
captures the seasonal fluctuations of precipitation in the Senegal River
basin over the period from 2011 to 2020, highlighting a pronounced
peak in August for the precipitation.

During the period from January to July, the model appears to
reproduce the observed precipitation levels reliably. However,
significant divergences emerge between the observed data and the
simulations, notably an overestimation in August, followed by an
underestimation between September and December. These disparities
between observations and modeled results could be attributed to
several factors, largely stemming from uncertainties in the input data
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and in the choice of model physics. This is confirmed who showed that
the considerable precipitation variability in West Africa stems from
substantial uncertainty in WRF simulations.

3.2 Calibrated discharge

Table 2 shows that WRF-Hydro provides reasonable
calibration results (NSE=0.70; KGE=0.83; BIAS=-7% and
BE=0.67) and validation results (Figure 5) (NSE=0.74;
KGE =0.84; BIAS=-8% and BE=0.73) over the Senegal river
basin with the following sensitive parameters SLOPE=0.03,
REFKDF =3 and default MannN. Similar values of NSE have been
found in Benin by Quenum et al. (2022), while focusing in the
Oueme river basin (NSE=0.68). In comparison to other
watersheds in the world it is noted that an NSE of 0.30 remains
relatively weak but falls within the range of discharge
performances published with WRF-Hydro (e.g., Arnault et al,,
2016; Kerandi et al., 2018; Rummler et al., 2019; Zhang et al.,
2019; Camera et al., 2020; Fersch et al., 2020; Li et al., 2020).

The shift in the discharge curve between the observation and the
simulation obtained during our calibration can be partly explained by
the quality of the simulated precipitation from the WRF atmospheric
model (Figure 4). This is highlighted by Senatore et al. (2015) that the
simulated discharge performance with WRF-Hydro is inherently
limited by the quality of the simulated precipitation, which constitutes
a drawback of the atmospheric-hydrological coupled modeling
approach.

3.3 Land cover change experiments

This section is dedicated to the results obtained from modeling
land use changes in the upper basin of the Senegal River. The analysis
focuses on the changes observed between the reference and the woody
savannas scenarios regarding hydrological components and flooding
in the Senegal River basin. The principle of land use change modeling
is described in Section 2.3 (Figure 2).

3.3.1 Water balance components analysis

Figure 6 illustrates the spatial variation of the main
hydrological components obtained through changes between the
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reference scenario and the woody savannas scenarios in the
upper basin of the Senegal River. The results show an increase in
these components, namely evapotranspiration, precipitation,
runoff, and percolation, in the area where the replacement
These
findings regarding the increase in evapotranspiration are similar
to those of Camara et al. (2022) conducted in West Africa, where
they emphasize that the difference between reforestation and

(savanna to woody savannas) has been made.

the reference scenario shows an increase in evapotranspiration
north of 10° N, with a strong value over the reforested
area.

Table 3 shows that the increase can reach around 2% for
precipitation (AP) 2% for the percolation (ARG) and 4% for
runoff (ARS) with the planetary boundary layer PBL5 in the
upper basin of the Senegal River. With PBL7, a drier planetary
boundary layer compared to PBL5, an increase of 3% for the
precipitation, 5% for the percolation and 7% of runoff is observed
in the upper basin. This observed increase in resources is similar
to that found in tropical Africa, in the Nzoia basin, East Africa,
by Arnault et al. (2023).

As mentioned by Dyn et al. (2014), the increase in rainy days
and seasonal precipitation accumulation can be triggered by a
change in jet stream structure and an increase in
evapotranspiration rate. Our result confirms the importance of

the high evapotranspiration rates in the upper parts of the

10.3389/frwa.2024.1447577

Senegal River basin, where the afforestation experiment is
conducted, to modulate precipitation in the region.

3.3.2 Flood events analysis

Figure 7 represents the evolution of floods from 2011 to 2020,
characterized by the number of occurrences within a flow of 500m> / s
. The results show a similar trend between the reference and woody-
savannas scenarios, with a high number of occurrences ranging from
500 to 1500 m3/s, followed by a moderately high number of
occurrences between 2000 and 3500 m> / s, and finally a low number
of occurrences between 4000 and 6000 m> /5. Between the two
scenarios (reference and woody-savannas), the evolution of
occurrences is much more pronounced with pbl5 compared to pbl7,
where a significant moderate increase is observed with a peak flow at
4000-4500m° / 5. The woody-savannas scenario shows the emergence
of a peak flow at 5500-6000 m?> /s with pbl5, indicating that the
replacement of savannas with woody-savannas scenario potentially
results in high flow in the upper basin, which could lead to flooding
in the Senegal River basin. This result is consistent with that of
(Abiodun et al., 2013) for the coastal region of Nigeria. They mention
that afforestation is expected to lead to an increase in the frequency of
extreme precipitation events (floods).

The analysis in Figure 8 reveals significant variations in the
number of flood occurrences between the reference and woody-
savanna scenarios, particularly in the high flow range of 3500 to 6500

Reference

FIGURE 2

Maps of land cover distribution in the Senegal River basin following the MODIS classification (2002) as used in panel (A) the reference WRF-Hydro
simulation and (B) the woody-savannas WRF-Hydro simulation. The black contour line in all the panels indicates the location of the upper basin where
the land cover change experiment is conducted. The color classification of MODIS land cover classes is provided in the upper basin side of the figure.
The red rectangle represents the area where the change in vegetation cover occurs.
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m3/s. For the planetary boundary layer PBL5, an interesting trend is
observed: an increase in the number of occurrences of moderate
floods between 3500 and 4000m° / s, followed by a decrease in severe
floods between 4000 and 5000m° / 5, and finally, in the emergence of
extreme floods above 5000m° / s. This observation suggests a complex
dynamic of floods in this flow range, with a transition between
different levels of flood severity.

Similarly, for the planetary boundary layer PBL7, a positive
variation in the number of occurrences is noted, with a peak at 3500-
4000m> / 5. This indicates a distinct response of this scenario to
specific flows, potentially highlighting differences in hydrological and
meteorological processes between the two scenarios.

These results underline the importance of considering variations
in the planetary boundary layer in flood risk analysis with the
atmospheric-hydrological modeling approach, in order to account for
the uncertainty in the frequency and intensity of extreme events.
Furthermore, these results highlight the need for adaptive
management of flood-prone areas, considering climate change
predictions and evolving environmental conditions.

4 Summary and conclusion

This study aimed to assess the impact of land cover change on floods
in the Senegal River basin. To achieve this, the coupled WRF-Hydro
model was calibrated and validated for the Senegal River basin. The
default 2002 MODIS land cover map, considered as a reference scenario,
was modified by replacing savannas with woody savannas in the river’s
upper basin. Subsequently, a 10-year simulation was conducted with

Frontiers in Water

calibrated WRF-Hydro for each scenario (reference scenario and woody-
savannas scenario). An evaluation of the hydrological components and
flood events was performed between the two scenarios (woody-savannas -
reference).

Our results show that afforestation increases precipitation, actual
evapotranspiration and runoff in the area where savanna was
converted to woody savannas. This increase in water resources
amounts to approximately +2% in precipitation and +4% in runoff in
the upper basin of the river. With the planetary PBL5, a significant
increase in the number of flood occurrences is observed in the Senegal
River basin. Specifically, there is an increase of 17 occurrences in
moderate floods between 3000 and 4000 m?/s, followed by a slight
decrease of 2 occurrences in severe floods between 4000 and
5000 m?/s. Finally, there is an increase of around 2 occurrences in
extreme floods above 5000 m?/s. In summary, replacing savanna with
woody-savannas (woody-savannas) in the upper basin of the Senegal
River has the potential to increase water resources upstream of Bakel
but also lead to more extreme flooding downstream. This study
highlights the complex interaction between land use change, water
resources, and flood dynamics. It emphasizes the importance of
holistic approaches to land management that consider both local and
downstream impacts, thereby contributing valuable insights for
sustainable development and risk reduction strategies in the Senegal
River basin and similar regions. However, it is essential to consider
several sources of uncertainties in this analysis. First, the afforestation
strategy followed can significantly influence the results. The choice of
tree species, planting density, and the precise location of the reforested
areas can all have varying impacts on hydrological processes and
surface flows.
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derived from the observational product BAKEL station outlet of the upper basin (in black); and discharge from calibrated WRF-Hydro simulations with
PBLS5 (in blue) and PBL7 (in red). At the top, weekly accumulation of precipitation from IMERG satellite data (in black) and precipitation from calibrated
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TABLE 3 Mean annual change over all the upper basin.

Boundary AP Annual ARG Annual ARS Annual AE Annual

planetary layers precipitation change @ percolation change Runoff change Evapotranspiration change
PBL5 +2% +2% +4% +2

PBL7 +3% +5% +7% +1 ‘

Our results are consistent with those of Abiodun et al. (2013),
which show that afforestation induces a more frequent occurrence of
extreme rainfall events (flooding) in the coastal region of Nigeria.

To go further, it would be useful to determine the ability of the
WRE-Hydro model to forecast floods in the Senegal River basin and
to develop a hypothesis on changes in vegetation cover to identify
ways to reduce flooding in the lower part of the basin.

These findings have significant implications for policymakers and
planners involved in land cover management, water resource
management, and disaster risk reduction. They underscore the
importance of considering not only the immediate benefits of
afforestation but also its potential downstream consequences,
particularly in flood-prone areas.
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