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Abstract
West Africa and its semi-arid Sahelian region are one of the world’s most vulnerable 
regions to climate change with a history of extreme climate variability. There is still con-
siderable uncertainty as to how projected climate change will affect precipitation at local 
and regional scales and the consequent impact on river flows and water resources across 
West Africa. Here, we aim to address this uncertainty by configuring a regional-scale 
hydrological model to West Africa. The model (hydrological modelling framework for 
West Africa—HMF-WA) simulates spatially consistent river flows on a 0.1° × 0.1° grid 
(approximately 10 km × 10 km) continuously across the whole domain and includes esti-
mates of anthropogenic water use, wetland inundation, and local hydrological features such 
as endorheic regions. Regional-scale hydrological simulations driven by observed weather 
data are assessed against observed flows before undertaking an analysis of the impact of 
projected future climate scenarios from the CMIP5 on river flows up to the end of the 
twenty-first century. The results indicate that projected future changes in river flows are 
highly spatially variable across West Africa, particularly across the Sahelian region where 
the predicted changes are more pronounced. The study shows that median peak flows are 
projected to decrease by 23% in the west (e.g. Senegal) and increase by 80% in the eastern 
region (e.g. Chad) by the 2050s. The projected reductions in river flows in western Sahel 
lead to future droughts and water shortages more likely, while in the eastern Sahel, pro-
jected increases lead to future frequent floods.

Keywords Climate change · CMIP5 · Hydrological modelling · River flow · Sahel · West 
Africa

1 Introduction

West Africa experiences some of the most devastating precipitation variability anywhere in 
the world and has a history of prolonged and severe droughts, most notably the semi-arid 
Sahelian region (Taylor et al. 2017; Vischel et al. 2019). There are growing signs that the 
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long-term climate across West Africa is changing particularly in the seasonal cycle and 
the decadal variability of the rainfall regime (IPCC, 2014; Lebel and Ali  2009), poten-
tially leading to more frequent extreme hydrological situations—floods as well as droughts 
(Bichet and Diedhiou 2018; Chagnaud et al. 2021; Panthou et al. 2018; Tazen et al. 2019; 
Wilcox et al. 2018).

The local impact of projected climate change on water resources and flooding is criti-
cal to the lives and livelihoods of people living in West Africa. The spatial and temporal 
variability of water availability is an ongoing challenge for development activities across 
the region. Agriculture is the largest economic sector, and the region is heavily dependent 
on surface sources for the fresh water supply. Hydropower is becoming the primary source 
of energy due to fast economic growth along with population growth and urbanisation 
(Obeng-Ofori  2018). The potential impacts of climate change could include substantial 
stresses on the agricultural sector, on the management of fresh water resources, develop-
ment activities, and on ecosystem management. These potential impacts affect a region that 
is already under considerable stress due to extreme climate variability. Projected climate 
change could increase the frequency and intensity of drought and could in turn lead to 
famine, health issues, migration, and social unrest. A sound understanding of the poten-
tial effects of climate change on hydrology and water resources across West Africa is vital 
for local policy-makers and planners in each country. In response to this requirement, we 
present an assessment of regional-scale hydrological impacts of projected climate change, 
complementary to other studies evaluating climate impacts on land–atmosphere feedback 
mechanisms (Boone et al. 2009).

The critical factor defining the overall impact of climate change in this region is pre-
cipitation, but predicting changes to its spatial and temporal variability across West Africa 
is a challenge. At present, most of the current global or regional climate models repre-
sent Earth system atmospheric processes to spatial scales of 10 to 100 km at a daily time 
step, but they are incapable of capturing more-localised, intense rainfall events (Dosio and 
Panitz 2016). Although the majority of climate modelling studies are in broad agreement 
when it comes to predicting climate change impacts on long-term weather patterns across 
West Africa, there are fewer agreements on high-resolution predictions. Only very recently, 
Kendon et al. (2019) applied a convection-permitting model (4.5 km grid resolution) over 
an Africa-wide domain (CP4A) in order to realistically capture hourly precipitation charac-
teristics. Their analysis indicated future increases in dry spell length during the wet season 
over western and central Africa, and more intense 3-hourly precipitation, than lower-reso-
lution 25 km regional climate models had previously indicated.

The research presented here was undertaken as part of the African Monsoon Multi-
disciplinary Analysis 2050 (AMMA-2050) project, which aimed to understand both how 
extreme weather events will change in the future and their impact on water resources and 
flooding at the regional scale. Other authors such as Blanchet et al. (2018), Diedhiou et al. 
(2018), Panthou et al. (2018), Taylor et al. (2017), and Todzo et al. (2020) have investigated 
the past and projected future impact of the global warming on extreme events and their 
frequency over West Africa but concentrated on meteorological impacts. The aims of the 
work presented here are (i) to develop an effective spatially distributed hydrological model 
for West Africa and (ii) to assess the hydrological impact of projected future changes in 
extreme weather spatially over the whole domain. To achieve these aims, we have devel-
oped and applied a single spatially distributed hydrological model at a 10 km × 10 km reso-
lution across West Africa (Section 3). The model takes account of anthropogenic water use 
and other hydrological influences such as endorheic rivers and wetlands. The performance 
of the model has been assessed using observed daily river flows at gauging stations across 
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the region (Section  4), prior to its use to explore the impact of climate change on river 
flows across the region (Section 5). Data from both bias-corrected and un-corrected CMIP5 
(Coupled Model Inter-comparison Project Phase 5) regional climate models have been 
used to estimate the projected impact of climate change on extreme hydrological events 
to the end of the twenty-first century for countries across West Africa. Figure 1 presents a 
schematic of the methodology used, highlighting the three main stages of the hydrological 
modelling work.

2  Background: geography and hydrology of West Africa

West Africa’s varied geography encompasses multiple climatic zones: hyper-arid, arid, 
semi-arid, and dry sub-humid zones where the four major river basins Senegal, Volta, 
Niger, and Chad are located (Fig. 2a). The longest and largest river in West Africa is the 
Niger, which crosses 10 countries and has a length of approximately 4,200 km and a catch-
ment area of 2.27 ×  106  km2. The Niger flows through six varied hydrographic regions 
with distinctive topographic and drainage characteristics (Golitzen et al. 2005), namely (a) 
Upper Niger, (b) Niger River Inland Delta and Lakes District, (c) Middle Niger Right-
Bank Tributaries, (c) Middle Niger Left-Bank Tributaries (d), Lower Niger River, and (e) 
Niger Delta, also shown in Fig.  2a. In the Niger River Inland Delta and Lakes District, 
the vast wetland (Fig. 2b and c) attenuates a considerable volume of incoming river flow 
through infiltration, retention, and evaporation which greatly reduces runoff in the region 
(Golitzen et al. 2005).

However, several tributaries in the sandy Middle Niger Left-Bank are part of the wadi 
network. These tributaries contribute mostly little or no flow to the main Niger River 
and are considered endorheic basins, as high evaporation or infiltration into the subsur-
face results in little or no runoff and river flow (shaded areas in Fig. 2b). These endorheic 
regions reduce the area of the Niger River catchment by almost half (1.1 to 1.5 ×  106  km2) 
which can be considered hydrologically active (Descroix et al. 2009; Golitzen et al. 2005).

The Sahel experienced major droughts during the 1970s and 1980s, and the region’s 
land use changed substantially (Biasutti  2019; Nicholson  2013) leading to the develop-
ment of crusted soil areas (Amogu et al. 2015). However, river flows have unexpectedly 
increased in some areas, particularly in recent decades. This apparent paradox was first 
observed in Burkina Faso by Albergel (1987) and later confirmed for the Middle Niger 
River by Mahé and Olivry (1999), Olivry (2002), and Amani and Nguetora (2002). The 

Fig. 1  Schematic of the methodology used within the hydrological model
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extent of the affected region is circled in Fig. 2b (Descroix et al. 2013). In addition, the 
water table in the endorheic areas has raised due to excess of runoff leading to an increased 
number of ponds which would otherwise have replenished deep infiltration and groundwa-
ter recharge (Descroix et al. 2013; Gardelle et al. 2010; Leduc et al. 2001). These poorly 
understood regional behaviours are collectively known as the “Sahelian Paradox” in the 
literature and are thought to be linked to significant recent land use change which has 
impacted on soil characteristics and led to increased surface runoff (Amogu et al. 2010). 
These changes are thought to have increased the likelihood of flooding in Sahelian areas 
during extreme wet weather conditions.

3  Methods: data and hydrological modelling with HMF

3.1  Model formulation

Various hydrological models have been developed to simulate river flows in catch-
ments or sub-regions across West Africa, but very few have modelled the whole 
region at once with a spatially distributed formulation. Niel et  al. (2003) under-
took catchment-based hydrological modelling with a monthly time step for 17 river 
basins from West and Central African regions to study parameter stability respects to 

Fig. 2  Maps of West Africa showing a major river basins and the Sahel region, including Niger River 
hydrographic regions and gauging station locations; b soil texture (% sand) and endorheic and increased 
runoff areas; c Seasonal changes in the Niger River Inland Delta (Mali Wetland) and Lakes District (https:// 
eros. usgs. gov/ westa frica/ case- study/ lands cape- diver sity- and- dynam ics- inland- niger- delta), shown with 
green and orange shading in Fig.  2b; d current total water usage by the country (litres/person/day) and 
percentage by sector (municipal, industrial, and agricultural) from AQUASTAT database (FAO 2016) and 
(inset) time series of historical and projected population of West Africa from 1950 to 2100 (UN 2017)
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climatic variability. Several authors have applied semi-distributed models; for exam-
ple Dezetter et al. (2008) and Paturel et al. (2003) studied the influence of distributed 
driving data for West African catchments, and Thompson et al. (2017) modelled the 
Upper Niger and the Inner Niger Delta to investigate the impact of the RCP4.5 climate 
scenario for 41 CMIP5 GCMs in the 2050s and 2080s. Andersen et al. (2001) imple-
mented and validated the physically based distributed MIKE SHE hydrological model 
to the Senegal River catchment. More recently, Kwakye and Bárdossy (2020) used 
the conceptual HBV hydrological model on the data-scarce catchment Black Volta 
to investigate the performance, and Boko et  al. (2020) applied the fully integrated 
surface–subsurface HydroGeoSphere model on the semi-arid urban watershed in the 
Niamey Republic of Niger. In this study, a grid-based, spatially distributed hydrologi-
cal model (HMF-WA) has been adapted to simulate river flows on a 0.1° × 0.1° grid 
(approximately 10 km × 10 km) across West Africa. The spatially distributed formula-
tion has been adopted in order to understand the regional impact of climate change in 
a spatially consistent way across countries and catchments. The approach provides a 
means to quantify change in projected river flows for policy-makers and can poten-
tially highlight vulnerable regions and countries.

The hydrological modelling framework (HMF) (Crooks et al 2014) provides a grid-
based, spatially distributed hydrological modelling framework which is similar in 
structure to the G2G model (Bell et  al.  2007). The HMF is modular and enables the 
user to link a chosen grid-based runoff-production scheme with a kinematic wave (KW) 
flow routing scheme to estimate river flows on a regular grid across wide areas (for 
catchments, regions, or global application). It contains a series of modules that provide 
model set-up, input of gridded driving data, production of gridded runoff, KW rout-
ing along a network of flow paths to estimate river flows, and output of gridded model 
variables such as runoff, soil moisture, and river flow. The HMF for West Africa, or 
“HMF-WA”, is implemented at a 0.1° × 0.1° grid (approximately 10 km × 10 km) with 
the domain of latitudes 3° to 26° N and longitudes − 18° to 25° E (Fig. 2) and has been 
enhanced to include hydrological processes important in the region such as wetlands, 
anthropogenic water use, and endorheic rivers.

The HMF-WA runoff-production scheme is grid-based and assumes a vertically inte-
grated representation of soil moisture in each grid box, similar to that used in the grid-
to-grid (Bell et al. 2007). The model requires driving data consisting of spatial grids of 
daily rainfall and potential evaporation (PE) and maintains a continuous soil moisture 
store which receives water through rainfall excess (rainfall – actual evaporation), and 
loses water from surface runoff following a rainfall event, and through soil drainage 
to subsurface storage and runoff. Here, soil texture data are used to parameterise Van-
Genuchten-derived estimates of soil hydraulic conductivity and saturated and residual 
soil moisture values in each grid cell. In order to represent the spatial heterogeneity of 
a 0.1° × 0.1° soil column to rainfall, a probability distribution of soil moisture storage is 
assumed (Moore 2007).

The routing module used in HMF-WA is based on a KW scheme (Bell et al. 2007) 
and allows for parallel routing of surface and subsurface runoff. Each (non-sea) grid 
box is designated as either “land” or “river” using a cumulative catchment area thresh-
old of 5 grid cells. Thus, four wave speeds are defined (for river channel and river 
subsurface, land surface, land subsurface), with slower wave speeds for land and 
subsurface routing. A return flow term allows for water transfer between subsurface 
and surface routing stores and typically provides the base-flow component of the 
hydrograph.
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The KW model equation in 1D is as follows:

where Q is surface or subsurface flow  (m3s−1), R denotes return flow per unit path 
length (water transfer between subsurface and surface pathways), and u represents lateral 
inflows per unit path length, which include runoff generated by the runoff-production 
scheme. The wave speed (celerity) c can vary with the pathway (surface or subsurface) 
and surface-type (land or river) combination. In practice, a forward difference approxi-
mation (Jones and Moore 1980) to the derivatives in Eq. (1) is applied (Bell et al. 2007) 
with a dimensionless wave speed � = cΔt∕Δx and (0 < 𝜃 < 1) . For the HMF-WA appli-
cation, Δx ≅ 10 km, and the routing model time step of Δt = 4 h is selected for stability.

For application to the hydrological conditions of West Africa, several empirically 
derived changes have been made to the HMF-WA model formulation:

 i. The standard HMF routing scheme (1) does not explicitly represent inundated areas 
such as wetlands and lakes and effectively assumes they are rivers. A simple empirical 
representation of water bodies (e.g. within Niger River Inland Delta and Lakes Dis-
trict) has been introduced to allow for losses in inundated areas by infiltration of water 
into soil and retention of the river flow and its subsequent losses due to open water 
evaporation. Specifically, in grid cells with significant water bodies identified from 
the Niger River Inland Delta and Lakes District (Fig. 2b and c) and the HydroLAKES 
database (Messager et al. 2016), a constant proportion of river flow is lost at each time 
step:

   where �w(= 0.04) and �l(= 0.01) are the empirically derived wetland and lake loss 
factors which gave best comparable outflows through these water bodies. The depend-
ence of losses on flow, Q , implicitly takes account of the seasonal variation of flow in 
water bodies.

 ii. In endorheic regions (shown in Fig. 2b), deep infiltration of water and enhanced 
groundwater recharge tends to occur in areas with the highest percentage of sandy 
soils (> 70%), while enhanced discharge occurs in areas with a lower percentage of 
sandy soils. In order to accommodate all situations, the previously constant return flow 
term, R , has been expressed as a spatially varying function ( Rv) of soil sand texture 
as follows:

   where Psand is the percentage sand in each grid cell. In a similar manner, the wave 
speed c for subsurface land flow 

(
cssl

)
 also varies spatially as:

(1)
�Q

�t
+ c

�Q

�x
= c(u + R)

(2)Eloss =

⎧
⎪⎨⎪⎩

�wQ, Niger Inland Delta (Mali Wetland)

�lQ, Niger Lakes District and Other Lakes

0, Rivers without Water bodies

(3)Rv =

⎧
⎪⎨⎪⎩

0.05, Psand < 30

0.05
�
70 − Psand

�
∕40, 30 ≤ Psand ≤ 70

0, Psand > 70
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   The wave speed used for surface land flow 
(
csl
)
 , surface river flow 

(
csr

)
 , and sub-

surface river flow 
(
cssr

)
 are 0.30, 0.60, and 0.25, respectively. These changes have 

the combined effect of stopping or reducing subsurface flows in highly sandy soils 
but maintaining and potentially enhancing return flows from groundwater to surface 
waters in downstream areas that are less sandy. The spatially varying functions (3) 
and (4) do not attempt to reproduce local-scale complexities of surface–groundwater 
behaviour in the Sahelian region (i.e. “Sahelian Paradox”), explored in more detailed 
modelling studies for the Sahelian aquifer (Massuel et al. 2011) and Sudanian hillslope 
hydrology (Richard et al. 2013). Instead, Eqs. (3) and (4) aim to broadly emulate the 
net impact on river flows in a simple but effective way and at scales commensurate 
with a regional-scale (10 km × 10 km resolution) hydrological model.

 iii. A population-dependent function has been introduced to accommodate losses from 
rivers associated with anthropogenic water use. These are based on AQUASTAT 
estimates of current water use by country in all sectors (quantity of water withdrawn 
for municipal, industrial, and agricultural purposes) in litres/person/day (FAO 2016). 
Figure 2d shows how these estimates vary by country, with water use per person rang-
ing from 909 l/person/day in Mauritania to 32 l/person/day in Benin. For HMF-WA, 
an association between gridded population data and water extraction from rivers has 
been established by linking gridded population numbers in each grid cell with the 
nearest downstream river grid cell. In the HMF-WA, water demand per person for each 
country ( Wuse ) abstracted (assumed constant throughout the year and fully consumed) 
from nearest downstream river grid cell is estimated as follows:

   where Wuse is water use (litres/day), Wperson is water use per person (litres/person/
day), and Priver is the number of people hydrologically associated with the nearest 
river. This relationship also allows future scenarios of population growth (Fig. 2d 
inset) for the West African region (UN 2017), to be linked with water use.

The impact of these three model enhancements on the HMF-WA routing model Eq. (1) 
can be summarised as follows:

with the impact of Rv , Eloss , and Wuse varying across the HMF-WA model domain 
according to spatial datasets of open water, population, and soil texture.

3.2  Observation‑based driving data

The temporal driving data for HMF-WA are daily precipitation and PE. For the obser-
vational-period model assessments, daily precipitation from CHIRPS (Climate Haz-
ards Group Infra-Red Precipitation with station data; Funk et al. 2014) at a 0.05° × 0.05° 
(approximately 5  km × 5  km) resolution and daily PE from GLEAM (Global Land 

(4)cssl =

⎧
⎪⎨⎪⎩

0.25, Psand < 30

0.25
�
70 − Psand

�
∕40, 30 ≤ Psand ≤ 70

0, Psand > 70.

(5)Wuse = Wperson × Priver

(6)
�Q

�t
+ c

�Q

�x
= c(u + Rv − Eloss −Wuse)
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Evaporation Amsterdam Model; Martens et  al.  2017) were used to drive the model. 
GLEAM PE estimates are derived using the Priestley and Taylor equation (Priestley and 
Taylor 1972) using observations of surface net radiation and near-surface air temperature at 
a 0.25° × 0.25° (approximate grid of 25 km × 25 km) grid resolution (Martens et al. 2017). 
Both the rain and PE driving data were re-gridded onto the 0.1° × 0.1° HMF-WA model 
grid and divided equally down to provide the 4-hourly driving data required by the HMF. 
For the present-day and future climate simulations, the observed precipitation and PE were 
directly replaced with climate model data (described in Section 3.3).

Several observation-based rainfall datasets are currently available for sub-Saharan 
Africa. Le Coz and van de Giesen (2020) recently reviewed and evaluated several rainfall 
datasets over different parts the region. They recommended the use of CHIRPS for flood 
and drought studies undertaken in Burkina Faso and Mozambique by Dembélé and Zwart 
(2016) and Toté et al. (2015), respectively. Dembélé et al. (2020b) also evaluated the suit-
ability of 17 available gridded rainfall datasets for large-scale hydrological modelling in 
the Volta River basin and showed that CHIRPS is one of the best-performing datasets for 
streamflow simulation. The study also established that none of the rainfall datasets they 
tested consistently performed well in reproducing the spatiotemporal rainfall variability. In 
other words, the best-performing dataset for the temporal dynamics is not necessarily the 
best for reproducing the spatial variabilities where there is more uncertainty in representa-
tion of spatial hydrological processes. Dembélé et al. (2020a) also evaluated twelve satel-
lite and reanalysis evaporation datasets for use within a distributed mesoscale hydrologic 
model and showed that GLEAM is one of the best-performing datasets. Although there 
are many weaknesses in observation-based spatiotemporal datasets across West Africa 
(Peugeot et al. 2011), CHIRPS and GLEAM can be considered a good source of data to 
drive the HMF-WA regional hydrological model.

Typically, the HMF-WA is not calibrated to individual catchment conditions using 
observed flow data. Instead, spatial datasets of physical and soil properties are used to 
configure the model hydrology to local conditions. These spatial datasets consist of slope, 
flow network (D8), soil properties, land cover (particularly waterbodies such as lakes and 
wetlands), and population which is linked to water demand. River flow network and catch-
ment area information at a 0.1° × 0.1° grid were obtained from Wu et al. (2012), which are 
derived from the HydroSHEDS database (Lehner et al. 2008). Soil parameters—soil tex-
ture (percentage of sand, silt, and clay), organic carbon, bulk density, and soil depth to bed-
rock—are obtained from ISRIC World Soil Information (Ribeiro et al. 2018). Lake shape-
files are obtained from two sources, the HydroLAKES database (Messager et  al.  2016), 
with additional shapefiles acquired by processing satellite images of the Niger River Inland 
Delta and Lakes District (Fig. 2c). Present-day water use by sector (municipal, industrial, 
and agricultural) and country was gathered from the AQUASTAT database as shown in 
Fig. 2d (FAO 2016). Historical population data at an resolution of ~ 10 km × 10 km were 
obtained from the History database of the Global Environment (HYDE) (Klein Goldewijk 
et al. 2010, 2011), and projected population estimates were obtained from UN (2017) for 
2019 to 2100. Land cover and change in land use were not explicitly included as their 
impacts were assumed to be negligible in large (continental) scale simulations.

3.3  Climate model driving data for future scenarios

To understand the impact of projected climate change on hydrological response at the 
regional scale, daily bias-corrected climate model data from CMIP5 were used to drive the 
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HMF-WA hydrological model. CMIP5 provides simulations from Global Climate Mod-
els (GCMs) for the preindustrial period, historical period (1860–2005), and future climate 
projections (2006–2099) based on Representative Concentration Pathways (RCPs) (Meehl 
et al. 2009; Taylor et al. 2012). RCPs refer to the concentration pathway extending up to 
2100, for which integrated assessment models (IAMs) produced corresponding emission 
scenarios linking main features of society and economy with the Earth biosphere and 
atmosphere systems into one modelling framework (van Vuuren et al. 2011).

Here, changes in HMF-WA-simulated river flows were evaluated for 2 RCPs:

• RCP2.6—Radiative forcing peaks at approximately 3  Wm−2 before 2100 and then 
declines.

• RCP8.5—Radiative forcing reaches greater than 8.5  Wm−2 by 2100 and continues to 
rise for some amount of time.

The CMIP5 climate model data used in this study consisted of 4 variables (daily pre-
cipitation, near-surface air temperature, and daily maximum and minimum surface air tem-
perature) post-processed to a 0.5° × 0.5° grid (~ 50 km × 50 km) by Famien et al. (2018). 
Climate models sometimes exhibit systematic biases in variables such as rainfall, arising 
from simplification of complex atmospheric processes (i.e. physical and thermodynamic 
processes), as a result of scale and model resolution (e.g. representation of convection) and 
numerical solution schemes. To overcome this problem, “bias-corrected” climate data are 
often used in climate impact studies as they can provide more realistic-looking realisations 
of present-day climate variables. However, there are ongoing concerns that the process 
of “correcting” climate model data against observations can introduce additional uncer-
tainty (e.g. Maraun et  al. (2017)). Here, both bias-corrected and un-corrected or “raw” 
daily CMIP5 climate model variables from 20 RCP2.6 and 29 RCP8.5 ensemble mem-
bers from different models have been used to drive the HMF-WA in order to understand 
how they affect estimation of projected climate impacts on river flows. The bias-corrected 
data (Famien et al. 2018) were derived using the CDF-t method (Michelangeli et al. 2009) 
over Africa using EWEMBI, which was produced by ISIMIP as reference dataset (Frieler 
et al. 2017; Lange 2018). PE is not available directly from the climate models and has been 
estimated from daily mean, maximum, and minimum surface air temperature using the 
Hargreaves equation (Hargreaves and Samani 1985). For the duration of the AMMA-2050 
study presented here, the full suite of the new generation CMIP6 (Eyring et al. 2016) cli-
mate model data was not available, so it could not be included. However, recent work using 
a limited subset of CMIP6 data (Monerie et al. 2020) showed that CMIP5 pattern in pre-
cipitation change over the Sahel is reproduced by CMIP6 simulations with some changes 
in magnitude.

3.4  Anthropogenic water use in future periods

Estimates of anthropogenic water demand for projected future periods (2050s and 2080s) 
were derived by multiplying present-day water usage for different sectors (Fig. 2d) by pro-
jected population growth (UN 2017). Water usage per person was assumed to stay the same 
in future; future changes in river networks, lakes, and wetlands were assumed to be negli-
gible; and possible future reservoir developments were not considered. In this study, two 
water demand scenarios, (i) present-day water demand and (ii) water demand linked to pro-
jected population growth, were considered. Future socio-economic developments including 
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agricultural expansions (related to population growth) are implicitly accounted for through 
the projected population-linked water demand scenario (Eq. 5).

3.5  Flood frequency analysis

In order to understand the impact of projected changes in climate and anthropogenic water 
use on HMF-WA-simulated peak river flows, a flood frequency change analysis was under-
taken for each 10 km × 10 km river grid cell for present-day and projected future periods. 
Specifically, for each river grid cell across the West Africa domain, HMF-WA-simulated 
annual maximum (AM) flows for each calendar year were ordered and their Gringorten 
plotting positions determined (Gringorten 1963) before fitting a generalised logistic distri-
bution at each point using L-moments (Robson and Reed, 1999). Flood peaks were plotted 
against their return period (the average interval between peaks exceeding a given magni-
tude) to provide a flood frequency curve. Strictly, the fitted curve should not be extrapo-
lated much beyond the length of the data period (30 years), though in practice, the need to 
explore projected climate impacts for more extreme flood events encourages such extrapo-
lation. This approach to evaluating projected future changes in extreme flows implicitly 
assumes climate stationarity over current and future periods of climate model data, an 
assumption which is widely made in climate impacts studies (e.g. Kay and Jones (2012)), 
but is not strictly correct for either climate model, or observed West Africa rainfall (see for 
example Chagnaud et al. (2021), Wilcox et al. (2018)).

4  Model performance assessment using observed discharge data

4.1  The assessment approach

Observed daily river discharge data for 20 gauging stations (S1 to S20 in Fig.  2a) were 
obtained from “The Global Runoff Data Centre (GRDC), 56,068 Koblenz, Germany” 
(https:// www. bafg. de/ GRDC/ EN/ Home/ homep age_ node. html) and used in the model per-
formance assessment from 1 January 1981 to 31 December 2010.

The statistical performance measures used in this study are the Nash–Sutcliffe Efficien-
cies ( NSE, NSElog ) and the relative bias ( BIAS):

 i. The Nash–Sutcliffe Efficiency ( NSE ) index measures the relative magnitude of the 
model error compared to the observed data (Nash and Sutcliffe 1970):

   where Qo,i is the observed flow for time step i, Qm,i is the modelled flow for time step 
i, Qo is the mean of observed data, and n is the number of time steps. The NSE can 
range between -∞ and 1 where NSE = 1 indicates a perfect match between modelled 
and observed flows, NSE = 0 indicates that the modelled flows are only as accurate as 
the mean of the observed flows, and NSE < 0 indicates that the mean of the observed 
flows is a better predictor of the flow than the model. The NSE is most suitable for 
assessing a model’s simulation of high flows.

(7)NSE = 1 −

∑n

i=1

�
Qo,i − Qm,i

�2
∑n

i=1

�
Qo,i − Qo

�2
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 ii. The NSElog is the standard NSE applied to the logarithm of flow data as follows:

   where � is a small number usually defined as � = Qo∕100 . The NSElog values range 
between -∞ and 1 and can be interpreted in the same way as the NSE . The NSElog is 
most useful for assessing model simulation of low to mid-range flows.

 iii. The relative Bias ( BIAS ) indicates the magnitude of modelled flow errors relative to 
observed flows.

The BIAS ranges from -∞ to + ∞ with a value of 0 indicating no model bias (i.e. no 
over- or under-estimate), BIAS > 0 indicates model underestimation, and BIAS < 0 indi-
cates model overestimation.

4.2  Results: model assessment against observations

The simulation was assessed by comparing observed and simulated daily river flows at 
20 gauged locations across 10 countries including four major river basins Senegal, Volta, 
Niger, and Chad for a 30-year period between 1981 and 2010. Figure 3a compares gauged 
and simulated daily river flows for 20 catchments from 1 May 1981 to 30 April 1986 (i.e. 
five seasonal cycles of continuous data availability and very little missing data in most of 
the gauging stations) and shows that the model simulates gauged daily river flows reason-
ably well in most of the catchments. Figure 3b presents the three performance statistics 
( NSE , NSElog , and BIAS ) for each gauging station, model performance across West Africa 
is shown in Fig.  3c, and overall performance is summarised in Table  1. Model perfor-
mance can be considered satisfactory where NSE > 0.50, NSElog > 0.50, and BIAS∗ <   0.45 
(Moriasi et al. 2015). Table 1 shows that the performance measures NSE , NSElog , and BIAS 
can be considered satisfactory or better in the majority of the catchments assessed (14, 17, 
and 15 catchments out of 20, respectively). Typically, less-satisfactory catchments ( NSE , 
S1, S3, S5, S9, S18, S19; NSElog , S9, S15, S18; BIAS , S1, S5, S18, S19, S20) are rela-
tively small and mostly upland regions (e.g. the River Lim in Chad—S5) or flashy (e.g. the 
River Hadejia, Station Nigeria—S18). In general, there is no apparent relationship between 
model performance and the magnitude of observed flows among the different stations and 
climate zones. In steeper upland (e.g. S5) or flashy (e.g. S18) catchments, poorer model 
performance can most likely be attributed to the use of daily rainfall driving data and pos-
sibly also the model representation of the hydrological response of steep upland catch-
ments to effective rainfall.

Figure 3c shows that across West Africa, the medians of NSE , NSElog , and BIAS are 
0.62, 0.82, and 0.06 (6%), respectively, whereas within River Niger catchment, the medians 
are 0.69, 0.85, and 0.08 (8%). It also shows that for the high river flow season between July 
and December across West Africa, the medians of NSE , NSElog , and BIAS are 0.53, 0.67, 
and 0.06 (6%). Overall, HMF-WA simulates high river flows well, and low flows extremely 

(8)NSElog = 1 −

∑n

i=1

�
ln
�
Qo,i + �

�
− ln

�
Qm,i + �

��2
∑n

i=1

�
ln
�
Qo,i + �

�
− ln

�
Qo + �

��2

(9)BIAS =

∑n

i=1

�
Qo,i − Qm,i

�
∑n

i=1
Qo,i
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(c) 

(a) 

(b) 

Fig. 3  a Comparison of daily observed and modelled flows for 20 catchments from 1 May 1981 to 30 April 
1986, b Nash–Sutcliffe efficiencies ( NSE, NSElog ) and relative bias ( BIAS ) for each catchment, c perfor-
mance statistics summary across West Africa, using the same orange/gold/green colours as (b).
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well across West Africa, particularly within the Niger basin, but has a slight tendency to 
overestimate flows in both regions.

To understand how HMF-WA simulation errors vary across the model domain, Fig. 4 
presents frequency and cumulative distributions of model uncertainty (%) across all catch-
ments and observations. Specifically, for each data point (model-estimated and observed 
flow for all catchments), the absolute deviation has been calculated and normalised by the 
90% variation (i.e. 95th percentile minus 5th percentile) and expressed as a percentage. To 
exclude outliers, the 90% variation was used in preference to the absolute range. HMF-WA 
model uncertainty for more than 90% of data points is less than 20% (of the 90% variation).

The HMF-WA model performance assessment provides confidence that present-day 
hydrological and anthropogenic influences are reasonably well across West Africa and pro-
vides a sound basis for estimating the impact of projected climate and anthropogenic influ-
ences on river flows across this region.

5  Climate change impact assessment

5.1  Assessment of the impact of CMIP5 climate projections on river flows

The climate model-driven hydrological model simulations were undertaken in a very simi-
lar way to the observed model runs (Section 4). Datasets of precipitation and PE required 
by the HMF-WA were provided by CMIP5 ensembles of bias-corrected and un-corrected 
climate model data. Specifically, the HMF-WA was run for three 30-year periods, using an 
ensemble of climate model data representing a baseline and two future periods each with 
two emissions scenarios (RCP2.6 and RCP8.5):

• 1 January 1970 to 31 December 1999 (“baseline”)
• 1 January 2040 to 31 December 2069 (“2050s”)
• 1 January 2070 to 31 December 2099 (“2080s”)

To understand the impact of projected future anthropogenic water demand on river flows 
across West Africa, two water demand scenarios were also evaluated for the future peri-
ods: (i) present-day water demand and (ii) water demand scaled by projected population 
growth in West Africa (Section 3.4). These two water demand scenarios aim to represent 

Fig. 4  Frequency and cumulative percentage distributions of model uncertainty
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the envelope of uncertainty in future projections. Although alternative scenarios such as 
faster population growth have not been considered here, their deviation from scenario (ii) 
may be limited by future developments in water use efficiency.

To illustrate river flows simulated using the CMIP5 climate model ensemble, mean 
monthly flows over 30 years are shown in Fig. 5 for the Dire gauging station (Station S12 
in Fig. 1a) for the baseline period, 1979 to 1999, using un-corrected (Fig. 5a) and bias-cor-
rected (Fig. 5b) climate model data. Observed mean monthly river flows are indicated with 
red dots. The influence of bias-correction on HMF-WA-simulated river flows is apparent 
and has the effect of greatly reducing the variability in river flows from different ensemble 
members and improving the similarity to observed flows. For the baseline period, the  25th, 
 50th, and  75th percentiles of differences between observed and simulated mean October 
(highest flow month) flows are − 16%, − 11%, and − 9%, respectively, using bias-corrected 
data and − 32%, 25%, and 56%, respectively, using un-corrected data which clearly shows 
the impacts of bias and un-corrected data on simulation.

In this study, climate change impacts on river flows have been quantified in terms of 
the change between baseline and future and were evaluated using both bias-corrected and 
un-corrected CMIP5 data. A further two sets of hydrographs (Fig. 5c and d) show monthly 
mean ensemble flows in the 2050s (RCP8.5) from 2040 to 2069. The ensemble of simu-
lated flows for the 2050s shows more variability in magnitude than the baseline period, 
even when bias-corrected.

5.2  Assessment of the impact of climate change on seasonal river flows across West 
Africa

Across the Sahel, precipitation typically occurs during one rainy season in July, August, 
and September (JAS) due to the shift of the Intertropical Convergence Zone (ITCZ) to 

(a) Mean monthly river flows for the baseline period using un-corrected
CMIP5 data

(b) Mean monthly river flows for the baseline period using bias-corrected
CMIP5 data

(c) Mean monthly river flows in the 2050s using un-corrected CMIP5 data 
(RCP8.5)

(d) Mean monthly river flows in the 2050s using bias-corrected CMIP5 data 
(RCP8.5)

Fig. 5  Comparison of HMF-WA-simulated mean monthly flows at the Dire gauging station, River Niger 
during the baseline period (1970 to 1999), and a future period RCP8.5 (2050s: 2040 to 2069) using un-
corrected and bias-corrected CMIP5 data. a Mean monthly river flows for the baseline period using un-cor-
rected CMIP5 data. b Mean monthly river flows for the baseline period using bias-corrected CMIP5 data. 
c Mean monthly river flows in the 2050s using un-corrected CMIP5 data (RCP8.5). d Mean monthly river 
flows in the 2050s using bias-corrected CMIP5 data (RCP8.5)
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the north (Roudier et al. 2014), whereas southern parts of West Africa have two rainy 
seasons, one from April to mid-July and another from September to October. August 
precipitation is strongest (Sanogo et al. 2015) and represents approximately 30% of the 
yearly total in the West African Sahelian zone. In southern areas (Sudano-Guinean zone 
and Guinea coast), rainfall peaks typically occur in June and October during the main 
and minor rainy season (Ta et al. 2016). The annual precipitation range is between 400 
and 600 mm for the Sahelian zone, 900 and 1200 mm for the Sudano-Guinean zone, and 
1500 and 2000 mm for the Guinea coast (Ta et al. 2016). Fig. 6a shows the multi-model 
median projected future change in JAS precipitation (mm/month) across West Africa 
between the baseline period and the 2050s and 2080s, for RCP2.6 and RCP8.5. In the 
Sahelian region, the projected future change in precipitation is more pronounced than 
in other parts of West Africa, with projected increases in the central and eastern region 
while the western part become drier. As expected, these relative changes are accentuated 
in the RCP8.5 scenario compared to RCP2.6. Biasutti (2019) observed that seasonal 
precipitation characteristics have altered in recent decades, with rainfall becoming more 

2050s, RCP2.6 2050s,RCP8.5 2080s, RCP2.6 2080s, RCP8.5

(a) Median change in JAS precipitation from baseline to future (mm/month)

2050s, RCP2.6 2050s,RCP8.5 2080s, RCP2.6 2080s, RCP8.5

(b) Median change in JAS PE from baseline to future (mm/month)

2050s, RCP2.6 2050s,RCP8.5 2080s, RCP2.6 2080s, RCP8.5

(c) Median change in monthly ASON river flow from baseline to future (m3/s)

2050s, RCP2.6 2050s,RCP8.5 2080s, RCP2.6 2080s, RCP8.5

(d) Median percentage change in peak river flows from baseline to future (30- year return period, bias-corrected climate data)

2050s, RCP2.6 2050s,RCP8.5 2080s, RCP2.6 2080s, RCP8.5

(e) Median percentage change in peak river flows from baseline to future (30-year return period, un-corrected climate data)

Fig. 6  Maps of multi-model median values of a change in JAS monthly precipitation from baseline to 
future (mm/month), b change in in JAS monthly precipitation (mm/month), c change in monthly ASON 
river flow from baseline to future  (m3s−1), and d, e median percentage change in peak river flows from 
baseline to future (30-year return period) and bias-corrected or un-corrected climate data respectively. All 
plots are for population based increases in future water use scenario
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intense and intermittent away from the west coast. Biasutti (2019) indicates that the 
Sahel precipitation seasonal accumulations arise from large-scale processes connected 
to the Hadley cell and the regional monsoon circulation, which are largely resolved by 
the current generation of GCMs. This provides some assurance in the CMIP5 future 
projections used here; however, uncertainties in systematic biases, divergence across 
model future projections, and poor representation of high-resolution atmospheric pro-
cesses in GCMs remain.

The multi-model median projected future change in JAS PE (mm/month) is presented 
in Fig. 6b, which indicates that PE is expected to be higher in RCP 8.5 than RCP 2.6. The 
patterns largely coincide with projected future precipitation changes in the Sahel, so those 
regions that are generally expected to be wetter are also associated with lower PE.

In order to assess the impact of projected climate change on river flows during the 
high flow season across West Africa (August to November—ASON) resulting from the 
rainy season in JAS, changes in river flows were estimated for each GCM ensemble mem-
ber. Fig. 6c presents maps of the ensemble median change in river flows  (m3s−1) across 
West Africa, which highlight the large spatial variation in projected future changes, both 
increases and decreases. Projected decreases in mean flows are particularly apparent in the 
upper reaches of the River Niger in Mali and Niger for all RCPs and future time horizons 
and in the Senegal River in the 2050s for RCP8.5 and 2080s for RCP2.6 and RCP8.5. Here, 
projected changes in mean flows arise from the combined projected future impacts of cli-
mate change and anthropogenic water use, the latter having a significant impact on pro-
jected future runoff across the region.

To illustrate the spatial variation in the projected impacts on river flows, the median 
percentage change in flood frequency (30-year return period) is presented in Fig. 6d. The 
30-year return period represents more extreme, less frequently observed peak river flows. 
The maps of median percentage change show significant variation for different parts of 
West Africa. Across the Sahel, the peak flows are often decreasing in the western region 
and increasing in the central and eastern regions, in line with projected precipitation 
changes (Fig. 6a). As expected, the projected changes in peak river flows are more extreme 
for RCP8.5 and the far-future (2080s).

Figure 6e also shows the median percentage change in peak river flows, but here, un-
corrected CMIP5 data have been used. The maps of percentage change in peak flows using 
both bias- and un-corrected simulations (Fig. 6d and e) show a broadly similar trend in the 
southern parts of West Africa where in Cote d’Ivoire, median percentage changes in peak 
flows for 30-year return period in the 2050s (RCP 8.5) are 14% and 17% for bias-corrected 
and un-corrected, respectively, and in the 2080s, they are 28% and 25%, respectively.

However, in the Sahel, there are some notable differences. In the western Sahel, both 
sets of results (i.e. with and without bias-correction) indicate that peak flows are likely to 
decrease in future. However, in eastern areas, results differ and median projected peak flows 
decrease when un-corrected CMIP5 data are used but increase for bias-corrected data. In 
the north of Sahel, where total annual rainfall is less than 100 mm (CILSS, 2016), a pro-
jected future change in the balance between annual rainfall and evaporation could result in 
some simulations with near zero or zero runoff, potentially leading to a nonlinear (abrupt) 
percentage change in median peak flows. In this region, the low rainfall and limited avail-
ability of observations could also be possible sources of uncertainty in bias-correction. It 
is also worth mentioning that the CMIP5 0.5°-resolution RCMs used here are too coarse to 
adequately represent features such as localised rainfall intensification. An understanding 
of the impact of such changes in rainfall extremes on river flows will require data from the 
next generation convection-permitting climate models (e.g. Berthou et al. (2019)).
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5.3  In‑country climate change assessment: Senegal, Burkina Faso, and Chad

The previous sections highlighted the variation in median projected climate change 
across West Africa from east (wetter, higher flows) to west (drier, lower flows). This 
section focusses on three countries located within the Sahel, Senegal, Burkina Faso, 
and Chad (Fig.  2d), for a more in-depth analysis of the drivers of these changes. For 
this assessment, the bias-corrected CMIP5 data were used as input to the HMF-WA, 
but the sensitivity of projected changes in peak flows in eastern Sahel to use of bias- or 
un-corrected climate data (Section  5.2) remains. For each country, Fig.  7a to c illus-
trate the monthly mean ensemble variation  (25th,  50th, and  75th percentiles of seasonal 
change) of (a) precipitation, (b) PE, and (c) river flow for RCP2.6 (blue shading) and 
RCP8.5 (red/orange) scenarios in the 2050s and 2080s. The figures indicate that differ-
ences in the projected future changes in rainfall (rather than PE) are most likely to be the 
cause of the different hydrological responses to climate change in each country. While 
future increases in PE estimates are expected in most ensemble members, the increases 
are broadly similar for all three countries. Generally, the RCP8.5 scenario has a more 
pronounced influence on the river flows than RCP2.6 particularly in Senegal (Western 
Sahel) and Chad (Eastern Sahel), where flows are reduced/increased, respectively. For 
example, for RCP8.5 in the 2080s, a 54 mm/month decrease in August rainfall leads to a 
207  m3s−1 decrease in river flows in September in Senegal, whereas in Chad, a 44 mm/
month increase in August rainfall leads to a 108  m3s−1 increase in river flows in October. 
The overall impact of projected changes in rainfall and PE on flows in Burkina Faso is 
less pronounced.

The region most likely to incur to an increase in drought vulnerability and water 
shortages is Western Sahel, particularly Senegal and Mali, which are projected to expe-
rience significant reductions in future mean river flows (Figs. 6c and 7c). Conversely, 
projected future increases in mean river and peak flows in Eastern Sahel would poten-
tially lead to increased flood hazard for countries such as Chad and Niger (Figs. 6d and 
7c).

The projected future changes in river flows in each country (Fig.  7c) reflect the 
combined impacts of the CMIP5-projected precipitation, and PE, however, in-country 
water demand, which is assumed proportional to population, is also an important fac-
tor. In order to understand the influence that projected future water demand has on 
projected changes in river flows, the future hydrological simulations were repeated 
assuming future water demand is the same as for the present-day. Figure 7d presents 
“box-and-whisker” plots (which show upper and lower range, upper and lower quartile 
range, median) of the percentage change in 2- and 30-year return period peak river 
flows assuming present-day and projected future water demand. Overall, the assump-
tion of higher water use associated with a future population growth scenario results in 
a modest reduction in peak river flows compared to when present-day water demand 
is assumed for future periods. Of the three Sahelian countries, the combined impact 
of rising water use and climate change is greatest in Senegal, where ensemble median 
peak flows in the 2080s (RCP 8.5) are expected to decrease by 23% (2-year return 
period) and 21% (30-year return period) as a result of a projected 230% increase in 
future water use. In contrast, median 30-year return period flows in the 2050s (RCP 
8.5) are projected to decrease by 28% in Senegal and increase by 80% in Chad. This 
is due the decrease and increase in future precipitation, respectively, with more than 
double the amount of water usage (person/day) in Senegal compared to Chad (Fig. 2d).
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Senegal Burkina Faso Chad

(a) Monthly mean change in precipitation for RCP2.6 and 8.5 for the 2050s and 2080s
Senegal Burkina Faso Chad

(b) Monthly mean change in PE for RCP2.6 and 8.5 for the 2050s and 2080s
Senegal Burkina Faso Chad

(c) Monthly mean change in river flow for RCP2.6 and 8.5 for the 2050s and 2080s
Senegal Burkina Faso Chad

(d) Percentage change in peak river flows at 2- and 30-year return periods for RCP2.6 and 8.5 for the 2050s and 2080s

Fig. 7  Monthly mean change for 3 countries (Senegal, Burkina Faso, and Chad): a precipitation, b PE, c 
river flow, and d “box-and-whisker” plots of percentage change in peak river flows at 2- and 30-year return 
periods for RCP2.6 and 8.5 for the 2050s and 2080s, with and without (WO) population based increases in 
future water use
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6  Discussion

The IPCC’s Fifth Assessment Report states that rising air temperatures and frequency of 
some extreme weather events (floods and droughts) are already affecting environments and 
ecosystems which in turn have direct impact on food and water security, livelihoods, and 
social economics. However, the future climate impact on river flows across West Africa is 
less well understood. In this study, the impact of CMIP5-projected climate change on river 
flows across West Africa is assessed using the grid-based hydrological model HMF-WA 
which has been enhanced to take account of anthropogenic water use, wetland inundation, 
and endorheic regions. It is important to acknowledge the range of uncertainties associ-
ated with hydrological modelling (Beven 1993), and here, these uncertainties include the 
discretisation of the model equations, simplified representation of complex hydrological 
processes (water use, wetland inundation, and endorheic regions), and underlying driving 
and gauged flow data quality and its processing. Despite all these uncertainties, Section 4 
shows that the median relative Bias ( BIAS ) in simulated flows compared to observed is 
approximately 6% across West Africa and 8% within the River Niger catchment. Overall, 
the HMF-WA was found to simulate high river flows well and low flows extremely well 
across West Africa (Section 4).

The HMF-WA simulations undertaken here showed that, as expected, use of bias-cor-
rected (as opposed to un-corrected) CMIP5 data increased agreement between present-day 
simulated and observed river flows and also decreased the interquartile range in magnitude 
from − 58% and 40% to − 14% and 31% for the highest flow month October (Section 5.1). 
However, the analysis of (percentage) change in river flows between baseline and future 
periods was relatively unaffected by bias-correction (Section 5.2), but use of bias-corrected 
data did affect the median percentage change in parts of the Sahel with very low rain-
fall. Although bias-correction of climate model data has become standard practice (Gohar 
et al. 2017; Maraun 2016), particularly in agriculture-related modelling (Ramirez-Villegas 
et  al.  2013; Sultan and Gaetani  2016), Ehret et  al. (2012) argue that the procedure nar-
rows the uncertainty range in the modelled data without providing an acceptable physical 
rationalisation and hides rather than reduces uncertainty by modifying spatiotemporal field 
consistency of each variable independently without considering conservation principles.

The main purpose of the bias-correction is to remove biases in simulated climate vari-
ables in both control and scenario GCM runs; however, the bias-correction process gener-
ally makes the assumption that the behaviour of the bias is stationary (i.e. biases do not 
change in the future). Until there is significant improvement in the representation of com-
plex atmospheric processes within GCM with appropriate scale and increased model reso-
lution, bias-corrected climate model data will continue to be used in climate impact stud-
ies. The ability to generate realistic climate and river flows for recent historical periods 
using bias-corrected climate data is particularly useful when communicating the impacts 
of projected climate change on hydrology and also when collaborating with other science 
disciplines (e.g. agriculture).

The hydrological model HMF-WA uniquely provides continuous, spatially distributed 
hydrological simulations for West Africa, from which river flows can be extracted at a 
range of scales (from sub-catchment scale to regional scale). The projected future changes 
in flows presented here using CMIP5 climate model driving data (RCP 2.6 and 8.5) across 
West Africa are broadly in line with other analyses conducted in the region. For example, 
a study of projected future changes to river flows in the Upper Niger and the Inner Niger 
Delta using a semi-distributed hydrological model with CMIP5 RCP4.5 data (Thompson 
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et al. 2017) also indicated declining seasonal peak flows during the 2050s and 2080s. Simi-
larly, Bodian et al. (2018) analysed the impacts of projected climate change on the Sen-
egal and Gambia river basins using 6 models from CMIP5 (RCP4.5 and RCP8.5) with 
the GR4J model. Their projections indicated that river flows in the Senegal and Gambia 
basins would decrease by the 2050s, in line with results presented here under the RCP8.5 
scenario (see Fig. 6c). However, Aich et al. (2014) who analysed projected climate changes 
to river flows with the SWIM model in four large African basins including the Niger using 
19 CMIP5 models (RCP2.6 and RCP8.5) found that the direction of the future trend was 
not clear (though the majority of model runs indicated increasing flows in the Niger). Here, 
the HMF-WA hydrological model was able to identify specific areas within the Niger 
Basin most likely to experience decreased flows (in the upper reaches and headwaters) 
and increased flows (downstream nearer the coast) and as shown in Fig. 6c. This enhanced 
spatial understanding highlights the benefits of using a spatially distributed hydrological 
model such as the HMF-WA for climate impact analyses.

Regional-scale hydrological modelling studies driven by observational datasets or cli-
mate model data are subject to multiple levels of uncertainties, from the spatiotemporal 
climate driving datasets and datasets of landscape properties such as soils to the represen-
tation of complex rainfall and hydrological processes at a necessarily coarse resolution. 
This research has introduced coarse-scale representations of anthropogenic water use, wet-
lands, and endorheic basins, which, though providing an indication of their impact on river 
flows at a regional scale, are unlikely to do justice to the complexity of these processes at a 
local scale. However, at the scale for which this research intended—19 countries spanning 
West Africa—the results presented here provide a unique and spatially consistent overview 
of how projected climate change might impact on river flows and water resources across 
the whole region over the next 80 years. Areas of West Africa have been identified where 
model-estimated future changes in river flows are of most concern, and it is to be expected 
that further local-scale hydrological impact assessments will help to reduce some of the 
uncertainties in the models, their representations of extreme river flows, and their underly-
ing datasets.

7  Conclusions

A spatially distributed hydrological model (hydrological modelling framework—“HMF-
WA”) has been developed for West Africa to provide grid-based and spatially consistent 
simulations of daily river flows at a 0.1° × 0.1° (approximately 10 km × 10 km) spatial grid 
resolution across the region. The new model takes account of anthropogenic water use and 
other hydrological influences such as endorheic rivers and wetlands. The performance of 
the model has been assessed using observed daily river flows at monitoring stations across 
the region, prior to its use to explore the impact of climate change on river flows across 
West Africa. An ensemble of CMIP5 regional projections for future scenarios RCP2.6 and 
RCP8.5 (Famien et al. 2018) has been used to estimate the impact on the monthly mean 
flows and peak flows across West Africa in the 2050s and 2080s.

Across the Sahel, the analysis presented here indicates that projected future climates 
will exert considerable influence on river flows, particularly extreme river flows. Spe-
cifically, hydrological impact projections indicate that western parts of the Sahel can 
expect significant decreases in peak river flows (median change of − 28% in Senegal), 
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while eastern Sahel can expect significant increases (median change of + 80% in Chad) 
by the 2050s. Generally, there is some agreement between the different climate model 
projections (Todzo et  al.  2020), and the research presented here also indicates some 
consistency in the future direction of change in river flows. Outside the Sahel, pro-
jected peak flows mostly increase in areas where precipitation also increases, but 
the hydrological response of the landscape to projected changes in rainfall is highly 
nonlinear. Model simulations presented here also indicate that projected future water 
demand has only a modest influence on changes in peak river flows across the region 
compared to projected future impacts of climate change. Overall, the projected future 
changes in mean and peak river flows are highly spatially variable across West Africa 
particularly in the Sahelian region, which appears to be particularly vulnerable to the 
severity of projected climate change. Although climate impacts are discussed here at a 
regional scale (e.g. western or eastern Sahel), climate change impacts on flows would 
be expected to vary between individual catchments and river systems. An advantage 
of the spatially distributed hydrological model used here (HMF-WA) is the abil-
ity to provide climate impact assessments for rivers on a 0.1° × 0.1° (approximately 
10 km × 10 km) grid across West Africa. To support stakeholders and decision-mak-
ers across the region, these more-granular data are now being made publicly available 
(Rameshwaran et al. 2021), together with a summary of the current model limitations 
and uncertainties.

Across Eastern Sahel, most of the hydrological simulations driven by CMIP5 climate 
data agree that mean and peak flows will increase in future decades, potentially leading 
to an increased flood hazard (e.g. in Chad and Niger), while in the Western Sahel (e.g. 
Senegal and Mali), a majority of model simulations agree on projected future decreases in 
mean and peak flows, and these countries are more likely to experience increased drought 
vulnerability and water shortages in future.

The changes in projected mean and peak flows river flows could have serious impacts 
on human life, including immense damage to property, infrastructure and the environ-
ment, destruction or loss of agriculture and wildlife, deterioration of health conditions, and 
lack of progress in socio-economic developments across the region. Therefore, there is an 
urgent need for the development of an effective mitigation and climate adaptation plan at 
both regional and national scales. The use here of a distributed hydrological model formu-
lation has enabled the provision of spatially consistent maps and estimates of the hydrolog-
ical impact of projected climate change across West Africa, for rivers, catchments, regions, 
and individual countries. Ongoing work aims to provide these data within a GeoPortal, to 
support stakeholders and policy-makers in the region (e.g. ANACIM—Agence Nationale 
de l’Aviation Civile et de la Météorologie, Senegal) to develop adaptation pathways and 
plan for future change across the region. Unless planned and managed well, the impacts 
of projected climate change on the frequency and magnitude of floods and droughts across 
West Africa, alongside increasing population, could adversely affect lives, livelihoods, and 
the environment in the coming decades.
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