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Abstract. Global warming is projected to result in changes in streamflow in West Africa with implications for
frequent droughts and floods. This study investigates projected shifting in the timing, seasonality and magnitude
of mean annual minimum (MAM) and annual maximum flows (AMF) in the Volta River basin (VRB) under
climate change, using the method of circular statistics. River flow is simulated with the mesoscale hydrologic
model (mHM), forced with bias-corrected climate projection datasets consisting of 43 regional and global cli-
mate model combinations under three representative concentration pathways (RCPs). Projected changes indicate
that AMF increases between + 1 % and +80 % across sub-basins, particularly in the near future (2021–2050),
whereas MAM decreases between −19 % and −7 %, mainly from the late century (2071–2100), depending on
RCPs. The date of occurrence of AMF is projected to change between −4 and +3 d, while MAM could shift
between −4 and +14 d depending on scenarios over the 21st century. Annual high flows denote a strong season-
ality with negligible future changes, whereas the seasonality of low flows has a higher variation, with a slight
drop in the future.

Keywords. Hydroclimatic extremes; modelling; West Africa;
PUB; UPH 1; UPH 9; SDG 6.4; SDG 13.1

1 Introduction

Human-induced climate warming has significantly altered
the magnitude of mean and extreme river flows globally
(Gudmundsson et al., 2021). River flow is a key indicator
of water availability for people and the environment. Fluctu-
ations in river water availability can undermine water sup-

ply and profoundly affect water and food security. There-
fore, knowing trends in river flows is crucial for preserv-
ing livelihoods and safeguarding ecosystems. In West Africa,
global warming has induced a significant increase in ex-
treme rainfall, thereby affecting river flows (Chagnaud et al.,
2022; Rameshwaran et al., 2021). Streamflow extremes in
West Africa are non-stationary and associated with devas-
tating floods and droughts that are becoming persistent and
widespread (Elagib et al., 2021; Wilcox et al., 2018). As
flood and drought are two extremes of the same hydrological
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cycle, it is important to integrate them in disaster reduction
strategies and measures to better cope with current and future
risks (Ward et al., 2020; Brunner et al., 2021; Kreibich et al.,
2022). Understanding future dynamics in the occurrence of
annual extreme river flows is critical to guide adaptation mea-
sures (Lane and Kay, 2021). However, studies usually focus
on assessing changes in the magnitude of river flows while
timing and seasonality are also important for water planning
and management.

This study investigates the shifting of annual minimum
and maximum flows timing, seasonality and magnitude us-
ing a large ensemble of regional and global climate mod-
els under multiple climate change scenarios in the Volta
River basin (VRB), where continuous updates on the state
of water resources is essential to cope with persisting water-
related risks. Here, annual minimum and maximum flows are
analysed instead of flow percentiles as done by Dembélé et
al. (2022).

2 Study area

The Volta River Basin (VRB) covers approximately
415 600 km2 shared among six countries (Benin, Burkina
Faso, Côte d’Ivoire, Ghana, Mali, and Togo) in West Africa
(Fig. 1). The land cover is dominated by savannah, with a
maximum altitude of 940 m a.s.l. Rainfall is characterized
by interannual and multidecadal variabilities, and ranges be-
tween 570 and 1200 mm yr−1 from north to south. Actual
evaporation exceeds 80 % of the basin annual rainfall. The
Black Volta (152 800 km2), White Volta (113 400 km2), Oti
(74 500 km2) and Lower Volta (74 900 km2) constitute the
four sub-basins of the drainage system. The Volta River flows
over 1850 km and fills in the Lake Volta formed by the Ako-
sombo dam before draining into the Atlantic Ocean (Dem-
bélé, 2020).

3 Data and Methods

3.1 Climate projection data

Five Regional Climate Models (RCMs) from the Co-
ordinated Regional-climate Downscaling Experiment
(CORDEX) for Africa at a spatial resolution of 0.44°
(∼ 50 km) are considered with twelve General Circulation
Models (GCMs) from the fifth Coupled Model Intercom-
parison Project (CMIP5; Taylor et al., 2012) under three
Representative Concentration Pathways (RCPs; Van Vuuren
et al., 2011), resulting in 43 RCM-GCM combinations. The
daily data include rainfall and air temperature (average,
maximum and minimum). The historical runs consider 21
RCM-GCM combinations, whereas the future projections
involve 18 RCM-GCM combinations for RCP8.5, 16 for
RCP4.5 and 9 for RCP2.6 (Table 1). The climate projection
datasets are evaluated with the best-performing satellite
and reanalysis rainfall and temperature products in the

Figure 1. Hydrographic network of the Volta River basin. Adapted
from Dembélé (2020).

VRB (Dembélé et al., 2020c), after a multivariate bias
correction with the Rank Resampling for Distributions and
Dependences (R2D2) method (Vrac and Thao, 2020).

3.2 Hydrological modelling

The fully distributed mesoscale Hydrologic Model (mHM)
(Kumar et al., 2013; Samaniego et al., 2010) is used to
simulate daily streamflow, using the bias corrected climate
projection datasets as input. The model configuration and
performance are given by Dembélé et al. (2020b). The pe-
riods 2021–2050, 2051–2080 and 2071–2100, represent-
ing the near-term future, the long-term future and the late-
century, are considered to assess the impact of climate
change on streamflow, relative to the historical period or
baseline (1991–2020). The detailed methodology and the
bias-correction results are given by Dembélé et al. (2022).

3.3 Timing of high and low flows

The mean annual minimum flow (MAM) of seven consec-
utive days is considered as low flow, while high flow is the
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Table 1. CORDEX-Africa Regional Climate Models (RCMs) and General Circulation Models (GCMs) per Representative Concentration
Pathways (RCP).

RCP RCM GCM

RCP8.5 CCLM4-8-17 MPI-ESM-LR, HadGEM2-ES, CNRM-CM5

RACMO22T EC-EARTH

RCA4 IPSL-CM5A-MR, EC-EARTH, CanESM2, CNRM-CM5, CSIRO-Mk3-6-0, GFDL-
ESM2M, NorESM1-M, MPI-ESM-LR, HadGEM2-ES, MIROC5

REMO2009 MPI-ESM-LR, HadGEM2-ES, MIROC5, IPSL-CM5A-LR

RCP4.5 CCLM4-8-17 MPI-ESM-LR, HadGEM2-ES, CNRM-CM5

CRCM5 CanESM2, MPI-ESM-LR

RACMO22T EC-EARTH

RCA4 IPSL-CM5A-MR, CanESM2, CNRM-CM5, CSIRO-Mk3-6-0, GFDL-ESM2M,
NorESM1-M, MPI-ESM-LR, HadGEM2-ES, MIROC5

REMO2009 MPI-ESM-LR

RCP2.6 RCA4 NorESM1-M, MPI-ESM-LR, HadGEM2-ES, MIROC5

REMO2009 MPI-ESM-LR, HadGEM2-ES, MIROC5, IPSL-CM5A-LR, GFDL-ESM2G

annual maximum flow (AMF) corresponding to the highest
peak flow in a calendar year. High and low flows are esti-
mated at Bui-Amont, Daboya and Saboba, which correspond
to the outlets of the Black Volta, White Volta and Oti sub-
basins (Fig. 1). The method of circular statistics (Mardia,
1972; Fisher, 1993) is used to estimate the timing of AMF
and MAM based on the mean date of occurrence (D) and
their seasonality based on the concentration of the dates of
occurrence (R) for each of the 30-year historical and future
periods (e.g., Blöschl et al., 2017; Hanus et al., 2021; Villar-
ini, 2016). Julian dates are converted into angles that repre-
sent locations on the circumference of a circle to avoid con-
cerns with calculating the mean when the day of occurrence
comes around the start or end of a calendar year (Young et
al., 2000). The angular value of the date of occurrence is ob-
tained as follows:

θi =Di ·
2π
mi
, 0≤ θi ≤ 2π (1)

Where Di is the Julian date of occurrence of AMF or MAM
varying between 1 and 365 (366 for leap years), mi repre-
sents the number of days in a calendar year i, and θi is the
angular date of occurrence in radians.

The mean date of occurrence D is calculated as:

D =
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where m is the average number of days in a year, n repre-
sents the total number of years and x and y correspond to the
cosine and sine components of the mean date, respectively.

The mean resultant R gives the concentration of the dates
of occurrence around the average date as follows:

R =

√
x2
+ y2, 0≤ R ≤ 1 (5)

A small value of R close to 0 suggests a high interannual
variability of the date of occurrence, whereas R values near
1 denote a high seasonality in the date of occurrence.

4 Results

4.1 Changes in the magnitude of annual extreme flows

Considering all RCPs over the historical period, the
average multi-model ensemble medians of MAM
and AMF vary across sub-basins in the VRB as fol-
lows (Fig. 2): Black Volta (AMF= 88.6± 17 m3 s−1,
MAM= 1.4± 0.1 m3 s−1), White Volta
(AMF= 79.3± 3 m3 s−1, MAM= 1.5± 0.1 m3 s−1) and
Oti (AMF= 176.1± 12 m3 s−1, MAM= 3.1± 0.2 m3 s−1).
However, large differences are found in AMF across RCPs,
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Figure 2. Mean annual minimum flows (MAM) and annual maximum flows (AMF) in the major sub-basins of the VRB (Black Volta, White
Volta, Oti) over the historical (1991–2020) and future periods.

Figure 3. Mean Julian day of occurrence (D) of mean annual minimum flows (MAM) and annual maximum flows (AMF) in the major
sub-basins of the VRB (Black Volta, White Volta, Oti) over the historical (1991–2020) and future periods.

with the highest values occurring under RCP2.6 and the
lowest values under RCP4.5.

Future changes in annual high flows indicate an increase
in median AMF in all the sub-basins under RCP2.6 and
RCP8.5 over the 21st century, and also under RCP4.5 ex-
cept over 2051–2080 in the White Volta and over 2051–2100
in the Black Volta. The increase in median AMF varies be-
tween +1 % in the Oti under RCP4.5 over 2051–2080 and
+80 % in the White Volta under RCP2.6 over 2021–2050
with 56 % agreement on the direction of change among the
RCM-GCMs. It is noteworthy, that AMF is projected to in-
crease under all scenarios in the near future 2021–2050 in all
sub-basins, with +11 % increase on average under RCP8.5,
+15 % under RCP4.5 and +70 % under RCP2.6, with 76 %,
71 % and 59 % agreement on the direction of change of
RCM-GCMs, respectively. An increase in flood occurrence
is projected in all sub-basins under RCP2.6 and RCP8.5 over
the 21st century, and mainly over 2021–2050 under RCP4.5.

For annual low flows, the projected decrease in median
MAM varies between −19 % in the Black Volta under
RCP4.5 over 2071–2100 and −7 % in the White Volta un-
der RCP2.6 over 2021–2050. An overall median increase of
MAM in all the sub-basins is projected under RCP8.5 by
+16 % in the White Volta, +15 % in the Oti and +9 % in the

Black Volta. Under RCP4.5, median MAM increases during
2021–2050 and decreases afterwards by −6 % on average in
all sub-basins, whereas it increases until 2080 under RCP2.6
before decreasing by −15 % on average in the late 21st cen-
tury. It is noteworthy that the median MAM increases un-
der RCP2.6 by +8 % in the White Volta during 2051–2080.
The agreement on the direction of change between the RCM-
GCMs is on average 65 % for RCP8.5, 62 % for RCP4.5 and
59 % for RCP2.6. A higher likelihood for river droughts is
projected from 2051 under RCP4.5 and from 2071 under
RCP2.6 in all sub-basins.

4.2 Changes in the timing and seasonality of annual
extreme flows

The median date of occurrence of AMF(DAMF) varies on av-
erage between the Julian calendar days 246 and 252 (first
dekad of September) over the historical period in all sub-
basins, and it is projected to decrease by −2 d over the 21st
century for all RCPs (Fig. 3). However, the highest reduc-
tions per sub-basin are −4 d in the Black Volta over 2051–
2080 and −3 d in the White Volta and Oti over 2021–2050,
all under RCP4.5. However, a rise by+3 d is projected in the
White Volta over 2051–2080 under RCP8.5. Contrastingly,
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Figure 4. Concentration of the dates of occurrence (R) around the mean date for mean annual minimum flows (MAM) and annual maximum
flows (AMF) in the major sub-basins of the VRB (Black Volta, White Volta, Oti) over the historical (1991–2020) and future periods.

the median DMAM varies between 132 and 139 d (second
dekad of May) over the historical period and increases on
average by +6 d across sub-basins during the 21st century.
However, notable rises in DMAM are projected with +14 d
under RCP8.5 over 2071–2100 in the White Volta, +11 d
under RCP4.5 over 2051–2080 in the Black Volta and +10 d
under RCP2.6 over 2071–2100 in the Oti, which might be the
consequence of the forward shift of the rainy season (Dem-
bélé et al., 2022). However, it is notable that DMAM is pro-
jected to drop by −4 d over 2021–2050 under RCP8.5 in the
Oti and the Black Volta.

The concentration of the date of occurrence (R) of DAMF
demonstrates a high seasonality in the occurrence of AMF
(RAMF = 0.97) across sub-basins, and hardly changes over
the 21st century (Fig. 4). The maximum change in RAMF
is −3 % over 2071–2100 in the White Volta under RCP8.5.
The median RMAM is 0.58 on average across sub-basins over
the historical period and slightly decrease in the future, de-
noting a lower seasonality of MAM. A future reduction in
RMAM is observed in the Black Volta (−20 % to −2 %) and
Oti (−22 % to −1 %) for all future climate scenarios, while
changes are contrasted in the White Volta (−15 % to +6 %).

5 Limitations and future work

The large spread of AMF and MAM over 2071–2100
(Fig. 2), denoted by the moderate agreement on the direction
of change of RCM-GCM combinations, can be explained by
the limited capability of the models to project future trends,
in addition to uncertainties associated with the hydrological
model. Attention is solely given to climate-induced changes
in river flow because climate was found to be the key driver
in changes to global river flow (Gudmundsson et al., 2021).
However, more local and regional changes in river flow might
also result from other factors such as land and water manage-
ment. Consequently, future studies in the VRB should also
consider human interactions with the hydrological cycle (e.g.
urbanization, agriculture, reservoirs) to better investigate the
causes of changes in river flows (Yang et al., 2021; Yonaba et

al., 2021). Furthermore, there is a need to improve hydrolog-
ical modelling at large scale with earth observation data to
better predict the spatial and temporal occurrence of extreme
events (Dembélé et al., 2020a; Lindersson et al., 2020). Fi-
nally, uncertainties in hydrological modelling could be ad-
dressed by adopting multi-model approaches (Giuntoli et al.,
2015; Vetter et al., 2017).

6 Conclusion

The analysis of projected shifting in timing, seasonality and
magnitude of mean annual minimum flows and annual max-
imum flows in the Volta River basin under climate change
reveals various changes over the 21st century. In general, pro-
jected annual high flows increase in all the sub-basins, partic-
ularly under RCP2.6 and RCP8.5, thereby leading to higher
flood probability. Increase in river droughts are projected
from 2051 under RCP4.5 and from 2071 under RCP2.6 in all
sub-basins. High flows have a high seasonality with a mean
date of occurrence that hardly changes in the future as op-
posed to low flows that show a future forward shift in time.
These findings provide an important basis to inform research
and climate change adaptation and mitigation strategies in
the Volta River basin.
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