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INTRODUCTION

Babatunde J. Abiodun® | Gunnar Lischeid®* |

Abstract

This study investigates possible impacts of four global warming levels (GWLs:
GWL1.5, GWL2.0, GWL2.5, and GWL3.0) on drought characteristics over
Niger River basin (NRB) and Volta River basin (VRB). Two drought indices—
Standardized Precipitation Index (SPI) and Standardized Precipitation-
Evapotranspiration Index (SPEI)—were employed in characterizing droughts
in 20 multi-model simulation outputs from the Coordinated Regional Climate
Downscaling Experiment (CORDEX). The performance of the simulation in
reproducing basic hydro-climatological features and severe drought character-
istics (i.e., magnitude and frequency) in the basins were evaluated. The projec-
ted changes in the future drought frequency were quantified and compared
under the four GWLs for two climate forcing scenarios (RCP8.5 and RCP4.5).
The regional climate model (RCM) ensemble gives a realistic simulation of his-
torical hydro-climatological variables needed to calculate the drought indices.
With SPEI, the simulation ensemble projects an increase in the magnitude and
frequency of severe droughts over both basins (NRB and VRB) at all GWLs,
but the increase, which grows with the GWLs, is higher over NRB than over
VRB. More than 75% of the simulations agree on the projected increase at
GWLL1.5 and all simulations agree on the increase at higher GWLs. With SPI,
the projected changes in severe drought is weaker and the magnitude remains
the same at all GWLs, suggesting that SPI projection may underestimate
impacts of the GWLs on the intensity and severity of future drought. The
results of this study have application in mitigating impact of global warming
on future drought risk over the regional water systems.
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depend on rainfall. For instance, the decrease of rains in
the 1970s (Hulme, Doherty, Ngara, New, & Lister, 2001;

West Africa is a drought prone region. In this region, any
substantial rainfall deficit usually devastates socioeco-
nomic activities for a long period, because agriculture,
hydro-electric power, and river basin management

Kasei, Diekkriiger, & Leemhuis, 2010; Oguntunde,
Abiodun, & Lischeid, 2017; Oguntunde, Lischeid, &
Abiodun, 2018; van de Giesen, Liebe, & Jung, 2010) has
caused substantial modifications in land and water
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management practices in the region in the past decades
(Ogilvie et al., 2010; van de Giesen et al., 2010). Future
changes in climate are projected to affect the characteris-
tics of extreme events depending on the magnitude and
direction of change (Alfieri et al.,, 2017; IPCC, 2007,
2014). West Africa has been projected as a vulnerable
region (IPCC, 2007; Ogilvie et al., 2010). As most people
in West Africa are involved in climate-sensitive sectors of
the economy, any future change in climate that encour-
ages drier condition may increase the vulnerability of cli-
mate risks over the region. Therefore, to facilitate
vulnerability assessment and impacts, there is a need to
investigate and understand the characteristics of future
climate in the region, especially over the basin levels.
Niger River basin (NRB) and Volta River basin (VRB)
are the two largest river basins in West Africa. They play
important roles in the regional socioeconomic sustain-
ability. Any negative impact of climatic change on the
water systems will take a toll on the livelihoods of the
people. Accordingly, studies that improve understanding
of the roles of extreme climate events (droughts) in mod-
erating regional hydrology are very essential. In fact,
basin-wide studies to understand the influence of global
environmental change on hydrology have become rele-
vant in recent times owing to numerous anxieties raised
about possible modifications of the earth's climate at vari-
ous levels (e.g., Kasei et al., 2010; Ogilvie et al., 2010; van
de Giesen et al., 2010). Previous studies showed that
major river basins in West Africa, including NRB and
VRB, have been experiencing water stress resulting from
both natural and anthropogenic influences (e.g., Adeyeri,
Lawin, Laux, Ishola, & Ige, 2019; Laux, Kunstmann, &
Bardossy, 2008; Oyerinde et al., 2015; Sylla, Pal, Faye,
Dimobe, & Kunstmann, 2018). Sylla et al. (2018) brought
the attention of the research community to the impact of
warming level on the future of the West African basin-
scale irrigation. Their study projected that West African
river basins will witness severe freshwater shortages
under 2 and 1.5°C global warming scenarios. Using indig-
enous perception method to analyse the impact of cli-
mate change on hydroclimate over Malanville (Benin)
and Kainji (Nigeria) dams, Oyerinde et al. (2015) con-
cluded that integration of indigenous knowledge into cli-
mate change science could lessen the effects of
deteriorating hydroclimatic observations and enhance
sustainable adaptations. However important this indige-
nous perception may be, it lacks scientific background
and could not give any information about the future of
the basins. Although Sylla et al. (2018) addressed the
potential impact of future warming scenarios on the
hydroclimatology of the West African river basins, they
only focused on basin potential without consideration of
the impact of drought, a major extreme climate event

that can significantly impact water resources. In addition,
they only considered the simulations based on the Repre-
sentative Concentration Pathways 4.5 (RCP4.5), which is
not as impactful as the RCP8.5.

Some studies have used both observations and cli-
mate model simulations to examine past characteristics
of rainfall or droughts over West Africa and how changes
in climate may influence the future characteristics
(Diasso & Abiodun, 2017; Kasei et al., 2010; Laux et al.,
2008; Oguntunde, Friesen, van de Giesen, & Savenije,
2006; Oguntunde et al., 2017, 2018). While the results of
these studies could guide on sustainable use and manage-
ment of land and water resources, they are not in line
with the United Nations Framework Convention on Cli-
mate Change 21st Conference of Parties Paris Agreement,
where agreement was made to stabilize increase in the
mean temperature to less than 2.0°C above pre-industrial
levels and to struggle for the possibility of limiting the
increase in temperature to 1.5°C. Hence, these studies
could not provide the needed information on how the
characteristics of droughts could change under specific
global warming levels. In addition, the results of most of
these studies are based on simulations of a single
regional climate model (RCM) in downscaling of global
climate models (GCMs; Oguntunde et al., 2018), with
attendant limitations for uncertainty sampling in the
projections. The fewer recent studies that used multi-
RCMs to project impacts of climate change on rainfall at
specific global warming levels (1.5 and 2.0°C, in the
framework of Paris Agreement) have focused on differ-
ent characteristics such as start and end of the rains and
growing season length (Kumi & Abiodun, 2018), sea-
sonal rainfall, and cumulative dry days (Klutse et al.,
2018), without providing any information on droughts
over the river basins. More recently, Abiodun,
Makhanya, Petja, Abatan, and Oguntunde (2018) quan-
tified the impacts of climate change on droughts over
southern African river basins at specific GWLs and
showed how different drought projections can be uti-
lized in managing water resources over the basins. How-
ever, the drought projections over southern African
basins cannot be linearly transferred or applied over the
West African region, because of differences in atmo-
spheric circulation and climate.

This study aims to advance the study of Sylla et al.
(2018) by extending the work of Abiodun et al. (2018) to
West African river basins. Specifically, the study exam-
ines and compares the impact of projected drought at 1.5,
2.0, 2.5, and 3.0°C GWLs over the two prominent river
basins in West Africa (NRB and VRB). As the remaining
parts of this study, the data and methods are presented in
section 2; the results are presented in section 3, while the
discussion and conclusion are presented in section 4.
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2 | DATA AND METHODS

2.1 | The study domain

The NRB and VRB in West Africa provide sources of live-
lihood for the fast population of people inhabiting the
riparian countries enclosed within their catchments. The
NRB is the second largest basin in Africa and is enclosed
within 5°-24°N and 12°W-17°E. Precipitation varies
from about 250 mm-year ' at the desert zone to over
2,000 mm~year‘1 near the coastal zone (Andersen, Dione,
Jarosewich-Holder, & Olivry, 2005; Oguntunde et al.,
2018). The VRB is shared by six countries. It enclosed an
area bounded within 5°-14°N and 2°E-5°W. Precipita-
tion similarly shows a very strong north-south gradient
(Kasei et al., 2010; Laux et al., 2008). All the riparian
countries in the two basins have been undergoing rapid
socioeconomic development, with significant population
increase and intensified land use (Ogilvie et al., 2010).
The map of the two river basins in West Africa is shown
in Figure 1, while their characteristics are presented in
Table 1.

2.2 | Datasets

We analysed observed and simulated climate datasets for
the study. The observed climate dataset is the Climate
Research Unit (CRU) gridded climate data (TS version
4.01) described in Harris et al. (2014). This high-
resolution (0.5 x 0.5) monthly dataset covers global land
mass and extends from 1901 to 2016. However, only the
data for 1971-2000 were analysed in the present study.
We chose CRU observation dataset to evaluate the

28°N

24°N -

20°N

16°N

12°N

8°N -

4°N -

0° 4

10°W 0° 10°E

FIGURE 1 The study domain showing West African
topography with Niger and Volta River basins of West Africa
[Colour figure can be viewed at wileyonlinelibrary.com]

simulations because it has all the variables (precipitation,
TMAX, and TMIN) needed for calculating both drought
indices. Other datasets (GPM, GPCC, EOBS, etc.) have
only precipitation data. The simulated climate dataset
consists of 20 regional climate simulations from the Coor-
dinated Regional Climate Downscaling Experiment
(CORDEX; Nikulin et al., 2018). As part of CORDEX
activities, the simulations were obtained by using eight
RCMs to dynamically downscale past and future climate
simulations (1950-2100) from 12 GCMs over Africa at
the horizontal resolution of 0.44 x 0.44°. However, this
study used a subset of the simulations (Table 2). The sim-
ulation datasets were based on the RCP8.5 “business as
usual” scenario (Riahi et al., 2011). The specific global
warming levels were focused in line with the recent
COP21 Paris agreement (UNFCCC, 2015). The period of
the warming level differs with GCMs and RCPs.

2.3 | Methods
The methodology used in analysing the datasets is the
same as in Abiodun et al. (2018). Droughts are character-
ized over the basins with two indices: the Standardized
Precipitation Index (SPI) and the Standardized
Precipitation-Evapotranspiration Index (SPEI). The two
indices are well known for studying droughts (e.g.,
Abatanet al., 2017a, b; Abiodun et al., 2018; Guttman,
1998, 1999). SPI was formulated as a probability-based
index that uses only precipitation (P) to calculate the
drought index (McKee, Doesken, & Kleist, 1993). Details
of equations and parameters for drought index formula-
tion and computation can be found in previous reports
(e.g., Lloyd-Hughes & Saunders, 2002; McKee et al., 1993;
Oguntunde et al., 2017, 2018). Like SPI, the SPEI is
computed using climatic water balance data instead of
precipitation data (Vicente-Serrano, Begueria, & Ldpez-
Moreno, 2010). Given that the potential evapotranspiration
(PET) is atmospheric evaporative demand, its inclusion in
computation of SPEI may help capture global warming
effects or impacts. Thus, Vicente-Serrano et al. (2010)
argued that for drought identification, SPEI may be more
appropriate than SPI.

The climate water balance (CWB;) for the month i is
calculated as

CWB;=P;—PET,. (1)

The PET was calculated using the Hargreave method
(HG; Hargreaves & Samani, 1985). Due to its comprehen-
sive theoretical base, the Penman-Monteith
(PM) method is usually preferred for calculation of PET.
However, the PM methods requires several climate
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TABLE 1 Brief characteristics of the Niger and Volta River basins of West Africa

Basin characteristics Niger River basin Volta River basin

>400,000 km?

Black Volta, White Volta, Oti and
Lower Volta

Drainage area (km?) 2.27 million km?

Distinct sub-basins Upper Niger; Delta Interior, Niger

Middle and Lower Niger

Riparian countries Guinea, Mali, Niger, Algeria, Cote
d'Ivoire, Burkina Faso, Benin, Chad,

Cameroon and Nigeria

Burkina Faso, Ghana, Togo, Mali,
Benin and Cote d'Tvoire

Population size >100 million (average growth rate is 3%
per year)

12-45°C

>15 million (average growth rate is
2.7% per year)
Annual temperature 16-40°C

1 i

Mean rainfall <50-2,000 mm-year™ <300-1,500 mm-year™

Source: Andersen et al. (2005), van de Giesen et al. (2010), and Ogilvie et al. (2010).

TABLE 2 The names of GCMs and the downscaling RCMs for the simulations used in the study

Period of global warming levels

GCMs 1.5°C 2°C 2.5°C 3°C Downscaling RCMs
CanESM2® 1999-2028 2012-2041 2024-2053 2034-2063 RCA4®

CNRM-CM5® 2015-2044 2029-2058 2041-2070 2052-2081 RCA4®, ccLM®, ALADIN®
CSIRO-Mk3© 2018-2047 2030-2059 2040-2069 2050-2079 RCA4®

EC-EARTH-r1@ 2003-2032 2021-2050 2035-2064 2046-2075 RACMO®

EC-EARTH-r3® 2006-2035 2023-2052 2036-2065 2047-2076 HIRHAM®
EC-EARTH-r12 2005-2034 2021-2050 2034-2063 2047-2076 RCA4®, ccLM®
GFDL-ESM2M® 2020-2049 2037-2066 2052-2081 2066-2095 RCA4®

HadGEM2-ES™ 2010-2039 2023-2052 2033-2062 2042-2071 RCA4®, ccLM®, RACMO®W
IPSL-CM5AMRY 2002-2031 2016-2045 2027-2056 2036-2065 RCA4®

MIROC5% 2019-2048 2034-2063 2047-2076 2058-2087 RCA4®

MPI-ESM-LR® 2004-2033 2021-2050 2034-2063 2046-2075 RCA4®, ccLM®, REMO®
NorESM1-M® 2019-2048 2034-2063 2047-2076 2059-2088 RCA4®, WRF”

Note: The corresponding 30-year period for various global warming levels (1.5, 2, 2.5, and 3.0°C) are indicated. More detailed information on the GCMs, RCMs,
and method for calculating the periods are in the alphabets (a-1) and numbers (1-6) in brackets of the GCMs and RCMs, respectively, are used tags to represent
the simulations (e.g., a5 represents CanESM2_RCA4 simulation).

variables (i.e., air temperature, relative humidity, solar
radiation, and wind speed), some of which there are no

algorithms in R package (Begueria et al., 2014), we calcu-
lated the observed and simulated 12-month SPEI and SPI

reliable data for over the study region. However, unlike
PM, the HG method requires only temperature (maxi-
mum and minimum) for calculating the PET. Several
studies (e.g., Begueria, Vicente-Serrano, Reig, & Latorre,
2014; Droogers & Allen, 2002) have shown that HG
method gives comparable results with the PM method in
different parts of the world and Begueria et al. (2014) has
recommended the use of HG for calculating PET where
there is no sufficient data for the PM method.

Using monthly precipitation and temperature (maxi-
mum and minimum) from simulation (CORDEX) and
observation (CRU) data as input to SPEI and SPI

for each month of the years. Details on how to calculate
SPI and SPEI are contained in Begueria et al. (2014).
Generally, the values of the drought indices range for
—2.5 (extreme drought condition) to +2.5 (extreme wet
condition). The focus of the present study is the magni-
tude and frequency of severe drought. A severe drought
event is said to occur in a month if the 12-drought index
(SPI or SPEI) for the is less than —1.5; the absolute value
of the drought index for the event is regarded as the
severe drought magnitude (SDM) while the number of
months the event occurs in a year (or a decade) is reg-
arded as severe drought frequency (SDF). In the study, all
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the variables calculated or derived from the CRU obser-
vation data are referred to as observed variables while
those obtained from the CORDEX simulation are called
simulated variables.

Performance evaluation of the simulation datasets
over West Africa was carried out by comparing the simu-
lated and observed climate data for the reference period
(1971-2000). The performance evaluation focused on the
climate variables needed for calculating SPI and SPEL
The future climate simulation data were extracted for the
four GWL periods (i.e., 1.5, 2.0, 2.5, and 3.0°C; hereafter,
GWL1.5, GWL2.0, GWL2.5, and GWL3.0, respectively).
Following Nikulin et al. (2018), we defined a GWL period
as a 30-year window for which the global mean tempera-
ture (climatology) is warmer, that is, the pre-industrial
climate (1861-1890) by the targeted GWL values. Table 2
shows the GWL periods obtained for each GWL in all
simulation datasets. The climate change at each GWL is
calculated as the difference between the climatology of
the reference period (1971-2000) and the GWL periods
(i.e., GWL minus reference).

Two approaches were used to assess the robustness of
the projected climate change. The first approach exam-
ines the statistical significance of projected changes. The
change is robust if more than 75% of the simulations indi-
cate that the climate change is statistically significant
(at 99% confidence level; using a t test, with respect to the
climate variability of the reference period). The second
approach uses boxplot to examine the agreement of simu-
lations on projected sign of the change. The change is

ENS MEAN

robust if more than 75% of the simulations agree on the
sign of the projected changes.

3 | RESULTS
3.1 | Evaluation of climate simulations
over the basins

In this section, we assess the performance of CORDEX
RCMs simulations to reproduce the observed climate var-
iables over the two River basins. The climate variables
considered include temperatures, PRE, PET, and CWB.
The assessment of these climate variables is very impor-
tant because the accuracy and reliability of the future
simulations of the drought indices depend on how well
the models capture the historical climate variables. The
results of the evaluation are presented in Figures 2-5.
The spatial distributions of observed and simulated
surface air temperatures and their biases are presented in
Figure 2. The observed CRU TMAX shows a zonal pat-
tern that increases northwards from the Guinea coast
(Figure 2a). This zonal distribution places the centre of
TMAX over the Sahel-Sahara region at about 12°-20°N.
As a result, the northwestern region of the NRB is
warmer than every other region of the basins. The spatial
pattern of the simulated ensemble mean (RMEAN)
TMAX is similar to observed TMAX (Figure 2b). The
thermal peak is limited to the western Sahel and it is an
order of about 2°C lower than observation. The statistical

Max. Temperature

FIGURE 2 Climatology of

observed (CRU) and simulated (RCM)

Min. Temperature

maximum, minimum, and mean
temperatures (TMAX, TMIN, and
TMEAN, respectively; °C) over West
Africa during 1970-2005. The outline
of the Niger and Volta River basins
are indicated by the dashed black and

green contours, respectively. The

Mean Temperature

spatial patterns of observed values are

shown in the first column, ensemble
mean (ENS MEAN) in the middle,
and the simulation biases (BIAS: ENS
MEAN minus CRU) are in the third
column [Colour figure can be viewed

at wileyonlinelibrary.com|
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observed spatial patterns of the
hydrometeorological variable .
necessary for drought computation w
over the West Africa including Niger -
and Volta River basins (climatology, 10°N
1970-2005). The climate variables
are precipitation (PRE; mm-month™; o
panels a-c, respectively); PET
(mm-month™; panels d—f, 500N
respectively), and climate water =
balance (CWB; PRE minus PET; a —y
mm-month™’; panels g-i,
respectively). The observed values
are shown in first column, ensemble o
mean (RMEAN) in the middle while
the BIAS (RMEAN minus CRU) is in 20°N
the third column [Colour figure can g
be viewed at wileyonlinelibrary.com] © o
e (I?) I(r : )
1w 00 10° 20 qoew 00 10%
FIGURE 4 Simulated and Volta Basin
observed annual cycle of the climate 507 T ‘ — .
variable necessary for drought X 40 . (b) L
computation over the Niger and = 0. ] ] ~ i
Volta River basins (climatology, 3 | L e L
1970-2005). The climate variables are z 207 F oo ==
temperature (TMIN and TMAX; Z o ] ] - - EELSJ MEAN i
panels a,b); precipitation and 7 m [ ] ENS SPREAD B
potential evapotranspiration (PRE 308: G F M A J . A S 0 N . D U UF M A M J J_ A S 0 N D
and PET; panels c,d); and climate
water balance (CWB: PRE minus — i
PET; panels e,f). The shading shows o 2001 i
the range between the maximum and g 7 B
minimum, while the continuous g 100. -
thick line shows the ensemble mean - -
(ENS MEAN) and the dashed line 0.
indicates the CRU observation 200.
[Colour figure can be viewed at 7 B
wileyonlinelibrary.com] 100. 1 B
5 ° :
—100. -
—200.

comparison of the observed

and simulated TMAX

through the pattern correlation is high, and it indicates
that the model captures the spatial pattern of observed
TMAX well (ie., r = .88). The agreement between the
observed and simulated TMAX comes from the ability of
the model in simulating peak in TMAX south of 12°N.
This is obvious in the bias pattern that ranges between

0 and 2°C over the Guinea coast. The largest bias is
observed north of 20°N (Figure 2c). As indicated in
Figure 2d,e, the spatial patterns of observed and simu-
lated TMIN are slightly similar with a pattern correlation
of .89 although the CORDEX models underestimate tem-
perature over the Sahel region. However, CORDEX
models generally underestimate TMIN by about 1-2°C in
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FIGURE 5

l Volta Basin

Severe drought magnitude (SDM) for 12-month SPEI and SPI (i.e., SPEI12_SDM and SPI_SDM) as observed (CRU) and

simulated (ENS MEAN) during the reference period (1971-2000) over the Niger and Volta River basins. A severe drought occurs when the
value of 12-month drought index (SPEI12 or SPI12) is less than —1.5 [Colour figure can be viewed at wileyonlinelibrary.com]

most parts of NRB and by about 1°C in the VRB
(Figure 2f). As in the spatial distributions of observed
TMAX and TMIN, observed TMEAN is characterized by
zonal band of maximum TMEAN (>28°C) spanning the
Sahara-Sahel region, with lowest values between 24 and
28°C over the Guinea coast (Figure 2g). The temperature
minima are located over Cameroon Mountains adjacent
to Calabar, Jos Plateau, and the Guinea Highlands, while
the temperature maxima are located over the Saharan
heat low region, consistent with the literature. The
models exhibit the ability to reproduce the spatial distri-
bution of observed TMEAN although there are some dif-
ferences both in magnitude and size (Figure 2h). The
similarity in patterns results in a pattern correlation of
about .84. The lower values over the orographic regions
are well captured, while the models underestimate the
magnitude of the TMEAN over the Saharan heat low. As
a result, a cold bias in excess of 2°C is observed over the
Sahara region.

The observed and simulated spatial distribution of
rainfall, PET, and CWB are shown in Figure 3. The
ensemble mean captures the spatial patterns of the

rainfall, PET, and CWB very well. The rainfall distribu-
tion decreases northwards from the Guinea coast to the
Sahel-Sahara region, with the lowest values
(<20 mm-month™") over the Sahara region. The pattern
of the rainfall maxima over the Niger Delta and the
Guinea highlands are equally well simulated although
the magnitude is slightly underestimated. Therefore, the
simulated rainfall exhibited +5% of observed rainfall in
most parts of the basin with underestimation generally
around the Guinea highlands and the Benue basin. The
pattern correlation between observed and simulated rain-
fall is very high (r = .92). The spread of monthly maxi-
mum PET is generally larger in the observation in
comparison with the simulation with bias generally less
than 10% in most part of the two basins. However, the
pattern correlation between observed and simulated PET
is very high (r = .81). The CWB field showed similar spa-
tial pattern as in rainfall and the pattern correlation
between observed and simulated CWB is also very high
(r = .92). The bias in simulated CWB is about +10% in
most part of the basin with underestimation over the
Benue basin.
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Figure 4 shows the observed and simulated seasonal
cycle of climate variables over the study domain. The
temporal patterns of these climatic variables indicated
that the models performed very well, but with very slight
differences in magnitude. For both observed and simu-
lated TMIN and TMAX, the lowest temperatures
occurred in January and February with the highest in
April and May (Figure 4a,b). Similarly, the models cap-
tured the temperature drop in July and August. The drop
in temperatures is probably due to higher cloudiness
amount during these periods. Despite the similarities in
temporal patterns of temperatures, the simulated TMIN
showed large cold bias during the first 6 months
(January-June); the upper quartile of the simulated
TMIN is almost equal to the observed TMIN during
January-May. However, the observed maximum temper-
ature was located within the spread of the simulated
values, with the simulated ensemble median slightly
lower than observation.

The temporal patterns of observed rainfall indicated
that rainfall increases steadily from January, reaching a
peak in August, after which it decreases sharply
(Figure 4c,d). This pattern is related to the seasonal
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match of the intertropical discontinuity over West Africa.
The RCMs reproduce the seasonal cycle of observed rain-
fall over the two basins. The models are characterized by
a single rainfall peak around August with values lower
than the observed. Furthermore, during the first 6 months
(January-June), simulated rainfall values are higher but
slightly lesser than observed during the last 6 months
(July-December). Comparing the seasonal patterns of
PET from the RCMs with observation, it is shown that
the models reproduce the seasonal cycle of this variable
very well (Figure 4c,d). The PET is characterized by two
maxima in March/May and October. The seasonal cycles
of observed and simulated CWB for the two basins
(Figure 4e,f) are like those of the rainfall. The RCMs rea-
sonably reproduce the observed CWB, but the spread is
wider. The simulated mean CWB are higher than
observed CWB, especially for the months of March-July.
The 12-month timescale of observed and simulated
drought intensity and frequency are shown in Figures 5
and 6. The observed and simulated mean drought inten-
sity are comparable over the basins, but with slight differ-
ences in magnitude (Figures 5 and 6). Observed (red dot
for SPEI and blue dot for SPI) and simulated (box plot)
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FIGURE 6 SDF for 12-month SPEI and SPI (i.e., SPEI12_SDF and SPI_SDF) as observed (CRU) and simulated (ENS MEAN, RCM)
during the reference period (1971-2000) over the Niger and Volta River basins. A severe drought occurs when the value of 12-month
drought index (SPEI12 or SPI12) is less than —1.5 [Colour figure can be viewed at wileyonlinelibrary.com]
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drought frequency averaged over the Basins are shown in
the lower panel of Figures 5 and 6. For both basins, the
observed values are generally located within the spread
of the models with the observed values in the fourth
quartile for SPEI and within the third quartile for SPI.
The ability of the models in replicating the historical cli-
mate variables and the drought indices offers some confi-
dence that the models will be able to project future
drought over the basins.

3.2 | Future projection of drought over
the basins

Figure 7 presents the spatial distribution of projected
changes in the drought indices (12-month drought scales:

With SPEI12, an increase in the magnitude of severe
drought (i.e., SPEI12_SDM) is projected over the basins.
The spatial distribution of the increase is similar at all
the GWLs. A maximum increase is projected over the
Sahelian part of the Niger basin (i.e., north of 16°N)
while the minimum increase is indicated over the
Savanna part. However, over both basins, the value of the
increase grows with higher GWLs. For instance, while
the increase is about 0.3 at GWLL.5, it is up to 0.5 at
GWL3.0. Nevertheless, this projection is only statistically
significant over the Sahelian part of the basin. The pro-
jected changes in SPI differ from that of SPEI. With SPI,
a weak change in severe drought magnitude
(SPI12_SDM, i.e., + 0.1) is projected over the basins and
the projection is not statistically significant at any part of
the basins. Hence, at GWL1.5, the maximum increase in

SPEI12 and SPI12) over the two basins at the four GWLs. SPI12_SDM (about 0.1) is lower than that of
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FIGURE 7 Projected changes in spatial distribution of the magnitude (SDM) and frequency (SDF) of 12-month droughts under

different GWLs (GWL1.5, GWL2.0, GWL2.5, and GWL3.0) for SPEI12 and SPI12 over the two river basins [Colour figure can be viewed at
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SPEI12_SDM (about 0.3). In addition, unlike
SPEI12_SDM, the projected increase in SPI12_SDM does
not grow with the increasing GWLs.

The projected changes in SDF also differ for the two
drought indices. With SPEI, the models project a substan-
tial increase in SDF (SPEI12_SDF > 10 events‘decade_l)
over the entire basins, but with SPI, they project a weaker
increase (SPI12_SDF < 10 events-decade™) and even
indicate a decrease (about 10 events-decade™) over some
parts of the basins (Figure 7). In addition, the spatial dis-
tribution of the projected changes features a stronger gra-
dient in SPEI12_SDF than in the SPI12_SDF. For
instance, at GWL1.5, the change in SPEI12_SDF ranges
from 10 events-decade™ at 15°N to 30 events-decade™" at
20°N, but the change in SPI12_SDF is almost constant
(about 10 events-decade™) north of 15°N. Furthermore,
while higher GWLs enhances the SPEI12_SDF (e.g., from
30 events-decade™' at GWLL.5 to 50 events-decade™ at
GWL3.0), it has no influence in SPI12_SDF (which is
almost the same at all GWLs). Nevertheless, the projected
changes in both SPEI12_SDF and SPI12_SDF are statisti-
cally significant at all GWLs.

To show robustness of the projection, Figure 8 pre-
sents the simulations spread and agreement on the pro-
jections over each of the basins. There is a better
agreement among the simulation on SPEI projections
than on SPI projections. With SPEI projections, more
than 75% of the simulations agree on the projected
increase in the magnitude and frequency of severe
drought over each basin at GWL1.5 and GWL2.0, while
all the simulations agree on the increase at GWL2.5 and
GWL3.0. However, with SPI projections, there is no

agreement among the simulations regarding the changes
in severe magnitude and frequency over each basin at
any GWL. A comparison of these results with those
obtained under RCP4.5 climate change scenario (where
the data are available: GWL1.5 and 2.0) indicates that the
results are not sensitive to the warming scenario. The
projected increase in SPEI12_SDF and SPI12_SDF over
the basins is also in agreement with Klutse et al. (2018)
projections on increased consecutive dry days (CDD),
meaning for the increase in dry spells and drought persis-
tency. Frich et al. (2002) showed that CDD is an indicator
of short-range drought and drought tendencies.

The distinction between SPEI and SPI projections
found here is consistent with results of Abiodun et al.
(2018) over southern African basins (Orange, Limpopo,
Zambezi, and Okavango). Abiodun et al. (2018) also pro-
jected a higher increase in drought intensity and fre-
quency for SPEI than for SPI. They showed that with
further warming (i.e., from GWL1.5 to GWL3.0) the rate
of increase is faster for SPEI than for SPI and attributed
the difference to the influence of global warming PET.
Hence, the authors argued that using SPI for future pro-
jections may underestimate the severity and frequency of
drought over the southern river basins, because SPI does
not account for the influence of the PET. The argument
is also true over the two West African basins (Niger and
Volta) considered here. Historically, West Africa has been
ravaged by incessant drought occurrence with socioeco-
nomic consequences. Hence, using the appropriate
drought indices to monitor and project drought charac-
teristics will help minimize socioeconomic impacts of
future drought over the region.
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4 | CONCLUSION

As part of ongoing global efforts to understand the possible
effects of global warming at specific levels (e.g., from 1.5 to
3.0°C) on the climatology of large basins in West Africa, this
paper investigated the potential effects on mean drought
index and SDF over Niger and Volta River basins. The
multi-model multi-ensemble CORDEX dataset was used in
the analysis. The ability of the models to reproduce basic
hydroclimatological variables over the study area was deter-
mined by comparing the simulations of past years with
CRU data. The projected changes in drought characteristics
were examined at four GWLs under the RCP8.5 scenario.
The conclusion of the results can be summarized as follows:

« The CORDEX simulations realistically reproduce the
spatial distribution of all the climatic variables (PRE,
PET, CWB, etc.) needed for calculating the drought
indices over West Africa and reproduce a credible
annual cycle of the variables over each basin.

« Although for both SPEI and SPI, the simulations struggle
to reproduce the spatial variation of severe drought magni-
tude and frequency over West Africa; the simulated values
are cluster around observed values over each basin.

« For SPEI an increase in severe drought magnitude and
frequency are projected over the whole basins and the
value of the increase grows with higher GWLs. More
than 75% of the simulations agree on this projection.

« The projected changes in severe drought magnitude
and frequency are weaker for SPI than for SPEI and
the agreement among simulations is also weaker for
SPI than SPEI. Hence, using SPI to project future
changes in drought characteristics may underestimate
the severity and frequency of drought over the basins.

These results can be improved, extended, or applied in
several ways to assist the policy makers in reducing the risk
of global warming climate on agriculture, water availability,
and food security in West Africa. For example, the resolution
of the observation (CRU: 0.5 x 0.5°) and simulation datasets
(CORDEX: 0.4 x 0.4°) used in the study can be increased to
resolve the spatial drought indices better, especially when
the higher CORDEX resolution datasets are ready. Example
of such higher-resolution datasets used and discussed in
Abiodun et al. (2019) and Dieng et al. (2018). Furthermore,
the projected changes in this study are only for meteorologi-
cal droughts. Extending the projections to agricultural and
hydrological droughts will give a better quantification of the
potential impacts of the global warming levels on agricul-
tural activities and water availability. It will also show how
climate change may alter the complex relationships among
meteorological, agricultural, and hydrological droughts.
However, such projection requires application of

hydrological models (e.g., the Soil and Water assessment tool
SWAT). The models can also be extended to investigate how
different agricultural and water management practices can
be used to minimize impacts of meteorological droughts on
streamflow and agricultural production. However, the pre-
sent study has shown how the ongoing global warming may
impact meteorological droughts over two river basins in West
Africa at different GWLs. It has shown that using only SPI to
characterize drought may underestimate the impact of the
global warming on future drought projection.
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