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In the context of a changing climate, the Beninese Niger River basin has
been the focus of several research studies for the quantification, planning,
and modeling of water and related resources for sustainable use. This re-
search aims to characterize the historical (1976-2019) and projected (2021-
2050) hydrological drought of the Beninese Niger River basin. The study
used daily observations of rainfall, maximum and minimum temperatures,
runoff rates and simulations of HIRHAM and REMO RCMs from fifteen
(15) rainfall stations installed around the basin. It uses standardized stream-
flow indices (SDI) at 12-month and 36-month time steps. The results show
that the calculated SDI indices show, on average, for all the model scenar-
ios used, chronological trends of increase. These increases are not signifi-
cant (are of the order of 0.00001 per year). The analysis of the SDI indices
shows that, on average, the hydrological droughts in the Beninese basin of
the Niger River will increase at 36 months and decrease at 12 months of
the SDIL. In fact, these small variations of hydrological droughts will be ac-
companied by the increase of their duration and the decrease of their mag-
nitudes. The droughts detected in the Benin basin of the Niger River during
the historical period will continue until 2050 in the same range but with
more extended drought lengths. It should be noted that most of the changes
observed in the calculated and analyzed indices are not significant.

Yarou Halissou,

International Chair of Mathematical Physics and Applications (ICMPA-UNESCO CHAIRE), University of Abomey-Calavi (UAC),
Cotonou, Benin; Laboratory of Environmental Geoscience and Application (LaGEA/UNSTIM), Benin;

Email: halissou.yarou@gmail.com

DOI: https://doi.org/10.30564/jasr.v5i2.4602

Copyright © 2022 by the author(s). Published by Bilingual Publishing Co. This is an open access article under the Creative Commons
Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License. (https://creativecommons.org/licenses/by-nc/4.0/).

33


mailto:halissou.yarou@gmail.com

Journal of Atmospheric Science Research | Volume 05 | Issue 02 | April 2022

1. Introduction

The impacts of climate change and anthropogenic ac-
tivities on water resources predicted by climatologists for
the rest of the 21st century deserve special attention from
mankind. The challenges of monitoring water resources,
and in particular the anticipation of scarcity situations,
nowadays require the implementation of specific opera-
tional hydrological applications, in the same way as those
developed in recent years for flood forecasting .

Extreme weather events usually have large impacts on
society, water resources, health, and the agricultural sector .
A small change in average conditions can likely cause
large changes for an extreme ”. A better understanding
of the statistical and physical nature of extreme climate
events is a necessary step before we can answer questions
that are related to these indices. It is important to note that
each dry year involves significant socioeconomic losses
and ecological damage worldwide . Similarly, a very wet
year results in socio-economic losses and damages.

The general problem of climate change is that, under
projected climate scenarios, it would result in a higher fre-
quency and intensity of extreme weather events . These
phenomena are even more accentuated in Africa where
deforestation is very important . The ministerial summit
held in South Africa in 2007, which brought together 70
nations, recognized the magnitude of the drought problem
and its impacts on food security and the sustainability of
water resources, and emphasized the need for early warn-
ing systems for drought "

The industrial revolution is to promote the impact of
human activities on the environment that is becoming
increasingly important, altering the climatic balance and
thus having effects on precipitation. This phenomenon
leads to drought. Drought is a normal and frequent fea-
ture of the climate. There are several types of drought .
Drought is defined from the meteorological, hydrological,
agricultural or socio-economic point of view . Drought
does not have a universal definition. There are as many
definitions of drought as there are water uses . Hydro-
logical drought is a decrease in water supply in streams,
surface reservoirs, and groundwater. Hydrological drought
is caused by a lack of precipitation accompanied by mas-
sive evaporation """ However, non-meteorological factors,
such as water demand, availability of surface reservoirs,
and artesian well drilling, compound the effect.

Since the second half of the 20th century, West Africa
has been the region of the world with the largest rainfall
deficit """, In Nigeria for example, a decreasing trend was
observed in 98.2% of the landscape for the moisture index
(MI), 96.7% for the SPI and 98.2% for the SPEI, showing
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drying trends in the country ", Similarly in Niger, con-
secutive dry days have significantly increased and consec-
utive wet days have decreased. The same is true for rainy
days. At the same time, the proportion of daily maximum
rainfall in the annual rainfall total has increased over time
and the proportion of intense rainfall in the annual rainfall
total has significantly increased over the last two decades .
For Benin it is indicated for rainfall intensity and fre-
quency indices such as consecutive rainy days and ex-
tremely wet day, respectively an increase and decrease .
For Kodja ", over the Oueme basin in Benin, there was a
decreasing change in rainfall while the temperature veloc-
ity showed increasing changes for the period 1981-2010.
The Niger River has a hydrological regime that has
evolved due to climate change and anthropogenic impacts.
There are only a few dams on the Niger River, and future
planned structures will alter its regime and flooded areas "%,
The Beninese basin of the Niger River, located in the
semi-arid zone, is all the more affected as it records a sig-
nificant demographic increase. This population growth in-
tensifies the anthropic pressures on fragile resources whose
degradation is increasingly worrying "', In order to high-
light the dry sequences that have been little discussed so far
in the Beninese basin of the Niger River and to assess their
evolution in the near future in the said basin, the present
work was interested in the study of standardized flow indi-
ces (SDI) at 12-month and 36-month intervals in the basin.

2. Methodology
2.1 Description of the Study Area and Data

The Beninese Niger River basin covers an area of ap-
proximately 48,000 km? (42% of the total area of Benin)
and is located in the extreme north of Benin (Figure 1).
Located between latitudes 10° and 12°30° north and lon-
gitudes 1°32’ and 3°50’ east, it includes the Mékrou, Alibori
and Sota sub-basins, and is generally oriented SSW-NNE ¥,
The implementation of this research work required the
collection of several types of data. These are daily rainfall
data observed from 1976 to 2019 at 15 rainfall stations
(Figure 1) installed around the basin, which are collected
from the Benin Meteorological Agency (Météo-Bénin);
flow rate data which are extracted from the database of the
Hydrology Department of the DGEau and concern the sta-
tions of Couberi and Gbasse on the Sota, Kompongou on
the Mékrou and Yakin on the Alibori. These data cover the
period from 1953-2017 (Couberi and Yakin), 1953-2014
(Kompongou) and 1953-2006 (Gbasse); daily temperature
observations (minimum and maximum) from three (03)
synoptic stations (Figure 1) were considered. These data
cover the period from 1976 to 2019. These data are com-
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plemented by daily observations of radiation, wind speed
and humidity for the calculation of daily ETP. It should
be noted that data from the regional climate models
DMI-HIRHAMS (Denmark) and MPI- REMO (Germany)
that have produced good results in the area ' are used for
the future period. These RCMs (Table 1) have a resolution
of 50 km each and have been forced by GCM outputs
(ECHAMS for DMI-HIRHAMS5 and MPI for MPI-RE-
MO). These models have, at the daily scale for precipita-
tion, historical simulations over the period 1960-2005 and
simulations of RCP4.5 and 8.5 scenarios over the period
2006-2100. The future period selected is 2021-2050. For
the observations, the period 1990-2019 was chosen from
the historical period as the reference period for assessing

2.2 Method Used
2.2.1 Calculation of SDI Indices

The SDI (Streamflow Drought Index) is a drought in-
dex based on streamflow. It is developed by Nalbantis and
Tsakiris ** based on the SPI method and calculations by
replacing precipitation with streamflow.

If monthly streamflows Q,; of a time series are availa-
ble, where i denotes the hydrological year and j denotes
a month of that hydrological year (=1 for October and
j=12 for September), Vi,k can be obtained based on the
equation:

Vi = EfilQr.; i=1,2,..j=1,2,..12 k=1,234 o)

where V;, is the cumulative flow rate for the i" water year
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Figure 1. Location of the study stations.
Table 1. Characteristics of the regional climate models.
Horizontal Vertical
Model Institution Forcing MCG de OHZOI,I a eriea Simulations Reference
resolution level
HIRHAMS DMI EC-EARTH 50 km 31 1951-2100 [20]
REMO CSC MPI-ESM-LR 50 km 27 1951-2100 [21]
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for October-March, k=3 for October-June and k=4 for
October-September.

Based on the cumulative flow rate, V;,, the flow drought
index is given for each reference period & of the hydrolog-
ical year i as follows:

Vik—Vi

SDIy =—— i=12,.,

L

k=1,2,34 )

V, and S, are the mean and standard deviation of the
cumulative flow rates of the reference period k as deter-
mined for a long series.

As with the SPI, here too there are classes for the SDI.
For this study, four (4) classes are considered (drought
class) according to the SDI values. The values range from
1 (normal drought) to 4 (extreme drought) and are defined
through the criteria in Table 2.

Table 2. SDI classes

Classes Description Intervals
1 near-normal —-0,99<SDI<0,99
2 Moderate drought —1,49<SDI<-1,0
3 Severe drought —1,99<SDI<-1,5
4 Extreme drought SDI<-2,0

Considering these four drought classes, the hydrologi-
cal drought risk was estimated by the following formula:

Fi
RS(ZE*F[F (3)

RS, : hydrological drought risk of an event

F;: its Frequency

F,: its rank considering the /0" percentile

F; : the total frequency.

RS =SPN+ RM + RS+ RE @)
RS: the Risk of Hydrological Drought

SPN =¥, RS, of near-normal Hydrological Drought

SM =Y RS; of Moderate Hydrological Drought

55 = ¥ RS; Severe Hydrologic Drought

SE =¥ RS; Extreme Hydrologic Drought

2.2.2 Bias Correction

A bias correction is generally performed on climate
model outputs for the majority of climate change impact
studies. This correction is generally univariate and cor-
rects each variable of interest independently of the others.
There are a large number of bias correction methods.
The bias correction method used in this research is called
“Delta Change” (DC).

The DC method is the simplest and most widely used
bias correction method **** and consists of scaling the
observations to obtain the corrected simulations. This is
a modest method in which the parameters are typically
corrected with a multiplicative or additive factor. In this
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method, the factor at the scale of a period is applied to
each incorrect daily observation of the same period to
generate the corrected daily time series “*. Equation (5) is
used to correct for temperature and Equation (6) is used to
correct for precipitation.

Xogri = Xgi + .Iup — Hp (5)
Xcons = Xos X0 ©)
where *eori represents the corrected parameters; x,,; repre-
sents the observed parameters. g, and K, are the average
of the simulated data from the base period and the average
of the data from the projection period, respectively.

In the present study, the Potential Evapotranspiration is
calculated by the FAO Penman-Monteith ¥ formula. This
formula assumes: vegetation is a well-irrigated grass cov-
ering at a height of 0.12 m, external resistance of 70 s.m™
and an albedo of 0.23; daily heat flux into the soil is con-
sidered negligible in front of the net radiation at this time
step (G = 0); required climatic parameters: daily mean,
maximum and minimum temperatures; daily mean air ve-
locity at 2 m; daily total net radiation *”. The formula is
given by Equation (7).

 040BARndty (ngiqj w{ew—e) )

ETP
Ady(1+0,34v)

ETP: potential evapotranspiration (mm.d"), R,: net radi-
ation (W.m?), d: time step length in k seconds (d=0.0864
ks), ¢ daily mean air temperature at 2m (°C), A: slope of
the saturating vapor pressure curve (kPa.°C™), y: psychro-
metric constant (kPa.°C™), e: vapor pressure (kPa), e, satu-
ration vapor pressure (kPa), v: wind speed at 2 m (m.s™).

The parameters involved in the calculation of the Pen-
man-Monteith daily ETP come from: i) direct field meas-
urements for t,..,.,, R, and v; ii) indirect measurements for
e, and e and iii) physical constants: y, A.

The use of mean temperature underestimates e,, the
following expression is preferred:
e, = Sultmas)teu(tmin) ®)

2

e,: saturation vapour pressure of the day (kPa); ¢,,,,: maxi-
mum temperature during the day (°C); ¢,,,; minimum tem-
perature during the day (°C)

¥ Hrpmj
— Ew “m!n)"}%"'ew(fmu)ﬁ (9)

2
e: actual vapor pressure of the day (kPa); e,,,,,: saturation
vapour pressure at the maximum daily temperature (kPa);
€,umin. SAturation vapour pressure at the minimum daily
temperature (kPa); Hr,,,.: maximum relative humidity (%);
Hr,,,: minimum relative humidity (%).

y=0,665.10".P
y in kPa.°C"'

(10)
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. 293—0,0065.5 26
p=1013. (2= (11)
P in kPa, z the altitude in m.
17271
_ 4% |u,51u &em{m)l (12)

(t+237,3)%

A and kPa.°C™, t and °C.
2.2.3 Assessment of Changes

Quantifying the effects of future changes in the ex-
tremes of daily climate variables is of great necessity to
enable assessment of the vulnerability of hydrological
systems to climate change.

In this study, future changes from the baseline period
are evaluated using Equation (13). The 2021-2050 projec-
tion period was selected to assess changes in drought un-
der the RCP4.5 and RCP8.5 scenarios of the REMO and
HIRHAM climate models. A sub-period (1990-2019) was
chosen as the reference period for assessing changes. This
is to have the same length of series.

Change = pr

T

(13)

where %, is the average of the hydroclimatic parameter
over the considered projection period and %, is its average
over the reference period.

Student’s t-test was applied on the hydrological param-
eters to assess the significance of the quantified changes.

2.2.4 Description of the Model Chosen for the Es-
timation of Flows (ModHyPMA)

The hydrological model ModHyPMA was used to
model the flows of the rivers of the Beninese basin of the
Niger River. It is a simple model and less constraining
in terms of input data and gives good results. It does not
use land use data, which makes it possible to make long-
term projections. In addition, this model produces good
results used on the Beninese basin of the Niger River by
Gaba ™ and on the Mekrou River basin used by Obada .
Designed from the Least Action Principle, ModHyPMA
(Hydrological Model based on the Least Action Principle)
uses the principle of minimum energy expenditure. This
principle can be stated as follows: “Nature always follows
the simplest paths ... and the simplest paths are those that
minimize nature’s expenditure of energy” """, It is a
physics-based, two-parameter, global hydrological model.

The ModHyPMA model includes a production function
and a transfer function that are described by equations 4.49
and 4.50, respectively '\

dZ@Y e
==Y

(14)

(15)

Equations (14) and (15) are an overall representation of
the rainfall-flow transformation process. Q is the discharge
at the watershed outlet, v is a nonlinearity parameter, A is
the basin drying coefficient, q is equal to the difference
between rainfall and PTE all measured during a time ¢,
and ¥ is a function. The scheme and main equations of
the ModHyPMA are shown in Figure 2.

d(jf) + VQZV*‘I — (P(q, t)

P—ETP

l

"
SiP-ETP<0;q =0 SiP-ETP>0:g, =P -EIP

Figure 2. Schematic of the ModHyPMA model and key
model equations "****,

v’ Step 1: The hydrological model ModHyPMA is cali-
brated for each watershed using the observed hydro-
logical and climatic series.

v’ Step 2: The future climate series (2021-2050) are
built from the observed series over a reference peri-
od of climate scenarios expressing a change in cli-
mate parameters.

v’ Step 3: The hydrological model with the parameters
calculated in step 1 simulates the flows using the
time series constructed in step 2.

3. Results

3.1 Analysis of the Performance of Bias Corrections
on a Monthly Basis

Figures 3, 4 and 5 and Table 3 present the performance
of the different results obtained from the method of cor-
rections applied considering the annual averages of tem-
perature and precipitation. On the one hand, these results
show that the method (Delta) used to correct the data has
been efficient. The table shows a large difference in the
mean absolute error (MAE) between the raw data and the
corrected data. The corrected data tend towards zero. On
the other hand, we note that the method performs better
with the temperature parameters than with the precipita-
tion.
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Figure 3. Performance of the correction method on annual temperature maxima (line 1 = raw data, line 2 = corrected data).
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Figure 4. Performance of the correction method on annual temperature minima (line 1 = raw data, line 2 = corrected data).
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Figure 5. Performance of the correction method on annual rainfall (line 1 = raw data, line 2 = corrected data).

Table 3. Performance of the correction method on climate variables

Variables Parameters Station Observation Gross hirham | Corrected hirham | Gross remo | Corrected remo
Kandi 2,81 2,41 2,81 3,08 2,81
Deviation Natitingou 2,74 2,04 2,74 2,50 2,74
Parakou 2,88 1,85 2,87 2,56 2,87
Tmax -
Kandi 3,55 0,00 2,41 0,00
MAE Natitingou 3,55 0,00 2,32 0,00
Parakou 3,29 0,01 2,24 0,01
Kandi 3,05 3,01 2,96 4,17 3,04
Deviation Natitingou 1,68 2,22 1,63 3,17 1,68
. Parakou 2,06 1,91 2,07 2,92 2,05
Tmin
Kandi 0,73 0,09 2,12 0,05
MAE Natitingou 1,19 0,08 1,91 0,05
Parakou 1,41 0,13 2,36 0,08
Kandi 90,62 86,34 92,62 112,13 101,57
L Natitingou 95,70 125,82 97,24 110,68 104,12
Deviation
Parakou 87,15 83,50 91,74 131,00 99,75
L Bembereke 95,44 96,38 89,26 111,79 88,15
Precipitation -
Kandi 11,06 3,37 24,19 6,26
Natitingou 34,96 3,54 17,71 10,20
MAE
Parakou 7,79 4,28 40,87 9,88
Bembercke 14,92 7,19 16,91 7,49

3.2 Flow Simulation and Hydrological Model Per-
formance

The performance of the ModHyPMA model in cali-
bration and validation at each hydrometric station is sum-

marized in Table 4. Figure 6 presents the values of Nash
criteria and coefficients of determination (R?) in calibra-
tion and validation for the hydrological stations used.
The analysis of the table and the figure shows that during
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calibration, the model responded well at all hydrological
stations. Indeed, the results show Nash criteria values and
coefficients of determination higher than 50% in calibra-
tion as in validation. The hydrographs of observed and
simulated flows of the ModHyPMA model at each station
are shown in Figure 7.

Table 4. Performance of the ModHyPMA model at each
station.

Gbasse Couberi Kompongou  Yakin
Year 1986-1990 1986-1989 1971-1974 1984-1987

X1 1,142 1,0785 1,0114 1,24
Calibration X2 46,313 68,923 35,322 67,883
R? 0,775 0,701 0,871 0,571
Nash 0,639 0,684 0,767 0,594
Year 2003-2006 2003-2007 2007-2010 2005-2008
X1 1,142 1,0785 1,0114 1,24
Validation X2 46,313 68,923 35,322 67,883
R? 0,635 0,678 0,621 0,557
Nash 0,59 0,738 0,551 0,534

Hydrogram of Couberi

MASH and R® value in calibration and validation period
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Figure 6. NASH criterion values and coefficient of deter-
mination by hydrologic station.

3.3 Analysis of Historical Hydrological Droughts

Figure 8 shows the chronological evolution of the SDI
indices at each hydrological station during the period
1976-2019. From this figure, it can be seen that at the
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Figure 7. Results of the ModHyPMA model in calibration and validation by hydrological station.
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Couberi hydrometric station, the index shows an average
increasing trend of 0.0001 per year for the SDI-12 and
SDI-36 months. It is also noted that the major dry periods
are located between the years 1978-1988. At this station,
at the 12-month SDI scale, extreme drought occurred in
1.4% of the cases, severe drought in 12.83% of the cases,
moderate drought in 8.72% of the cases, and near-normal
conditions 77% of the cases (Figure 9). For the 36-month
IDS, we observed 73.87%, 18.67%, 5.07% and 1.4% of
near-normal, moderate, severe and extreme conditions
respectively (Figure 9). Through Figure 10 we notice that
the average duration of drought at this station is 21 months
with a peak of —1.68 for the SDI-12 months against 85
months of duration and —2.2 of peak for the SDI-36
months. At Couberi, we also note that at 12 months SDI,
there is a greater chance (36%) of hydrological drought
than at 36 months SDI (30%) (Figure 11).

In Gbasse, at the 12-month IDS scale, the frequencies
of 80.25%, 13.13%, and 6.22% for near-normal, moderate,
and severe conditions, respectively, were noted during the
reference period (Figure 9). Extreme droughts did not oc-
cur. At 36 months IDS, at this station, near-normal, mod-
erate and severe conditions show 76.81%, 17.71% and
5.49% respectively with an absence of extreme droughts
(Figure 9). The two calculated SDI windows show very
small time series decreases (averaging 1/100000 per
year) over the selected historical period (Figure 8). The
droughts are localized between 1978-1988 and 2010-
2019 (Figure 8). Furthermore, drought duration range up
to 47 and 117 months respectively for SDI-12 and SDI-
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36 months with respective peaks of —1.6 and —1.8 (Figure
10). As in Couberi, here too the risk of drought is higher
at 12 months IDS than at 36 months (Figure 11).

At the 12-month and 36-month SDI scale, 80.24% and
81.28% of near-normal droughts; 5.23% and 9.25% of
moderate droughts; 9.03% and 5.1% of severe droughts;
and 4.51% and 5.57% of extreme droughts are identified
at the Kompongou station respectively (Figure 9). These
SDI windows (12 months and 36 months) calculated at
the Kompongou station all show non-significant increas-
ing time trends (Figure 8). This increase is on average
5/100,000 per year (Figure 8). This station shows its dry
periods between 1978-1988 and 2010-2019 (Figure 8). On
average, there are 36 months and 117 months of drought
duration respectively with SDI-12 and SDI-36 months
associated with peaks of —2.12 and -2.75 (Figure 10).
Unlike the previous stations, here the risk of drought is
higher with SDI-36 (46.11%) months than with SDI-12
(38.38%) months (Figure 11).

At the Yakin hydrometric station, the extreme drought
did not occur for all the SDI steps as at Gbass¢ (Figure 9).
For this station, 80.75% of near-normal conditions, 12.5%
of moderate drought and 6.25% of severe drought were
noted for the SDI-12 months, compared to 79.33% of
near-normal drought, 12.927% of moderate drought and
7.75% of severe drought for the SDI-36 months (Figure 9).
On average, drought duration is up to 24 months for the
SDI-12 months and 48 months for SDI-36 months with
respective peaks of —1.64 and —1.6 (Figure 10). The SDI-
12 months is increasing over time by 0.007 (very low) per
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Figure 8. Chronological evolution of SDI indices by hydrological station.
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centennial while the SDI-36 months is increasing over
time by 0.01 (very low) per centennial (Figure 8). As in
Kompongou, in Yakin, we note that at 36 months SDI the
risk of drought (which is 29%) is higher than at 12 months
SDI (where we have 28%) (Figure 11).

In sum, for all the hydrometric stations considered
for the calculation of the SDI, it can be seen that at the
12-month and 36-month scales of the SDI, the frequen-
cies of conditions close to normal drought prevail over

the other drought classes (Figure 9). At these IDS scales,
extreme droughts always come last while moderate and
severe droughts are second and third respectively. The
hydrological drought risks calculated at each SDI window
(12 months and 36 months) show us that the Kompongou
station is the one where the hydrological drought risks are
high for all SDI windows. This is followed by Couberi,
Yakin and Gbasse¢ stations respectively (Figure 11).
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Figure 9. Occurrence of drought classes at each hydrological station.
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Figure 11. Drought risk by hydrological station.

3.4 Analysis of Projected Hydrological Droughts
(2021-2050)

Both scenarios (RCP4.5 and RCP8.5) of the two mod-
els (HIRAHM and REMO) show at Couberi for the medi-
um term, increasing time trends in normalized flow indices
except for HIRHAM’s RCP4.5 for the SDI-36month (Fig-
ures 12 and 13). These increases are very small (1/100000
per year) (Figures 12 and 13). At Gbass¢, Kompongou
and Yakin, the scenarios also show medium-term trends of
increasing indices, except for HIRHAM’s RCP4.5, which
shows decreases for both indices at these stations (Figures
12 and 13). For all of these stations and for the 12 and 36
month SDI, the variations are very small (1/100,000 per
year) (12 and 13). Except for Gbass¢, where these trends
were downward in the past, the other stations showed up-
ward trends with variations that are in the same order.

On average for all hydrological stations during the pe-
riod 2021-2050 and for the SDI-12 months, we note for
the RCP4.5 of the HIRHAM, 80%, 11%, 7% and 1% re-
spectively of near-normal, moderate, severe and extreme
droughts. While with the RCP8.5 of the same model the
values are respectively 77%, 14%, 8% and 1%. On the
other hand, with the REMO model, the RCP4.5 gives
79%, 14%, 5% and 2% of near-normal, moderate, severe
and extreme droughts respectively, while its RCP8.5 gives
74%, 21%, 4% and 1% respectively (Figure 14). During
the reference period, 78%, 13%, 6% and 3% of near-nor-
mal, moderate, severe and extreme droughts were re-
corded for the 12-month IDS, respectively. At 36 months
of the IDS and in the near future, the HIRHAM RCP4.5

shows 77%, 10%, 9% and 4% respectively of near-nor-
mal, moderate, severe and extreme droughts against 80%,
11%, 5% and 3% respectively for the RCP8.5 of the same
model. The REMO model presents through the RCP4.5
respectively 78%, 10%, 7% and 5% of droughts close to
normal, moderate, severe and extreme while through its
RCP8.5 we note respectively 81%, 11%, 4% and 4% (Fig-
ure 15). In the past, 76%, 16%, 5% and 3% of droughts
were near-normal, moderate, severe and extreme respec-
tively. For all models and SDI steps, near-normal drought
prevails in about 75% of the drought cases (Figures 14
and 15). In the past, 76%, 16%, 5%, and 3% of near-nor-
mal, moderate, severe, and extreme droughts were ob-
served for the SDI-36 months, respectively.

For the drought duration in the medium term (2021-
2050), for the 12-month SDI, with RCP4.5 of the HIR-
HAM model, average drought duration of 24 months,
19 months, 21 months and 22 months are recorded with
respective peaks of —1.72, —1.65, —1.76 and —1.77 at Cou-
beri, Gbass¢, Kompongou and Yakin respectively (Fig-
ure 16). With RCP8.5 of the same model, these duration
are respectively 18 months, 11 months, 12 months and
10 months associated with peaks of —1.67, —1.58, —1.57
and —1.64 (Figure 16). On the other hand, with REMO’s
RCP4.5, the duration for the near future are 31 months,
24 months, 24 months and 23 months with peaks of
—1.76, -1.61, —1.66 and —1.7 respectively for the Couberi,
Gbasseé, Kompongou and Yakin stations, compared to du-
ration of 22 months, 23 months, 18 months and 15 months
and peaks of —1.43, —1.41, —1.48 and —1.4 for the RCP8.5
of the same model (Figure 16). During the baseline peri-
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Figure 12. Projected 12-month SDI trends by hydrologic station (2021-2050).

od, drought duration of 21 months, 47 months, 36 months
and 24 months was recorded at Couberi, Gbass¢, Kom-
pongou and Yakin respectively with peaks of —1.63, —1.57,
—2.12 and —1.64. At 36 months from the SDI, the RCP4.5
of the HIRHAM model shows for the near future, drought
duration of 45 months, 46 months, 56 months and 45
months respectively in Couberi, Gbasse, Kompongou and
Yakin with respective peaks of —2.3, —2.2, —2.2 and -2.2
while its RCP8.5 shows respective duration of 33 months,
31 months, 42 months and 33 months with peaks of —1.75,
—1.71, —1.8 and —1.7 (Figure 17). For the RCP4.5 of the
REMO model, at 36 months from the SDI and in the
near future, we have drought duration of 46 months, 34
months, 42 months and 31 months with respective peaks
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of -2, —1.6, -2 and —1.8 at Couberi, Gbass¢, Kompongou
and Yakin. With its RCP8.5, these stations have duration
of 37 months, 51 months, 26 months and 21 months re-
spectively with peaks of —1.7, —1.8, —1.6 and —1.7 (Figure
17). During the historical period, drought duration of 85
months, 117 months, 117 months and 48 months were ob-
served at Couberi, Gbasse, Kompongou and Yakin respec-
tively, with peaks of —2.17, —-1.75, =2.75 and —1.59.

The two scenarios (RCP4.5 and RCP8.5) of the two
models (HIRHAM and REMO) present on average 34%
and 36% risk of hydrological drought for the study basin
with SDI-12 and SDI-36 months respectively. In the past,
these risks were estimated at 33% and 34% months re-
spectively.
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Figure 13. Projected 36-month SDI trends by hydrologic station (2021-2050).
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Figure 17. Projected duration, peaks, and risks for all hydrologic stations at the 36-month IDS scale (2021-2050).

3.5 Evaluation of Changes

In the study basin, in the medium term and for the
SDI-12 months, we note on average through Figure 18
the decrease in moderate and extreme droughts and the
increase in near-normal and severe droughts compared to
the reference period according to HIRHAM’s RCP4.5. In
fact, we record —1.8%, —1.6%, 2.1% and 1.3% respective-
ly for these drought classes. With the HIRHAM RCP8.5,
we note the decrease in near-normal and extreme droughts
and the increase in moderate and severe droughts com-
pared to the reference period (Figure 18). The rates for
these drought types are —0.77%, —1.45%, 0.5% and 1.69%
respectively. REMO’s RCP4.5, in the medium term and
for the SDI-12 months, shows deviations of 1.35, 0.64,
—1.14 and —0.85 respectively for near-normal, moderate,
severe and extreme droughts compared to the baseline pe-
riod (Figure 18). During the same period and for the same
SDI step, REMO’s RCP8.5 shows for near-normal, mod-
erate, severe and extreme droughts respective deviations
of —3.57%, 7.95%, —2.15% and —2.22% from the baseline
period (Figure 18).

In the medium term and for the SDI-36 months, there
is a decrease in moderate droughts and an increase in
near-normal, severe and extreme droughts compared
to the reference period according to HIRHAM RCP4.5
(Figure 18). For these drought classes, there are devia-
tions of —0.67%, —5.79%, 3.97% and 1.15% respectively.
With the HIRHAM RCPS.5, we observe a decrease in

moderate and severe droughts and an increase in near-nor-
mal and extreme droughts compared to the reference
period (Figure 18). For these drought types, the rates are
—4.53%, —0.07%, 4.01% and 0.58%, respectively. RE-
MO’s RCP4.5, in the medium term and for the SDI-36
months shows deviations of 1.76%, —5.19%, 1.97% and
1.46% respectively for near-normal, moderate, severe and
extreme droughts compared to the baseline period (Figure
18). During the same period and for the same IDS step,
REMO’s RCP8.5 shows for near-normal, moderate, se-
vere and extreme droughts respective deviations of 5.25%,
—4.96%, —0.61% and 0.32% from the baseline period (Fig-
ure 18).
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Figure 18. Change in drought types between the baseline
and projection periods (12 and 36 month IDS scale).

At the 12-month step of the SDI, we note decreases
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in drought duration with the HIRHAM RCPS8.5 at all
stations, while peaks increase at Kompongou and Yakin
and decrease at Couberi and Gbass¢ (Figure 19). These
decreases in duration are 1.95 months, 7.28 months, 6.25
months and 19.06 months respectively at Couberi, Gbasse¢,
Kompongou and Yakin relative to the baseline period with
respective peak deviations of —0.08, —0.03, 0.49 and 0.9
relative to the baseline period (Figure 19). For RCP4.5
of the same model, we note increases of 4 months, 0.7
months and 2.75 months respectively at Couberi, Gbassé
and Kompongou with respective peak deviations of —0.13,
—0.1 and 0.3 and a decrease of 8 months at Yakin with a
peak deviation of —0.04 with respect to the baseline period
(Figure 19). REMO’s RCP4.5 shows increases of 11.58
months, 5 months and 6 months respectively in Couberi,
Gbasse and Kompongou with respective peak differences
of —0.16, —0.06 and 0.39 compared to the reference period
and a decrease of 6.5 months in Yakin with a peak differ-
ence of 0.04 (Figure 19). In contrast, its RCP8.5 shows a
decrease of 14.5 months at Yakin with a peak difference
of 0.31 and increases of 1.85 months, 4.1 months and 0
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month respectively at Couberi, Gbass¢ and Kompongou
with respective peak differences of 0.16, 0.14 and 0.57
from the baseline period (Figure 19).

In the medium term and at 36 months from the SDI, we
note increases in drought duration and decreases in peaks
with HIRHAM’s RCP4.5 at Gbass¢, Kompongou and
Yakin, while the opposite is noted at Couberi (Figure 20).
These increases in duration are 46 months, 56 months,
and 4.8 months respectively, associated with decreases
in duration gaps of 2.23, 2.2, and 0.43 respectively at
Gbasse, Kompongou, and Yakin compared to the baseline
period, compared to a duration gap of —38.5 months and
a peak gap of 0.35 at Couberi (Figure 20). For RCP8.5 of
the same model, we note drought duration deviations of
—50.33 months, 31.25 months, 41.66 months and —6.42
months respectively at Couberi, Gbasse, Kompongou and
Yakin with respective peak deviations of 0.85, —1.72, —1.8
and 0.07 compared to the baseline period (Figure 20). RE-
MO’s RCP4.5 shows differences in drought duration of
—31 months, 34.33 months, 41.5 months and 8.67 months
respectively at Couberi, Gbass¢, Kompongou and Yakin
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Figure 19. Changes in drought duration, peak and risk (12-month scale).
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Figure 20. Changes in drought duration, peaks and risks (36-month scale).
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with respective peak differences of 0.63, —1.57, —2.03 and
—0.03 compared to the reference period. In contrast, its
RCP8.5 shows drought duration differences of —45.66, 52,
26 and —18.92 associated with peak differences of 0.89,
—1.84, —1.64 and 0.04 respectively at Couberi, Gbasse,
Kompongou and Yakin relative to the baseline period
(Figure 20).

Drought risk decreases by about 3.01% and 0.62%
respectively for the SDI-12 and 36 months under the av-
erage of the two model scenarios during the medium term
compared to the baseline period (Figures 19 and 20). It
should be noted that these obtained changes are not sig-
nificant as proven with the Student’s test (p-Value > 0.05)
applied to the indices at 95% confidence level. Whatever
the model and the station considered, the Student’s p_Val-
ue is greater than 0.05 (Figure 21).
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Figure 21. Significance of SDI changes.

4. Discussion

The calculated SDI indices show increasing trends on
average for all the model scenarios used. These increases
are insignificant (on the order of 0.00001 per year). There-
fore, the trends in runoff over the basin will be slightly
increasing. This reflects that the wet conditions observed
during the baseline period will continue for the next 30
years. Badou " and Obada *”' described many changes
for the rivers in the Benin River basin as is also the case
with Zhao ©* for North America. Also, Koudamiloro B*,
also show that the Oueme to Bétérou watershed in Benin
is characterized by droughts to varying degrees. Indeed,
hydrological droughts are likely to increase by about
0.0003% over the future period. These variations in

droughts will be accompanied by an increase in their dura-
tion and a decrease in their magnitudes (peaks) as shown
by all the climate models used. These results corroborate
those obtained with several models of the CORDEX pro-
gram used for many regions of the Arctic, Antarctic and
Sahara by Spinoni .

On average, there is a slight increase in drought
classes. These increases in drought will be followed by
increases in drought duration and decreases in drought in-
tensity (peak). These results are obtained in other regions
of the world such as Senegal where runoff is expected to
increase in the south and decrease in the north according
to Moustapha ", Over the Kentucky basin, Somsubhra ©”
showed decreases for hydrological drought intensities and
increases in their duration. Zhao ", on the other hand,
predict drought duration of future periods to be longer
than the historical period. For Zhao "%, future changes
in extreme hydrological droughts are very dramatic and
will be more severe than meteorological droughts. For all
the SDI indices, we notice that the number of dry months
increases with the index window, these results affirm
those of Ghenim and Megnounif *” for Northwest Algeria
through the SPI and SSFI indices.

5. Conclusions

The calculated SDI indices show overall increasing
trends during the historical period as well as in the pro-
jections. These increases are not significant and evolve
in the same direction as precipitation, leading to a slight
increase in runoff in the basin. The duration of droughts is
also expected to increase, followed by a decrease in their
intensity (peak). The basin will therefore experience more
dry months but with low incidence. It is also important to
note that the changes obtained are not significant at the
Student’s t test at the 95% level.
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