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Understanding changes in precipitation intensity and frequency indices plays an important role in flood
risk mitigation and water resource management. The objective of this paper is to assess future changes
in extreme precipitation indices in the Oueme River basin at Bétérou compared to the reference period.
To achieve this, the paper uses the ISIMIP approach to improve the usability of regional climate model
projections for climate change impact studies. This impact study evaluates changes in some of the
extreme climate indices recommended by the Expert Team Monitoring on Climate Change Detection
and Indices. The bias correction approach helps to reduce differences between observed rainfall and
the precipitation data from regional climate models (HIRHAM5, REMO, and RCA4). For future
projections, the results indicate a mix of increases and decreases in precipitation intensity indices
(simple daily intensity index and Max 5-day precipitation amount), ranging between -40 and 40% with
HIRHAMS and RCA4, while with REMO, only increases ranging between 2 and 80% are simulated under
both RCP4.5 and RCP8.5 scenarios across the three time horizons: 2020s (2011-2040), 2050s (2041-
2070), and 2080s (2071-2100), representing the near, mid, and far future. Regarding precipitation
frequency indices (number of heavy precipitation events, number of very heavy precipitation events,
consecutive dry days, and consecutive wet days), the results also show a mix of increases and
decreases, ranging between -40 and 80%, over the three time horizons under both RCP4.5 and RCP8.5
scenarios using HIRHAM5, REMO, and RCAA4 precipitation data.

Key words: Extremes precipitations indices, future projection, regional climate models, ISIMIP method, Ouémé

River.
INTRODUCTION
Recent decades have witnessed increasing concern Intergovernmental Panel on Climate Change (IPCC) has
among the international scientific community about noted a widespread viewpoint among climate scientists
climate change and its impacts on extreme climates. The that events such as droughts and floods, now regarded
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as extremes, are projected to become more frequent and
widespread in the future (IPCC, 2014). From the
perspective of climate change impacts, the most
noticeable and heavily felt are the extreme weather and
climate events because of their immediate and disastrous
consequences on the natural and social environment
(Ahsan et al., 2021). Moreover, several studies (Orlowsky
and Seneviratne 2012; Kharin et al., 2013; Sillmann et
al., 2013) have projected the changing patterns of
extreme climate events along with rising anthropogenic
greenhouse gas emissions.

Extreme precipitation is projected to increase
significantly, especially in regions that are already
relatively wet under present climate conditions, whereas
dry spells are predicted to increase particularly in regions
characterized by dry conditions in the present-day climate
(Christensen et al., 2007; Sillmann and Roeckner, 2008).
Extreme precipitation events have been usually
investigated using the Expert Team on Climate Change
Detection and Indices (ETCCDI) (Zhang et al., 2011).
These indices describe particular characteristics of
extremes, including frequency, amplitude, and
persistence. Several researchers worldwide have used
the ETCCDI climate indices to analyze possible changes
in extreme precipitation events over the past (Donat et
al., 2016; Lacovone et al., 2020; Ceron et al., 2021;
Regoto et al., 2021; Faye and Akinsanola, 2022; Alechy
et al., 2022) and for future climates using climate model
projections (Thibeault and Seth, 2014; Xu et al., 2019;
Avila-Diaz et al., 2020; Gouveia et al., 2022; Paul and
Maity, 2023).

West Africa is particularly vulnerable to climate change
due to its high climate variability, its high reliance on rain-
fed agriculture, and its limited economic and institutional
capacity to respond to climate variability and change
(Sultan and Gaetani, 2016). In the recent past, the
assessment of climate change in West Africa was made
with the outputs of the Global Climate Model (GCM)
(IPCC, 2007). With a grid ranging from 150 to 400 km?,
GCMs have great difficulties in taking into account
regional heterogeneities of variability and changes in
climate. This means that these models are not suitable
for producing climate projections at the regional, national,
and local scales, which are necessary to assess the
impacts of climate change and to develop adaptation
policies (Paeth, 2011). Faced with this situation, projects
such as AMMA (African Monsoon Multidisciplinary
Analyses), ENSEMBLE (a project that produced a multi-
model ensemble at approximately 25 km resolution), and
CORDEX AFRICA (Coordinated Regional Climate
Downscaling Experiment) have been developed to
produce variables at the regional scale. Regional Climate
Models (RCMs) were therefore forced by GCM outputs in
the West Africa region with a spatial resolution of 50 km.
To date, relatively few studies have assessed the impacts
of climate change on extreme precipitation indices, and a
clear picture of possible changes is lacking in the Oueme
River basin at the Beterou catchment. In order to fill this

gap, this study assesses the impacts of climate change
on extreme precipitation indices by using bias-corrected
data from three Regional Climate Models (DMI-
HIRHAM5, SMHI-RCA4, and MPI-REMO) simulations.
These corrected data are used to compute the extreme
precipitation indices for the analysis of changes in future
extreme precipitation indices.

MATERIALS AND METHODS

In West Africa, the Ouémé River is a small coastal river that
extends to Bonou, the most advanced hydrological station before
the delta, covering an area of 46,990 kmz2. It is the largest river in
Benin, originating from the classified forest of Tanéka (Atacora) (Le
Lay, 2006). This river alone covers more than a third of the territory
of Benin. The Ouémé River basin at the Bétérou outlet is located
between 09°12'N latitude and 02°16'E longitude, covering an area
of 14,000 kmz (Figure 1). This basin lies in the Sudanese savanna
zone and experiences a unimodal rainfall season from mid-March
to October, peaking in August. The interannual mean rainfall on the
Ouémé at Bétérou is approximately 1160 mm, with a minimum of
743 mm (recorded in 1983) and a maximum of 1587 mm (recorded
in 1963) over the period 1961-2010 (Lawin, 2007). The river's
discharge dynamics are characterized by high flow during the rainy
season, while from December to May, nearly all rivers dry out.

Observed daily precipitation data were provided by the Benin
Meteorological Department, that is, Méteo-Bénin, for the period
1961-1990. Historical and future projections (under RCP4.5 and
RCP8.5 scenarios) of precipitation data from three regional climate
models (SMHI-RCA4, DMI-HIRHAM5, MPI-REMO) were obtained
from the CORDEX Africa project (http://www.cordex.org). These
three RCMs were selected to assess their ability to replicate
observed precipitation data in the Oueme catchment at Beterou
outlet for impact studies. The reference period chosen to examine
bias in precipitation is the period 1961-1990 (baseline period),
which is considered the World Meteorological Organization (WMO)
standard normal period.

For future projections, the RCP4.5 (moderate emissions
scenario) and RCP8.5 (high emissions scenario) scenarios are
considered over the period 2011-2100. RCP4.5 represents a
stabilization scenario, chosen because it somewhat reflects the
medium-low RCP (representative concentration pathways). In
contrast, RCP8.5 reflects the impact of the largest potential climate
change due to increasing greenhouse gas emissions. The baseline
period 1961-1990 was used to represent the ‘present-day’
climatology of the study area. Climate scenarios were centered
around three timeframes: 2020s (2011-2040), 2050s (2041-2070),
and 2080s (2071-2100), representing the early, middle, and late
21st century, respectively.

The HIRHAM5, RCA4, and REMO simulations were forced with
data from the global climate models GFDL-ESMLM, EC-EARTH,
and MPI-ESM-LR (Table 1). The entire simulated period spans from
1951 to 2100, with the first 54 years (historical: 1951-2005)
representing the historical period. The remaining period (2006-
2100) was forced by the RCP scenarios RCP4.5 and RCP8.5.

The present study utilized 6 ETCCDI indices (Table 2). These
selected indices not only capture the intensity and duration of
changes in precipitation but also the frequency and length of heavy
precipitation events (Alamou et al., 2022). They enable us to
assess the spatial and temporal distribution of extreme events in
the study area. All investigated extreme precipitation indices are
calculated from daily precipitation data.

Due to the well-known bias of climate model output, a bias
correction technique is applied to correct the simulations of the
three RCMs (DMI-HIRHAM5, SMHI-RCA4, and MPI-REMO) for the
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Figure 1. Study area.
Table 1. Main characteristics of the RCM used.
RCM Institution Driving GCM Horlz_ontal No. of vertical Slmul_atlon References
Resolution (km) levels period

HIRHAMS5 DMI GFDL-ESMLM 50 31 1951-2100  Christensen et al. (2017)
RCA4 CSsC EC-EARTH 50 40 1951-2100 Jacob et al. (2007)
REMO SMHI MPI-ESM-LR 50 27 1951-2100  Samuelsson et al. (2011)

present day and future climate. Bias correction removes errors
resulting from the large spatial scale of grid cells in models that do
not account for local climate specificity. In this study, the ISIMIP
bias correction method is applied to improve the usability of
regional climate model projections for climate change impact
studies (Yang et al., 2010; Haylock et al., 2006). The Root Mean
Square Error (RMSE) and Mean Absolute Error (MAE) performance
criteria are used to evaluate the bias correction method's
effectiveness on precipitation data.

To assess the impact of climate change on extreme precipitation
indices, the rate of mean precipitation indice variations has been
computed. The spatial pattern of this rate allows us to contrast
changes in the future under RCP4.5 and RCP8.5 scenarios
compared to the reference period (Equation 1):

Xfuture - Xreference

x 100
Xreference (l)

Rate of variation =

where Xg,.,,. represents the bias corrected projected extreme

precipitation indices from the RCP4.5 and RCP8.5 scenarios over
the 2020s (2011 - 2040), 2050s (2041-2070), and 2080s (2071-
2100), and Xy rerence represents the reference period. Linear trends
were calculated for each investigated precipitation index to explore
the variability in the magnitude of indices under a changing climate
during the various spans of the twenty-first century. The magnitude
of the trend was calculated using Sen’s (1968) slope estimator, and
the statistical significance of trends was established using Mann-
Kendall's tau test at confidence levels of 95%. The trends were
calculated for the near future (2011-2040), mid-future (2041-2070),
and far future (2071-2100).

RESULTS
Evaluation of the ISIMIP bias correction
The ISIMIP method resulted in a more realistic

representation of local climate compared to using raw
RCM output. After applying the ISIMIP bias correction,
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Table 2 Precipitations indices summary.

Common name Indices Description Units
Number of heavy precipitation R10 Annual count of days when PRCP210 mm days
Number of very heavy precipitation R20 Annual count of days when PRCP=20 mm days
Consecutive dry days CDD Maximum number of consecutive days with RR<1 mm days
Consecutive wet days CWD Maximum number of consecutive days with RR21 mm days
. Lo - Annual total precipitation divided by the number of wet days

Simple daily intensity index SDII (defined as PRCP21.0 mm) in the year mm/days
Max 5-day precipitation amount RX5day Annual maximum consecutive 5-day precipitation mm
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Figure 2. ISIMIP bias correction for HIRHAM5, RCA4 and REMO precipitation data over the reference period 1961 — 1990.

the substantial differences between the observations and
simulations were considerably reduced. Figure 2 illustrates
the outcomes of applying the ISIMIP method to the three
investigated RCMs in the Bétérou catchment. It is evident
from this figure that the bias-corrected data closely
resemble the observed data compared to the raw RCM
data.

To further assess the effectiveness of the bias
correction, parameters such as the Root Mean Square
Error (RMSE) and the Mean Absolute Error (MAE) are
examined. The performance statistics for comparing
observed monthly precipitations, raw monthly HIRHAM5
precipitations, corrected monthly HIRHAMS5, raw monthly
RCA4 precipitations, and corrected monthly RCA4
precipitations are presented in Table 3. The results of the

bias correction indicate a decrease in the RMSE (9.91%
for the raw HIRHAMS5, 34.53% for the raw REMO,
65.58% for the raw RCA4 precipitation data) and a
decrease in the MAE (18.29% for the raw HIRHAMb5,
40.44% for the raw REMO, 6.6% for the raw RCA4
precipitation data).

Changes in precipitations intensity indices (RX5day,
SDIl)

Changes in precipitations intensity indices using
HIRHAMS precipitations data

Figure 3 shows changes in RX5day and SDII over the
near, mid and far future under RCP4.5 and RCP8.5
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Table 3. Performance statistics comparing observed monthly rainfall, raw monthly RCM precipitations and bias corrected monthly

RCM precipitations.

Performances criteria Raw Bias corrected Raw Bias corrected Raw Bias corrected
(mm/month) HIRHAMS HIRHAMS5 REMO REMO RCA4 RC4
RMSE 26.77 23.12 38.34 25.10 74.52 25.65
MAE 21.87 17.87 27.57 16.42 54.18 18.42
Changes in RX5days under HIRHAMS RCP4.5 (2011-2040) Changes in RX5days under HIRHAMS RCP4.5 (2041-2070) Changes in RX5days under HIRHAMS RCP4.5 (2071-2100)
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Figure 3. Changes in RX5days and SDII using HIRHAMb precipitations data.

scenarios compared to the reference period. Under
RCP4.5 scenarios, most of the regions of the study area
would experience a decrease in RX5days. The decrease in
RX5days ranges between 5 and 40% in the near and mid
future. However, an increase ranging between 5 and 15%
is observed in the south-east of Beterou catchment in the
far future. Under RCP8.5 scenarios, a decrease ranging
between 5 and 30% would be noticed in the near future,
while an increase of about 10 to 70% is simulated in the
mid and far future. Under RCP4.5 scenarios, the study area
would experience adecrease in SDIIranging between 5 and
20% over the three sub-periods. Under RCP8.5 scenarios,
a decrease of approximately 5 to 20% is simulated in the
near future, whereas in the mid and far future an increase
up to 20% could be observed in the south.

Changes in precipitations intensity indices using
REMO precipitation data

Figure 4 shows changes in RX5day and SDII by using
REMO precipitations simulations over the near, mid and

far future under RCP4.5 and RCP8.5 scenarios compared
to the reference period. Under RCP4.5 scenarios, all the
study area would experience an increase in RX5days. The
highest increase (up to 90%) could be observed in the
north, while the smallest increases, ranging between 20
and 40% are simulated in the south and in the north-east
over the three sub-periods. Under RCP8.5 scenarios, the
same conclusion can be drawn in the north and in the
south. The highestincrease in the north is around 70% and
the smallest increase in the south is found to be 30%.
Under RCP4.5 scenarios, the study area would also
experience an increase in SDII ranging between 1 and
30% over the three sub-periods. The highest increase is
simulated in the south over the period 2041 - 2070.
Under RCP8.5 scenarios, a slight increase (2 to 14%) in
SDII can be noticed over the investigated sub-periods.

Changes in precipitations intensity indices using
RCAA4 precipitations data

Figure 5 shows changes in RX5day and SDII by using
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Figure 4. Changes in RX5days and SDII using REMO precipitations data.

RCAA4 precipitations simulations over the near, mid and
far future under RCP4.5 and RCP8.5 scenarios
compared to the reference period. Under RCP4.5 and
RCP8.5 scenarios, a mix of increase (up to 40%) and a
decrease (up to 20%) in RX5days is simulated over the
sub-periods. The increase is found in the south-east.
Regarding SDII, we also simulated a mix of increase (up
to 15%) and a decrease (up to 10%) respectively in the
south and in the north. The highest decrease is found in
the north-west.

Projected changes in annual precipitations intensity
indices over the near, mid and far future under
RCP4.5 and RCP8.5 scenarios

Figure 6 shows changes in annual RX5days and SDII
under RCP 4.5 and RCP 8.5 scenarios and for the
different investigated RCM precipitations. It can be seen
that projected changes in annual RX5days using
HIRHAM5, REMO and RCA4 precipitations simulations
under RCP4.5 and RCP8.5 scenarios are different.
Indeed, RX5days shows a decrease of 18% (2020s),
10% (2050s) and 2% (2080s) under RCP4.5 scenarios,
while under RCP8.5 scenarios it will be observed a
decrease of 15% (2020s), an increase of 5% (2050s) and
40% (2080s) with HIRHAMS5 simulations. Regarding
REMO simulations, RX5days shows an increase of 55%
(2020s), 58% (2050s) and 68% (2080s) under RCP4.5
scenarios, while under RCP8.5 scenarios an increase of

60% (2020s), 56% (2050 and 2080s) could be observed.
With RCA4 simulations, RX5days shows an increase of
12% (2020s), 10% (2050s) and 8% (2080s) under
RCP4.5 scenarios, while under RCP8.5 scenarios an
increase of 2% (2020s), 7% (2050s) and 8% (2080s)
could be observed. SDII shows a decrease of 7%
(2020s), 5% (2050s) and 1% (2080s) under RCP4.5
scenarios, while under RCP8.5 scenarios a decrease of
7% (2020s) and 1% (2050s) will be observed and an
increase of 9% (2080s) with HIRHAMS simulations.
Regarding REMO simulations, SDII shows an increase of
10% (2020s), 12% (2050s) and 12.5% (2080s) under
RCP4.5 scenarios, while under RCP8.5 scenarios an
increase of 10% (2020s), 12% (2050s and 2080s) could
be observed. With RCA4 simulations, SDIl shows an
increase of 7.5% (2020s), 2% (2050s) and 4% (2080s)
under RCP4.5 scenarios, while under RCP8.5 scenarios
an increase of 2% (2020s), 2.5% (2050s) and 4% (2080s)
could be observed.

Changes in precipitations frequency indices (R10,
R20, CDD, CWD)

Changes in precipitation frequency indices using
HIRHAMS precipitations data

Changes in R10 and R20 by using HIRHAMS
precipitations simulations over the near, mid and far
future under RCP4.5 and RCP8.5 scenarios compared to
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Figure 6. Projected changes in annual RX5days and SDII under RCP 4.5 and RCP 8.5 scenanrios.
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Figure 5. Changes in RX5days and SDII using RCA4 precipitations data.
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the reference period are shown in Figure 7. Under RCP4.5
and RCP8.5, the same pattern of R10 is simulated over
the three sub-periods. An increase in R10 ranging
between 30 and 80% can be observed in the study area.
The highest increase is found in the south-east. Under
RCP4.5 and RCP8.5 scenarios, most of the region shows

a decrease in R20 (up to 60%) over the sub-periods.
However, an increase in R20 (up to 25%) is simulated in
the south-east for the far future.

Figure 8 shows changes in CDD and CWD over the
near, mid and far future under RCP4.5 and RCP8.5
scenarios compared tothe reference period. Under RCP4.5
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Figure 7. Changes in R10 and R20 using HIRHAMS precipitations data.
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Figure 8. Changes in CDD and CWD using HIRHAMS5 precipitations data.

and RCP8.5, most of the region would experience a found. Under RCP4.5 and RCP8.5, a decrease in CWD
decrease in CDD (up to 30%) over the three sub-periods, ranging between 8 and 25% is simulated through the
except the south-east where an increase up 25% can be area over the near, mid and far future.
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Figure 9. Changes in R10 and R20 using REMO precipitations data.

Changes in precipitations frequency indices using
REMO precipitations data

Changes in R10 and R20 by using REMO precipitations
simulations over the near, mid and far future under
RCP4.5 and RCP8.5 scenarios compared to the
reference period are shown in Figure 9. Under both
RCP4.5and RCP8.5 scenarios, an increase in R10 ranging
between 5 and 65% is simulated over the three sub-
periods. The highest increase is found mostly in the
south. Under RCP4.5 and RCP8.5 scenarios, most of the
region show a decrease in R20, ranging between 20 and
40%) over the sub-periods.

Figure 10 shows changes in CDD and CWD over the
near, mid and far future under RCP4.5 and RCP8.5
scenarios compared to the reference period. The same
pattern is observed for CDD under both RCP4.5
andRCP8.5 scenarios. Indeed, a mix of decrease ranging
between 10 and 30% and an increase of about 25% is
simulated. The increase in CDD is found in the south-
west over the three sub-periods. The pattern of CWD
under RCP4.5 and RCP8.5 scenarios is quite similar to
the one for CDD. A mix of decrease ranging between 5
and 30% and an increase of about 25% is simulated. The
increase in CWD is also found in the southwest over the
three sub-periods.

Changes in precipitations frequency indices using
RCAA4 precipitations data

Figure 11 shows changes in R10 and R20 over the near,

T
250000 300000 350000 400000 450000 500000 SS0000

250000 300000 350000 400000 450000 S00000 SS0000

mid and far future under RCP4.5 and RCP8.5 scenarios
compared to the reference period. Under RCP4.5
scenarios, a decrease of about 20% is simulated in the
north, while an increase of 60% is found in the south-
east. Under RCP8.5 scenarios, we also notice the same
pattern over the near future, whereas in the mid and far
future, the study area would experience an increase up to
80% mostly in the south-east. Under RCP4.5 and
RCP8.5 scenarios, an increase (up to 120%) is simulated
for R20 in the south-east over the investigated sub-
periods.

Changes in CDD and CWD by using RCA4
precipitations simulations over the near, mid and far
future under RCP4.5 and RCP8.5 scenarios compared to
the reference period are shown in Figure 12. Under both
RCP4.5 and RCP8.5, a mix of slight increase in CDD (up
to 5%) and a decrease (up to 30%) is simulated. The
decrease is mostly observed in the north and center of
Oueme at Beterou catchment. Regarding CWD, it is
under RCP8.5 scenarios that we notice a highest
increase (up to 80%) over the far future.

Projected changes in annual precipitations frequency
indices over the near, mid and far future under
RCP4.5 and RCP8.5 scenarios

Figure 13 shows changes in annual R10 and R20 under
RCP 4.5 and RCP 8.5 scenarios and for the different
investigated RCM precipitations. R10 shows an increase
of 69% (2020s), 62% (2050s) and 64.5% (2080s) under



10 Int. J. Water Res. Environ. Eng.

Changes in CDD under REMO RCP4.5 (2011-2040) Changes in CDD under REMO RCP4.5 (2041-2070) Changes in CDD under REMO RCP4.5 (2071-2100)

0.20
0.10
0.00
-0.10

0.05
-0.08
-0.15

0.00

-0.10
-0.20
-0.30

Latitude

Latitude
1020000 1080000
I T B N B
Latitude
1020000 1080000
(o 2

1020000 1080000
L

T T T T T T T T T T T T
250000 300000 350000 400000 450000 S00000 SS0000 250000 300000 350000 400000 450000 S00000 SS0000 250000 300000 350000 400000 450000 S00000 SS0000

Changes in CDD under REMO RCP8.5 (2011-2040) Changes in CDD under REMO RCP8.5 (2041-2070) Changes in CDD under REMO RCP8.5 (2071-2100)

02
0.0
-0.2

02
0.0
-0.2

0.1

Latitude
1080000
1

-0.1
-0.2

°
°

Latitude
1020000 1080000

I T W
Latitude
1020000 1080000

ol L 1

1020000
1

T T T T T T T T T T T T T T T T T T
250000 300000 350000 400000 450000 S00000 SS0000 250000 300000 350000 400000 450000 S00000 S50000 250000 300000 350000 400000 450000 S00000 SS0000

Changes in CWD under REMO RCP4.5 (2011-2040) Changes in CWD under REMO RCP4.5 (2041-2070) Changes in CWD under REMO RCP4.5 (2071-2100)

oo
66327

02 -0.08
-0.18

-0.25

Latitude
1080000
L

-0.2

1020000
1

Latitude
1080000
L1
- |
Latitude
1080000
L1

1020000
1
1020000
1

T T
250000 300000 350000 400000 450000 500000 S50000 250000 300000 350000 400000 450000 500000 550000 250000 300000 350000 400000 450000 500000 S50000
Changes in CWD under REMO RCP8.5 (2011-2040) Changes in CWD under REMO RCP8.5 (2041-2070) Changes in CWD under REMO RCP8.5 (2071-2100)

-0.10 -0.08

-0.20 -0.15

‘ -0.30 ‘ -0.25
T T T T T T T T T T T T T T T T

250000 300000 350000 400000 450000 S00000 SS0000 250000 300000 350000 400000 450000 S00000 SS0000 250000 300000 350000 400000 450000 S00000 SS0000

-0.08
-0.15
-0.25

1020000
1
1020000
1
1020000
1

Latitude
1080000

T T N

Latitude
1080000

I B W |

Latitude
1080000

T B T

Figure 10. Changes in CDD and CWD using REMO precipitations data.
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Figure 11. Changes in R10 and R20 using RCA4 precipitations data.

RCP4.5 scenarios, while under RCP8.5 scenarios it will REMO simulations, R10 shows an increase of 45%
be observed an increase of 65% (2020s), 63% (2050s) (2020s), 35% (2050s) and 38% (2080s) under RCP4.5
and 65% (2080s) with HIRHAM5 simulations. Regarding scenarios, while under RCP8.5 scenarios an increase of
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Figure 12. Changes in CDD and CWD using RCA4 precipitations data.
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Figure 13. Projected changes in annual R10 and R20 under RCP 4.5 and RCP 8.5 scenanrios.

40% (2020s), 31% (2050s and 2080s) could be observed. observed.

With RCA4 simulations, R10 shows an increase of 35% R20 shows a decrease of 30% (2020s), 22% (2050s)
(2020s), 28% (2050s) and 37% (2080s) under RCP4.5 and 15% (2080s) under RCP4.5 scenarios, while under
scenarios, while under RCP8.5 scenarios an increase of RCP8.5 scenarios it will be observed a decrease of 32%
29% (2020s), 37% (2050s) and 45% (2080s) could be (2020s), 15% (2050s) and an increase of 1% (2080s)
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Figure 14. Projected changes in annual CDD and CWD under RCP 4.5 and RCP 8.5 scenanrios.

with  HIRHAM5  simulations. Regarding REMO
simulations, R20 shows a decrease of 18% (2020s), 22%
(2050s) and 19% (2080s) under RCP4.5 scenarios, while
under RCP8.5 scenarios a decrease of 24% (2020s),
25% (2050s and 2080s) could be observed. With RCA4
simulations, R20 shows an increase of 62% (2020s),
48% (2050s) and 54% (2080s) under RCP4.5 scenarios,
while under RCP8.5 scenarios an increase of 47%
(2020s), 55% (2050s) and 67% (2080s) could be
observed.

Figure 14 shows changes in annual CDD and CWD
under RCP 4.5 and RCP 8.5 scenarios and for the
different investigated RCM precipitations data. CDD
shows a decrease of 27% (2020s), 26% (2050s) and
22% (2080s) under RCP4.5 scenarios, while under
RCP8.5 scenarios it will be observed a decrease of 27%
(2020s), 27.5% (2050s) and 28% (2080s) with HIRHAM5
simulations. Regarding REMO simulations, CDD shows a
decrease of 10% (2020s), 15.5% (2050s) and 15%
(2080s) under RCP4.5 scenarios, while under RCP8.5
scenarios a decrease of 16% (2020s), 13% (2050s and
2080s) could be observed. With RCA4 simulations, CDD
shows a decrease of 20% (2020s), 22% (2050s) and
26% (2080s) under RCP4.5 scenarios, while under
RCP8.5 scenarios a decrease of 25% (2020s, 2050s and
2080s) could be observed.

CWD shows a decrease of 17.5% (2020s), 14%
(2050s) and 17.8% (2080s) under RCP4.5 scenarios,
while under RCP8.5 scenarios it will be observed a
decrease of 15.5% (2020s), 14% (2050s) and 17%
(2080s) with HIRHAM5 simulations. Regarding REMO
simulations, CWD shows a decrease of 8% (2020s),

12.5% (2050s) and 9% (2080s) under RCP4.5 scenarios,
while under RCP8.5 scenarios a decrease of 15%
(2020s), 17.5% (2050s and 2080s) could be observed.
With RCA4 simulations, CWD shows an increase of 20%
(2020s), 25% (2050s) and 20% (2080s) under RCP4.5
scenarios, while under RCP8.5 scenarios an increase of
16% (2020s), 20% (2050s) and 32.5% (2080s) could be
observed.

Trends in the extremes precipitations indices

To better capture trends in extremes precipitations
indices, averages of the indices were computed by
averaging the values of indices over all the stations for
the 2020s, 2050s and 2080s under RCP4.5 and RCP8.5
scenarios. Using HIRHAMS simulations (Table 4), R10
shows statistically increasing trends of order 1.1
days/decade (2020s), 1 days/decade (2050s), 0.9
days/decade (2080s) under both RCP4.5 and RCP8.5
scenarios. R20 shows statistically significant increasing
trends of order 0.8 days/decade (2020s) under RCP8.5,
around 1.1 days/decade (2050s) under RCP4.5 and
RCP8.5 and 1.2 days/decade (2080s) under RCP8.5.
CDD and CWD do not show any statistically significant
trends. RX5days shows statistically significant increasing
trends of order 0.5 mm/decade (2050s) under RCP4.5
and 0.4 mm/decade (2080s) under RCP4.5. SDII shows
statisticallyincreasing trends of order 0.3 mm/days/decade
(2020s) under RCP4.5 and RCP8.5, 0.3 mm/days/decade
(2080s) under RCP4.5 and 0.4 mm/days/decade (2080s)
under RCP8.5.
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Table 4. Trend analysis of extremes precipitations indices under RCP4.5 and RCP8.5 scenarios with HIRHAMS simulations.

Index 2011 - 2040 2041 - 2070 2071 - 2100
RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
R10 0.1174* 0.1093* 0.1059* 0.1125* 0.0994~ 0.0972*
R20 0.0847 0.0889* 0.1012* 0.1114* 0.105*8 0.1240*
CDD 0.0032 0.0034 0.0001 -0.0078 0.0022 -0.0018
CwD 0.00035 0.0129 0.0056 -0.0002 0.0061 0.0065
RX5days 0.0401 0.0293 0.0536* 0.0328 0.0443~ 0.0713
SDII 0.0367* 0.0342* 0.0365 0.0366 0.0362* 0.0449*

Numbers in italic represent the significant trends. *Significant at 0.05.

Table 5. Trend analysis of extremes precipitations indices under RCP4.5 and RCP8.5 scenarios with REMO simulations.

Index 2011 - 2040 2041 - 2070 2071 - 2100
RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
R10 0.0677* 0.0705* 0.0724* 0.0630* 0.0685* 0.0630*
R20 0.0446* 0.0511 0.0429* 0.0475* 0.0412* 0.0475*
CDD -0.0109* -0.0158* -0.0152* -0.0120* -0.0179* -0.0120*
CWD *0.0326 0.0349* 0.0335* 0.0240 0.0453* 0.0240
RX5day -0.0225 0.0100 -0.0417 0.0001 -0.0303 0.0001
SDII 0.0023 0.0132* -0.0005 0.0140 0.0003 0.0140

Numbers in italic represent the significant trends. *Significant at 0.05.

Table 6. Trend analysis of extremes precipitations indices under RCP4.5 and RCP8.5 scenarios with RCA4 simulations.

d 2011 - 2040 2041 - 2070 2071 - 2100

Index RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
R10 0.1450* 0.1408* 0.1386* 0.1417* 0.1519* 0.1338*
R20 0.2196* 0.1906 0.1951 0.2037* 0.2050 0.1868
CDD -0.0087 0.00009 -0.0054 -0.0041 0.0006 -0.0022
CWD 0.0720 0.0511 0.0407 0.0650 0.0108 0.0428
RX5day 0.0234 0.0232 0.0082 0.0281 0.0155 0.0322
SDII 0.0164 0.0225 0.0196 0.0261 0.0220 0.0294*

Numbers in italic represent the significant trends. *Significant at 0.05.

With REMO simulations (Table 5), R10 shows statistically
increasing trends of order around 0.7 days/decade
(2020s, 2050s and 2080s) under both RCP4.5 and
RCP8.5 scenarios. R20 shows statistically significant
increasing trends of order 0.4 days/decade (2020s) under
RCP4.5, around 0.4 days/decade (2050s and 2080s)
under RCP4.5 and RCP8.5. CDD shows statistically
decreasing trends of order 0.1 days/decade (2020s,
2040s and 2080s) under RCP4.5 and RCP8.5. CWD
shows statistically significant increasing trends of order
0.3 days/decade (2020s) under RCP4.5 and RCP8.5, 0.3
days/decade (2050s) under RCP4.5 and 0.4 days/decade
(2080s) under RCP4.5. RX5days do not show any
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statistically significant trends. SDIl shows only a slight
statistically significant increasing trend of order 0.1
mm/days/decade (2020s) under RCP8.5.

Regarding RCA4 simulations (Table 6), R10 shows
statistically increasing trends of order around 1.4
days/decade (2020s, 2050s and 2080s) under both
RCP4.5 and RCP8.5. R20 shows statistically significant
increasing trends of order 0.2 days/decade (2020s) under
RCP4.5, 0.2 days/decade (2050s) under RCP8.5. CDD,
CWD and RX5days do not show any statistically
significant trends. SDIl shows only a slight statistically
significant increasing trend of order 0.2 mm/days/decade
(2080s) under RCP8.5 scenario.
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DISCUSSION

Understanding the changes in the intensity and frequency
of extreme precipitation is crucial for flood risk mitigation
and water resource management in the studied area.
This paper presents an overview of future changes in
extreme precipitation indices in the Ouémé River basin at
Beterou. We compare the changes in extreme
precipitation over the 2020s, 2050s, and 2080s under
RCP4.5 and RCP8.5 scenarios to the reference period
(1961-1990). The ISIMIP bias correction method is
utiized to bias correct precipitation data before
computing the extreme indices. Several studies have
demonstrated that the ISIMIP method is one of the best
bias correction methods (Obada et al., 2016; Wérner et
al., 2019).

The impacts of climate change on precipitation
extremes in the studied area have been established. The
results indicate an increase in changes in almost all
precipitation intensity (RX5days and SDII) and frequency
indices (R10, R20, CDD, and CWD) compared to the
reference period over the 2020s, 2050s, and 2080s under
RCP4.5 and RCP8.5 scenarios. The increasing rate is
comparatively higher under the RCP8.5 scenarios, mostly
in the mid and far future. Similar results have also been
found by Allechy et al. (2022) using CHIRPS data and
data from 4 GCM (CanESM2, HadGEM2-ES, MIROC-
ESM, and MIROC-ESM-CHEM) in the Lobo river
catchment in Cote d’lvoire. Although the observed
changes in extreme precipitation indices are consistent
across various data sources and the available literature,
one key issue are the magnitudes of such recent
changes, which vary considerably between different data
sources (Sylla et al., 2016).

The results show almost statistically significant
increasing trends in precipitation intensity and frequency
indices. These results support the findings of earlier
studies on severe precipitation indices in various regions.
Positive trends in RX5Day and CDD, and negative trends
in consecutive wet days (CWD), are consistent with those
reported in East Africa and Ethiopia by Mohamed et al.
(2022), Central Africa (Sonkoué et al., 2019), West Africa
(Tamoffo et al., 2023; Amichiatchi et al., 2024), Southern
Africa (Samuel et al., 2023), over the Mediterranean and
Sahara regions (Babaousmail et al., 2022), and in Asia
(Ashesh and Rajib, 2023). The increasing trends in
extreme precipitation intensity and frequency might lead
to more floods in the Ouémé River basin at Beterou
(Deng et al., 2018). Gamal et al. (2024) also highlighted
that the expected increases in the severity and frequency
of climatic extremes (droughts and floods) have a
significant impact on the region’s food, water security
status, and natural environment. Indeed, the increase in
all the wet indices over the studied area would lead to the
intensification of the hydrological cycle, which could
increase the frequency and intensity of floods in the
future. Such significant information is useful for farmers
and decision-makers to ensure the survival and

prosperity of the population.

Many studies have investigated the potential causes of
extreme precipitation changes over West Africa (Diatta et
al., 2020; Atiah et al., 2020; Ta, 2016; Ahokpossi, 2019).
They concluded that West African extreme precipitation is
highly influenced by large-scale ocean surface
temperatures and atmospheric conditions in the tropical
Atlantic. Ta (2016) found that extreme precipitation on the
Guinean coast is greatly associated with Atlantic sea
surface temperature (SST) anomalies, the Northern Cold
Tongue Index, and with an opposite sign of Nino3.4. Over
Benin, the North Atlantic Oscillation, Pacific Decadal
Oscillation, and Nino3 negatively influence precipitation,
while the Southern Oscillation, Antarctic Oscillation, and
Dipole Mode Index positively correlate with precipitation
(Ahokpossi, 2019).

Conclusions

The primary contribution of this paper was to assess
future changes in extreme precipitation indices compared
to the reference period. The ISIMIP bias correction
method utilized in this study helps reduce the significant
differences between observed data and RCM simulations.
Under both RCP4.5 and RCP8.5 scenarios, the results
indicate a combination of increases and decreases in
precipitation intensity indices, ranging between -40 and
40% with HIRHAMS and RCA4, while REMO only shows
increases ranging from 2 to 80% across the three time
horizons: 2020s, 2050s, and 2080s. Regarding
precipitation frequency indices, there is also a mix of
increases and decreases, ranging between -40 and 80%,
across the three time horizons under both RCP4.5 and
RCP8.5 scenarios using HIRHAM5, REMO, and RCA4
precipitations. This study lays the groundwork for water
management and further adaptations to climate change.
The insights gleaned from this study will be valuable for
farmers and decision-makers in ensuring the survival and
prosperity of the population.
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