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Abstract: Climate change has had strong impacts on water resources over the past decades in Cote
d’Ivoire, but these impacts on hydrological extremes remain largely unknown in most watersheds.
Thus, this work aimed to evaluate the trends and breakpoints in extreme discharge characteristics of
five watersheds in Cote d’Ivoire over the period 1970 to 2017. Seven indexes were selected, namely
the 5-day maximum flow (QX5-days), peak discharge (Qmaxan), maximum monthly discharge
(VCX30), annual minimum discharge (Qminan), average monthly discharge (QMNA), discharge
day rate (VCN7), and characteristic of low discharge (WFD). The analysis was done using the
modified Mann—-Kendall (MMK) test and the standard normal homogeneity test at a 5% significance
level for heterogeneous and homogeneous periods of data. The results for the heterogeneous and
homogeneous periods were similar, with a predominance of non-significant trends for high discharge,
except for the VCX30 index, which showed a significant upward trend at Kahin station. A decreasing
trend for QX5-days was found at Loboville station. The variables Qminan, QMNA, VCN7, and
WDF show significant upward trends of 33%, 16%, 50%, and 33% for the heterogeneous stations,
respectively. A significant breakpoint in almost all variables was obtained, with a strong decrease
after 2008. Some differences between the results from the heterogeneous and homogeneous periods
of data were found and discussed. This study can help in understanding the behaviour of past
hydrological extremes in the study area and in planning for further studies in the future.

Keywords: high and low discharges; trend analysis; modified Mann—Kendall test; standard normal
homogeneity; Cote d'Ivoire

1. Introduction

Extreme weather events have become more recurrent in recent decades, affecting
socioeconomic activities and life worldwide. Water resources are currently under the influ-
ence of many natural and anthropogenic factors; river flows are increasing in some places,
causing major floods, and decreasing in other places, causing alarming socioeconomic
damage. Africa, like other continents around the world, has been confronted for decades
with the occurrence of extreme events that affect the socioeconomic conditions every year.
Many scientists across the continent have conducted intensive studies on these extremes
(drought and flood) to enable policymakers to plan adaptation measures for the benefit
of the community. In North Africa, specifically in Morocco, for example, Meliho et al. [1]
showed that the drought years experienced during the analysed period affected the water
releases into the Takerkoust Dam, with consequences for irrigation water supply and the
local economy. In the Chad region (Central Africa), Abdoulaye et al. [2] showed an increase
in consequent dry days linked to persistent drought. Nyirenda et al. [3] found intense and
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persistent rainfall events in Lusaka and Livingstone (Zambia). The Limpopo catchment in
South Africa experiences frequent dry and wet conditions resulting in droughts and flash
floods, respectively [4]. Like these parts of Africa, many countries in West Africa experience
these extremes every year, resulting in loss of life and property [5]. Climate change and
its consequences have been highlighted In the scientific literature, with several studies
having been conducted. For example, the impacts of climate change on the characteristics of
extreme rainfall events in four African coastal cities were analysed [6,7]. Similarly, in Mali,
flooding [8] has become a somewhat frequent phenomenon. Additionally, the number of
consecutive dry days has increased considerably and the number of consecutive wet days
has decreased, making Niger vulnerable to extreme events [9]. In Ghana, Larbi et al. [10]
showed a high frequency and intensity of extreme rainfall indices in the southern part of the
catchment, while temperature extremes were evenly distributed over the catchment. Thus,
like all West African countries, Cote d’Ivoire has also been affected for several decades by
extreme events (floods and droughts) due to the effects of climate change [11,12]. These
effects are manifested by irregularities and more or less random crises, sometimes involving
successive phases of surplus, while in other cases involving water deficits, thereby altering
the availability of water resources and the socioeconomic cost of living. For example, in
2018, many cities in Céte d’Ivoire (Bouaké, Korhogo, Tiébissou, Niakaramandougou, Odi-
enné, etc.) experienced prolonged episodes of drought, causing difficulties in the country in
the supply of drinking water to the populations of these different cities [13]. In contrast to
these cities, Abidjan, Zuenoula, Bouaflé, Tiassalé, Touleupleu, N'douci, Sassandra, Fresco,
Gagnoa, Korhogo, Ferké, Aboisso, and Agboville experienced devastating floods with
deplorable damage [14] in the same year. In order to better anticipate the consequences
of hydrological extremes, it is essential to analyse the changes already observed in the
components of the water cycle through the analysis of river flows, which is undoubtedly an
indispensable variable in the study of extremes. In Cote d'Ivoire, most studies have focused
on climatic variability and water resources, meaning the assessment of flow trends has
become essential. Analysing the trends and break points of extreme flows in the catchments
would provide a better understanding of the evolution of extreme phenomena and their
consequences (Lobo, N'zo, Agneby, Kouto, and Baya). These catchments have been the
subject of several studies, such as the Lobo catchment, which has a high demand for water
resources that is far from being met [15]. It is also experiencing strong degradation of the
vegetation cover and an increasing rate of water erosion [16]. On the Bagoue River, a deficit
of 87.7% was recorded during the last episode of deficient recharge, showing a decrease in
groundwater [17]. Given the importance of extreme events and population dynamics in
Cote d’Ivoire, this study is necessary. This work, therefore, aims to assess the trends and
breakpoints of extreme flows in selected catchments of Céte d’Ivoire over the period 1970
to 2017, in order to help decision-makers regarding the welfare of the population and the
local economy.

2. Materials and Methods
2.1. Study Area

Cote d’Ivoire is located in West Africa, in the intertropical zone, between the equator
and the Tropic of Cancer, precisely between latitudes 4°30’ and 10°30’ north and longitudes
8°30’ and 2°30’ west. Rainfall is more abundant on the coast, where it is between 1500 and
2500 mm per year, while in the inland areas, it is generally less intense and ranges from 1200
to 1500 mm per year, even though it reaches 2000 mm in the small western mountainous
area [18]. Additionally, the country generally experiences a rainy season from June to
October, and the average annual temperatures range from 24-28 °C [18]. Cote d’Ivoire is
relatively flat, with no high mountains except for the Man region in the west, with some
peaks reaching over 1000 m. In the south of the country, some undulating plains rise slightly
from south to north through the center of the country. The land use and land cover in Cote
d’Ivoire changed dramatically over the 38 years between 1975 and 2013. Most striking has
been the expansion of agriculture, with a net increase of 84% (31,600 sq km) [19]. In this



Hydrology 2023, 10, 6

30f16

study, five watershed areas were selected according to the four climatic zones [20] and the
existence or not of hydraulic structures in these selected watershed areas. The five selected
watersheds (N’zo, Nibéhibé, Agneby, Bagoue, and Baya) and the climatic zones are shown
in Figure 1, and their characteristics are also presented in Table 1.

Figure 1. Locations of the five selected watersheds within the different climatic zones in Cote d'Ivoire.

2.2. Data Used

The historical data used in this study are daily discharge data from 6 hydrometric
stations found within the selected watershed. The choice of these stations was made
according to the number of years of observations with good spatial representativeness,
statistical information, and geographical position. The data were obtained from the General
Directorate of Human Hydraulic Infrastructures (DGIHH) of Céte d’Ivoire. These daily
discharges cover the periods of 1970-2017 for the Agneby watershed, 1980-2017 for the
N’zo watershed, 1980-2018 for the Bagoue watershed, 1980-2004 for the Baya watershed
and Lobo watershed with two different stations, 1988-2015 for Loboville, and 1980-2017
for Nibehibe.

2.3. Interannual Variation of Discharge

The hydrometric data are under the influence of climatic variability, and taking stock
of the time series allows a good observation of the interannual fluctuations, which is
obtained by eliminating the seasonal variations. Thus, we first proceeded to filter the data
to eliminate seasonal variations using the non-recursive low-pass Hanning filter of order
2 (weighted moving averages) to better visualize the periods of deficit and surplus on
an interannual scale. This exercise was performed using the equations recommended by
Tyson et al. [21] and used by Blé et al. [22] and Yao [23] with good results. According to
this method, each term in the series is calculated by the following equation:

X; = 0.06x;_ + 0.25x;_1 + 0.38x; + 0.25x;,1 + 0.06x;42 1)
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where x;_» and x;_; are the totals of the observed discharges of two terms immediately
preceding the term x;; x4 and x;4 are the totals of the observed discharges of two terms
immediately following the term x;.

Table 1. Characteristics of the selected watersheds.

Climate Zone

Watersheds Area (km?) Climate Characteristics

- maximum annual rainfall of 1200 m
- seasons divided between a largely

Baya 2266.6 watershed be.longs. to the humid dry season (November—March) char-
tropical climate acterised by the harmattan, a large
. Zone. I.I . rainy season (April-June), and a

Equatorial transitional regime small dry season (July—August)

Attenuated (Baouleen climate)
transitional equatorial type - rainy season from March to October
Lobo 12,660 watershed belongs to the and a dry season from November
sub-equatorial climate to February

- average annual rainfall of 1238.2 mm.

Zone I single rainy season from April-Ma

Transitional tropical regime Bagoue 4825.7 soudano-guineen & y p y
. to October
(Sudanese climate)
Zone IV " ) I\/éokt)mtain - two main seasons of
Mountain N'zo 4458.6 C araFterlse y tW(? seasons: a unequal duration
regime long rainy season lasting 8 months annual rainfall between 1600 and
and a dry season of 4 months 2000 mm

- four seasons: two dry seasons
(December—March and July-
Zone I September) and two rainy seasons

Transitional equatorial regime
transitional (Attieen climate)

Agneby 8420 equatorial transition (April-July, which is more important,
and September-November, which is

very irregular)
- annual rainfall between 1400 and
2500 mm/year

The weighted discharge totals of the first two (X; and X5) and the last two (X,,_1 and
X,,—2) terms of the series are calculated using Equations (3)—(6) (with n being the size from
the series):

X; = 0.54x7 + 0.46x, @)

X, = 0.25x1 4 0.50x; + 0.25x3 3)
X1 = 0.25x, 5 + 0.50x,,_1 + 0.25x, (4)
X, = 0.54x, + 0.46x,_1 (5)

To better visualize the periods of deficit and surplus, the flow is centered and reduced
using the following equation:
(Xi —m)
o

Y = (6)

where Y; is the average discharge, X; is total annual weighted flows, m is the mean of
the series of weighted means, and o is the standard deviation of the series of weighted
moving averages.

2.4. Description and Extraction of Extreme Discharge Indices

The extraction of discharge indices is an essential process for the study of extreme
discharges in hydrology. This process requires good availability of the data to be used,
so the missing data in our case study were first replaced by the result of rainfall-runoff
modelling with the GR4] after the calibration and validation process. Seven (7) indices were
selected to characterise the extreme flows, namely the 5-day maximum flow (QX5-days),
peak flow (Qmaxan), maximum monthly flow (VCX30), minimum annual flow (Qminan),



Hydrology 2023, 10, 6

50f16

mean monthly flow (QMNA), daily flow (VCN7), and low-water feature (WFD). These
indices have been widely used in several studies with good results and are representative of
flood and drought characteristics [11,13,24-27]. R software was used to extract all variables.
Omaxan and Qminan were extracted by choosing the maximum (or minimum) annual
discharge, and VCN7 was extracted annually on the basis of moving averages, calculated
from the average daily discharges over seven (7) consecutive days [11,26-29]. The QMNA
was extracted by selecting the lowest mean monthly flow of the year and the low water
flows calculated from the daily moving averages [13,28]. The WFD was extracted by taking,
for a given year, the minimum monthly flows less than or equal to the 0.03 quantile [30].
The VCX30 was extracted by taking the maximum average flow over 30 consecutive days
and it was stated that for each year the data can be classified as below normal when below
the first quartile, above normal when above the third quartile, and normal when in between.
The QX5-days was extracted annually on the basis of moving averages, calculated from
the average daily maximum discharges over five (5) consecutive days. All indices are
summarised in Table 2 below.

Table 2. Extreme discharge indices (m3/s).

Index Name Definition

Moving average of maximum discharge

QX5-days 5-day maximum flow rate over five days.
Qmaxan Peak discharge Annual maximum discharge
VCX30 Mean monthly discharge maximum average discharge over
30 consecutive days
Qminan Annual minimum discharges The lowest discharge value of the year
OMNA Average monthly discharges The lowest average monthly discharge
for the year
VCN7 Daily discharge rate Moving average discharge rate over
seven days.
WEFD Characteristic of low discharge The discharge rate equals or does not

exceed 10 days per year.

2.5. Detection of Trends and Breakpoints in the Discharge Series
2.5.1. Modified Mann-Kendall Test

The trends in the hydrometric data series were evaluated using the modified Mann—
Kendall test [31], which is a non-parametric test used in several studies. The choice of this
test was justified by the fact that it takes into account the effect of autocorrelation in the data.
Indeed, the presence of autocorrelation in the data affects the power of the classical Mann—
Kendall statistical test by introducing outliers, and the effect of positive autocorrelation
increases the risk of rejecting the type 1 error (overestimated trends), while the effect of
negative autocorrelation modifies the risk of rejecting the type 1 error (underestimated
trends). Therefore, an additional contribution to the Mann—-Kendall (MK) test was made to
take into account this autocorrelation phenomenon. The principle is based on a modification
of the (S) statistic in the MK test. Based on this principle, a modified version of the original
MK test was proposed [31], in which the variance of the test statistic is modified to account
for autocorrelation in the series and the statistics to adjust the variance, as follows:

Var(S) = 11—8(11(11 —1)(2n+5)) nrsl" (7)

where ns* is the effective number of observations to account for autocorrelation in the data.

:1—1—;%(11—5) (8)

ns* nn—-1)n-2) o
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The modified Mann-Kendall trend test was implemented using the package “modifiedmk” [32]
on R software and the null hypothesis HO corresponding to “no trend” and the alternative

hypothesis H1 corresponding to the presence of a trend in the series at a significance level
of 5%.

2.5.2. Standard Normal Homogeneity Test (SNHT)

The detection of breakpoints was performed by applying the standard normal homo-
geneity test (SNHT), which is a non-parametric test used by several authors [33-38]. This
test is sensitive to the detection of breaks at the beginning and at the end of the series; it is
also insensitive to possible missing values, and is simple with good relative performance
compared to the other tests, which explains the choice of this method for the detection of
breaks. The application of the SNHT test is based on the following equation:

Yii o3y /%

=Y == iy

Ql 1 Z;(lejg (9)
1<i<netl1<j<k

The value of year i of the base series is represented by Y;, while X;; denotes the
observation 7 from the reference series j. The correlation coefficient between the base series
and the reference series j is denoted by p;. This test was computed on R software using the
package trend [39] “snh.test” under the null hypothesis HO “no change point”, while the
alternative hypothesis H1 is the “presence of change point” defined at a significance level
of 5%.

3. Results
3.1. Interannual Variation Discharge

Figure 2 shows the results obtained by applying Hanning’s second-order low-pass
filter on the observed discharges. It indicates the great interannual irregularity of the
discharges in each climatic zone of the country. All stations studied indicated an alternation
of wet periods (surplus zone) and dry periods (deficit zone). The Lobo at Nibehibe and
Baya watersheds are more exposed to deficit years, while Bagoue and N’zo watersheds are
subject to surplus years. The Agneby watershed and Lobo at Loboville station experience
alternating variations in data over time.

3.2. Considering Heterogeneous Periods for the Trend and Breakpoint Analyses
3.2.1. Trend Analysis for High- and Low-Discharge Indices

Table 3 shows that only the N’zo at Kahin watershed could experience a flooding
problem, with the presence of a significant increasing trend for the VCX30 index. A
significant decreasing trend was observed at Loboville station in the Lobo watershed.
Regarding drought indices, we also noticed that in four of the study areas (N’zo, Lobo,
Bagoue, and Baya) a significant increasing trend was obtained for most of the drought
indices. The variables Qminan, QMNA, VCN7, and WDF showed significant upward
trends for 33%, 16%, 50%, and 33% of the heterogeneous stations, respectively. Figure 3
shows the plot for the stations and indices, indicating a significant trend of low discharge in
this study. The station of Kahin indicated an increasing trend for five of the indices, followed
by the station of Loboville, with three indices indicating a significant upward trend.

3.2.2. Breakpoint Detection for High- and Low-Discharge Indices

Table 4 summarises the results of the change point computed with the SNHT test for
the extreme discharge data. The change points were detected in 1994 at the N'zo watershed;
in 1970, 2006, 2013, and 2014 at the Agneby watershed; and in 1984, 1970, and 2012 at
the Bagoue watershed with different indices. For the low-discharge indices, all of the
study areas experienced great changes in the different indices. For the flood indices, a
breakpoint was observed for the variable Qmaxan at the stations of Kouto and Agoville,
while for the variable VCX30 this was observed at the stations of Kouto, Agoville, and
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Kahin. The break point for QX5-days was observed only for the station of Kouto. For all
low-discharge indices, breakpoints were found in 1984 at the station of Kouto and in 2008
at the stations of Nibehibe and Loboville. The station of Yebouakro depicted change points
in 1980 for the variables Qminan and QMNA. Figure 4 shows the time series of the indices,
indicating significant breakpoints for the selected stations. The result of VCX30 was added
in Appendix A, as Figure A2.

3.3. Considering Homogeneous Periods for the Trend and Breakpoint Analyses

The results described in Section 3.2 may be dependent on the data length considered.
In fact, the data lengths varied from 25 years at the station of Yebouakro to 48 years at the
station of Kouto. This section investigated possible differences in the results that could be
linked to the changes in the period considered. A common period of 36 years from 1981 to
2016 was considered for the stations of Agboville, Kahin, Nibehibe, and Kouto. The same
method applied for the heterogeneous period was used for the homogeneous period.

Figure 2. Interannual variations in discharge in each watershed using the non-recursive low-pass
Hanning filter of order 2.

Table 3. A trend analysis of flood index (Qmaxan, VCX30, and POT) and low-discharge index
(Qminan, QMNA, VCN7, and WFD) values in some watersheds in Cote d'Ivoire.

Trend (MMK Test)

High-Discharge Indices Low-Discharge Indices
Watersheds Period of Analysis Stations Qmaxan VCX30 QX5-days Qminan QMNA VCN7 WDF

Agneby 19702017 Agboville - - - - - - -
N’'zo 1980-2017 Kahin - ot - i i ot ot
Lobo 1988-2015 Loboville - - * o - i ok
19802017 Nibehibe - - - - - - -

Bagoe 1980-2018 Kouto - - - - - - -
Baya 1980-2004 Yebouakro - - - - - - -

Note: ** indicates an increasing trend; -indicates a non-significant trend; * indicates a decreasing trend.
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KAHIN/Gminan KAHINIVCNT KAHIN/GMNA KAHINAWFD
0 o4 o o o o ~J o o
WQ‘EU 19‘90 EU‘UU EU‘WU 19'80 19‘90 EU‘UU EEIIW 19‘90 19‘90 ZU‘UU ZU‘WU 19‘80 19‘90 EU‘UU EU‘WU
LOBOVILLE/Qminan LOBOVILLE/VCN? LOBOQVILLE/WFD LOBOVILLE/Qx5days
— Trend lines — Discharge indices
Figure 3. Stations and indices indicating significant trends (Qminan, QMNA, VCN7, WFD, and
QX5-days) in the selected river watersheds in Céte d’Ivoire.
Table 4. Break point detection related to flood and low-discharge indices in some watersheds in Cote
d’Ivoire for the period 1980-2017.
Flood Indices Low-Discharge Indices
Watershed
Period Stations Qmaxan VCX30 8;(;; Qminan QMNA VCN7 WDF
Bagoe 1970-2017 Kouto 2012 * 2008 * 1970 * 1984 * 1984 * 1984 * 1984 *
Agneby 1980-2017  Agboville 2013 * 2014 * - 2006 * - - 1970 *
Lobo 1988-2015  Nibehibe - - - 2008 * 2008 * 2008 * 2008 *
1980-2017 Loboville - - - 2008 * 2008 * 2008 * 2008 *
N’zo 1980-2018 Kahin - 1994 * - - - - -
Baya 1980-2004  Yebouakro - - - 1980 * 1980 * - -
Note: * indicates a significant break; ‘-” indicates a non-significant break.
AGBOVILLE/Qminan KOUTO/Qmaxan KOUTO/Qminan KOUTO/VCN7
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Years Years Years Years
KOUTO/QMNA KOUTOWFD KOUTO/Qx5days LOBOVILLE/Gminan
—_ o —_ o - =
g =] g 1 £ 8] 2z "]
£ A £ wq £ 1 £ .1
T = s ®] 3 = s 24
s 7] ] e g 2 7
= @© . @ ™ @
£ = o £ = T = @
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i T T T T T T T T T T T T T T T T T T T T
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LOBOVILLE/VCN? LOBOVILLE/QMNA LOBOVILLE/WFD NIHENIBE/@minan
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> > o T s °
£ ] R
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T T T T T T T T T T T T T T T T T T = T T T T T
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Years Years Years Years
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Figure 4. Significant break points in the selected watersheds in Céte d'Ivoire.
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3.3.1. Trend Analysis Results for Flooding and Low-Discharge Indices

Table 5 displays the trend results for both heterogeneous (- or *) and homogenous (- or
**) periods of data. For the station of Kouto, there was no difference between the results for
the two periods for both the flood and low-discharge indices. In fact, no trend was detected
for the two periods. Similarly, for the station of Kahin, almost the same trend for the results
for the two considered periods was found.

Table 5. A trend analysis for the heterogeneous and homogeneous stations of flood and low-discharge
indices in some watersheds in Cote d'Ivoire.

Trend (MMK Test)

High-Discharge Indices

Low-Discharge Indices

Watersheds Period of Analysis Stations Qmaxan VCX30 0X5-Days QOminan QMNA VCN7 WDF
Agneby 1981-2016 Agboville ” - - o o .
_ * _ * * * *
N’zo 1981-2016 Kahin B _ o ot ok ot ot
Lobo 1981-2016 Nibehibe - ) - ” - -
Bagoe 1981-2016 Kouto ) ] ] ] ) ] ]

AGBOVILLE/VCN7

Note: * and ** indicate increasing trends for the heterogeneous and homogeneous stations, respectively; - and —
indicate non-significant trends for the heterogeneous and homogeneous stations, respectively.

For Nibehibe station, no trend was detected for the heterogeneous period in contrast
to the homogeneous period. The results changed for four of the seven indices evaluated
at this station, implying that a trend analysis can be highly dependent on the data length
considered. Similar results were found for the station of Agboville. For comparison,
Figure 5, representing the stations and indices with significant trends for the homogeneous
period, is shown.

AGBOVILLE/QMNA AGBOVILLE/WFD KAHIN/Qminan

Discharge (mis)

T

Discharge (mis)
000 010 020
L
Discharge (midfs)
0.0

Discharge (m3is)

T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

Years

T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

Years

T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

Years

T T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

Years

Discharge (mifs)
4
)

KAHIN/VCN7 KAHIN/QMNA KAHIN/WFD NIHENIBE/Qminan
P =
= 7 o
E o] E =7
& 7 R
i g7

1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015
Years Years Years Years
NIHENIBE/VCNT NIHENIBE/QMNA NIHENIBE/WFD

1.2

Discharge (mafs)

08 12

Discharge (mafs)
L1
Discharge (mafs)

0o 10 20

T =

= T T T T T T T

1980 1985 1990 1995 2000 2005 2010 2015

Years

T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

Years

T T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

Years

—— Trend lines

— Discharge indices

Figure 5. Significant trend results for the homogeneous stations.

3.3.2. Breakpoint Detection

Table 6 displays the break points related to the heterogeneous and homogeneous
periods for flood indices and low-discharge indices. At the station of Nibehibe, the results
for both periods are similar for all indices. In contrast, for the other stations, the results
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differ substantially between the indices and the years identified as break points. The most
remarkable is the station of Kahin, for which only VCX30 shows a break point for the
heterogeneous period of data, in contrast to the five indices that show break points for the
homogeneous period of data. For comparison purposes, Figure 6, representing the stations
and indices with significant break points for the homogeneous period, is shown.

Table 6. Break point detection related to the heterogeneous and homogeneous periods for flood
indices and low-discharge indices in the selected river watersheds in Céte d'Ivoire for the period
1981-2016.

Flood Indices Low-Discharge Indices

Watershed

Period of Analysis

Stations Qmaxan VCX30 QX5-days Qminan OQMNA VCN7 WDF

Bagoe 1981-2016

1984 *
2008 **

1984 * 1984 *
2008 ** 2008 **

1984 *

2012 * 2008 *3%

Kouto 2008 * 2008 **

Agneby 1981-2016

2014 *
2013 **

2006 *

Agboville 2006 **

2013 * 2003 ** 1970 *

Lobo 1981-2016

2008 *
2008 ** 2008 ** 2008 ** 2008 **

2008 * 2008 * 2008 *

Nibehibe

N’zo 1981-2016

Kahin 1994 * 1993 ** 2002 ** 1995 ** 2002 ** 1995 **

AGBOVILLE/Qmaxan

AGBOVILLE/Qminan

Note: * and ** indicate significant breaks for the heterogeneous and homogeneous periods, respectively.
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Figure 6. Significant break result for the homogeneous stations.

4. Discussion
4.1. High Discharge Rates and Their Implications

The observed data were analysed using the MMK test for all stations first and then for
the stations with the same years of observation for the flood and low-water indices. As far
as the flood indices were concerned, these different analyses gave a non-significant trend
for most of the flood indices, both in the heterogeneous and homogeneous period analyses,
with the exception of the VCX30 index at Kahin with a significant upward trend and QX5-
days with a decrease trend at Loboville with the heterogeneous data. Thus, whether the data
were heterogeneous or homogeneous, the trend detection showed the same effectiveness
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for the study area. These results may have been due to the high interannual variability
observed in the data, as shown by the Hanning test, and the daily impacts of climate change
observed across the country, even influencing precipitation. All of the studied watersheds
were affected in the same way due to the influence of local climates. Furthermore, this
predominance of non-significant changes in the flood variables (i.e., 5-day maximum flow
(QX5-days), peak discharge (Qmaxan), maximum monthly discharge (VCX30)) may have
been due to the method used. Indeed, the method used is powerful for detecting trends but
does not seem to be very robust for the extreme variables because non-significance does not
translate into the absence of a trend but rather the incapacity for detection. Ago et al. [40],
in their study in Togo and Benin, found no trend despite the method used. The significant
breaks in the annual maximum discharge (Qmaxan) and monthly maximum discharge
(VCX30) confirmed the results obtained concerning the decrease in maximum discharge for
the rivers in Cote d’Ivoire. Indeed, a sudden decrease in the series of extreme maximum
discharges could be explained by climatic factors and the variability experienced by these
different watersheds, as shown by the result of the Hanning test. Rainfall in Céte d'Ivoire
is decreasing in all climatic zones, which affects river discharges, even with the recovery
predicted by Nicholson et al. [41]. These flood variables also showed a decreasing trend
after their break period, reflecting the general decrease in rainfall recorded in Cote d’Ivoire.
These rainfall deficits have been notable in some regions of the country. For example,
a 66.5% hydrological deficit in the Bandama discharges at Tortiya was recorded [42], a
decrease in rainfall with a deficit of 22% on Agneby was also noted [12], and irregularities
in rainfall with direct impacts on the hydrological evolution of the river and on the flood
discharges were found for Kahin [43].

4.2. Low Discharge Rates and Their Implications

The results show a general upward trend with the MMK test for the low flow series
in all cases considered and especially in the three climatic zones (zone I, zone II, and
zone 1V), where the local climate and high intervariability are of great importance. This
could be explained by the fact that the return of rainfall after the great drought predicted
by Nicholson et al. [41] was felt more from the south to the north. This is because the
inter-variability influenced by the local climate allows for constant rainfall over the whole
territory and at any time of the year, inducing significant trends towards increased river
flow in the different catchment areas. Nouaceur et al. [44] concluded in his work that the
analysis of the rainfall trend evolution showed that following a long Sahelian drought,
rain returned to this part of West Africa. Additionally, [40] concluded that the evolution
of the flow of the Mono River remains dependent on climatic factors. These results are in
agreement with the work of [45,46]. In addition to these results, a significant break in almost
all low-water variables was noted over the same study period. These results confirmed
the significant upward trend obtained in low water discharges and confirmed that after
the great drought that led to the 1970 break, the rainfall rate experienced a real recovery
in all catchment areas studied, as confirmed by the alternating upward and downward
trends in the variables after the break. This recovery was certified by many authors [47]
who detected disturbances in the N'zo watershed at Kahin in 1993 and 1994, testifying to
the wet hydrological recovery in this catchment. Increases in rainfall beyond the new phase
(the existence of which it is still premature to affirm), as shown through the rainfall totals,
which were close to the average and sometimes even in excess of the daily discharge series
from 1954 to 2014 were found in Senegal [48]. The discharges observed in the study area
experienced two breaks in the series from 1951 to 2015 in Benin [49].

4.3. Differences in Outputs from Heterogeneous and Homogeneous Periods

As indicated in the result section, there were some differences in the break point and
trend analyses for the heterogeneous and homogeneous periods. Some changes that were
not found to be statistically significant for the heterogeneous period were found to be
statistically significant for the homogeneous period, and vice versa. Similar results were



Hydrology 2023, 10, 6

12 of 16

obtained for the Oueme River Basin (Benin) while comparing outputs from homogeneous
and heterogeneous periods [50]. This might lead to questions regarding the use of one
single period for the break point and trend analyses. It may be interesting in future studies
to investigate changes in hydroclimatic variables by considering moving windows.

5. Conclusions

The objective of this work was to analyse trends in hydrological extremes, in particular
using flood data with three variables (Qmaxan, VCX30, QX5 days) and low-flow data with
four variables (Qminan, QMNA, VCN7, WFD). We obtained non-significant trends for the
flood variables in general and significant upward trends for the low-flow variables with the
modified Mann-Kendall test (MMK). The detection of breaks using the standard normal
homogeneity test (SNHT) indicated a significant break for most of the variables studied in
general in all of our different study basins. The methods used provided good results, but
for better monitoring and visibility of the impacts of climate change, it would be interesting
to extend this analysis to monthly and seasonal scales and to different confidence intervals.
This study can help in understanding the behaviour of past hydrological extremes in
the study area, although being limited to historical data without being able to identify
the causes of the trends were limitations encountered in this study. Therefore, further
investigations are needed to verify the hydrological changes revealed by the statistical
tests by identifying the physical mechanisms of changes such as rainfall, land use, and
agricultural practices and their effects on extreme flows. Additionally, missing data were
filled using GR4J, which is a lumped model. This simplifies a watershed into a single
homogeneous unit, which is not the case in reality. It can, therefore, under- or overestimate
the runoff and impact on the gap filling exercise.
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Figure A3. Homogeneous period for the break point analysis.
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