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Abstract: This study evaluates how the characteristics of daily rainfall and extreme events in Cote
d’Ivoire changed during 1961-2015 using the rain gauge observation network of the National Mete-
orological Service (SODEXAM). The results indicate that the northern and southern parts of Cote
d’Ivoire experienced a change from a wet to a dry period, with cut-offs in 1982 and 1983, respectively.
In the northern part, this dry period was marked by a decrease in rainfall intensity, the length of wet
spells, and the contribution of heavy and extreme rainfall, as well as an increase in the number of rainy
days and a decrease in the length of dry spells. Over the southern part, this dry period was marked
by an increase in the maximum length of dry spells associated with an increase in the maximum
1-day and 5-day precipitation events. The western part of Cote d’Ivoire experienced a late cut-off
from the wet to dry period in 2000; the dry period was associated with a decrease in the number of
rainy days, rainfall intensities, and maximum length of wet spells. Changes in the central part of Cote
d’Ivoire presented high variability, and trends were less marked, even though a cut-off from a wet to
dry period was detected in 1991. This study shows that Céte d'Ivoire, which is located in a subhumid
and humid region and has an economy dependent on agriculture (especially cash crops, which
comprise 60% of the GDP), is experiencing dry spells that are increasing in frequency and length.
Combined with deforestation to increase production, this situation could lead to desertification and
compromise the sustainable development goals of the country. The contribution of heavy rainfall was
found to increase during the last 15 years, increasing the overall risk of floods, especially in urban
areas where city authorities and populations are not prepared, thereby threatening infrastructure and
human security.

Keywords: daily rainfall; dry period; extremes; flood risk; Cote d'Ivoire

1. Introduction

During the last 30 years, several studies on climate change in Cé6te d'Ivoire have
focused on the mean and total rainfall [1-3], while a few recent studies have explored the
evolution of extreme rainfall events [4]. The greatest threat that could emerge from climate
change is the amplification of these extremes [5]. Moreover, in recent decades, Africa and
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Cote d’Ivoire have experienced tremendous damage due to climate extremes. Droughts,
floods, famines, diseases, and migrations with loss of life are some of the issues faced by
rural and urban inhabitants due to these climate extremes.

Cote d’Ivoire, like the rest of West Africa, is experiencing significant spatial and
temporal variations in rainfall patterns, with consequences for its socio-economic activities.
Indeed, nearly 2000 people in the Ivorian city of Agboville (located in southern area)
struggled to find drinking water during the rainy season of 27 July 2007, after sewage-filled
flood waters poisoned wells that were the sole source of water for the inhabitants [6]. In
the northwest part of Coéte d’Ivoire during the same year, most of the roads and bridges
around Odienné (the regional capital) were unusable due to heavy rains in September
2007. In Abidjan (the Southern part), a dozen people, including women and children, were
confirmed dead, and extensive damage was recorded, including homes destroyed after the
heavy rains of June 2010, leading to landslides in some slum areas. However, analysis of
historical observations indicates that between 1996 to 2015, the country recorded 118 deaths
during rainy seasons [7]. It is estimated that there were about 30 floods throughout the
country during last decade (2000-2015), with an average of three (03) floods per year [8-11]).

However, very few studies have focused on analyzing the spatial and temporal evolu-
tion of high-impact events at the scale of Cote d'Ivoire. [12] analyzed the average values and
number of rainy days from 47 rainfall stations in Cote d’Ivoire over the period of 1950-1999,
highlighting an overall increase in rainfall over the period of 1950-1969, followed by a
decrease from 1970 to 1999. Based on data from 44 rainfall stations in Cote d’Ivoire, [8]
analyzed the extreme daily rainfall over the period 1942-2002 and found no clear change in
either the mean or variance of rainfall. In the southern part and most of the main cities of
the country, studies based on reanalysis and satellite products have shown that rainfall has
varied considerably during the last decades [4,13-15].

It is, therefore, essential to the analyze and quantify the degree to which precipitation
has changed or led to extreme rainfall events using the rain gauge observation network
of the National Meteorological Service of Cote d'Ivoire (SODEXAM) so that strategies
can be developed to reduce the vulnerability of populations and key sectors such as
agriculture, energy, and infrastructure. The aim of this paper is to study the evolution
of total precipitation and extremes in Céte d’Ivoire through a statistical analysis of daily
rainfall measured over the last 55 years (1961-2015) by synoptic stations distributed in
the four major climatic zones. This analysis complements the previous studies carried out
by [8,12] using recent observations and adding the evolution of extreme rainfall events,
as well as their spatial distribution and frequency in the main climatic regions, to the
calculation of trends. This manuscript is structured as follows: Section 2 describes the data
and methodology. Section 3 presents the results, followed by the discussion in Section 4.
Finally, Section 4 offers concluding remarks.

2. Materials and Methods
2.1. Description of the Data and Stations Used

In this study, we selected all synoptic stations from the National Meteorological Service
of Cote d’'Ivoire (SODEXAM) for which homogenized daily rainfall time series are available
and adjusted over a sufficiently long study period (1961-2015).

These stations include 14 widely spaced synoptic stations located throughout the
country (Figure 1), with more than 40 years of rainfall observations on average (Table 1).
These data were used to analyze long-term rainfall variations and, more specifically, their
extremes, as well as their frequency and intensity, over the entirety of Céte d’Ivoire.



Hydrology 2023, 10, 104 30f15

2% [ |
200
20
i 7 150{
£ 150 !
i i i 1091
280 3 [ I
200 i &_-. o

s«evéa:reoéo IETPTIIFPBDO0ORQ
Manma

o
)

bt ol
g

150
- IIIIIII
&.II I

\G\}P!})\F‘JO@Q

1501 |
ODIENNE
DRHOGO ” oo
E_J Sudanese climate /7 . 3 50| lI II
i o | =

-— s = =- & - " 1Y kb
\ 3 1) mu/seev\tsavaovo
Baulean climate P@RDOU

\Q\?!"-P))\*‘:CI%Q

w‘rva\sreceo

~\ ,E POMAKE 150
[ —_—-— . 100
?| DALOA ,.\fmussoum g
l III I Mountain climate ” ’ PIEOKRO 1% I I l
=} || S ,, GAGNOA 0 =
seer\b)\racoo " ScIrAIr00d0

Att limat
E’ ean climate ABIDIAN  JDIAR)

SRR

i
EATT-PEDRO i I I
-II llin.

\Q\!r#ssv—eo‘\o

100

0 II I
5 0
it --.I l l

IEXTELIIFEPSDO0RQ
Mariths

88

]!DI
300|
L 250]

‘:I =m0 II..I e _IIIIII..II. |§ ,_-l.l IIII l | _llllll.lll.

\&&ré\\veoeo \iér&s\vﬁOéo s«@ré\)raooo' \ﬁééiiﬁ;éééé
Maorihy

83

,gséﬁéﬁé_
EBEEEAE

E
88

Figure 1. Monthly distribution of rainfall within the different climates zones of Cote d’Ivoire (I and II
refer to Attean and Baulean climates located respectively in southern and central parts, and III and
IV refer to Sudanese and Mountain climates located respectively in northern and western parts of
Cote d’Ivoire).

Table 1. Spatial coordinates (latitudes, longitudes, and altitudes) of the synoptic stations used in

this study.

Name Latitude Longitude Altitude (m) Date
Abidjan aero 5°15'0" 3°55’59.88" 11 1961-2015
Adiake 5°17'60" 3°17'59" 40 1961-2015
Bondoukou 8°0'0" 2°46'60" 371 1961-2015
Bouake (aero) 7°43'59.88" 5°4/0.119" 376 1961-2013
Dimbokro 6°39'0" 4°42'0" 92 1961-2015
Gagnoa 6°7'59.88" 5°57'0" 214 1961-2015
Korhogo aero 9°25’0.12" 5°37'0.1" 382 1971-2015
Man-aero 7°24'0" 7°31'012" 340 1961-2014
Odienne 9°32/23.59" 7°33/53.15" 434 1961-2015
Sassandra 4°57'0" 6°4'59.88" 66 1961-2013
Tabou 4°25'0.12" 7°22'0.119” 10 1961-2013
San-Pedro 4°45'0" 6°39'0" 31 1977-2013
Yamoussoukro 6°54'0" 5°2059.999" 212 1975-2015

Daloa-aero 6°52/0.12" 6°28'0.12" 276 1967-2015
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Figure 1 presents the monthly cumulative rainfall during the relevant climatological
periods for the different stations used in this study. At the two stations located in the
northern part of Céte d’Ivoire (Odienné and Korhogo), a uni-modal regime can be observed,
featuring a mean rainy season lasting from May to October with maxima in July-August at
Odienné (250 mm) and August-September at Korhogo (200 mm). In the western region, at
the Man synoptic station, the rainy season ranges from May to October, with the maximum
recorded in August and September (>200 mm). In the central region, which is a transition
zone between the northern and southern areas containing the synoptic stations of Bouaké,
Daloa, and Bondoukou, the rainy season has a bimodal pattern, showing two major rainy
seasons from March to June with the first maximum in May-June, a short dry season in July
to August, a second rainy season from September to November (with the second maximum
in October to November), and a dry season in December, January, and February. In the
southern part (Gagnoa, Yamoussoukro, Dimbokro, Tabou, San-Pedro, Sassandra, Abidjan,
and Adiaké), a bimodal regime is also noted. This regime is similar to that of the central
part but with higher rainfall maxima (more than 350 mm) in the first rainy season; in the
central area, the monthly average maxima are below 200 mm. Notably, over the central
part, the average maxima during the two rainy seasons are of the same magnitude, while
over the southern part, the monthly average rainfall maxima are higher during the first
rainy season (more than 350 mm) than during the second rainy season (less than 200 mm).

2.2. Methodology
2.2.1. Rainfall Indices

The indices used here to characterize the frequency, intensity, and duration of cli-
mate extremes were defined by World Meteorological Organization [16,17] as part of the
CC/CLIVAR Expert Team on Climate Change Detection, Monitoring, and Indices (ETC-
CDMI). These indices are presented in Table 2.

Table 2. Summary of rainfall indices used in this study.

Index Description Name Definition Units
Annual total precipitation
PRCPTOT Annual total precipitation (RR) during wet days mm
(RR > 1 mm)
Annual count of days when
RR1IMM Number of wet days RR is >1 mm days
RX1 DAY Maximum 1-day rainfall ~ ViaXimum total rainfall ona mm
rainy day
RX5 DAY Maximum 5-day rainfall Maximum t'otal rainfall on a mm
rainy day
. Annual count of days when
R10 MM Very heavy rainfall days RRis >10 mm days
. Annual count of days when
R20 MM Very heavy rainfall days RR is >20 mm days
. Maximum number of
CDD Consecutive dry days consecutive dry days days
CWD Consecutive wet days Max1mum number of days
consecutive wet days
Simple daily Average rainfall
Sbil intensity index from wet days mm/day
Annual total precipitation
R95 P Very wet days when RR is >the 95th mm

percentile of 1982-2014
Annual total precipitation
R99 P Extremely wet days when RR is >the 99th mm
percentile of 1982-2014
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2.2.2. Trend Detection Methods

The best-fit linear trend is often used to analyze the temporal change of a time series.
Therefore, in addition to the computation of the best-fit linear trend, we also computed
an estimator of the slope based on Kendall’s rank correlation. This method was proposed
by [18] and has been applied in several extreme climate studies (see [4,13,19-21]. The
estimator is the median of the slopes obtained from all joining pairs of points in the series,
and the confidence interval is calculated from the tabulated values [10,22]. The existence of a
trend is deemed statistically significant at a p-value lower than or equal to 5%, equivalent to
a 95% confidence level. We used the best-fit linear trend as previously described by [23,24],
who applied this model to data series measured at a station and spatially aggregated data
to perform a trend analysis of rainfall [25]. In this study, a trend analysis was performed
for all indices both at the station and based on averaged observed data in the region.

2.2.3. Regionalization of Stations via the Climate Zone Method

In order to carry out a comparative study of the spatial and temporal variability of
the total and extreme precipitation indices calculated over Cote d’Ivoire, we used the
regionalization of stations based on climate zones, as established by [26], to estimate the
climate change in each region (Figure 1). Consequently, the stations located along the
coast and a little further in the center (Abidjan, Adiake, Sassandra, San-Pedro, Tabou,
Dimbokro, Gagnoa, and Yamoussoukro) were considered to belong to a so-called Attean
climate. The synoptic stations of Daloa, Bouake, and Bondoukou were grouped under
the Baulean climate. The stations of Korhogo and Odienné in the northern part of the
country were representative of a Sudanese climate. Finally, the station of Man, located in the
western part of the country and far from the other stations, was considered to belong to a
mountain climate.

2.2.4. Break Detection and Reduced Centered Index Method

This section focuses on the changes in annual precipitation caused by temporal vari-
ability (PRCPTOT) calculated in each climate zone according to the zones presented in
Section 2.2.3. To detect breaks in rainfall patterns, the segmentation procedure used by [27]
and the Pettitt test [28] were applied to the annual precipitation in each climate zone over
the period of 1961-2015. These segmentations were obtained at a 0.05 level of signifi-
cance using the Scheffe test, and these breaks were also confirmed by a Pettitt test. The
reduced centered rainfall index is the ratio of the deviation from the interannual mean to
the standard deviation of annual rainfall [29]. This index allowed us to observe interan-
nual variability and periods of deficits and excess in rainfall series covering the period of
1961-2015.

2.2.5. Frequency Distribution in Extreme Precipitation Indices by Climate Zone

In this section, the time series of data in each climate zone were subdivided into two
non-overlapping subperiods according to the methodology used by [30] comparing periods
before and after the break. These subperiods were selected based on the results obtained
in the previous section (Section 2.2.4) for the temporal variability of annual precipitation
(PRCPTOT) in each climate zone. The frequency distribution function or bell curve for
each period was then fitted to a Gamma distribution probability density, and comparison
of these two probability densities enabled a visual examination of the possibility of a trend
or change in a skewed distribution, such as the frequency of total rainfall and extreme
events [31,32].

3. Results
3.1. Temporal Variability of Indices at Each Synoptic Station

The results of the trend analysis of total and extreme rainfall at the 14 synoptic stations
of Cote d’Ivoire are qualitatively displayed in Table 3, with dark red indicating a significant
decreasing trend and dark blue indicating a significant increasing trend over the period,
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according to the corresponding stations. In addition, light red and light blue indicate a
non-significant decrease or increase in the indices, respectively, over the study periods of
the different stations.

Table 3. Significance trends (at the 5% threshold) for each index and all stations (dark red /light = neg-
ative trend significant/non-significant; dark blue/light = positive trend significant/non-significant).

STATIONS PRCPTOT

INDICES
son Rkl cpDD cwp RO R20 Resp  Rop - RO
(mm) (mm/day) (days) (days) (days) (days) (days) (mm) (mm) (mn};) (mn}:)

Korhogo
Odienné

Gagnoa

Yamoussoul

Sudanese climate

Daloa

Bouaké
Bondoukou

Baulean climate
T Van I
Mountain climate
e — —
Adiaké
San-Pedro |
Tabou

Sassandra

Attean climate

At the stations of Korhogo and Odienné (northern part), we observed a global decrease
in all the calculated indices except for RR1, which recorded an increase at the two stations
that was significant only for the station of Korhogo. The decrease observed in the other
indices was significant at Odienné station, while at Korhogo, significance was noted for the
intensity of rainfall and number of days with heavy rainfall (SDII, R10, and R20 mm).

In the central part, changes at the stations of Gagnoa, Yamoussoukro, and Daloa were
not significant. However, there was a trend toward an overall increase in PRCPTOT, SDI],
R20 mm, R95 P, R99 P, and RX1 DAY. Significant increases in SDII, RX1 DAY, and RX5 DAY
(intensity and extreme rainfall events) were only observed at the station of Gagnoa.

At Bouaké station, we observed a significant decrease in all indices, except for CDD,
CWD, and R99 P, which presented a non-significant decrease, and RR1, which presented a
non-significant increase. At Bondoukou station, a non-significant increase in SDII, CDD,
and R20 mm was noted, while the other indices showed a non-significant decrease, except
for CWD, which decreased significantly. At Dimbokro station, a non-significant increase in
CDD and RX1 DAY was noted, while PRCPTOT and CWD decreased significantly. The
other indices presented a non-significant decreasing trend.

In the western part, in the so-called mountain climatic zone, a significant decrease in
all indices except for R99 P and RX1 DAY was found at Man station.

In the southern part of Cote d’Ivoire, the stations of Abidjan and nearby Adiaké
showed the same decreasing trends for all indices except for CDD, which presented a
non-significant increase. These decreases were significant for all indices (except R99P
and RX1DAY) at Adiaké station, while at Abidjan station, this significant decrease was
noted only for the annual total and extreme daily precipitation (PRCPTOT, RX1 DAY, and
RX5 DAY).

The station of San-Pedro showed a non-significant increase in PRCPTOT, SDII, R10,
and R20 mm and a non-significant decrease in the other indices, except for CWD, which
presented a significant decrease.

All changes at Tabou station were not significant; however, a non-significant in-
crease in R95 p, R99 P, and RX1 DAY was noted, while other indices showed a non-
significant decrease.



Hydrology 2023, 10, 104

7 of 15

At Sassandra station, a significant decrease was noted in the annual total precipitation
(PRCPTOT), the intensity (SDII), the extreme (RX1 DAY, RX5 DAY, R95 P, and R99 P),
and the number of days with heavy rainfall (R20 mm). However, this station presented a
non-significant increase in RR1, CDD, and R10 mm.

3.2. Changes in the Spatial Variability

In this section, the spatial evolution of the total and extreme rainfall indices was
studied over three main periods: 1961-1980, 1981-2000, and 2001-2015. Considering the
difficulties in collecting data after 2015, we decided to split the data into two periods of
20 years and a later period of 15 years. The choice of subdividing into 20 years was
motivated by the fact that it would be easier to compare our results with those of previous
studies in these same periods from satellite-estimated rainfall or reanalysis [4,33,34].

Figure 2 shows the maps of the annual total precipitation (top row), the number of
rainy days per year (middle row), and the intensity of rainfall (bottom row) for the three
subperiods of 1961-1980, 1981-2000, and 2001-2015.

1961-1980 1981-2000 2001-2015

Legend

preptot (mm)
1098
1190
1283
1375
- 1468
m 1560
- 1553
- 1745

Legend
rrl (days)
82

Legend
sdii (mm/day)

Figure 2. Spatial variability of annual cumulative precipitation (PRCPTOT on the top row), number
of rainy days (RR1 on the middle row), and rainfall intensity per day averaged over the year (SDII
on the bottom row) for the periods of 1961-1980 (left column), 1981-2000 (middle column), and
2001-2015 (right column).

Considering annual precipitation, the 1961-1980 period was wetter in the south along
the coast and on the western side of the country, with cumulative rainfall ranging in the
south from 1600 to 1700 mm/year, with maxima in the extreme southwest and southeast, to
1300-1400 mm along the western side. The rest of the country, particularly the center and
the north, had lower rainfall values ranging from 1000 to 1300 mm, with persistent minima
in the center. The spatial patterns during the second and recent periods (1981-2000 and
2001-2015, respectively) were quite similar, with higher rainfall in the south and western
side of the country. However, the western side presented an increase in 1981-2000, mainly
in its central part (up to 1600 mm), and a decrease in 2002-2015, mainly in its northern part,
with minima in its central part (less to 1000 mm). The southern region instead presented a
pronounced overall decrease during these two periods in its central and western parts.

The maps of the number of rainy days (RR1) showed the same pattern as PRCPTOT,
with maxima ranging from 94 to 107 days in 1961-1980 over the western side and southern
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region of the country, respectively, while the other part had a weaker number of rainy
days (80-90 days). Overall, there was an increase in the number of rainy days in the
whole country during the two following periods (up to 15 days in the western area and
southern region), except over the northeastern side, where no change was found. No-
tably, the number of rainy days generally increased over the northern part of the country
(5 to 8 days), while the total annual rainfall PRCPTOT decreased with time during the
three periods.

The maps of rainfall intensity (SDII) showed a completely different pattern, with
higher values over the south (14-18 mm/day in 1961-1980) and weaker values in the center
and the north (10-14 mm/day). During the two following periods, the values of SDII did
not significantly change over the south. An increase in SDII was first noted on the eastern
side in 1981-2000, covering a larger zone westward (13-15 mm/day), and in the recent
period 2000-2015, a northward extension from the south of the area of high SDII values
was observed. The central part of Céte d'Ivoire, as well as the eastern and northern parts
showing a decrease in total rainfall and a weak change in the number of rainy days, also
presented rainfall intensities that notably increased.

Figure 3 shows the spatial distribution of the maximum 1-day precipitation (RX1
DAY) and intense rainfall (R95 P) indices and number of days with rainfall greater than
10 mm over the three study periods. It can be observed that the RX1 DAY index shows
notable values (>130 mm) in the south, particularly along the coast during the first and
second periods. On the other hand, gradual extension can be observed from the south
to the center during the last period. Here, the pattern of R95 P is similar to that of
RX1 DAY; the only difference is that the western side experienced intense rainy days
(>400 mm) during the second period. Regarding the number of rainy days with a thresh-
old of R10 mm, the west, northwest, and southern zones had the highest values of
R10 mm (exceeding 45 days) during the first period. During the second period, a slight
decrease in R10 mm was noted throughout the whole country, while during the last period,
an increase was mainly observed in the southern zone extending northward.

1961-1980 1981-2000 2001-2015
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e
i

£
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v
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Legend
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Figure 3. Spatial variability of 1-day maximum annual precipitation (RX1 DAY on the top row),
intense rainfall (R95 P on the middle row), and rainy days with a 10 mm threshold (R10 mm on
the bottom row) for the periods of 1961-1980 (bottom column) for the periods of 1961-1980 (left
column), 1981-2000 (middle column), and 2001-2015 (right column).
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Figure 4 shows the spatial variability in the maximum duration of consecutive dry days
(CDD) and wet days (CWD) over the study periods. Between the first and the following
periods, CDD increased in length (up to 3-8 days) and propagated southward, especially
during the last period. CWD presents high values in consecutive days of rain, mainly in
the western side (5-7 days) and southern side (7-8 days) of the country. During the first
two periods, an increase was observed on the western side (up to 89 days), while a slight
decrease was noted on the southern side (2-3 days). In the most recent period (2001-2015),
a decrease in the length of wet spells was noted in the west and southwest parts of the
country, while an increase was observed in the southeast.

1961-1980 1981-2000 2001-2015

Legend
cdd (days)
35

Legend
cwd(days)
4

3
6
-7
=-p
-0

Figure 4. Spatial variability of consecutive dry days (CDD on the top row) and consecutive wet days
(CWD on the bottom row) for the periods of 1961-1980 (left column), 1981-2000 (middle column),
and 2001-2015 (right column).

3.3. Interannual Variability and Changes in Annual Cycle per Climate Zone

Figure 5 shows the interannual variability of the total annual rainfall (PRCPTOT)
in each climate zone to detect breaks in rainfall time series and changes in the monthly
evolution of the annual precipitation by period following break detection.

In the northern part of Cote d’'Ivoire (Soudanese climate), a break was found in 1982.
Here, the first period between 1961 and 1982 was associated with more rainfall (wet period),
while the second period from 1983 to 2015 was associated with less rainfall (dry period).
The figure on change in the annual cycle shows a rainfall deficit (more than 100 mm)
between the dry and wet periods during the peak of the rainy season (August).

In the western part of Cote d'Ivoire (Mountain climate), a break was found in 2000
separating two distinct periods: a wet period between 1961 and 2000 and a dry period after
2001. During the dry period, the month of September (the month of maximum rainfall in
the rainy season) experienced a strong rainfall deficit (more than 200 mm) compared to the
first period.

In the central part of the country (Baulean climate), while the time series presented
high interannual variability with the wet period succeeding the dry period, a break was
detected in 1991. On average, there was a slight decrease in annual rainfall in 1991. A
comparison of the annual cycles between the periods before and after the break indicates
that this decrease in rainfall after 1991 can be explained by a decrease in precipitation in
the first rainy season during the months of maximum rainfall (April-May-June).
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Figure 5. Break detection and reduced centered index in annual precipitation (PRCPTOT) from
1961 to 2015 in each climate area. The annual cycles in the subperiods before (1961-1975) and after
(2001-2014) the break are plotted in blue and red, respectively.

In the southern parts of Cote d’Ivoire (Attean climate), a break was found in 1983,
separating the wet period (1961-1983) and dry period (1984-2015). Analysis of the annual
cycle revealed that this decrease in rainfall was mainly associated with weaker rainfall
during all months of the first rainy season.

3.4. Changes in the Frequency Distribution of Total Rainfall and Extreme Indices

The results of the previous section show that during the last 45 years, Cote d’Ivoire
experienced a climate change from wet to dry periods with a clear break in 1982 for the
northern part, in 1982 for the southern part, in 1991 for the central part, and in 2000 for the
mountain climate in the west.

In this section, to perform a comparative study and understand how the frequency
distribution of total rainfall and extreme indices have changed, we selected the same
subperiods for all climate zones, with 1961-1975 selected for the wet period and 2001-2014
for the dry period.

Figures 6-9 show the change in the frequency distribution of the precipitation indices
(PRCPTOT, SDII, RR1, CWD, R10 mm, R20 mm, R95 p, R99 p, Rx1 day, and Rx5 days) for
the northern, southern, central, and western parts of Cote d’Ivoire, respectively.
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__.f

100 110 130 130 14

oos

— 0.00

o

100 200 300 400

ELEE I R 00 00

1981-1575
2001-2014

Figure 8. Frequency distribution of indices in the western part of Cote d’Ivoire (Mountain climate).
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Figure 9. Frequency distribution of indices in the southern part of Coéte d'Ivoire (Attean climate).

In the northern part, Figure 6 shows that the decrease in total rainfall during the
2001-2014 period (PRCPTOT average maxima from 1500 mm in the wet period to
1000 mm in the dry period) was associated with a decrease in rainfall intensity (SDII
maxima from 14.5 to 10 mm/day), a decrease in the length of wet spells (CWD maxima
from 8 to 6-7 days), a decrease in the contribution of heavy rainfall (R95 and R99 p), a
decrease in extreme rainfall (Rx1 day and Rx5 days), and a decrease in the number of days
with heavy rainfall (R10 and R20 mm) along with an increase in the number of rainy days
(RR1 average maxima from 105 days to 115 days) and a decrease in the length of dry spells
(CDD average maxima from 87 days to 68 days).

In the central part of the country (Baulean climate, Figure 7), where high interannual
variability is observed, changes in rainfall between the periods of 1961-1975 and 2001-2014
were mainly associated with an increase in the maximum length of dry spells (CDD, with
average maxima from 67 days during the wet period to 85 days in the dry period) and a
decrease in the maximum length of wet spells (CWD, average maxima from 5-6 days to
4 days). In addition, we observed an increase in the length of intense rainy days (R20mm,
maxima from 25 days to 20 days), as well as the maximum rainfall over 5 days (Rx5 days,
on average, from 175 to about 180 mm).

In the western part of Coéte d'Ivoire (Mountain climate, Figure 8), the decrease in
annual total rainfall observed during the last period (average maxima from 1500 mm
during the wet period to 1000 mm in the dry period) was associated with a decrease in
rainy days (RR1 average maxima from 120-130 to 100-105 days in the recent period),
rainfall intensities (SDII average maxima to 13-14 to 7.5-8 mm/day), number of days with
heavy rain (R10 mm maxima from 55 days to 40 days and R20 mm), maximum length of
wet spells (CWD), and heavy and extreme rainfall (R95 p average maxima from 300 mm to
50 mm, R99 p, Rx1 day, and Rx5 days).

In the southern part (Attean climate, Figure 9), the decrease in annual rainfall during
the recent period (PRCPTOT average maxima from 2000 to 1750 mm) was mainly associated
with a decrease in rainfall intensities (SDII maxima from 16 to 14,5 mm/day), the number
of days with heavy rainfall (R20 mm average maxima from 32.5 to 27.5 days), and the
contribution of heavy rainfall (R955p maxima from 600-900 to 300 mm, R99 p). In addition,
there was an increase observed in the length of intense rainy days with the maximum
rainfall over 1 day (Rx1 day maxima from 200 to 250 mm), as well as the maximum rainfall
over 5 days (Rx5 days, on average, from 350 to about 400 mm).

4. Conclusions

This study on the evolution of rainfall extremes was based on 14 synoptic stations
distributed over different geographical areas of Cote d’Ivoire with at least 40 years of
records. In each climatic region, statistical tests to assess trends and detect breaks were



Hydrology 2023, 10, 104

13 of 15

used to assess changes in the evolution of extremes before and after the identified break
years [35-37]. However, results in the northern region of Cote d’'Ivoire showed that this
area experienced a change starting in 1982, characterized by a long dry period followed, in
recent years, by a slightly wetter period alongside an increase in the number of rainy days
(RR1) associated with lower-intensity events (SDII) than those in the past. This return of
rainfall in the Sahelian zone has been observed by various authors [3,4,38—40]. This return
of rains has led to strong agricultural performance in recent decades (2000-2014) according
to [41-44].

The center and south of the country showed substantially identical results in terms of
both the intensity and frequency of intense rainfall during the second period (2001-2014),
which was dominated by a dry period. These two regions showed an increase in the extreme
values of intense rainfall (Rx5 day, R95 p), the number of rainy days (RR1), and intense
rainy days (R10 mm and R20 mm) over the most recent period. These results indicate
that, despite the overall decrease in rainfall during the most recent period (2001-2014),
the intense rainfall in these areas has become stronger but less frequent, with very high
risks of flooding. Thus, the south of the country has experienced an increase in flooding
over the past three decades [8,45], with an average of 10 casualties each year according
to [7,9,10]. On the other hand, these two regions also showed an increase in extreme
values of the drought index (CDD) in line with the work of the [46], which showed that
the south forest in its agricultural diversity experienced an increase in drought episodes
with a considerable impact on cash crops. This increase in droughts was accompanied
by a temperature increase of 0.5 °C in Cote d’Ivoire between 1981 and 2010 with maxima
recorded in the south of the central-eastern region of the country.

The climate of the Mountain region, located in the west of the country, experienced
a decrease in rainfall and most of the indices, except for the number of rainy days, very
intense rainfall periods (R99 P), and dry episodes. This decrease in rainfall and increase
in rainy days and intense rainfall in this area could be a product of the strong presence
of mountains, which play an important role in the quantity, intensity, spatial distribution,
and duration of precipitation [47]. The overall decrease in precipitation observed for all
indices could be the result of a decrease in forest area, which is the primary regulator of
the spatial and temporal variability in precipitation [48]. Indeed, deforestation has been
observed since 1946 (see [49]. Moreover, the work of REDD+ [50] shows that the forest
cover in this part of the country has decreased significantly from 1986 to 2015. However,
the country’s forest cover has continued to decrease, from 7,850,864 hectares in 1986 to
5,094,452 hectares in 2000 and 3,401,146 hectares in 2015. The loss of forest cover was
estimated at 2,756,412 hectares between 1986 and 2000 and 1,693,306 hectares between 2000
and 2015.

Overall, climate change was detected in the evolution of extreme rainfall in the central
and south areas of the country. The increase in flooding observed in recent decades in
urban centers and some rural areas of Cote d’Ivoire could be attributed to a change in the
evolution of extreme values of intense rainfall.
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