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Abstract

This study aims to characterize the climatic variability in the South-East of
Ivory Coast and to show its impact on the supply of water resources. To do
this, statistical and hydrological methods were applied to climatic data col-
lected at the Marc DELORME Research Station of the CNRA. The statistical
trend tests on this data revealed a significant decrease in precipitation and an
increase in temperature, insolation and evaporation. Statistical break methods
indicate a rainfall break in 1982 which marks a modification of the rainfall
regime thus translating a drop in rainfall of 15%, a recession in the frequency
of rainy days in general and in particular in rainfall heights between 10 and
30 mm and greater than 50 mm. This break is accompanied by a shortening
of the rainy seasons, with average rainfall durations ranging from 54 days
(short rainy season) to 104 days (great rainy season). Despite the disturbances
in the different seasons of the year, the monthly rainfall regimes in the area
have not changed. The assessment of the effects of drought on water re-
sources using the Standardized Precipitation and Evapotranspiration Index
(SPEI) for three-time scales (1 month, 3 months and 12 months) indicates a
severe drought ranging from 3% to 7% over the period 1961 to 2018. Howev-
er, despite the presence of this severe drought, the intensity of the drought
was found to be moderate on all time scales. The Thorrnthwaite method was
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used to highlight the impacts of this climatic variability on the region’s water
resources. The average annual recharge estimated at 402 mm, has been re-
duced to 153 mm during a deficit period, a decrease of about 62%. The aver-
age annual runoff, which was 294 mm, fells to 257 mm, a decrease of about
13%. This recorded decrease in the water infiltrated after the rainfall break
(1983-2018), explains the heterogeneous decrease in the depth of the water
table.
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1. Introduction

In recent decades, the global community has become increasingly interested in
issues related to climate variability and change, as a result of the immediate im-
pacts on the natural environment, on humans and on livelihoods [1]. Among
these is drought, which has complex impacts on many sectors of the economy
such as water resources, agriculture and natural ecosystems [2]. Drought has af-
fected both tropical bands of our planet, especially the majority of the Sahelian
countries of West Africa since the 1970s and 1980s [3]. This climate variability
poses a major threat to growth and sustainable development, as well as an impe-
diment to the Millennium Development Goals (MDGs). Indeed, according to
[4], poor communities will be the most vulnerable due to their limited adaptive
capacities and high dependence on climate-sensitive resources such as water re-
sources and agricultural production systems. In West and Central non-Sahelian
Africa, many studies mention the disadvantages of drought in the late 1960s and
early 1970s [5]. The most significant effects have been the long-term reduction
in rainfall, the decrease in the contribution of the wettest months to cumulative
rainfall, the shifting of the rainy seasons, the increase in the number of dry
spells, the decrease in piezometric levels and the drop in river flows [6] [7] with
disadvantages for agriculture and natural resource availability [8]. Ivory Coast is
not immune to these phenomena. Ivorian agriculture is a key sector of the
economy. It employs 60% of the population, contributes to 34% of GDP and
represents 2/3 of export resources [9]. In this context of climatic variability, this
agriculture remains limited in terms of its production because it is essentially
rain-fed and therefore subject to climatic hazards [10] [11]. The south-east of the
country, which includes the study area, is the main place for coconut production
with several industrial plantations and numerous small private farms on which
more than 20,000 families depend [12]. However, coconut production in this
area has dropped in these recent decades due to the pronounced effects of water
stress [13]. In order to better understand the influence of climate on the Ivorian
coconut grove, a preliminary study using climatic and water table depth data is

warranted to appreciate the effects due to its variability. The present study aims
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to characterize the climatic variability in the South-East of Ivory Coast between
1961 and 2018.

2. Material and Methods
2.1. Study Area

The study was carried out on the Marc Delorme Research Station (Figure 1), of
the National Agricultural Research Center (CNRA). This Station is located in the
south-east of Ivory Coast, between 5°14' and 5°15' North latitude and 3°54' and
3°55' West longitude. It was classified as an international heritage site by the
FAO in 1999, as it houses the international collection of coconut trees for Africa
and the Indian Ocean, with nearly 99 accessions [14]. The site covers an area of
788 ha, also known as “500 genetic block”, at 12 km from the Abidjan-Bassam
road, north-east of Gonzagueville. The Station is based on soil with sesquioxide
[15], ferralitic types leached into bases, containing high levels of fine sands with
some clay at depth and low levels of organic matter [16]. The soil presents tex-
tures and structures favourable to water infiltration. The climate of the area be-
longs to the equatorial transitional regime. It is an Attiéan type of climate where
the rhythm of the seasons is regulated by the movement of the Intertropical
Front (ITF). It is characterized by 4 seasons, 2 rainy seasons (April to July and
October to November) and 2 dry seasons (December to March and August to
September) [17] [18]. The average annual rainfall is between 1165.6 and 2755.7
mm. The geological environment of the area belongs to the sedimentary basin of
Cote d’Ivoire, and is mostly composed of Tertiary clayey sands and Quaternary
sands of the coast with a simple geology [19]. On the hydrogeological plan, the
aquifers presents are continuous and characteristic of the sedimentary basin.
These are the Quaternary aquifer and the Mio-Pliocene (Continental Terminal)

and Upper Cretaceous (Maestrichtian) aquifers [20].

2.2. Study Data

The climatic data used in this study are rainfall, air temperature, relative air hu-
midity, evaporation and insolation. They have been collected from the meteoro-
logical service of the Marc Delorme research station of the National Agricultural
Research Centre (CNRA). Rainfall and air temperature cover the period from
1961 to 2018. But relative humidity, evaporation and insolation have been taken
from 1977 to 2018 and piezometrics data’s was obtained over the period from
1992 to 2018, due to the availability of data. piezometrics data’s were taken on a
monthly time step in order to have a better approach of the its variations. These
data are fairly homogeneous, of good quality and representative of the study

area.

2.3. Methods of Study

2.3.1. Methods for the Identification of Climate Variability
The climatic variability was highlighted by a statistical analysis of the climatic
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factors. Thus, the mean of the variables considered, their standard deviation and

their coefficient of variation were calculated.
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Figure 1. Geographical location of the Marc Delorme station.
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1) Trend and break detection test

In order to detect possible changes in the evolution of the climatic parameters,
trend tests (Mann-Kendall test and Linear Regression test) and breakpoint tests
(Pettitt test, Hubert segmentation procedure, Lee and Heghinian Bayesian pro-
cedure) were used. These different breakage methods were carried out using the
Khronostat software developed by the Institut de Recherche pour le Développe-
ment (IRD) and the University of Montpellier [21].

2) Characterization and identification of drought

Standardized Precipitation and Evapotranspiration Index (SPEI)

The SPEI has been used for its multi-scalar character allowing it to detect,
monitor and analyse different types of drought at different temporal scales [2].
Furthermore, [22] have indicated that drought indices should be statistically ro-
bust, easy to calculate and have a clear and understandable calculation proce-
dure. All these requirements are fulfilled by the PESI [23]. With temperature
data, the SPEI is particularly well adapted to analyse the effect of global warming
on drought conditions [24]. Thus, the SPEI for the study area were calculated
from monthly precipitation and temperature data over the period 1961 to 2018
at 1-month, 3-month and 12-month time scales. These calculations were per-
formed in RStudio 4.0.3 using the SPEI package according to the method men-
tioned in the study of [23].

2.3.2. Methods for Modeling the Length of the Rainy Season

1) Determination of rainy seasons

In this study, the start and end dates of the rainy season were calculated from
the agro-climatic definitions proposed by [25] and based on empirical rainfall
thresholds. This method was adapted to the specificities of Ivory Coast by [26]
and [27]. The criteria used are a slight modification of those in [27] by [28]. In
our area, the rainy season starts on February 1st, when at least 20 mm of rainfall
is recorded on two consecutive days without dry spells lasting more than 7 days
within 30 days of the date indicated. The short rainy season starts when, from
August 15th onwards, more than 10 mm of rainfall is recorded on two consecu-
tive days without dry spells lasting more than 7 days within the following 30
days. The main rainy season ends on July 1st, when a soil capable of holding 70
mm of available rainwater has completely exhausted this stock following a daily
loss of 4 mm through evapotranspiration. Also, no significant rainfall should be
recorded within 20 days of the date obtained. For the end of the short rainy sea-
son, calculations are made from November 1st, using the same criteria as above.
The length of the season is expressed as the difference between the end date and
the start date of the rainy season.

2) Forecasting the duration of rainy seasons

The method used to predict the duration of the rainy season is simple linear
regression, which relates the duration of the rainy season to the start date of the
season according to the following equation (Equation (1)):

Y =ax+b (1)
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with:

Y: duration of the rainy season; x: start date of the rainy season.

The evaluation of the models was done through statistical criteria (correlation
coefficient R) and a graphical criterion. Two variables were considered corre-
lated if their correlation coefficient was greater than or equal to 0.8. The signi-

ficance of this threshold was analysed.

2.3.3. Method for Characterizing the Impact of Climate on Groundwater

The groundwater recharge estimation method used in this study is based on the
calculation of the water balance using the Thornthwaite method [18]. The choice
of this method is explained by the availability of climatic data such as rainfall
and temperature. The main parameters sought are Potential Evapotranspiration
(PET), actual evapotranspiration (ETa) and balance sheet (P-ETa). Subsequent-
ly, two components ensuring the recharge of the water table were determined.
The first, the runoff or runoff (R) and the second component is represented by
infiltration (I). The spatio-temporal evolution of the depths of the water table in
different climatic seasons was carried out. The water table depth data were ex-
ported to the Surfer 11.0 software where a kriging interpolation was performed

to generate the thematic maps.

3. Results

3.1. Impact of Climate Variability in the Area

3.1.1. Dispersion Characteristics in the Series of Climatic Factors

The data for the climatic factors in the study area show little dispersion overall,
with low coefficients of variation (Cv) ranging from 1% to 20% (Table 1). Con-
sequently, these climatic data are on the whole reliable for characterising the

evolution of the climate in the area.

3.1.2. Detection of Trends in the Series of Climatic Factors

The results of the indices of gradual changes in the climate factor series are pre-
sented in Table 2. Negative trend index indicate a decreasing trend and positive
trend index indicate an increasing trend in the climate variables. As concerning
trend indexes, the average temperature series (minimum temperature, maxi-
mum temperature), of insolation and evaporation show a significant upward
trend in the Mann-Kendall and linear regression tests. In the precipitation series,
a significant downward trend was detected with the Mann-Kendall and linear
regression tests. In contrast, in the relative humidity series, the Mann-Kendall

and linear regression tests did not detect any gradual change.

3.1.3. Detection of Breaks in the Rainfall Series

The annual rainfall series show breaks mostly between 1976 and 1982 (Table 3).
The detection of breaks by the Pettitt test (1982) was significant at the 90% and
95% confidence level with an exceedance probability of 0.027. This break is con-

firmed by the Hubert segmentation procedure. The break date with the Bayesian
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method of Lee and Heghinian is located in 1976 with an exceedance probability
of 0.1746. These detected breaks result in a decrease of the mean annual rainfall
during the period 1976-1982 and allowed to determine the different periods of

rainfall fluctuation.

Table 1. Statistical characteristics of climatic factors in the study area.

Standard  Coefficient

Variables Minimum Maximum  Average deviation  of variation
Rainfall 1165.6 2755.7 1828.3 366.1 20%
Average temperature 25.5 27.1 26.2 0.3 1%
Minimum temperature 21.6 23.7 22.8 0.4 1%
Maximum temperature 28.8 357 30.1 1 3%
Sunhine 1730.2 2456.3 2163 187.3 8%
Air humidity 78.7 88.8 87 1.8 2%

Table 2. Trend indices for the climate factor series.

Variables Tests Trends indices (%)
MK —95.86%
Rainfull
RL —93.55%
MK 98.57%
Average Temperature
RL 97.60%
MK 98.42%
Min. Temperature Min
RL 96.57%
MK 99.87%
Max. Temperature Max
RL 99.81%
MK —4.64%
Relative Humidite
RL 32.96%
MK 99.97%
Sunshine
RL 99.98%
MK 92.55%
Evaporation
RL 90.37%

Bolded numbers indicate significant trends at the 10% risk; MK: Mann-Kendall test; LR: linear regression

test.

Table 3. Results of break tests on annual precipitation.

Observation Lee and Hubert’s
X Pettit test Probability . Probability .
period Heghinian segmentation
1961-2018 1982 0.027 1976 0.1746 1976; 1982
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3.1.4. Seasonal Variability of Rainfall before and after Break

The rainfall averages before the breaks remain higher than those after the breaks.
They are respectively 2010 mm and 1709.9 mm, corresponding to a decrease of
300.1 mm (15%) (Table 4). This decrease affects the different dry and rainy sea-
sons as well as the short dry seasons with water deficits from 5% to 25% (Table
5). On the other hand, a slight recovery is observed in the short rainy seasons. In

general, the drop in rainfall affects the different seasons.

3.1.5. Interannual Variability of Rainy Day Frequencies and Rainfall
Classes

The proportions occupied by the different rainfall classes are recorded in Table
6. Class P1 (1 to 10 mm) represents 54.04%, class P2 (10 to 30 mm) represents
28.15%, the classes P3 (30 to 50 mm) and P4 (>50 mm) represent respectively
9.37% and 7.43% for a total number of 5732 rainy days. These results show that
rainfall of 1 to 30 mm (P1 and P2) constitutes the bulk of the rainfall in the area.
Rainfall > 50 mm has the lowest occurrence. The results of Pettit’s test and Hu-
bert’s segmentation procedure applied to the rainfall classes (P1, P2, P3 and P4)
over the period from 1961 to 2018 are shown in Table 7. The rainy day series of
classes P2 and P4 are affected by breaks in stationarity which are observed in
1981 and 1982. For the series of classes P1 and P3, no break was observed. The
fluctuation rate of the different rainy day classes is shown in Table 8. The break
year 1982 was used as the reference year. The analysis of this table shows that the
rainfall recession in the area is due to a decrease in rainy days between 1 mm
and 30 mm (P1 and P2) and more than 50 mm (P4). P1, which is the most fre-
quent class (54.04%), is the least affected by the decrease in rainy days (8.47%).
The number of rainy days from 10 mm to 30 mm (P2) decreased by 32.50% and
the number of rainy days > 50 mm (P4) by 40%. There was no significant change
in the P3 class (30 - 50 mm). In the area as a whole, the number of rainy days
decreased by 17.35%.

Table 4. Precipitation deficit before and after the breakdown of the Pettitt Test.

Observation period Reference Average before break Average after break Deficit (%)

1961-2018 1982 2010 1709.9 15

Table 5. Seasonal rainfall evolution before and after break.

Before break  After break Decrease

Seasons Increase Deficit (%) Excess (mm)
Average Average (mm) (mm)
GSS 262 221 41 15
GSP 1365 1027 338 25
PSS 108 103 5 5
PSP 298 340 42 12

GSS: great dry season; GSP: great rainy season; PSS: short dry season; PSP: short rainy season.
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Table 6. Percentages of rainy-day classes over the period 1961-2018.

P1 (1 to 10 mm) P2 (10 to 30 mm) P3 (30 to 50 mm) P4 (>50 mm)
Number of Number of Number of Number of

. Percentage . Percentage . Percentage | Percentage
rainy days rainy days rainy days rainy days

3155 54.04% 1614 28.15% 537 9.37% 426 7.43%

Total number of rainy days = 5732

Table 7. Breaks tests results for the period 1961-2018.

Breakdown dates

Rain classes Pettitt test Hubert’s segmentation
P1 (1 to 10 mm) Absence of break Absence of rupture
P2 (10 to 30 mm) 1982 1982
P3 (30 to 50 mm) Absence of break Absence of rupture
P4 (>50 mm) Absence of break 1981

Table 8. Fluctuation of rainy days classes after the 1982 break.

P1 P2 P3 P4

(1 to 10 mm) (10 to 30 mm)(30 to 50 mm) (>50 mm)
1982 (reference) 121 59 40 9 15
Average rainy days (1983-2018) 100 54 27 9 9
Deficit 21 5 13 0 6
Percentage (%) 17.35 8.47 32.5 0 40

3.2. Climate Variability and Rainy Season

3.2.1. Variations in the Start and end Dates of Rainy Seasons

Table 9 shows the variations in the start and end dates of the rainy season at the
Marc Delorme research Station. The start dates of the main rainy season of this
bimodal regime are on average in April (13 April) with a standard deviation of
20 days. July is the late date for the start of the main rainy season, while the early
date is in March. The periods from the first decade of August (8 September) to
the second decade of December (27 December) constitute the late end dates. The
early end dates are in the second decade of July. The start of the short rainy sea-
son occurs in October (14 October) with a standard deviation of 23 days. Octo-
ber (29 October) and November (24 November) represent the late start dates of
the rainy season, while the early dates are occurs in September. As for the end
dates, the early ones are between the third decade of November (30 November)
and the first decade of December (2 December). The late end dates are in the
third decade of December.

3.2.2. Analysis and Forecasting of Rainy Season Duration

Table 10 presents the results on the duration of the rainy seasons. The average
duration of the long rainy season is 112 days with a standard deviation of 22
days. The short rainy season lasts on average 57 days with a standard deviation
of 14 days.
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Table 9. Start and end dates of the great and short rainy seasons.

Standard
Seasons Minimum 20% Average 50% 80% Maximum ar‘l ?r
deviation
Starting date of the rainy season
Start of th t
artorthiesreal 6 Mar.  28-Mar. 13-Apr. 11-Apr. 25-Apr. 13-Jul. 20
rainy season
Start of the short
art ob the shor 15-Sep.  24-Sep. 14-Oct. 11-Oct. 29-Oct. 24-Nov. 23
rainy season
Date of the end of the short rainy season
End of the great
. 17-Jul. 23-Jul. 3-Aug.  29-Jul. 8-Sept. 27-Dec. 24
rainy season
End of the short
. 30-Nov. 2-Dec. 13-Dec. 13-Dec. 26-Dec. 30-Dec. 11
rainy season
Table 10. Duration of rainy seasons (days).
Standard
Seasons Minimum  20% Average 50% 80% Maximum L,
deviation
Duration of the great
i 123 117 112 109 136 167 22
rainy season
Duration of the short
76 69 57 64 57 36 14

rainy season

After calibration using simple linear regressions, two prediction equations for
the duration of the rainy season (Y) as a function of the start date of the rains
(X) according to the seasons were obtained (Table 11). Very high correlation
coefficients (in absolute values) were obtained between the starting date of the
rains and the duration of the rainy season. They are 0.88 in the long rainy season

and 0.97 in the short rainy season.

3.2.3. Analysis of Rainy Season Start Dates before and after the Break

The onset dates of the major rainy season, prior to the 1982 break, averaged
March (25 March) with a standard deviation of 35 days (Table 12). June was the
late date for the start of the main rainy season, while the early date was in
March. The periods from the first dekad of August (15 August) and December
(27 December) were the late end dates. The early end dates were in the first and
second dekad of July. The average start date of the short rainy season was in Oc-
tober (8 October) with a standard deviation of 18 days. October (19 October)
and November (11 November) were the late start dates of the short rainy season,
while the early rainy season dates were in September. The early and late ends
were observed in November and December respectively. After the break in 1982,
there was a shortening of the duration of the rainy seasons with average rainfall
durations ranging from 54 days (short rainy season) to 104 days for the great
rainy season (Table 13). Thus, over the period 1961 to 2018, a shortening of the
rainy season durations can be observed after the 1982 break (1983 to 2018).
During the period 1983 to 2018, the onset dates of the main rainy season are on

average in April (22 April) with a standard deviation of 37 days. May (3 May)
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and July (13 July) represent the late onset dates of the major rainy season, while
the early dates are in March. The end of the long rainy season occurs in August
(4 August) with an early end of the rains in July and a late end of the rains oc-
curring between 7 August and 28 October. On average, the short rainy season
starts in October (21 October). The early and late rainy season dates correspond
to September and November. The end date of the early rains is recorded in No-
vember. December marks the end of the short rainy season. The major rainy
season from 1961 to 1982 lasted on average 137 days with a standard deviation
of 20 days. The short rainy season averaged 65 days with a standard deviation of
8 days (Table 13).

Table 11. Simple linear regression of the duration of the rainy season as a function of the start date of the rains.

Seasons Forecasting equation Coefficient of determination (R?) Correlation coefficient (R)
Great rainy season Y =0.4522X + 76.01 0.78 0.88
Short rainy season Y = -0.5403X + 215.7 0.95 0.97

X: Start of the rainy season; Y: Duration of the rainy season.

Table 12. Starting dates of the rainy seasons before and after break (1982) by the Pettitt test.

Seasons

Minimum  20% Average 50% 80% Maximum  Standard deviation

Before 1982 break

Start of the great rainy season
Start of the short rainy season
End of the great rainy season

End of the short rainy season

Mar.-2 Mar.-3 Mar.-25 Mar.-22 Apr.-17 Jun.-4 35
Sep.-21 Sep.-24 Oct.-8 Oct.-7 Oct.-19 Nov.-11 18
Jul.-7 Jul.-17 Aug.-9 Aug.-3 Aug.-15 Dec.-27 33
Nov.-23 Nov.-27 Dec.-12 Dec.-15 Dec.-21 Dec.-27 11

After 1982 break

Start of the great rainy season
Start of the short rainy season
End of the great rainy season

End of the short rainy season

Mar.-29 Apr.-15 Apr.-22 Apr.-17 May-3 Jul.-13 37
Sep.-19 Sep.-25 Oct.-21 Oct.-19 Oct.-9 Nov.-24 23

Jul.-4 Jul.-23 Aug.-4 Aug.-1 Aug.-7 Oct.-28 39
Nov.-14 Dec.-1 Dec.-14 Dec.-15 Dec.-24 Dec.-28 17

Table 13. Duration of rainy seasons (days) before and after the break (1982) by the Pettitt test.

Seasons

Minimum 20% Average 50% 80% Maximum  Standard deviation

Before 1982 break

Duration of the great rainy season

Duration of the short rainy season

127 136 137 134 120 176 20

62 63 65 69 63 46 8

After 1982 break

Duration of the great rainy season 97 99 104 105 95 107 5
Duration of the short rainy season 55 66 54 58 76 34 14
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3.3. Drought Characterization and Identification

Standardized Precipitation and Evapotranspiration Index (SPEI)

The results of these three drought indices indicate in particular that the SPEI
time series at these time scales show seasonal and interannual variability of
drought in the region (Figure 2). Positive and negative indices exist at all scales
(1 month, 3 months and 12 months). However, the 12-month scale has the low-
est negative indices in the series representing severely dry years ranging from
—1.55 to —1.98. The driest years are 1989, 1998, 2013 and 2016 with SPEI values
of —-1.78, —1.98, —1.55 and —1.75 respectively. The 1-month, 3-month and
12-month time scales show a common surplus period from 1961 to 1982 and a
deficit period from 1983 to 2018. The study area is marked by a rarity of extreme
wet years in the data series considered. There are 1 (1982) for the SPEI-1, 2
(19765 1982) for the SPEI-3 and 1 (1963) for the SPEI-12. These wet years

represent 1.72% to 3.44% of the observations years. Similarly, for all time scales,

1-month SPEI (June)

Illlll.llllllIL_IIII,I_.IIIFIL._II_..IIIIIIII_“III_I

UL
WNN = O NN W

Standardized precipitation
evapotranspiration index

3-month SPEI (May-June-July)

Standardized
precipitation

evapotr‘ra.n§piration index

12-month SPEI (January-December)

Standardized
precipitation
evapotranspiration index
|

Figure 2. Temporal evolution of SPEI values on 1. 6 and 12 month time scales for the study area from 1961 to 2018.
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1.72% to 8.62% of years are classified as extremely wet, 13.79% to 18.96% as
moderately wet, 8.62% to 13.79% as moderately dry and 3.44% to 6.89% as se-
verely dry (Table 14). The absence of extreme drought years in the study area is
noted. Overall, over the study period from 1961 to 2018, the SPEI values at dif-
ferent time scales are more marked for droughts of moderate to severe intensity.

3.4. Impact of Climate on Groundwater

3.4.1. Piezometric Evolution

1) Interannual piezometric evolution

The coupled monitoring of rainfall and piezometric variations in relation to
piezometers P152A, P152B, P124, P050, P071, P023, P040, M52, M92 and M80
over the period 1992 to 2018 has made it possible to determine the temporal re-
lationship between these two parameters (Figure 3). These piezometric records
show the interannual trends of increasing or decreasing water table depths at the
ten piezometers. Figure 3 show the influence of the rainfall factor on the depth
of the water table and its impact on fluctuations on the water table. The effect of
the wet and dry years can be clearly observed on these different figures. A gener-
al increase on the piezometric level in years with high rainfall and an interannual
downward trend in years with low rainfall is observed. The analysis of the graphs
below shows a regression of the water table during dry periods and also the im-
portant role of rainfall in wet years in the recharge of the water table.

2) Piezometry of the water table in low water

The piezometric map of the water table in low water (Figure 4) was drawn up
using piezometric data from February over the period 1992-2018. The piezome-
tric level was between 2 and 5.4 m. The piezometers in south, close to the Ebrié
lagoon, maintain a high water table (less than 3 m) in the dry season.

3) Piezometry of the water table in high water

The piezometric level in the study area was studied for high water during the
period 1992-2018. July was the month in which the water table reached its
maximum level. The piezometrics data’s for that month were therefore used to
produce the piezometric map during high water periods (Figure 5). The piezo-
metric level varied between 1.4 and 2.4 m. In general, a high water table level in

all piezometers was observed in July, at the end of the main rainy season.

Table 14. Variation of wet and dry periods in the study area.

Years Percentage (%)
Classes SPEI-1 SPEI-3 SPEI-12 SPEI-1 SPEI-3 SPEI-12
Extremely wet (SPEI > 2) 1 2 1 2 3 2
Very wet (1.50 < SPEI < 1.99) 4 1 5 7 2 9
Moderately wet (1.00 < SPEI < 1.49) 11 8 9 19 14 15
Normal (-0.99 < SPEI < 0.99) 17 19.5 15.5 59 67 53
Moderately dry (-1 < SPEI < —1.49) 6 5 8 10 9 14
Very dry (~1.50 < SPEI < —1.99) 2 3 4 3 5 7
Extremely dry (SPEI < -2) 0 0 0 0 0 0
DOI: 10.4236/jwarp.2021.139038 738 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2021.139038

C.F. Agohetal.

Years

Years

8102

9102
V103
¢10g
0T0Z
800¢

9002

2002
0002
8661
9661
V661
2661

8102
9102
¥102
¢103%
0102
80032
9002
7002
20032
0002
8661
9661
V661
c661

¥003

0

500
1000
1500 -
2000
2500
3000

(1)

Tejurel [enuue o8eISAY

—

0

(=3
=3
o

1000
1500
2000
2500 -
3000

()
Tenuue 83eIdAY

—

TeJuTRI

[ 8102
1 9102
| V102
| 2103
[ 0103
| 8002
19002
| 7002
1 6002
| 000g
| 8661

9661
| 7661
| 2661

— T T T T 1
© 10 F NN~ O

(W) oTqe3 Ie3em Jo yideq

152B

8102
£ 9102
102
12102
10102
£ 8002
£ 9002
L7002
£ 2002
£ 0002
8661
- 9661
| 7661
, | 66T
© o F o N~ O

(W) oTqe3 I93em Jo yida(

152A

Years

Years

8102 8102
9102 19102
V102 11102
2108 A
0102 70102
8007 8002
9002 79002
7002 m 77002
2002 - 12002
0007 70002
8661 8661
9661 9661
V661 T 66T
2661 o | 2661
© 0 Ff MmN~ O

(w) 81qe) I9jeM Jo yadeq

0
500 -
1000 -
1500
2000
2500
3000 -

()

ITBJUTRI JENUUE 93BIDAY

8102 [ 8102
R — 19102
A — | 7102
A —— 12102
[ e — [ 0102
O [ 8002
9007 ° 19002
A e — s L1002
[ — 2002
U — 10002
8661 | 8661
L e — 9661
[ — V661
2661 Y AN L)
S © o NN~ O

500
1000
1500
2000 -
2500
3000

(W) oTqe3 Ie3em Jo yideq
()

ITejurel [enuue d3BISAY

Years

Years

Years

Years

8103
9102
Y102
2102
0102
8002
9002
7002
2003
0002
8661
9661
V661
2661

0

!
(=3
(=3
(=3
[ael

500
1000
1500
2000 -
2500

()
TTeJUTRI Tenuue 93eIOAY

8106
9102 >
Y102

2103
07102
8003
9002
¥003
2003
0007
8661
9661
V661
2661

0
500
1000
1500
2000 -
2500
3000

(1)
TTBJUTRI [ENUUE 98BISAY

071

8102

9102

102

210¢

0102

8002

3 £ 9002
= | 7003
2002

£ 0002

8661

- 9661

7661
66t

NBNToRR S

(W) a1qe1 Ieiem jo yideq

[ 8102
9102
L ¥102
L 2102
L 0108
| 8002
9002
| 7002
| 2002
. 0002
| 8661
9661
| V661
R 4G

O N+ AN~ O

(w) 91qe} Jojem Jo y3da(Q

N — O

Years

Years

Journal of Water Resource and Protection

739

DOI: 10.4236/jwarp.2021.139038


https://doi.org/10.4236/jwarp.2021.139038

C.F.Agohetal.

Figure 3. Average annual rainfall and piezometric fluctuations
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3.4.2. Assessment of Groundwater Recharge
1) Application of the water balance method over the period 1969-2018
The average annual rainfall over the period 1969-2018 is estimated at 1771

mm. Of this amount, 1300 mm reach the atmosphere by evapotranspiration and

471 mm of effective rainfall on average feeds the surface water and groundwater

resources. Thus, the estimated infiltration is 205 mm or 11.57% of the rainfall.

Of the total rainfall in the region, only 11.57% infiltrates to participate in the

groundwater recharge process, Table 15 therefore presents the parameters of the

water balance.

2) Ten-year water balance

Effective rainfall varies greatly from one decade to another. The rather rainy
period 1969-1978 was followed by years with cumulative rainfall deficits and below
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Figure 4. Piezometric map of the water table of the Marc Delorme station in low water
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Figure 5. Piezometric map of the water table of the Marc Delorme station in high water

(July).

Table 15. Parameters of the hydrological balance of the Marc Delorme station.

Parameters

Quantity (mm)

Average rainfall
PET
ETa
Surplus (R + 1)
Runoff
Infiltration

Balance sheet deficit

1771

1584

1300

471

266

205

285
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average effective rainfall (486.2 mm). Average effective rainfall fell from 661 mm
during the 1969-1978 decade to 395 mm during the 2009-2018 decade, a drop of
40.24% (Table 16). The decrease in the decadal average rainfall leads to a de-
crease in the decadal effective rainfall. However, despite the increase in rainfall
in the last decade 2009-2018 (1825 mm) compared to the previous one
1999-2008 (1739 mm), the effective rainfall has decreased. It decreased from 436
mm (1999-2008) to 395 mm (2009-2018). Between these two decades, the tem-
perature increased from 26.3°C to 26.9°C. The ETa is function of temperature
and it went from 1430 mm to 1303 mm in the decade 2009-2018 to the decade
1999-2008. These observations show that effective rainfall is dependent on cer-
tain parameters, namely rainfall and temperature.

3) Water balance of the area before and after the 1982 break

The average annual rainfall, which was 1962 mm before the rainfall disruption
(1969-1982), decreased to 1710 mm after the rainfall disruption (1983-2018), ‘e
a decrease of 12.84% (Table 17). The effective rainfall, estimated at 696 mm be-
fore the rupture, fell to 410 mm after the rupture, ie., a decrease of 41.09%. The
water runoff decreased from 294 mm before the rupture to 257 mm after the
rupture, a decrease of 12.58%. The infiltrated water level decreased from 402

mm before the rupture to 153 mm after the rupture, a decrease of 61.94%.

Table 16. Results of the 10-year water balance calculation in the study area from 1969 to
2018.

Average PET ETa Effective Balance
R Temperature | .
Decades rainfall ¢C) Average Average rainfall  sheet deficit
(mm) (mm) (mm) (mm) (mm)
1969-1978 1941 26.1 1575 1280 661 295
1979-1988 1706 26.1 1548 1216 490 332
1989-1998 1692 26.2 1598 1243 449 355
1999-2008 1739 26.3 1583 1303 436 280
2009-2018 1825 26.9 1618 1430 395 188

Table 17. Water balance before and after the 1982 rupture in the study area from 1969 to
2018.

Parameters Before break (1969-1982) After break (1983-2018)
Rainfall (mm) 1962 1710
PET (mm) 1563 1592
ETa (mm) 1266 1300
Effective rainfall (P-ETa) 696 410
runoff (R) (mm) 294 257
Infiltration (mm) 402 153
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4. Discussions

Statistical methods (trend tests, break tests, standardized precipitation index,
etc.) agree on the reality of a significant decrease in rainfall in the study area.
The results of the indices for gradual changes in the rainfall series over the pe-
riod 1961 to 2018 indicate a general downward trend. A significant upward
trend is also observed in air temperature, insolation and evaporation. This cli-
matic variability is marked by a rainfall break in 1982. This result is in line with
work in West and Central Africa in general [29] [30] and in Cote d’Ivoire spe-
cially [18] [31], which indicate a general decrease in rainfall. The break shows a
downward trend in annual rainfall from the 1970s onwards and is consistent
with the very marked drought period in Ivory Coast from 1982 to 1983 [32]. The
rainfall deficit calculated in relation to the date of the break in the annual totals
is less than 20%. According to [33], rainfall deficits are sometimes less than 20%
in some localities in West Africa. This is the case at the Marc Delorme research
station with 15%. The two main seasons, dry and rainy, are the most affected by
the drop in rainfall, with average deficits of 15% and 25% respectively. The ob-
served decrease in rainfall in the wet and dry months shows that the wet months
as a whole are experiencing a downward trend. This highlights the decisive role
of the wet months in the rainfall decline of the time series in the area. This find-
ing was confirmed by [30] which pointed out apronounced rainfall deterioration
in the rainy months in the Beninese basin of the Niger River. The decrease in
annual rainfalls amounts is synchronous with that of the frequency of rainy days.
This observation was also made by [34]. In the study area, the frequencies of
rainy days have decreased significantly with a break in 1982. The number of
rainy days decreased from 121 days at the time of the break in 1982, to 100 days
on average after the break, i e a decrease of 17.35% over the period 1961-2018.
These results corroborate those of [35], which noted this decrease in the number
of rainy days in West Africa. The decrease in the frequencies of rainy days con-
cerns all rainfall classes, but rainfall amounts between 10 and 30 mm (P2)
and >50 mm (P4) are the most affected, with respective decreases of 32.50% and
40%. The heterogeneous distribution of rainfall observed over the whole of
south-eastern Cote d’Ivoire is justified by the latitudinal position of the Inter-
tropical Convergence Zone (ITCZ) and the intensity of the convection [36]. It is
also marked by the conversion of forest cover into alternative cover (urbaniza-
tion, large-scale fields). In this context, it is therefore feared that seasonal rainfall
variables will decrease in the coming decades as a result of an increase in air
temperature and a decrease in relative humidity.

The irregularity of rainfall observed in the area has been accompanied by a
disruption of the differents seasons. Indeed, the average start and end dates of
the rainy season are variable. The onset of the rainy seasons after the break was
delayed, leading to a shortening of the rainy seasons. Indeed, the start of the
rains has a higher interannual variability than the end. This fluctuation in the

start date of the rainy season requires an adaptation of agricultural activities,
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because knowledge of the dates of the start of the rains is very important for the
planning of cultivation operations. This relationship between the onset and
length of rainy seasons has been demonstrated in the work done by [37] [38].
Predicting the length of the season is an important element that could contribute
to the choice of crop variety and planting period for young coconut plants so
that they benefit from a useful amount of water for their growth. Therefore, the
farmer will be able to anticipate the manifestation of water stress at a critical
stage of coconut tree development, which conditions an optimal production of
coconut, by adaptive measures. These observations are in line with those of [39]
which showed that, in case of drought, one of the main risks is that the water
deficit coincides with a sensitive millet phase.

Analysis of the results of Standardised Precipitation and Evapotranspiration
Index (SPEI) revealed that the south-east of Cote d’Ivoire is experiencing a sig-
nificant rainfall deficit after the 1980s. These results confirm the research done
by [6] which showed the persistence of drought during this period in West and
Central Africa. In Ivory Coast, the work of [40] has shown that the three decades
1970-1979, 1980-1989, and 1990-1999 were dry periods. This trend of increasing
dry years will therefore have a significant impact on the agricultural sector,
leading to job losses, higher food prices and other socio-economic impacts [41].
In addition, a decrease in rainfall combined with other extreme climatic factors
(temperature increase, evapotranspiration), especially in the area, will aggravate
drought conditions (water stress), leading to a significant decline in coconut
production.

Analysis of the piezometric curves shows that recharge occurs mainly during
the rainy season in all the piezometers. The seasonal piezometric rises hig-
hlighted are observed at the end of the rainy season and show that the shallow
aquifers are recharged throughout the study area. The intensity of these piezo-
metric rises differs according to the distance to the surface watercourse (Ebrié
Lagoon) and the land use. These different factors influence the time of recharge
and the rate of recharge. The accumulation of deficit years after 1982 has re-
sulted in a decrease in recharge, leading to a steady decline in the depth of the
water table. Since the soil structure is predominantly sandy, the permeability and
porosity are relatively high and the water table is recharged just after a rainfall
event. As a result, the water level and the intensity of well recharge are depen-
dent on seasonal fluctuations. According to [42] [43], the accumulation of rain-
fall deficits leads to a significant decrease in groundwater recharge. However,
some groundwater tables in the tertiary sedimentary basins of Niger have rec-
orded an increase in recharge, despite the reduction in rainfall [44]. This in-
crease could be due to low evapotranspiration, and especially to an increase in
runoff caused by deforestation, with a higher recharge, thanks to the surface wa-
ter accumulated in the endoreic shallows. The comparison of surpluses obtained
from the water balance gives an idea of the impact of rainfall changes on aquifer

recharge. Thus, the infiltrated water level, which constitutes the part of the pre-
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cipitation likely to reach the groundwater, fell from 402 mm before the rupture
to 153 mm after the rupture, e a drop of 61.94%. This situation is in line with
that mentioned in the work of [45] [46] on the impact of climate variability on

water resources in Cote d’Ivoire.

5. Conclusion

This study has enabled us to characterise the main manifestations of climatic va-
riability in the South-East of Cote d’Ivoire (Marc Delorme Station) and its im-
pact on groundwater recharge. Indeed, trend detection tests such as the
Mann-Kendall test and linear regression applied to the rainfall series show a sig-
nificant downward trend. As for the average temperature, minimum tempera-
ture, maximum temperature, insolation evaporation series, they show a signifi-
cant upward trend. The statistical tests for detecting breaks (Pettitt test, Hubert
segmentation procedure, Lee and Heghinian Bayesian procedure) show a break
in 1982, which highlights a succession of wet and dry periods. This break marks
a change in the rainfall regime, resulting in a 15% decrease in rainfall all over the
study area. In the area, after the break in 1982, the main rainy season occurs on
average in the third dekad of April and ends in August. It lasts on average 104
days. As for the short rainy season, it begins on average in October and ends in
the second dekad of December. This season lasts on average 54 days. These pre-
dictions were made possible by linear regressions with correlation coefficients
ranging from 0.88 to 0.97. In view of the climatic irregularities observed in the
study area over the period considered, knowledge of the rainfall regime is of pa-
ramount importance for determining the agricultural calendar. The evolution of
the SPEI time series is different from one-time scale to another. However, the
most remarkable droughts by their frequency are of moderate types. Water re-
sources have suffered a significant decrease in supply as a result of this climate
change. However, after the break in 1982, the water balance shows a 13% de-
crease in surface runoff and a 62% decrease in effective infiltration on average
per year, mainly due to the accumulation of rainfall deficits. This rainfall regres-
sion is also marked by a drop in monthly rainfall amounts, with a 17.35% drop

in the number of rainy days.
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