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Abstract: The northeast region of Cote d'Ivoire, where agriculture is the main economic activity, is
potentially vulnerable to extreme climatic conditions. This study aims to make a comprehensive
spatio-temporal analysis of trends in extreme indices related to precipitation and temperature for
the Zanzan region of Céte d'Ivoire over the period of 1981-2020. The statistical significance of
the calculated trends was assessed using the non-parametric Mann-Kendall test, while Sen’s slope
estimation was used to define the amount of change. For extreme precipitations, the results showed a
decreasing trend in annual total precipitations estimated at 112.37 mm and in daily precipitations
intensity indices. Furthermore, the consecutive dry days’ index showed an increasing trend estimated
at 18.67 days. Unlike the trends in precipitation extremes, which showed statistically non-significant
trends, the trends in temperature extremes were mostly significant over the entire study area. The cold
spells indices all show decreasing trends, while the warm spells show increasing trends. Drawing
inferences from the results, it becomes clear that the study area may be threatened by food insecurity
and water scarcity. The results are aimed to support climate adaptation efforts and policy intervention
in the region.

Keywords: extreme climate; spatio-temporal analysis; extreme indices; trend analysis

1. Introduction

The achievement of sustainable development goals (SDGs), especially those related
to ensuring environmental sustainability, reduction of poverty and hunger, and access
to clean water among others are under severe threat from climate change [1,2]. This is
important, particularly for Sub-Saharan Africa (SSA), where agriculture is the primary
source of income and livelihood for many people. With nearly 19% of the region’s gross
output produced in the agricultural sector, SSA is the most agriculturally dependent region
in the world after South Asia [3]. However, there is a high dependence of crops on weather
events, with 97% of agricultural land being rainfed [4], and only 1% of cultivated land
being irrigated [5,6]. For several decades climate change has strongly affected this part of
Africa [7]. This manifestation of climate change in SSA is perceived through the increase
in temperature, the presence of storms and extreme precipitation [8], the increase in land
salinity, the worsening of weather conditions, and tornadoes that result in the ruin of
ecosystems [9]. In its third assessment report, the Intergovernmental Panel on Climate
Change (IPCC) stated that the number of hydro-meteorological disasters has increased
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significantly through heavy rainfall, severe landslides, increased incidence of floods, and
severe frequency of droughts in different parts of Africa [10].

The change in rainfall and temperature over the past decades has caused significant
vulnerabilities for food security. In maize and rice farming, for example, rainfall and
temperature are important factors for yield, water availability, and the potential of the land
to support crop production [11], and excesses or reductions in the value of these parameters
produce negative effects [12]. Yields of common crops, such as cassava, sorghum, maize,
and millet, are currently declining and these declines may be further accentuated in the
future under the influence of climate change [13] in SSA. Studies conducted in several SSA
countries show that these low agricultural productivity levels are an important threat to
human health and nutrition, especially for children [14,15]. In 2006, among the 39 countries
in the world that expressed a need for external food aid to cover the consumption needs
of their population, 25 were in sub-Saharan Africa [16]. Food insecurity remains a major
threat for SSA. With an already precarious economy, economic performance in SSA could be
reduced by climate change [17] considering the significant contribution of agriculture to the
gross domestic product (GDP). For example, in one of its reports, the World Bank stated that
17% of GDP in SSA comes from agriculture, and this proportion even exceeded 50% in some
countries in 2005 [18]. In addition, the provision of ecosystem services and the functioning
of ecosystems are also affected by climate change and therefore constitute a considerable
concern for economic development and human societies [19]. In terms of health, climate
change is leading to the modifications in certain disease vectors, involving changes in the
transmissibility of some infectious diseases in SSA [20]. The increase in desertification [21],
the threat to the existence of large wetlands that cover 9.01% of the landmass with a
large population of poor people dependent on them for their livelihoods [22], and natural
disasters, such as heat waves and droughts, coastal, river and rainfall floods that threaten
already vulnerable urban areas [23] are also noted.

West Africa, as part of the global climate context of SSA, is heavily reliant on rainfed
agriculture [24], high seasonal climate variability, and weak economic and institutional
capacity to respond to climate variability and change, the region is perceived to be highly
vulnerable to climate change [25]. Several studies on which this statement is based have
looked extensively at the impacts of climate extreme events [26-28]. A climate extreme is
described as a weather or climate variable having a value far from its average value and for
simplicity, this term is used to refer to both weather and climate extremes [29]. Rapid climate
change is occurring in West Africa, with widespread warming, more frequent climate
extremes, and the reappearance of monsoonal rains in some areas [25]. Under both high and
moderate emission scenarios, the existing climate trends are likely to persist into the twenty-
first century [30]. Heat waves, floods, and droughts, among other events of climate extreme,
are predicted to have a large impact in developing nations, especially in the rural areas [31].
However, understanding how climate extremes change at the global, regional, and local
levels is a major first step in planning appropriate adaptation measures, as variations in
climate extremes have significant socioeconomic impacts [32,33]. Extreme climate events
are localized weather events, both in spatial and temporal terms, that cause significant
damage to agriculture, livestock, and natural resources [34]. Indeed, rising temperatures
coupled with increased variability in precipitation will lead to dysfunctional agricultural
seasons, disruption of crop life cycles, and deterioration in agricultural production [35].
According to multiple research studies, cereal production in West Africa is expected to
drop about 10% by 2050 [36,37] due to extreme temperature and rainfall. Food insecurity
is still an issue in West Africa, where the need for food is anticipated to grow fivefold by
2050 as the region’s population doubles [38]. Agriculture is therefore directly affected by
both temperature and rainfall extremes and is the most vulnerable and exposed economic
sector in West Africa. Climate extremes have a significant impact on the current economic
development of African countries, particularly in areas of traditional rainfed agriculture
and pastoralism, and on water resources at all levels. This factor could therefore worsen
poverty in Africa where economic development is already precarious. The 2013 report
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on Geography of Poverty, Disasters and Climate Extremes in 2030 mapped the places
where the poorest people were likely to live. It found that many regions with concentrated
poor populations would also experience an increasing number of extreme climate events.
According to the report, by 2030, up to 325 million extremely poor people will be living
in the 49 countries most at risk, the majority of which are located in South Asia and
sub-Saharan Africa [39].

Since its independence, Cote d'Ivoire has considered agriculture as its key economic
strength. Agriculture currently employs 46% of the working population and contributes
21.2% of the country’s GDP [40]. Furthermore, Cote d’Ivoire’s agriculture is predominantly
rainfed, with only 0.2% of the country’s cultivated land currently equipped for irriga-
tion [41]. Concerns about the effects of climate change are therefore high, especially as
climate change has already led to warmer temperatures, greater meteorological variability,
shifting precipitation patterns and more extreme weather conditions, and increased drought
occurrence [42]. In Cote d’Ivoire, rainfall deficits and extreme temperatures have already
been highlighted in the central part of the country [43,44], with high values noticed for the
southern [45] and the northern parts of the country [46]. The risks to rainfed agriculture
related to the new rainfall conditions are disruption of the agricultural cycle, seed losses,
and yield reduction [41]. A global food security survey revealed that 12.6% of the rural
population in Co6te d’Ivoire are food insecure, with 2.5% being severely food insecure and
10.1% being moderately food insecure [40]. One of the reasons for this vulnerability to
food insecurity is the occurrence of drought and climate extremes [47]. Communities in
the northern part of Cote d’Ivoire have long suffered from recurring climate extremes that
have limited their ability to improve agricultural activities [48]. The Zanzan region in the
northeastern part of Coéte d’Ivoire appears to be one of the least rainfed regions in the
country [49]. However, the Zanzan region represents an economic potential for the Cote
d’Ivoire. In fact, in the Zanzan region, agriculture is the main source of income for the
population, and it occupies more than 90% of the population. In terms of food crops, this
region is a potential supplier of food products, such as yams, cassava, and corn, for Cote
d’Ivoire. Its main commercial crop, cashew nuts, contributes essentially to the Ivorian GDP.
For such a region, climate variability through, for example, rainfall disruption, which is a
constraint to agricultural development, would considerably influence socio-economic activ-
ities. Indeed, considered as one of the driving forces in the practice of rainfed agriculture,
previous studies have shown that, to some extent, the climate by its extreme has played a
role in the modification of past and present cropping systems in this region [50]. The study
by Dje et al. [51] in the region showed periods of disruption in the rainy season. These
previous studies have been limited to the study of climate variability without quantifying
these climate disturbances in the region. According to WMO [52,53], the ability to handle
the risks related to extreme climate events is critical to the long-term viability of agricultural
development and the economic life of the local population. Therefore, the quantification of
climate extremes for better understanding of their evolution in the region is essential for
long-term socio-economic development. In addition, with the advent of climate change
and variability that have disrupted socio-economic patterns in many parts of the world,
studies on climate aspects will support local authorities in immediate decision making and
planning for the welfare of their populations. The current study’s main objective is to map
the spatio-temporal evolution of climatic extremes in the Zanzan region of northeastern
Cote d’Ivoire from 1981 to 2020 through the indices generated by the WMO Expert Team
on Climate Change Detection Monitoring and Indices (ETCCDMI).

2. Materials and Methods
2.1. Study Area

Cote d'Ivoire is a West African country currently divided into 31 regions including the
Zanzan region. The Zanzan region is in the northeast of Cote d’Ivoire between latitudes
7° and 10° North, and longitudes 4°30" and 2°30" West (Figure 1). This region, whose
regional capital is the city of Bondoukou, is dominated by a humid tropical Sudanese-
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Guinean climate. The main climate has four seasons, two of which are rainy seasons
from March to June and from September to October. These rainy seasons are interspersed
with two dry seasons which run from November to February and from July to August.
The annual rainfall varies between 800 and 1200 mm with an average temperature of
about 28 °C [54]. The Zanzan region has a surface area of approximately 38,000 km?.
Based on the 2014 national population and housing census, its population is estimated at
934,352 inhabitants [55]. The region’s economy is mainly based on agriculture, livestock
production, trade (food crops, handicrafts, etc.), and services. Cashew nuts are the main
cash crop in the region with a contribution of 22% of national production [49]. The cashew
industry constitutes 8.8% of the GDP of Cote d'Ivoire with a production of 700,000 tons [56].
In addition to this crop, cocoa and coffee are produced in small quantities in the southern
part of the Zanzan region.
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Figure 1. Geographical location of the Zanzan region and spatial representation of the meteorological
stations of the study.

2.2. Data

The present research is based on a climatic database, spatially covering the entire
Zanzan region. The data are a 40-year (1981 to 2020) time series of daily precipitation
and temperature data from 12 measuring stations (Figure 1) taken from the Céte d’Ivoire
meteorological station (SODEXAM). The percentage of missing data was used to verify
data quality. The percentages of missing data for minimum temperature (Tmin), maximum
temperature (Tmax), and precipitation ranged from 0 to 6%, 0 to 7%, and 0 to 11%, respec-
tively (Table 1). To fill in the missing data, the method of using a gridded meteorological
database, based on reanalysis and satellite data was used in this study, especially the data
from NASA Prediction of Worldwide Energy Resource (POWER). NASA POWER data are a
suitable alternative when ground-based data are missing or of doubtful quality [57]. These
data based on reanalysis models developed by NASA’s Global Modeling and Assimilation
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Office (GMAO) [58] can be accessed and downloaded via the POWER website homepage
at http://power.larc.nasa.gov (accessed on 11 March 2021). NASA POWER data have long
been used and validated in the US in several studies [59]. Before using the NASA POWER
data to fill in the missing data from the ground stations (SODEXAM), correlation tests were
conducted between the different data sets using Pearson’s correlation coefficient (r) for
the twelve stations (Table 2). The positive correlations closer to 1 illustrated by the results
in Table 2 show a good correlation between the different data sets. It is at the end of the
different tests that the POWER data were used to fill our missing data. Other studies have
found a strong link between ground data and NASA POWER data, such as Bai et al. [60]
in China, Bender and Sentelhas [61] in Brazil, and Aboelkhair et al. [62] in Egypt, or have
used NASA POWER data to fill the gaps in their ground data, such Berhane et al. [63] in
Ethiopia and West Africa [64].

Table 1. Geolocation of the stations with the percentage of missing data.

Elevation  Longitude Latitude

Station Name Percentage (%) of Missing Data

(m) w) ON)
Tmin Tmax Precip.
Bondoukou 286.62 —2.79 8.04 0.3 0.6 2
Sapli 283.55 —2.89 8.59 45 44 6
Bouna 288.64 —2.99 9.27 3 0 34
Doropo 31591 —3.34 9.81 4 5 7
Kouassi-datékro 211.45 —3.56 7.73 0.6 2.3 4.1
Koun Fao 224.41 —3.25 7.48 0 0 0.3
Nassian 241.9 —3.64 8.43 6 7 11
PN Comoé S1 311.65 —3.49 9.15 0 0 0
PN Comoé S2 284.6 —4.04 9.38 0 0 0
Sandegué 242.1 —3.77 8.01 3.1 4.6 8
Tanda 263.51 -3.16 7.80 2 2.2 4
Téhini 324.98 —3.83 9.72 0 0 0.2

Table 2. Pearson’s correlation coefficient (r) between the ground data (SODEXAM) and NASA
POWER for the twelve stations.

Coefficient, r

Station Name Tmin Tmax Precip.
Bondoukou 0.98 0.97 0.86
Sapli 0.96 0.96 0.95
Bouna 0.97 0.97 0.96
Doropo 0.98 0.99 0.98
Kouassi-datékro 0.99 0.98 0.88
Koun Fao 0.94 0.93 0.87
Nassian 0.96 0.96 0.95
PN Comoé S1 0.95 0.96 0.97
PN Comoé S2 0.91 0.95 0.99
Sandegué 0.97 0.97 0.88
Tanda 0.98 0.96 0.94
Téhini 0.96 0.97 0.96

2.3. Methods

2.3.1. Homogeneity Test of the Data Used

Before calculating indices related to climate extremes, it is necessary to check the
homogeneity of the daily input data, look for points of change in the time series, assess
whether they are natural or not, and then rectify them. Homogeneity refers to a series’
consistency through time, and it is an evident necessity for reliable climatic time series
analysis [65]. There is presently no mechanism to homogenize the data in ClimPACT?2, the
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software used to calculate the indices related to climatic extremes, except for simple quality
control. The software application RHtest of the “Canadian Meteorological Service” and
adopted by the ETCCDMI [32,66], was used in the current research work to correct the
homogeneity of the daily data. This software is run in the R statistical and programming
environment. A double regression model is used in this process [67].

2.3.2. Analysis of Climate Extremes Indices

For the characterization of the intensity, frequency, and duration of extreme climate
events, indices have been developed and recommended by the Expert Team on Sector-
specific Climate Indices (ET-5CI) and the Expert Team on Climate Change Detection Mon-
itoring and Indices (ETCCDMI), both from the WMO [65]. The ETCCDMI indices are
integrated into the RClimDex software [68]. Those of ET-SCI, which already contain the
ETCCDMI indices with additional indices to be used in sectoral applications based on
specialists from the health, water, and agriculture sectors, are integrated into ClimPACT2
software [65]. ClimPACT2 software is an update of ClimPACT, which was based on
ETCCDMI’s RClimDex software. RClimDex and ClimPACT?2 are written in R, statistical
computing, and graphic language and environment. A series of 27 indices including 11 pre-
cipitation and 16 temperature-related indices were defined by ETCCDMI [65,69]. Climate
indices are generated values that can be used to reflect the state of variations in the climate
system. They allow statistical study and comparison of time series, extremes, trends, and
means [70]. The use of indices to detect climate change has the advantage of allowing for a
simple comparison of trends across different climate zones and areas [71]. In this study, the
indices were calculated using the ClimPACT2 Master program after a quality control and
homogeneity test of the daily input data, but only the indices deemed relevant and applica-
ble to Cote d'Ivoire were selected for a detailed analysis (Table 3). The quality control was
performed by the software before the calculation of the climate indices in order to check
for fundamental input mistakes, such as intentionally exaggerated results or rounding
bias, and missing data. The indices listed in Table 2 were chosen for this study because
they have already been applied several times in other studies in West Africa [27,72-74] and
Cote d’Ivoire [71,75,76] for the detection of change in climate extremes. These indices are
therefore considered relevant and adaptable to the climatic context of the Zanzan region
for the detection of changes in precipitation and temperature extremes.

2.3.3. Trend Analysis

After verification of data quality and coherency, the next step was to calculate the
climate indices by ClimPACT2 software. Then a statistical analysis of the trends was
performed. There are several methods of statistical trend analysis that other similar studies
have already used, where we can mention among others the linear trend analysis [77], the
linear trend analysis associated with the t-test [75,78], the non-parametric Kendall’s tau test
with linear least squares trend [33,79], the Sen’s slope estimator with non-parametric Mann-—
Kendall test [63,74,80,81]. The non-parametric Mann-Kendall test has been utilized in
various research works since it makes no assumptions regarding data distribution or trend
linearity [82]. Unlike parametric trend tests, which demand that the data be both normally
distributed and independent, non-parametric trend tests only require independent data [28].
The Sen’s slope estimator and non-parametric Mann-Kendall (MK) test have been used
in this study to assess the statistical significance of the trends and to accurately determine
the magnitude of the trends in climate extremes indices due to their robustness in addition
to their insensitivity to outliers in the times series. The MK test was performed using
the MAKESENS software. The null hypothesis (Hp) in the calculation of this test asserts
that there is no trend in climate extremes over time, whereas the alternative hypothesis
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(H;) indicates that there is a monotonic decreasing or increasing trend. The mathematical
equations used to calculate the Mann—Kendall test are as follows:

n-1 n
S=Y Y sgn(X;—Xy) 1)
k=1 j=k+1

Table 3. Indices of daily precipitation and temperature extremes and their descriptions as defined by

ETCCDML
Indices Names Definitions Units
Precipitations
PRCPTOT Annual total precipitations PR Sum of daily PR > 1.0 mm mm
. o . . Annual total PR divided by the number of wet
SDII Daily precipitations (PR) intensity days (when total PR > 1.0 mm) mm/d
. Maximum number of consecutive dry days
CDD Consecutive dry days (when PR < 1.0 mm) day
. Maximum annual number of consecutive wet
CWD Consecutive wet days days (when PR > 1.0 mm) day
R99p Total annual PR from very heavy rain days Annual sum of daily PR > 99th percentile mm
R99pTOT Contribution from extremely wet days 100 x R99p/PRCPTOT %
Temperatures
TX10p Number of cool days Percentage of days when TX < 10th percentile %
TN10P Number of cold nights Percentage of days when TN < 10th percentile %
TX90p Number of hot days Percentage of days when TX > 90th percentile %
TN90p Number of warm nights Percentage of days when TN > 90th percentile %
Annual number of days contributing to events
WSDI Warm spell duration indicator where 6 or more consecutive days experience day
TX > 90th percentile
Annual number of days contributing to events
CSDI Cold spell duration indicator where 6 or more consecutive days experience day
TN < 10th percentile
In a data set of length 1, X; and X are consecutive data values.
Lif X; > Xk
sgn(X; — Xx) = 0, if Xj = Xi )
-1, lf X j < Xk

The behavior of the S statistic is approximately the same for a normal distribution
when 1 > 8, so the test is performed with a normal distribution with E(S) = 0 with the
variance as follows:

n(n—1)(2n+5) =) ty(tp —1)(2tp +5)

Var(Syu) = s ©)

Here t;, is the number of input values inside the p-th affiliated group and g is the
number of affiliated groups in the data set. The test statistic Z,y is calculated using the
values of S and Var (S,,x) as follows:

S—1 :
V V”r(smk)’ lf S - 0
Zk = 0,if S=0 4)
_SHl ifS <0
V Vur(smk)’ lf <

Zx is a statistically significant trend detection tool. A positive (negative) value of Zx
indicates the upward (downward) trend. To check for a monotonic upward or downward
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trend (two-tailed test) at the o level of significance, Hy is rejected if the absolute value of
Zymk > Zy- where Z;_« is acquired from the usual normal cumulative distribution tables.
The trend outcomes in this study were evaluated at the 5% level of significance, with the
null hypothesis of no trend being rejected if | Z | > 1.96. The estimator of Sen [83] which
is defined by Equations (5) and (6), was used to calculate the real slope of an existing trend.

Q, vaka (5)

== for all j>k

There will be N = n(n — 1) /2 slope Q; estimations if the time series has n x; values.
The median of these N values of Q; is Sen’s slope estimator.

Q[(N+1)/2]/ lf N is odd

med = . . 6
Qned { %(Q[N/Z] + Q[(N+2)/z]), if N iseven ©)

2.3.4. Spatial Interpolation of Climate Indices

To produce a continuous surface, spatial distribution or interpolation improves the
representation of a surface and forecasts values for other uncharted territories [84]. It is
a mathematical approach or function for estimating values in situations when there are
no measurable values [85]. Interpolation methods (e.g., spline, inverse distance weighting
(IDW), Kriging, etc.) are numerous and vary greatly in complexity and effectiveness. The
Kriging approach was employed in this study to interpolate the extreme climate indices from
the ArcGIS software for spatial analysis. Kriging is a geostatistical method that provides
unbiased estimates with minimum variance taking into account the spatial relationship
between the data points [86]. The advantage of using geostatistical interpolation approaches
over conventional techniques for spatial estimation of weather data has been reported by
several authors [87-89]. One of the main advantages of Kriging over simpler techniques, such
as IDW, besides providing a measure of estimation uncertainty (Kriging variance), is that it
can use correlated dense secondary variables to improve the prediction of a sparsely sampled
primary variable [86]. Considering the topography as a secondary variable, the prediction of
meteorological data can be improved by using Kriging. In this study, among the interpolation
methods, Kriging gives the best representativeness of our results.

3. Results
3.1. Analysis of the Zanzan Region’s Spatio-Temporal Evolution of Extreme Precipitation Trends
3.1.1. Total Annual Precipitation Index (PRCPTOT)

Table 4 shows both the Sen slope and Mann-Kendall statistical test for all of the
extreme rainfall indices studied for the 12 stations. In the Zanzan region, an examination
of cumulative annual precipitations PRCPTOT shows a general decreasing trend. This is
observed in 10 of the study stations, excluding the Doropo and Téhini sites, which show
increasing trends. This downward trend is however statistically non-significant at the 5%
level of significance. Over a decade, the largest decreases are estimated at 45.1 mm/decade
at Kouassi-datékro, 41.5 mm/decade at Sandegué, and 38.2 mm/decade at Bondoukou.
Over the period of 1981-2020, the annual total precipitations decreased by an average of
112.35 mm over the entire study area. The total annual precipitation index is shown in
Figure 2 as a spatial distribution per decade. From 1981 to 2020, the cumulative annual
rainfall ranged from 837.69 to 1404.3 mm. In the first decade (i.e., 1981 to 1990), the
cumulative precipitation was between 947.1 and 1404.3 mm and from 1991 to 2000, the
value was between 837.69 and 1276.9 mm, representing a decrease of 127.4 mm. For the
2001-2010 decade, the total annual precipitation varied between 852.14 and 1145.3 mm,
for a decrease of 131.6 mm compared to the previous decade. From 2011 to 2020, the
total precipitation was between 895.56 and 1327.2 mm, corresponding to an increase of
181.9 mm. Compared to the last two decades, the 2011-2020 decade shows a slight return
of precipitation, but less important than the precipitation of the 1981-1990 decade. The
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analysis of Figure 2 indicates that the largest overall precipitation was found in the Zanzan
region’s south, while the lowest was found in the study area’s northern part.

Table 4. Mann-Kendall (Z) trend test statistics and Sen’s slope (S) of extreme precipitation indices
from 1981 to 2020 for the twelve stations.

PRCPTOT SDII CWD CDD R99p R99pTOT
Station Name

4 S Z S Z S Z S Z S 4 S
Bondoukou -1.11 —-3.82 —0.66 —0.01 —3.00 * —-0.77 0.83 0.27 1.12 026 1.31 0.05
Sapli -1.20 —-3.28 —-041 —0.01 —2.87* —0.68 1.29 0.41 0.88 0.17 1.14 0.04
Bouna —-0.78 —1.88 —-0.20 —-0.00 —-1.85 —0.44 0.90 0.35 0.77 0.00 1.06 0.01
Doropo 0.64 1.23 1.08 0.01 —-1.39 —0.33 2.18* 0.89 0.85 0.09 1.11 0.03
Kouassi-datékro -1.27 —4.51 -0.94 -0.03 —2.74 % —0.58 0.00 0.00 0.52 0.01 0.68 0.01
Koun Fao —-0.38 —1.22 —-0.36 —0.01 —-1.89 —0.52 —0.11 0.00 0.85 0.05 094 0.02
Nassian -136 —3.75 —-1.08 —0.01 —1.80 —0.29 1.29 0.40 0.56 0.00 056 0.00
PN Comoé S1 —-0.62 —1.34 —-0.36 —0.01 -1.29 -0.22 1.33 0.44 0.31 0.00 054 0.00
PN Comoé S2 —-0.78 —2.26 —-0.64 —0.01 —-1.12 —0.22 1.78 0.65 0.21 0.00 042 0.00
Sandegué —1.57 —4.15 —-090 —-0.02 —-1.17 —0.22 0.99 0.35 0.34 0.00 034 0.00
Tanda —-0.69 —2.60 —-0.64 —0.01 —1.94 —0.57 —0.03 0.00 1.06 023 1.04 0.05
Téhini 0.22 0.49 0.85 0.01 —1.07 —0.22 1.39 0.55 1.06 061 1.32 0.08

* Trends that are statistically significant at the 5% level; positive (+)/negative (—) values imply an increas-
ing/decreasing trend respectively.
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Figure 2. Spatial distribution of annual total precipitations (PRCPTOT) (mm) per decade in the Zanzan
region. Stations (S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou,
56 = Nassian, S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).

3.1.2. Daily Precipitation Intensity Index (SDII)

The Mann-Kendall test of trends in the daily precipitation intensity index (Table 4)
reveals general declining trends at most of the research sites, but are not significant at the
5% level of significance. The daily precipitation intensity in the studied area decreased
by 0.47 mm/d on average across the study period. The largest drops were observed in
Kouassi-datékro and Sandegué stations, with estimates of 1.17 mm/d and 0.78 mm/d,
respectively. Figure 3 displays the spatial distribution of the index per decade. From
1981 to 1990, the daily rainfall intensity in the Zanzan region varied between 5.34 and
7.22 mm/d, and over the 1991-2000 decade this variation was between 4.82 and 6.59 mm/d,
corresponding to a decrease of 0.63 mm/d. From 2001 to 2010, the values of the index were
between 4.81 and 6.15 mm/d, which implies a decrease of 0.09 mm/d, and from 2011 to
2020 the variation was between 5.26 and 6.73 mm/d, which is an increase of 0.58 mm/d.
From 1981 to 2020, the southwestern part of the Zanzan region experienced the highest
daily precipitation intensity, while the north-eastern half experienced the lowest.
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Figure 3. Spatial distribution of the daily precipitation intensity (SDII) (mm/d) per decade in the Zanzan
region. Stations (S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou,
S6 = Nassian, S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).

3.1.3. Index of Consecutive Wet Days (CWD)

Figure 4 and Table 4 show the outputs of the Mann-Kendall statistical test of the data
series and the geographical extent of the consecutive wet day’s index in the Zanzan region,
respectively. All stations in the study area have a general dropping trend in consecutive wet
days, and three of these stations have a significant declining trend at the 5% significance
level, according to the descriptive statistics. Over the study period of 1981-2020, these
significant decreases were estimated at 30.03 days at Bondoukou, 26.52 days at Sapli,
and 22.62 days at Kouassi-datékro. Over the whole study area, the total average decline
was 16.45 days. The spatial distribution of consecutive wet days per decade shows a
variation from 37.7 to 69.8 days over the period of 1981-1990 and from 1991 to 2000 the
index varied from 32.1 to 51.99, indicating a decrease of 17.81 days. From 2001 to 2010 the
evolution of the index indicates a decrease of 3.29 days while from 2011 to 2020 a decrease
of 5.9 days was observed. The greatest reductions are seen in the southeast of the region
under consideration for the entire study period. The duration of rainy seasons in a certain
location was determined by the sequence of rainy days CWD.

1981-1990 1991-2000 2001-2010 2011-2020
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Latitude

8°N

7.5°N -

4°W  3.5°W  3*W 4°W  3.5°W  3*W

Longitude

Figure 4. Spatial distribution of the consecutive wet days (CWD) (days) per decade in the Zanzan
region. Stations (S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou,
56 = Nassian, S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).

3.1.4. Index of Consecutive Dry Days (CDD)

In the Zanzan region, the trends in the time series of the consecutive dry days” index
assessed using the Mann—Kendall test (Table 4) showed an increase in 10 of the stations
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tested, except for Koun Fao and Tanda, which showed non-significant declining trends. The
almost general upward trend in consecutive dry days in the study area was however non-
significant at the 5% significance level for most stations except for the Doropo station, which
presented a significant increasing trend. In Doropo the increase was 0.89 days/year, 8.9 days
per decade, and 34.71 days over the entire study period. On average, the increase was
estimated at 18.67 days over the study period. Figure 5 presents the index of the consecutive
dry days’ spatial patterns per decade. Over the 1981-1990 decade, the consecutive dry
days were between 50.4 and 82.4 days, and from 1991 to 2000, the index was between 52.1
and 98.8 days, indicating an increase of 16.4 days. Over 2001 and 2010, the variation in
consecutive dry days was estimated between 55.1 and 90.6 days, which is a decrease of
8.2 days, and from 2011 to 2020, it was estimated between 51.2 and 102 days, corresponding
to an increase of 11.4 days. When comparing the first decade of the study (i.e., 1981-1990),
to the last decade (i.e., 2011-2020), there was an increase of 19.6 consecutive dry days. The
high values of the index were found in the northern part of the study area, in places such
as Doropo, Téhini, and Bouna, and the lowest values were found in the southern part of
the Zanzan region, such as Tanda and Koun Fao.
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Figure 5. Spatial distribution of the consecutive dry days (CDD) (days) per decade in the Zanzan
region. Stations (S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou,
56 = Nassian, S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).

3.1.5. Index of Total Annual Precipitations from Very Heavy Rain Days (R99p)

Table 4 shows the findings of the Mann-Kendall statistical test, which demonstrated
a general trend in the Zanzan region of increasing total yearly precipitation from very
heavy rain days. At any of the sites studied, the general rise was non-significance at the
5% threshold of significance. Over the study period, the strong increases were estimated
at 23.79 mm in Téhini, 10.14 mm in Bondoukou, and 8.97 mm in Tanda. Over the entire
research area, the overall average was estimated at 4.61 mm. Figure 6 illustrates the spatial
distribution of the total annual precipitations from very heavy rain days. Over the 1981-
1990 decade, the evolution of extreme rainy days ranged from 37.4 to 98.5 mm, and from
1991 to 2000, it ranged from 34.1 to 66.9 mm, which represents a decrease of 31.6 mm.
From 2001 to 2010 the index varied between 26.4 and 37.4 mm, for a decrease of 29. mm,
and from 2011 to 2020 the variation was between 91.1 and 130 mm for an increase of
92.6 mm. Compared to the decades of 1991-2000 and 2001-2010, the last decade of the
study witnessed a return to a significant quantity of extreme rainy days. These extremely
wet days were more pronounced in the south of the Zanzan region across the study decades.
The highest daily water intakes relative to the 99th percentile threshold are total annual
precipitations from very heavy rain days (R99p).
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Figure 6. Spatial distribution of the total annual precipitation from very heavy rain days (R99p)
(mm) per decade in the Zanzan region. Stations (51 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda,
54 = Sandegué, S5 = Bondoukou, S6 = Nassian, S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, 510 = Téhini,
511 = Doropo).
3.1.6. Contribution of Extremely Wet Days (R99pTOT)
The contribution of extremely wet days analyzed using the Mann—Kendall test displays
a general increasing trend that was non-significant at the 5% level of significance over the
entire study area. The most significant increases were in the locality of Téhini estimated at
3.12%, Bondoukou estimated at 1.95% and Tanda estimated at 1.95% of days. On average,
this increase was estimated at 1.41% of days from 1981 to 2020 for the entire region. The
spatial distribution per decade of the contribution of extremely wet days illustrated in
Figure 7 indicates a variation between 3.87% and 6.18% from 1981 to 1990, and from 1991 to
2000 the contribution was between 3.25% and 4.65%, hence a decrease of 1.53%. During the
period 2001-2010, these values were between 2.82% and 3.09%, corresponding to a decrease
of 1.56%, and from 2011 to 2020, the contribution of extremely wet days was between 7.58%
and 10.08%, representing an increase of 6.99%. The last decade thus witnessed an important
contribution of extremely wet days located in the east of the study area.
11
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Figure 7. Spatial distribution of the contribution of extremely wet days (R99pTOT) (%) per decade
in the Zanzan region. Stations (S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué,
S5 = Bondoukou, S6 = Nassian, S7 = Sapli, 58 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).
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3.2. Analysis of the Spatio-Temporal Evolution of Extreme Temperature Trends in the Zanzan Region
3.2.1. Evolution of the Index of the Number of Cool Days (TX10p)

The Mann—Kendall statistical test and the Sen slope of all the indices of temperature
extremes assessed for the 12 study sites are shown in Table 5. The analysis of the number
of cool days indicates a general declining trend in the Zanzan region for all the stations
studied. Within the general declining trend, eight of the studied stations showed significant
trends at the level of 5%. The values of these declines over the 1981-2020 study period for
the localities were estimated at 14.54% for Sapli, 9.98% for Bondoukou, 9.08% for Sandegusé,
8.85% for Nassian, and 5.96% of days for Tanda sites. Generally, the average decline in the
study area was 6.58% of days. To better appreciate this decreasing trend, Figure 8 illustrates
the spatial distribution of the number of cool days per decade. From 1981 to 2020, the
number of cool days was between 5.61% and 18.53% of days. In the first decade (i.e., 1981
to 1990), the number was between 15.57% and 18.53% and from 1991 to 2000 the values
were between 6.92% and 10.51%, which means a decrease of 8.02%. Over the decade 2001
to 2010, the number of cool days ranged between 6.68% and 8.25%, representing a decrease
of 2.26% compared to the previous decade. From 2011 to 2020 the number of days varied
between 5.61% and 10.35%, corresponding to an increase of 2.1%. Compared to the last
two decades, the decade 20112020 showed a slight return of cool days, but less than the
number of cool days in the decade 1981-1990. The analysis of Figure 8 revealed that the
high percentages of cool days in the decades 1981-1990 and 19912000 were concentrated
in the center of the Zanzan region, but in the decades 2001-2010 and 2011-2020, they were
concentrated in the study area’s northern and southern parts.

Table 5. Mann-Kendall (Z) trend test statistics and Sen’s slope (S) of extreme precipitation indices
from 1981 to 2020 for the twelve stations.

Station Name

TX10P TN10P TX90P TN9OP WSDI CSDI

z

S 4 S zZ S zZ S zZ S zZ S

Bondoukou
Sapli
Bouna
Doropo
Kouassi-datékro
Koun Fao
Nassian
PN Comoé S1
PN Comoé S2
Sandegué
Tanda
Téhini

—3.40* 026 —4.84* 037 143 012 4.31* 038 0.82 017 —4.45* —1.00
—4.54* -037 -—-290* 020 3.72* 034 167 016 277* 062 —239* 040
—-199* -0.15 —-3.81* —-029 155 015 323* 034 153 034 —342* —0.62

-0.17 —-0.02 —2.67* —-022 0.79 007 233* 019 077 017 —=257* —-0.55
-250* —-015 —4.03* 031 1.15 011 395* 035 0.83 021 —-3.59* —-0.78
—1.39 -011 -—-3.62* —-031 0.23 003 355* 030 013 000 -=3.72* —0.67
—3.25* 023 —397* 032 1.90 017 423* 035 173 030 —3.92* —-0.77
—1.48 -013 —3.30* 026 146 012 290* 027 135 024 —=3.05* —0.56

—-213* —-0.16 -—-3.50* —029 135 015 269* 025 134 029 =3.21* —0.67
—-332* —-023 —393* 032 213* 019 423* 037 208* 037 -—3.82* 077
—-250* 015 —3.86* —032 0.86 0.08 397* 036 044 011 —=3.33* —0.76

—0.90 —-0.07 —295* —044 0.79 008 260* 023 072 017 —2.82* —0.50

* Trends that are statistically significant at the 5% level; positive (+)/negative (—) values imply an increas-
ing/decreasing trend, respectively.

3.2.2. Changes in the Index of the Number of Cold Nights (TN10p)

The Mann-Kendall test of trends in the index of the number of cold nights (Table 5)
showed a general declining trend across all stations in the research area, which was sig-
nificant at the 5% statistical significance. Over the research period from 1981 to 2020, the
decline in the number of cold nights in the Zanzan region was estimated at an average
of 11.83% of nights. The strongest decreases of cold nights were observed in Bondoukou
(14.23%), Nassian (12.36%), Sandegué (12.48%), and Tanda (12.55%). Figure 9 shows the
spatial distribution of the index per decade. From 1981 to 1990, the number of cold nights
in the Zanzan region varied between 16.69% and 18.73%, and over the decade 1991-2000,
the variation was between 8.79% and 11.52%, which represents a decrease of 7.21% of cold
nights. From 2001 to 2010 the values of the index were between 6.18% and 7.18%, meaning
a decrease of 4.34% and from 2011 to 2020, the variation was between 6.04% and 8.18%,
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indicating an insignificant increase of 0.99% of cold nights. From 1981 to 1990 and 1991
to 2000, the highest percentages of cold nights in the Zanzan region were recorded in the
southeast and southwest of the region, respectively. From 2001 to 2010 and from 2011 to
2020, high percentages were seen in the northern part of Zanzan region.
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Figure 8. Spatial distribution of number of cool days (TX10p) (%) per decade in Zanzan region. Stations

(S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou, S6 = Nassian,
S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).

1981-1990 1991-2000 2001-2010 2011-2020 18

4°W  3.5°W  3W 4°W  3.5°W  3*W

Longitude

Figure 9. Spatial distribution of number of cold nights (TN10p) (%) per decade in Zanzan region.
Stations (S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou,
56 = Nassian, S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).

3.2.3. Evolution of the Index of Cold Spell Duration Indicator (CSDI)

The Mann-Kendall test demonstrated a general declining trend in the index of cold
spell duration indicator (Table 5) for the entire research area. At the 5% significance level,
the general decreasing trends were significant at all study sites. Over the research period
of 1981-2020, the largest significant declines were in Bondoukou estimated at 39 days,
Kouassi-datékro estimated at 30.57 days, Nassian estimated at 29.99 days, and Sandegué
estimated at 29.95 days. On average, this decline was estimated at 26.15 days from 1981 to
2020 for the entire region. The spatial distribution per decade of the cold spell duration
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indicator shown in Figure 10 indicates that from 1981 to 1990, the variation was between
36.65 and 46.97 days, and from 1991 to 2000 the variation was between 14.43 and 25.8 days,
representing a decrease of 21.17 days. During the period 2001 to 2010, the values were
between 10.21 and 14.1 days, which was a decrease of 11.7 days, and from 2011 to 2020,
the variations were between 11.8 and 19.59 days, implying an increase of 5.49 days. In
comparison with the preceding two decades, the cold spell duration indicator in the north
of the region under consideration has made a slight return in the last decade.
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Figure 10. Spatial distribution of cold spell duration indicator (CSDI) (%) per decade in Zanzan
region. Stations (S1 = Koun Fao, 52 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou,
56 = Nassian, S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).

3.2.4. Changes in the Number of Hot Days’ Index (TX90p)

Table 5 and Figure 11 give the outputs of the Mann-Kendall statistical test and the
spatial distribution of the number of hot days’ index in the Zanzan region, respectively.
In all of the stations within the research area, the statistical analysis provides an overall
increase in the number of hot days, and two of these stations show significant increasing
trends at the 5% significance level. Over the study period of 1981-2020, the significant
increases were estimated at 13.18% of days at Sapli, and 7.44% of days at Sandegué. The
overall average increasing trend was 5.19% of days across the entire research area. The
spatial distribution of the number of hot days per decade showed a variation from 5.74% to
9.11% over the period of 1981-1990, and from 1991 to 2000, the index varied from 8.07%
to 12.3%, which represents an increase of 3.19% of days. The highest index values over
the last two decades have been observed in the northern and southern parts of the study
area. From 2001 to 2010 the variation of the index was estimated between 12.2% and 15.4%,
meaning an increase of 3.1% and from 2011 to 2020, the variation was between 6.72% and
14.5%, meaning a small decrease of 0.9% of days. The decade 2001-2010 appears to be
the hottest in the spatial analysis of the number of relatively hot days, and this significant
heating was more pronounced in the south-western part of the Zanzan region.

3.2.5. Evolution of the Index of the Number of Warm Nights (TN90p)

The trends in the temporal series of the index of the number of warm nights analyzed
through the Mann—Kendall test (Table 5) in the Zanzan region revealed a general increase
over all the stations studied. Except for the Sapli station, which indicated a non-significant
rising trend, the general rising trend in the number of warm nights in the study region was
significant at the 5% level of statistical significance for 11 of the study stations. Geographically
over the study period, these increases were estimated at 14.89% in Bondoukou, 14.27% in
Sandegué, 13.68% in Nassian, and 13.80% of nights in Tanda. On average in the study area,
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this increase was estimated at 11.50% of nights. The spatial distribution of the warm nights’
index per decade is presented in Figure 12. Over the decade 1981-1990, the number of warm
nights was between 4.84% and 7.77% and from 1991 to 2000 it varied between 8.1% and
10.25%, which is an increase of 2.48%. From 2001 to 2010, the variation in the number of warm
nights was estimated between 11.19% and 14.73%, representing an increase of 4.48%, and from
2011 to 2020, the variation was between 10.44% and 14.56%, indicating a small decrease of
0.17% in warm nights. The comparison between the first decade of this study (i.e., 1981-1990)
and the last decade (i.e., 2011-2020) indicated an increase in the number of warm nights by
5.39%. For the first two decades of the study period, the highest values of the index were
found in the north of the area under study, in places such as Doropo, Téhini, and Bouna. For
the decades of 2001-2010 and 2011-2020, the high values were found in the southeast and
southwest of the Zanzan region respectively in locations such as Tanda and Bondoukou.
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Figure 11. Spatial distribution of number of hot days (TX90p) (%) per decade in Zanzan region. Stations

(S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou, S6 = Nassian,
S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).
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Figure 12. Spatial distribution of number of warm nights (TN90p) (%) per decade in Zanzan region.

(S1 = Koun Fao, S2 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou, S6 = Nassian,
S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).
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3.2.6. Evolution of the Warm Spell Duration Indicator (WSDI)

The data in Table 5 on the outputs of the Mann-Kendall statistical test showed a
general increasing trend of the warm spell duration indicator in the Zanzan region. The
general rising trend was nevertheless non-significant at the 5% significance level, except
for the Sapli and Sandegué stations, which displayed significant rising trends. Over the
study period, these significant increases were estimated at 24.29 days in Sapli, 14.39 days in
Sandegué, and the overall average increase was estimated at 9.71 days over the entire study
area. Figure 13 illustrates the spatial pattern of the warm spell duration indicator. Over
the decade 1981-1990, the evolution of the warm spell duration indicator was between
13.5 and 26.7 days, and from 1991 to 2000, the evolution was between 16.8 and 31.3 days,
meaning an increase of 4.6 days. Over the first decade, the strong warm spells were more
intense in the southern and northern part of the research area, and over the second decade
1991-2000, the strong warm spells were more noticeable in the southern part of the region.
From 2001 to 2010 the warm spell duration indicator varied between 25.3 and 40.1 days,
which corresponds to an increase of 8.8 days, and from 2011 to 2020, the variation was
between 14.9 and 29.8 days, which corresponds to a decrease of 10.3 days. Compared to
other decades, the decade 2001-2010 stands out as the warmest with longer warm spells
that cover almost the entire Zanzan region.
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Figure 13. Spatial distribution of warm spell duration indicator (WSDI) (days) per decade in Zanzan
region. Stations (51 = Koun Fao, 52 = Kouassi-datékro, S3 = Tanda, S4 = Sandegué, S5 = Bondoukou,
S6 = Nassian, S7 = Sapli, S8 = PN Comoé S1, S9 = Bouna, S10 = Téhini, S11 = Doropo).

4. Discussion
4.1. Extreme Precipitations

This study carried out in the Zanzan region showed a decrease in total annual pre-
cipitation (PRCPTOT) at most of the stations studied (10 of the stations), with an average
decrease of 112 mm over the research period. Furthermore, a generalized decrease in
daily precipitation intensity SDII was seen across the entire study area, with the example
of the localities in the southeast of the region, namely, Kouassi-datékro and Sandegué
with respective decreases estimated at 1.17 mm/d and 0.78 mm/d. The decrease of the
PRCPTOT index was also observed in the spatial distribution following the decades even
if in the last decade we notice a slight return of precipitations. The primary influence of
the decrease in precipitation was observed through the low intensity of rainfall received
by the study area, as the daily precipitation intensity was also decreasing even though the
decrease seemed insignificant. The increasing trend in daily precipitation intensity over
the last decade had also led to a slight overall increase in rainfall. The general decrease in
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rainfall in the study area followed the general trend of decreasing rainfall that is observed
throughout Cote d’Ivoire and varies according to the regions of the country. Indeed, for
the PRCPTOT index, Allechy et al. [76] in the central-western part of Céte d’'Ivoire noted a
decrease of 788 mm between 1984 and 2013, Atcheremi et al. [71] in the south-western part
of Cote d'Ivoire revealed a decrease of 85 mm in Daloa and 493 mm in Sassandra as well
as a decrease of 159 mm according to Balliet et al. [75] in Gagnoa. In the forested south of
Cote d'Ivoire, N'guessan et al. [90] determined a decrease in PRCPTOT of 20 mm followed
by a decrease of 0.5 mm/d in rainfall intensities over two decades. The generalized decline
in rainfall, which had even created a major drought wave starting in the 1970s, as revealed
in the study conducted by Paturel et al. [91], continued over the following decades in Cote
d’Ivoire, particularly in the Zanzan region, even though a slight return of rainfall was
observed over the last decade. However, this decline in total annual precipitation and daily
precipitation intensity is more than problematic for agricultural development, especially
for the main cash crop in the Zanzan region, cashew nuts. For acceptable cashew nut
production, rainfall between 800 and 1800 mm is required to be considered sufficient [92],
whereas in the Zanzan region this rainfall, which varies between 800 and 1400 mm, is
decreasing. A future study of the impact of rainfall variations on agricultural products,
especially cashew nuts, will provide information on the real economic threat in the Zanzan
region. The observation of rainfall disruption is also shown elsewhere in other studies. In
the West African sub-region, studies such as that of New et al. [33] showed that the regions
as a whole experienced a decrease in total annual precipitation and the number of rainy
days. Thus, Hountondji et al. [72] in Benin found a decrease in total annual precipitation
PRCPTOT for 95% of the stations studied and stability of the daily precipitation intensity
SDII. This decrease in rainfall extends even across Africa as Vondou et al. [74], reported
that the cumulative annual rainfall and the daily precipitation intensity SDII are decreasing
in northern Cameroon. Unlike the decrease in the daily precipitation intensity SDII found
in our study area, Gebrechorkos et al. [81] in their work found an increase in the SDII index
in Kenya.

The CWD index for consecutive wet days was declining by an average of 16.45 days
across all of the stations analyzed in the Zanzan region, while the CDD index for consecutive
dry days was rising by an average of 18.67 days throughout most of the stations studied,
according to the findings of this study. The CDD index is a marker of the presence of
drought in a region. Its increase in a locality should be a concern, especially in an area such
as the Zanzan region where the source of income of the population is based on agriculture.
It is also a factor in the threat to water resources. These indicators have been studied in
other regions of Cote d'Ivoire. In the southwest of Cote d’Ivoire, contrary to our result,
Atcheremi et al. [71] observed an increase in consecutive wet days in Daloa, but in Gagnoa
in the same area, Balliet et al. [75] indicated that the CWD was decreasing while the CDD
was increasing. Furthermore, in the west-central area of Cote d’Ivoire, Allechi et al. [76]
demonstrated that the CWD index has decreased while the CDD index has increased by
0.812 days/year. The occurrence of dry sequences within the rainy season thus seems to
be widespread in Cote d'Ivoire, which is a cause for concern in an essentially agricultural
country. For a proper practice of rainfed agriculture, when during the rainy season there
are sequences of dry days, this can cause the drying of the young plant at the primary
stage of its growth, especially for crops such as maize and yam, which are cultivated
in the Zanzan region. This impact may be minimal on cashew trees because they have
more or less short-drought resistant characteristics. In the West African sub-region, this
observation of the evolution of these indices seems to be the same. The study in Ghana by
Larbi et al. [93] showed rising trends in CDD and a declining trend in the CWD index, and
Ozer et al. [94] identified the same results in Niger. These rainfall pattern parallels would
be worldwide in scope, as they have been confirmed in several parts of the Pacific [31], and
Donat et al. [95] detected that the CDD index was trending toward arid conditions across
South Africa, East Asia, and South America in their analytical research of precipitation
and temperature extremes since the turn of the 20th century. The R99p and R99pTOT
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indices in this study were slightly increased in the Zanzan region. The average increase
in total annual precipitation from very heavy rain days was 1.41% of days. The spatial
distribution clearly showed this evolution over the decades. The last decade, 2011-2020,
showed a significant increase for both indices. A rise in the R99p and R99pTOT indices
is a very important water contribution. For rainfed agriculture, these high water inputs
can contribute to the development of the plant, but only if the plant has already exceeded
the primary growth period, at the risk of being destroyed by these heavy rains, as could
be the case for maize or cashew. These indices are sometimes the cause of flooding and
landslides. Balliet et al. [75] identified a rise in R99p index at Gagnoa in Céte d’Ivoire.
These patterns of change in these indices are similar and sometimes different in other parts
of Africa. Hountondji et al. [72] found more stable conditions of the R99p and R99pTOT
index in Benin. In the Central Sahel, Panthou et al. [73] reported that the occurrence of
extreme rainfall was increasing as well as in the West African Sahel [96]. In contrast to
the increase in R99p index found in this study, Berhane et al. [63] found in their study a
significant decrease of R99p in Ethiopia in the Tigray region. With the advent of climate
change, some areas of the world will receive more rainfall, and sometimes the scarcity of
rainfall in some areas will increase, hence the similarity and differences in the results of this
study compared to others. In the Zanzan region, these high rainfall amounts have certainly
influenced the slight return of rainfall observed in the decade 2011-2020.

4.2. Temperature Extremes

A considerable drop in the trends of the cold spells, such as the index of the number of
cold nights TN10p, the index of the number of cool days TX10p, and the cold spell duration
indicator CSDI, was noted at all research stations in the Zanzan region in the north-east of
Cote d’Ivoire. On the other hand, the warm spells, such as the index of the number of hot
days TX90p, the index of warm spell duration indicator WSDI, and the index of the number
of warm nights TN90p increased in all the stations studied and were more significant in the
stations such as Bondoukou, Sapli, and Sandegué. Regarding the spatial distribution per
decade, the cold and warm spells have evolved in contrast. The first decade (i.e., 1981-1990)
showed a large number of cool days and this has evolved in a decreasing way until the last
decade (i.e., 2011-2020) which showed a very low number of cool days. For the warm spells,
the evolution started with a low number of hot days before displaying a high number of
hot days over the last two decades. However, the decade 2001-2010 has shown to be the
warmest in terms of days and the last two decades in terms of nights in the study area. The
humid climate of the Zanzan region has been transformed into a hot climate. In the climatic
context of Cote d’Ivoire, Atcheremi et al. [71] found similar results concerning the increase
in the WSDI index and the decrease in a CSDI index in the southwest of Cote d'Ivoire,
precisely in Daloa, Gagnoa, and Sassandra. The various trends observed related to the
warming of the study area are under the influence of climate change. For the Zanzan region,
this situation is a concern. The shortening of the rainy seasons and the warming of the
study area will have an influence on water resources in the region and will greatly impact
agriculture, which is essentially rainfed in this area. For cashew farming, for example, the
presence of high temperatures during the flowering period can be very problematic. The
threshold temperature should not be above 32 °C in order not to compromise the flowering
and fruiting of the cashew tree. Indeed, beyond this threshold value, the temperature
can provoke scald and flower abortion phenomena and significantly reduce the fruiting
of the cashew tree [97]. The lack of cold nights in favor of the warming could impact
the health of the population as shown in other studies, namely, Ambouta et al. [98] in
Niger and Abatan et al. [26] in Nigeria. The climate context related to global warming is a
sub-regional observation. Barry et al. [27] found in West Africa that warm nights and hot
days are becoming more common, whereas cold nights and cool days are becoming less
common. Furthermore, Chaney et al. [99] concluded that in Sub-Saharan Africa, there is a
more rapid rise in warm climatic occurrences and a decline in cold spells. This warming is
even spreading across Africa and around the world. In a study conducted in the “Greater
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Horn of Africa” in countries such as Burundi, Sudan, Rwanda, Djibouti, Tanzania, Uganda,
and Ethiopia, Omondi et al. [100] stated that there was a rise in extreme heat (TX90P, WSDI)
while cold spells decreased. In South Africa [101] and Morocco [102,103], the scholars
concluded that there was an increase in warm extreme events TX90p and WSDI while cold
extreme conditions TX10p and CSDI declined. Popov et al. [104] evaluated the extreme
temperature indices in Bosnia and Herzegovina and concluded that there was a significant
rise in warm temperature (TN90p, TX90p, WSDI) and similar observations were made in
Israel and Palestine by Salameh et al. [105], as well as in China by Zhou et al. [106]. The
decade 20012010 was found to be warmer than other decades in this study. This increase in
warmer conditions during the 2001-2010 decade according to the WMO [107] and Coumou
and Rahmstorf [108] studies was felt globally in several regions of the world. According to
the IPCC [31], the temperature change follows natural and anthropogenic factors, especially
in the causal relationships between the emissions of greenhouse gas (GHG). For the IPCC,
continued GHG emissions at the current rate or higher are expected to increase warming
and profoundly alter the climate system in the 21st century. It should be noted that the
decrease in rainfall and the temperature rise are also locally linked to the regression of
forests following the ongoing deforestation in Cote d’'Ivoire. Indeed, according to Yao [109],
the Ivorian forest has declined from 13 million hectares in colonial times to less than two
million hectares currently.

5. Conclusions

The current study, whose major objective was to spatiotemporally assess the climate
change in precipitation and temperature extremes in the Zanzan region using ETCCDMI
indices, has produced a summary of the region’s extreme climatic trends. Daily observations
of minimum and maximum temperatures, as well as daily rainfall, were used to calculate
the indices. For the extreme precipitation trends, the stations studied showed indices that
have mostly non-significant statistical trends. Indeed, the results showed a decline in
annual total precipitation PRCPTOT, daily precipitation intensity SDII, and consecutive
wet days CWD, indicating a decrease in rainfall in the region. These decreases were
estimated to be an average over the study period at 112.35 mm for the PRCPTOT index
and 16.45 days for the CWD index. Following that, the CDD (consecutive dry days) was
increased, as well as the indices R99p and R99pTOT (total annual precipitation from very
heavy rain days and contribution from extremely wet days, respectively). The latter indices
can lead to flooding and sometimes landslides. The increase, for example, in the CDD
index, was estimated at 18.67 days over the study period. The indices related to extreme
temperatures were much more statistically significant than the indices related to extreme
precipitation. For these temperature extremes, we observed a decline in the cold spells
TX10p, TN10p, CSDI and a rise in the warm spells TX90p, TN90p, and WSDI. We can
state that the decreases in the cold spells were estimated on average over the study period
at 6.58% of the days for the TX10p index and 26.15 days for the CSDI index. As for the
warm spells, the increases were estimated on average at 5.19% of days for the TX90p index
and 9.71 days for the WSDI index. Decreased rainfall and increased temperatures in this
agricultural region of Céte d’'Ivoire may influence agricultural production through low
yields and could also threaten water resources. Furthermore, the socio-economic situation
of this region would be even more alarming if there is an intensification of the currently
observed trends in the future regarding the practice of crops, such as cashew, which would
provoke a vulnerable health situation for the population. The knowledge of these different
trends in temperature and rainfall extremes for this region is of high importance in the
measure of sustainable agricultural and economic planning by the government authorities.
Measures to encourage the population to adopt crops that are more resistant to the current
climatic conditions, to think about better planning of the agricultural calendar according to
the rainfall conditions, and consider forest management can immediately be set up by the
authorities of the Zanzan region.
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