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Abstract This study investigates the variability of climatic parameters, specifically rainfall, in the Mountain
District of Cote d’Ivoire. It utilizes satellite-based rainfall data spanning from 1961 to 2020, complemented by
observational data from SIEREM (Systéeme d'Informations Environnementales sur les Ressources en Eau et leur
Modélisation) database for the period 1961-2000. A preliminary processing of the rainfall datasets was conducted to
correct biases and address data gaps. The methodological framework combines statistical change-point detection
tests (Cusum (Cummulative Sum) and Student’s t-test) with trend analysis techniques (Mann-Kendall and linear
regression). Results from the change-point tests indicate no statistically significant discontinuities in the rainfall time
series. However, trend analyses suggest a non-significant overall decline in precipitation across all monitoring
stations. Notably, a marked reduction in monthly rainfall totals during May and June was observed, potentially offset
by increased precipitation from August to October. Decadal analysis of annual cumulative rainfall over six decades
reveals that precipitation consistently exceeded 1,000 mm, except at the Kouibly and Semien stations, where totals
ranged from 922 mm to 981 mm during the decades 1971-1980, 1991-2000, and 2011-2020. Spatial analysis of
rainfall isohyets highlights a heterogeneous distribution across the district, with rainfall patterns exhibiting an East—
West gradient.
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1. Introduction

West African rainfall regimes exhibit marked
interannual variability, which significantly affects rainfed
agricultural systems and water resource management [1].
In Cote d’lvoire, this irregularity has resulted in average
rainfall deficits ranging from 15% to 25% since the 1960s,
thereby increasing the vulnerability of both subsistence
and commercial farming to droughts and floods [2]. In the
Lobo Basin, a rainfall regime shift identified in 1966 led
to a significant decline in monthly precipitation,
substantially altering the seasonal distribution of rainfall
[3]. In the Montagnes District, annual rainfall reaches up
to 1,984 mm in Danané, with a relatively constant
humidity (98%) throughout the year [4]. Despite the
strategic importance of this area for agricultural
production and national hydrological regulation, scientific
literature specifically addressing the interannual evolution
of cumulative rainfall remains limited. Existing studies

generally favor approaches based on climate indices (e.g.,
SPI, RClimDex) or complex statistical models designed to
project large-scale climate trends [5,6,7]. While relevant
for assessing overall climate change, such approaches
partly overlook the direct descriptive analysis of observed
cumulative rainfall, which is essential for an operational
and accessible understanding of local dynamics. The
specificity of the present study lies in its aim to address
the lack of systematic descriptive analyses of annual and
monthly rainfall series in the mountainous region of
western Cote d’lvoire. Year-to-year quantification of
rainfall is indeed crucial for adapting agricultural practices,
planning irrigation needs, and strengthening the resilience
of local communities [8]

The objective of this study is to conduct a descriptive
analysis of monthly rainfall time series recorded between
1961 and 2020, with a specific focus on identifying long-
term trends and interannual shifts. In the Montagnes
District, understanding the variability of climatic
parameters is crucial for adjusting development projects
and anticipating the potential impacts of climate change.
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The overall objective is to analyze the evolution of rainfall
from 1961 to 2020.

It is within this framework that the present work is
situated, with the objective of providing a descriptive
analysis of monthly rainfall series observed between
1960 and 2020, with particular emphasis on identifying
interannual trends and shifts. In the Montagnes District,
a better understanding of rainfall variability is in fact a
prerequisite for adjusting development projects and
anticipating the potentially devastating effects of
climate change.

2. Materials and Methods

2.1. Study area

Located in western Cote d’lvoire between latitudes
7°24’N and longitudes 7°33’W, the Montagnes District
comprises the regions of Guémon, Cavally, and Tonkpi.
The main cities include Man, Danané, Duékoué, Guiglo,
Biankouma, Bangolo, and Toulépleu (Figure 1). The
administrative capital of the district is the city of Man.
This region borders both Guinea and Liberia. It covers an
area of 31,050 km2 and had an estimated population of
1,999,738 inhabitants eleven years ago.
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Figure 1. Map of the Montagnes District showing the regions and the
spatial distribution of observation stations

2.2. Data

2.2.1. Meteorological Data

The dataset consists primarily of monthly rainfall data.
It includes a combination of observations from physical
stations (synoptic and rain gauge stations) and virtual
stations (satellite-derived data). It is important to note that
the virtual stations share the same geographic coordinates
as the physical stations they represent.

Data from physical stations were obtained from the
SIEREM database. Stations with missing values or short
time series were completed and, in some cases, extended
using bias correction methods based on satellite-derived
data. Figure 1 shows the spatial distribution of the stations
selected for this study.

The satellite-based precipitation data were obtained
from the TerraClimate database, which provides monthly
climate and climatic water balance data for global
terrestrial surfaces from 1958 to 2021. All data have a
monthly temporal resolution and a spatial resolution of
approximately 4 km. The full dataset spans the period
1958-2021 [9], and is available at: http:// www.
climatologylab.org/terraclimate.html. For the purposes of
this study, the selected time series covers the period 1960-
2020. The geographic coordinates of the virtual stations
used are identical to those of the physical stations listed in
the ORSTOM database.

2.2.2. Data Processing Tools

The data processing and analysis were carried out using
several complementary computational tools, enabling the
manipulation of time series, the implementation of
statistical tests, and the cartographic representation of
results. The Trend software (v1.0.2), freely available
online at www.toolkit.net.au/trend, was used to perform
trend tests (Mann-Kendall and linear regression) as well as
change-point detection tests (distribution-free CUSUM
and Student’s t-test), due to its relevance for analyzing
hydrometeorological time series. For the processing of
satellite data, pre-programmed Excel spreadsheets,
particularly the LinearScalingBiasCorrection v1.0 module,
were employed to correct systematic biases. The maps of
the study area, including station locations and spatial
distributions of precipitation and temperature isohyets,
were produced using the QGIS software. Additionally,
RStudio was used to process datasets from the ORSTOM
database, notably for imputing missing data using the
specialized VIM and VIMGUI packages. Finally, the
KTRLine tool (version 1.0) was used to apply the non-
parametric robust Kendall-Theil regression method, which
is particularly well-suited for identifying trends in series
with high variability or non-normal distributions [10].
Collectively, these tools ensured a rigorous and context-
appropriate analysis of the complex rainfall data under
investigation.

2.3. Methods

2.3.1. Stationarity and Change-Point Detection

The VIM package [11] in the R software environment
was used to impute missing values in the various time
series from ground-based stations for the purposes of this
study. The methods selected for detecting breakpoints and
trends in the rainfall time series build on the synthesis
works of [12] and [13]. Both parametric tests (Student’s t-
test and linear regression) and non-parametric tests
(Mann-Kendall and distribution-free  Cusum) were
employed. The combination of these approaches is
particularly relevant, as parametric methods provide
robust inferences under the assumption of normally
distributed residuals, while non-parametric methods are
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distribution-free and therefore better suited to the non-
stationarity and asymmetry often observed in
hydroclimatic data. This complementarity enhances the
reliability of the statistical assessment of trends and
breakpoints in the study area
e T-Student Test

This method tests whether the means of two different
periods are significantly different. The test assumes that
the data are normally distributed. The student’s t test
statistic is (values of the statistic can be obtained from the
student’s t distribution tables):
(X-Y)

t= (1)

S, [—+—
n m
where x and y are the means of the first and second
periods respectively, m and n are the number of
observations in the first and second periods respectively,
and S is the sample standard deviation (of the combined
set of observations m and n).
e Cusum Test
This method tests whether the means in two parts of a
record are different (for an unknown point of change). It is
a non-parametric test (distribution-free). Applied to a time
(X1, X2, X3,.-., Xp), the test statistic is defined as:

k
Vie= ZileSgn(Xi = Xmodian) (2)

k=1,23,...,n

Were sgn (x) = 1 for x> 0; sgn (x) = 0 for x = 0 and sgn
(x) = -1 for x <0 “x median is the median value of the
dataset xi.

The distribution of Vk follows the two-sample
Kolmogorov-Smirnov statistic (KS = (2/n) max |VK]|),
with the critical values of max |VK| given by: a=0,10 1,22

Jn;a=0,05 1,36+/n;a=0,01 1,63+/n

A negative value of V indicates that the latter part of
the record has a higher mean than the earlier part, and vice
versa.
e Mann-Kendall test

This method tests whether there is a trend in the time
series data. It is a hon-parametric test. The n values of the
time series (Xi, Xz, Xs, ..., Xn) are replaced by their
relative ranks (Ry, Ry, Rs, ..., Rn) (from 1 for the lowest up
to n). The test statistic S is:

S:nil(zn: sgn(Rj—Ri)) 3

i=1 j=i+l

Where

sgn(x) =1 for x > 0; sgn(x) = 0 for x = 0; sgn(x) = -1
forx<0

If the null hypothesis Ho is true, then S is approximately
normally distributed with:

p=0; o=n(n-1)(2n+5)/18

The z statistic is therefore (the critical test statistic
values for various significance levels can be obtained from
the standard normal probability tables):

z=1S|/06"0.5

A positive value of S indicates an upward trend, and
vice versa.
e Linear Regression Test

This is a parametric test that assumes the data are
normally distributed. It tests whether there is a linear trend
by examining the relationship between time (x) and the
variable of interest (y). The regression slope is estimated by:

X145 -X)(n-7) 0
Zin=1(xi -X)?

b:

and the intercept is estimated as follows: & = ¥ — b=

The test statistic Sis: 5=b/e

o 122?:1(yi —a—hx)

n(n—Z)(n2 —1)
Were (5)
The test statistic S follows a student’s t-distribution with
n—2 degrees of freedom under the null hypothesis (critical
test statistic values for different significance levels can be
obtained from Student’s t-distribution tables). The linear
regression test assumes that the data are normally
distributed and that the errors (deviations from the trend)
are independent and identically normally distributed with
a mean of zero.

2.3.2. Sen’s Slope and Rate of Change

If a linear trend is present in the time series, the true
slope can be estimated using a simple non-parametric test
known as Sen’s slope estimator. [14] developed a non-
parametric procedure to estimate the trend slope from a
sample of N data pairs:

i :M,izl,Z,&...N
I-k ©)

where X; and X, represent the data values at time steps “j”
and “k” respectively, with “j” being greater than “k”. The
median of these “N” Ti values is called the Sen’s slope
estimator and is calculated using the following formulas:

ﬁ — E{T_N_{_TN_+2]
()

If N is even: 2\ 2 2

p-(%)
If N is odd: (8)

The sign reflects the direction of the data trend, while
its value indicates the slope of the trend. To determine
whether the median slope is statistically different from
zero, a confidence interval should be obtained with a
specific probability:

A(%) = (%Jxmo ©)

Where A is the rate of change and B is the Sen's slope.

2.3.3. IDW Interpolation (Inverse Distance Weighting)

The Inverse Distance Weighting (IDW) method, which
employs the inverse distance weighting technique, is a
simple and effective interpolation approach based on the
assumption that the values of variables at unsampled
locations are similar to those of nearby observation points.
This method assumes that each station exerts a local
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influence, which decreases with distance through the use
of a power parameter [15]. The IDW method was
employed to spatially interpolate annual rainfall totals
(isohyets) and mean daily temperatures in the Mountain
District.

2.3.4. Map Design with QGIS

Cartographic design was carried out in the QGIS
environment by integrating georeferenced data from rainfall
stations and administrative boundaries of the study area.
The datasets were imported, structured, and organized as
thematic layers (annual rainfall, isohyets, relief, land use)
[16]. Spatial processing operations (rainfall interpolation,
layer overlay, extraction by mask) were performed using
QGIS built-in tools. Final maps were produced by applying
the appropriate projection systems (UTM, WGS84),
suitable symbolization, and classification of values
consistent with the statistical results.

3. Results and Discussion

3.1. Results

3.1.1. Analysis of the Decadal Averages of Annual
Rainfall Totals (1961-2020)

The results of the evolution of decadal annual rainfall
totals over six decades in the Montagnes District are
presented in Figure 2. Rainfall consistently exceeds 1,000
mm per decade across all stations, except in Kouibly and
Semien, where values range between 922 mm and 981 mm

during the decades 1971-1980, 1991-2000, and 2011-2020.

Depending on the station, variations in rainfall totals range
from approximately 50 mm to 150 mm, with the largest
variation observed between the decades 1961-1970 and
2011-2020.Two stations, Danané and Taistand out due to
the magnitude of their annual rainfall totals, exceeding
1,400 mm per decade. Danané is the wettest area,
recordingmore than 1,500 mm of rainfall since the 1960s. In
contrast, Semien and Kouibly are the least rainy areas, with
decadal annual rainfall amounts close to 1,000 mm.During
the 1961-1970 decade, the district recorded an average
annual rainfall height of approximately 1,500 mm. Today,
the Montagnes District receives an average of about 1,300
mm annually, reflecting a noticeable decline in rainfall

across the entire region.

3.1.2. Stationarity of Rainfall Series in the Montagnes
District

Parametric (Student’s t-test) and non-parametric
(CUSUM) tests reveal no significant change-points across
all rainfall stations analyzed. However, the parametric
(Mann-Kendall) and non-parametric (Linear Regression)
tests indicate a non-significant downward trend across all
stations at a significance level of o = 0.10. The results of
these tests for all stations are summarized in Table 7.

3.1.3. Rainfall isohyets

The analysis of decadal average values (1961-2020)
reveals an unequal spatial distribution of rainfall across
the Montagnes District (Figure 3). An increase in annual
rainfall heights is observed from east to west, with three
major zones: areas of high precipitation, moderate
precipitation, and minimal precipitation. This spatial
distribution highlights two major high-rainfall zones,
namely the Danané and Tai areas, where the rainfall
isohyet consistently exceeds 1,500 mm.

This is followed by a transitional or moderate precipitation
zone, where average rainfall ranges between 1,500 mm and
1,300 mm. In contrast, low annual rainfall heights (1,250 mm
to 1,000 mm) are observed in the extreme northeast.

There is also a noticeable variation in the distribution of
decadal average annual rainfall depending on the decade.
Indeed, the decades

1961-1970, 1981-1990, and 2011-2020 show a nearly
identical distribution of rainfall. Furthermore, the decades
1971-1980 and 1991-2000 appear to be similar to the
previous ones, except that rainfall decreases across all
stations, particularly at the Tai, Zagné, Danané, and
Biankouma stations.

In contrast, the decade 2001-2010 stands out from all
the others due to its spatial distribution of rainfall. During
this decade, heavy rainfall (over 1,710 mm) was recorded
at the Danané, Zérégho, Zagné, and Tai stations—
something not observed in other decades, where only the
Danané station exceeded 1,700 mm of precipitation.

Additionally, in the same decade (2001-2010), a decline
in rainfall was noted at the Sipilou, Biankouma, Ghonné,
Fakobly, Bangolo, and Duékoué stations compared to other
decades.
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Figure 2. Decadal Mean Annual Rainfall Totals
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Table 2. Change-point and trend analysis of rainfall series from stations in the Montagnes District
BREAK TEST TREND TEST
STATION Cusum T-Student Mann-Kendall Rég. Linéaire
Vk Statolm t Statolm Z Statolm t Stato‘lo
Bangolo 26 34 0.94 1.57 -1.27 1.64 -1.06 1.63
Biankouma 18 34 0.81 1.71 -0.63 1.68 -0.54 1.70
Blolequin 22 34 1.13 1.55 -1.56 1.61 -1.55 1.63
Danane 17 33 1.74 1.62 -0.57 1.63 -0.67 1.59
Duekoue 24 33 1.03 1.70 -1.12 1.55 -1.26 1.63
Fakobly 20 34 1.53 1.68 -1.01 1.60 -1.02 1.67
Gbonne 18 34 0.83 1.68 -0.41 1.59 -0.26 1.62
Guiglo 18 34 0.96 1.59 -1.21 1.70 -1.24 1.64
Kouibly 22 33 1.08 1.60 -0.68 1.60 -0.40 1.64
Man-Aero 18 33 0.07 1.62 0.05 1.65 -0.31 1.70
Man-Irat 18 33 1.18 1.63 -0.80 1.58 -0.79 1.72
Semien 14 33 0.73 1.65 -0.31 1.75 -0.11 1.64
Sipilou 22 33 088 1.63 -0.89 1.73 -0.65 1.64
Tai 22 33 1.20 1.68 -0.86 1.67 -0.44 1.67
Toulepleu 20 33 0.18 1.68 -0.66 1.71 -1.42 1.65
Zagne 38 33 1.29 1.65 -2.07 1.61 -1.51 1.60
Zeregbo 18 33 0.80 1.66 -1.02 1.64 -1.07 1.63
Zouan-Hounien 14 33 1.12 1.72 -0.83 1.55 -0.69 1.63
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3.2. Discussion

The main finding of this study is the absence of any
statistically significant break in rainfall series across all
stations in the Montagnes District between 1961 and 2020.
However, a general decreasing trend, although not
statistically significant, was identified in the annual records.
The lack of statistical significance may be explained by the
strong interannual variability of rainfall and the relatively
short length of station records, which reduces the statistical
power of the test. This nuance is important, as a non-
significant trend does not necessarily rule out the presence
of a real signal but rather highlights the difficulty of
detecting it robustly within the scope of this study.

These results partially agree with those of [17], who
reported a marked decline in rainfall in the lvorian forest
zone as early as the 1970s. However, unlike that study, the
present work does not confirm a “marked decline” but only
a weak, statistically non-significant decrease. Similarly, [4]
demonstrated a generalized decline in rainfall with breaks
occurring in the early 1970s, 1980s, and 2000s, suggesting
that the regional dynamic does not manifest with the same
intensity across all ecological zones.

The spatial analysis of isohyets revealed an increasing
rainfall gradient along an East—West axis. This distribution
is largely explained by the rugged topography of western
Cote d’lvoire [18]. Mountainous areas such as Danang,
Zouan-Hounien, and Tai appear to be less affected by the
decline in average monthly rainfall, most likely due to the
combined effects of relief and residual forest cover, which
are well known to influence rainfall regimes [19].

At the intra-annual scale, a sharp decrease was
observed in May and June, historically the wettest months
of the small rainy season. Since the 2000s, this regression
has been confirmed by [20], who reported a delayed onset
of rains and a shortening of the rainy season. At the same
time, a redistribution of rainfall toward August to October
has been detected, leading to rainfall concentration and
increased intensity of extreme events. These changes have
direct consequences for local agriculture, particularly in
terms of sowing dates and water management for crops.

The observed changes also appear to be partly related to
land cover transformations. Massive deforestation
beginning in the late 1950s, associated with logging,
agricultural expansion, urbanization, and mining activities,
has profoundly altered vegetation dynamics [21,22,23].
These transformations affect atmospheric feedback
mechanisms and contribute to rainfall irregularities. The
expansion of cocoa plantations [24,25] and the growing
mining sector have further exacerbated these disturbances.

Finally, some limitations of this study must be
acknowledged. The resolution of the satellite rainfall data
may smooth out local variability, particularly in
mountainous areas. In addition, the imputation of missing
data carries the risk of bias, especially in long series where
statistical methods tend to artificially homogenize values.
Further analyses incorporating regional climate indices
(NAO, ENSO, Atlantic Dipole) and multi-source
approaches (stations, reanalyses, models) would be
necessary to refine these results.

4. Conclusion

The analysis of rainfall variability in the Montagnes
district over the period 1961-2020 highlights several key
findings. First, the decadal annual totals reveal a gradual
decline in precipitation, from about 1,500 mm in 1961-
1970 to nearly 1,300 mm on average in the most recent
decade. Although this decrease is not statistically
significant according to the Mann—-Kendall and linear
regression tests (oo = 0.10), it nevertheless reflects a
general downward trend in rainfall amounts. The stations
of Danané and Tai stand out with annual totals exceeding
1,400 mm, confirming their status as the wettest areas,
while Kouibly and Semien appear as the driest, with
decadal averages close to 1,000 mm.

From a temporal perspective, stationarity tests (Cumum,
t-Student) did not reveal any clear breakpoints in the
series, suggesting a relative continuity in rainfall regimes.
However, notable decadal fluctuations were observed,
particularly during 2001-2010, which was marked by
exceptionally high rainfall in several stations (Danané,
Zeregbo, Zagné, and Ta).

The spatial analysis through isohyetal maps confirms an
uneven distribution of rainfall, with an increasing gradient
from east to west and three distinct rainfall zones : a high-
rainfall zone (> 1,500 mm), a moderate-rainfall zone
(1,500-1,300 mm), and a low-rainfall zone (1,250-1,000
mm). These contrasts reflect both the orographic
specificities of the district and the interannual variability
of rainfall regimes.

Overall, the results indicate that, despite a general
downward tendency in precipitation, rainfall dynamics in
the Montagnes district remain characterized by strong
spatial and temporal disparities, which need to be
considered in water management and agricultural planning.
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