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Abstract: This study assesses the hydrological dynamics of the Bandama River Basin in Côte d’Ivoire under 
increasing climatic and anthropogenic pressures. Hydroclimatic series (1950–2020) of rainfall, temperature, 
evapotranspiration, and discharge were analyzed using statistical tests (cumulative deviation, Kruskal–Wallis, 
Mann–Kendall, SNHT) to identify breakpoints, trends, and spatio-temporal variability. The results reveal strong 
interannual variability of river discharge (CV = 74.5%) compared to rainfall (CV = 14.3%) and potential 
Evapotranspiration (PET) (CV = 5.5%). Significant hydro-climatic breakpoints were detected around 1970–1976 
and 1994. The assessment of relative contributions using the climate elasticity method and Budyko decomposition 
shows the predominance of human activities (75–79%) over climatic factors (21–24%) in explaining mean discharge 
variations at Tiassalé. These findings highlight that the proliferation of dams, agricultural expansion, deforestation, 
and urbanization are now the main drivers of hydrological alterations, outweighing the effect of climate. The study 
provides scientific references to support sustainable and integrated water resources management in the Bandama 
Basin. 
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1. Introduction 

Worldwide, freshwater resources are subject to a dual 
constraint resulting from climate change and the 
intensification of human activities. Rising temperatures, 
altered rainfall patterns, and increased evapotranspiration 
are disrupting the hydrological cycle, leading to variations 
in streamflow, more frequent droughts and floods, and a 
seasonal and spatial redistribution of water resources [1,2]. 
These dynamics threaten water, food, and energy security, 
particularly in tropical regions where hydroclimatic 
variability is already high [3]. Alongside climate change, 
human activities (dams, irrigated perimeters, deforestation, 
urbanization, and land-use changes) have profoundly 
modified river flow regimes. Several recent studies have 
emphasized that the impact of human pressures often 
exceeds that of climate in explaining changes in river 
discharge [4,5,6]. 

The climatic and anthropogenic changes that have 
affected West African river basins have not spared the 
Bandama River Basin in Côte d’Ivoire. This basin, which 
drains the country from north to south over an area of 

97,500 km², has been experiencing the effects of climate 
variability and change for several decades. The impacts of 
climate variability on Bandama’s water resources have 
been highlighted by the works of [7,8,9,10,11,12]. 

Moreover, the Bandama River Basin, which plays a key 
role in the socio-economic development of several cities, 
is under unprecedented anthropogenic pressure. This 
includes the construction of more than one hundred agro-
pastoral dams, four hydroelectric dams, three currently in 
operation (Kossou, Taabo, and Buyo) and one under 
construction (Singrobo-Ahouaty) as well as numerous 
weirs and water intake structures for drinking water 
supply [13]. This growing pressure from different water 
users is further exacerbated by the absence of a national 
integrated water resources management plan for the 
Bandama Basin. The combined impacts of climate 
variability and land-use dynamics have been revealed by 
[14] in the Upper Bandama, particularly in studies 
conducted in Tortiya on the effects of climate change and 
anthropogenic pressures on water resources. 

In view of previous studies, scientific research on the 
Bandama River Basin focusing on quantifying the 
hydrological contributions of climate change and human 
activities to river discharge remains limited, while 
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investigations on hydrological resilience are almost non-
existent. Yet, it is crucial to understand and quantify how 
the hydrological responses of the Bandama Basin are 
influenced by anthropogenic activities and climate change 
in order to design effective adaptation strategies to global 
changes. According to [15], separately assessing the 
impacts of anthropogenic changes and climate variability 
on runoff evolution can contribute to improving, 
developing, and adjusting measures planned for climate 
change adaptation. The Budyko conceptual framework 
thus provides a robust approach to disentangle the effects 
of climatic factors (rainfall, PET) and anthropogenic 
drivers (dams, LUCC) on streamflow variability [16]. 

In this context, the objective of this study is to evaluate 
the relative contribution of climatic and anthropogenic 
factors to streamflow dynamics and the hydrological 
resilience of the Bandama River Basin. 

2. Material  

2.1. Study Zone 
The Bandama River Basin, located in Côte d’Ivoire, is 

the country’s largest hydrographic basin, covering an area 
of approximately 97,500 km², or nearly 30% of the 
national territory. It extends between 7° and 10° North 
latitude and 4° to 6°30’ West longitude, flowing from 
north to south before emptying into the Atlantic Ocean at 
Grand-Lahou (Figure 1). The Bandama is subdivided into 
several sub-basins, the main ones being the N’Zi, the 
Marahoué, the Solomougou, and the Kan.  The relief is 
composed of gently undulating plateaus, with altitudes 

ranging between 200 and 500 m. The climate is of the 
Sudano-Guinean type, marked by a north – south gradient: 
annual rainfall ranges from about 900 –1,100 mm in the 
north to 1,200 – 1,500 mm in the south. The hydrological 
regime is pluvial, strongly dependent on the rainy season 
(May–October), and has been subject to 
markedinterannual variability since the droughts of the 
1970s [17]. The basin hosts the major Kossou and Taabo 
dams, used for hydropower generation, irrigation, and 
fishing, as well as numerous small hydraulic structures for 
drinking water supply and agriculture. It is a vital space 
for the national economy, providing water to major cities 
such as Bouaké and Yamoussoukro, while supporting 
agriculture and energy production. 

2.2. Data  
The historical annual rainfall data and annual minimum 

and maximum temperature records were obtained from the 
database of the National Meteorological Directorate 
(DMN) and the Airport, Aeronautical and Meteorological 
Operations and Development Company (SODEXAM). 
Evapotranspiration data were calculated from minimum 
and maximum temperatures using the Hargreaves method. 
[18] noted that the Hargreaves method was the best 
temperature-based approach among the ten models they 
evaluated. 

The hydrometric data collected consist of annual mean 
discharges. They were provided by the Directorate of 
Hydrology, an entity under the supervision of the General 
Directorate of Hydraulics. The dataset covers the period 
from 1950 to 2020 (Figure 2). 

 
Figure 1. Geographical location of the Bandama River Basin 
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Figure 2. Geographical location of flows and rainfall stations in Bandama watershed 

3. Methods 

3.1. Method for Estimating Mean Rainfall 
and Potential Evapotranspiration  
over the Basin 

The Thiessen polygon method was used to estimate the 
mean annual rainfall or potential evapotranspiration over 
the Bandama Blanc watershed at Tiassale, based on a 
network of stations. The watershed is divided into 
polygons of influence, each polygon representing the area 
closest to a given station. The area of each polygon 
determines a weight applied to the measured value. The 
spatial average is thus obtained through a weighted mean 
of the observations [19]. 

3.2. Break Detection Method 

3.2.1. Cumulative Deviation Test 
The cumulative deviation is a parametric statistical test 

that makes it possible to verify whether the means of two 
parts of a time series are significantly different (for an 
unknown change date). It allows the detection of simple 
change points [20]. The principle of the test is to detect a 
change in the mean of the series after m observations. 

( )iE x µ=   i = 1, 2, 3,..., m (1) 

( )iE x µ= + ∆ i = m + 1, m + 2,..., n (2) 

Where µ is the mean of the data prior to the change and 
∆ is the change in the mean. Based on these means, the 
calculations of cumulative deviations are carried out as 
follows. 

And the adjusted partial sums are obtained by dividing 
the Sk values by the standard deviation:  

Statistical test Q is defined as: 
**max

k
s=Q

 (3) 
It is calculated for each year, with the maximum value 

indicating the change point. The critical values of Q/√(n) 
are provided in the appendix. A positive value of S0 
indicates that the mean of the most recent part of the series 
is significantly higher than that of the older part, and vice 
versa. 

3.2.2. The Kruskal-Wallis test 
The Kruskal-Wallis test is a non-parametric statistical 

test that determines whether the data from one period are 
significantly different from those of another. This test is 
used for detecting multiple breakpoints [21]. It is applied 
to time series whose data are non-normally distributed and 
includes at least 10 values. If the p-value of the test is less 
than the error risk (0.05), there is a significant difference 
between the data of at least two periods. The null 
hypothesis is that the periods are not different from each 
other. The test statistic is defined as follows: 

 ( )
2

1
2

1 1

( )
1

( )

g
i

g ni
iji j

ni ri r
K n

r r
=

= =

−
= −

−

∑
∑ ∑

 (4) 

 



 American Journal of Water Resources 173 

Where g is the number of periods, nᵢ the number of 
observations in period i, and rᵢⱼ the rank of observation j in 
group i. 

…rᵢⱼ is the rank of observation j in group i, and n is the 
total number of data points. The statistic is then compared 
to the quantiles of a Chi-square distribution with (g–1) 
degrees of freedom. 

3.3. Methods for Quantifying Relative 
Contributions 

3.3.1. Climate Elasticity 
The climate elasticity method was proposed by [22] to 

assess the impacts of climate variability on runoff 
variations. This method uses runoff elasticity coefficients 
to evaluate the sensitivity of runoff changes to variations 
in meteorological parameters. 

According to [23], runoff variation due to climate is a 
function of precipitation and evapotranspiration and can 
be estimated as follows [24]: 
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The runoff elasticity coefficient (εX) is defined as the 
ratio of the rate of change in runoff to the rate of change in 
the climatic factors E₀ and P [22]:  
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By substituting equation (7) into equation (5) [25], we 
obtain: 
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Where ∆P and ∆E₀ are the changes in precipitation and 

potential evapotranspiration, respectively. The terms εₚ 
and ε₍E₀₎ are the climatic elasticity coefficients of runoff 
with respect to precipitation and potential 
evapotranspiration, respectively. According to Budyko’s 
hypothesis, the values can be estimated as follows [26]: 
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Table 1. Expression of F(ϕ) and F′(ϕ) for the elasticity coefficient [27] 

Équations F (φ) F’ (φ) 

Fu (1981) 1 + φ− (1 + φ𝛼𝛼)
1
𝛼𝛼  , 

𝛼𝛼 = 2,5 1 − (1 + φα)
1
α−1φα−1 

Zhang et al. (2001) (1 + 𝑤𝑤φ)/(1 +
𝑤𝑤φ +1/φ),𝑤𝑤 =1 

(𝑤𝑤 + 2𝑤𝑤
φ
− 1 +

1/φ2)/(1 + 𝑤𝑤φ +1/φ)2 

Note: w is the available water coefficient for plants and represents the 
relative difference in the way plants use soil water for transpiration; ϕ is 
the aridity index. 

Where Q, P, and E₀ represent the mean annual runoff, 
precipitation, and potential evapotranspiration, 
respectively, and ϕ = E₀ / P is the aridity index. Six 
commonly used forms of F(ϕ) and F′(ϕ) are presented in 
Table 1. 

3.3.2. Budyko Curve Decomposition Method 
This approach is based on the assumption that river 

basins follow the Budyko curve according to variations in 
aridity, and that any deviation from the curve results from 
human influence. According to [28], only land surface 
conditions can affect actual evapotranspiration (AET), 
while climate impacts AET, PET, and precipitation 
simultaneously [27]. Based on this assumption, the 
contributions of climate change and human interferences 
are estimated (Eq.11). 
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Where: 
∆Qᴄ and ∆Qʜ represent the respective contributions of 

climate change and human interferences to runoff 
variation; Ccde and H are the ratios of ∆Qᴄ and ∆Qʜ to 
the total runoff variation (∆Q); P₂ and AET₂ are the mean 
annual precipitation and actual evapotranspiration during 
the impact period; AET′₂ is the actual evapotranspiration 
during the impact period in the absence of human 
interference. It is obtained using the Budyko function with 
the parameter value from the base period and the aridity 
index of the impact period. Q₁ is the mean annual runoff 
depth during the reference period. 

The Budyko decomposition approach is distinguished 
by its ability to clearly express runoff variations due to 
climatic factors and human influence. Nevertheless, the 
validity of the fundamental assumption of this approach 
remains subjective [29]. 

4. Results and Discussion  

4.1. Results 

4.1.1. Statistical Characteristics of Hydroclimatic 
Variables 

The analysis of the statistical characteristics of 
hydroclimatic data at Tiassalé is presented in Table 2. It 
highlights marked contrasts between the variables. The 
mean discharge of the Bandama River is 188.95 m³/s. 
However, a strong interannual variability is observed (CV 
= 74.49%). The extreme values range between 34.94 and 
633.92 m³/s. In comparison, the mean annual rainfall is 
more regular, with 1177 mm/year and a moderate 
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coefficient of variation (14.35%). As for potential 
evapotranspiration, its variation is stable, with an average 
of 1490 mm and a coefficient of variation of 5.51%. 

Table 2. Statistical characteristics of hydroclimatic variables at 
Tiassalé 

hydroclimatic variables Mean Std. Min. Max. CV 
Average discharge at Tiassalé 

(m³/s) 
188.9

5 
140.
75 34.94 633.9

2 
74.4

9 
Mean annual rainfall in 

Tiassalé (mm) 
1177.

05 
168.
88 

702.1
4 

1583.
46 

14.3
5 

Potential Evapotranspiration 
(mm) 

1490.
02 

82.1
6 

1205.
06 

1607.
2 5.51 

Mean; Std: Standard Deviation; Min: Minimum; Max: Maximum; CV: 
Coefficient of Variation 

4.1.2. Break Point 
The results of the application of the Cumulative 

Deviation and Kruskal-Wallis tests on mean annual 
rainfall, mean annual evapotranspiration, and mean annual 
discharge are summarized in Table 3. Significant 
breakpoints were detected across the entire Bandama 
River Basin at Tiassalé in 1974 at a 95% significance level. 
The Kruskal-Wallis test, meanwhile, indicated breakpoints 
at the same rainfall stations and dates as those found by 
the Cumulative Deviation test. However, according to this 
test, the breakpoints of all rainfall stations are located in 
the periods 1950–1970, 1971–1990, and 1991–2010. 

Table 3. Statistics of the Cumulative Deviation and Kruskal-Wallis 
Break Tests and Associated Significance Levels for Mean Annual 
Hydroclimatic Data Analyzed over the Period 1950–2020 

Variables 

Cumulative deviation 
(Single break) 

Kruskal_Wallis 
(Multiple rupture) 

Years 
of 

break 

Significance index 
(%) 

Years of 
break 

Significan
ce index 

(%) 
Average 
annual 
rainfall 

1974 99,69 
1970 ; 
1990 ; 
2010 

99,70 

Average 
annual 
ET0 

1976 93,56 
 

1980 ; 
2000 

99,99 

Average 
annual 
flow 

1970 99,99 
1974 ; 
1994 ; 
2014 

99,99 

The break is significant at the 5% error level when the significance index 
is greater than 95% (in bold). 

4.1.3. Relative Contributions of Climate and Human 
Activities by climate elasticity method 

Table 4 presents the relative contributions of climate 
and anthropogenic activities to the variation in the mean 
discharge of the Bandama River at Tiassalé, estimated 
using the climate elasticity method based on the models of 
[30] and [23]. The results highlight the predominance of 
human factors over natural factors. According to the Fu 
(1981) model, the share attributed to climate is 22.92% for 
the period 1975–1993 and 23.78% between 1994 and 
2020. Similarly, the [23] model indicates climate 
contributions of 23.78% and 21.65% for the respective 
periods. In contrast, the contribution of human activities is 
largely predominant, representing between 76% and 79% 
of the variation in the mean discharge of the Bandama 
River according to the models. 

Table 4. Contributions of climate and human activities to the 
variation of the mean discharge of the Bandama River at Tiassalé, 
estimated using the climate elasticity method 

Empirical 
model Period 

Climate 
contribution 

(%) 

Contribution of 
human activities 

(%) 

Fu81 

1975 - 
1993 22.92 77.08 

1994 - 
2020 23.78 76.22 

Zhang01 

1975 - 
1993 23.78 79.13 

1994 - 
2020 21.65 78.35 

Fu81: Fu (1981) model ; Zhang01: Zhang et al. (2001) model 

4.1.4. Relative Contributions of Climate and Human 
Activities by Budyko Model Decompostion 
Method 

The contribution of climate change and human 
activities to the variation of the mean runoff of the 
Bandama River at Tiassalé using the Budyko model 
decomposition method is presented in Table 5. As for the 
Budyko decomposition method, the climate contribution 
was estimated at 21.43% by the Fu model and 22.42% by 
the [23] model. This proportion is almost identical to the 
climate impacts observed after the second breakpoint in 
1994. Overall, the two approaches used provide 
comparable results for quantifying impacts. 

Table 5. Contributions of climate and human activities to the 
variation of the mean discharge of the Bandama River at Tiassalé, 
estimated using Budyko model decompostion method 

Empirical 
model Period Climate 

contribution (%) 
Contribution of human 

activities (%) 

Fu81 

1975 - 
1993 21.43 75.67 

1994 - 
2020 22.42 76.04 

Zhang01 

1975 - 
1993 19.48 77.70 

1994 - 
2020 19.93 78.22 

4.2. Discussion 
The results of this study clearly show that the main 

anthropogenic pressure factors in the Bandama River 
Basin are related to hydraulic developments (dams, weirs, 
irrigated perimeters) and land use changes (deforestation, 
agricultural expansion, urbanization). This predominance 
of human activities over climate variability in explaining 
runoff variations is not an isolated case. Indeed, [31] in 
Côte d’Ivoire and [32] in China demonstrated that, in very 
different geographical contexts, anthropogenic 
interferences often surpass the effect of climate in 
disturbing hydrological regimes. 

According to [33], landscape structures such as dams 
and reservoirs exert a decisive influence on the spatial and 
temporal dynamics of slopes, by altering water flows and 
hydrological balances. These observations corroborate the 
findings of [7], who indicate that pressures on water 
resources mainly stem from withdrawals for agricultural, 
pastoral, and domestic uses. The case of the Bandama 
perfectly illustrates this reality: the multiplication of  
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hydro-agricultural developments, the expansion of 
irrigated areas, and the growing demand for drinking 
water in large cities (Bouaké, Yamoussoukro, Abidjan via 
the Taabo and Kossou dams) considerably intensify 
pressure on the resource. 

Beyond hydraulic infrastructures, land use changes 
profoundly alter the hydrological functioning of the basin. 
Deforestation reduces the soil’s water storage capacity and 
increases surface runoff, while urbanization impervious 
surfaces disrupt natural flows. These dynamics accentuate 
the seasonal and interannual variability of streamflow and 
reduce the basin’s hydrological resilience to climatic 
shocks. Thus, even though climate variability (droughts of 
the 1970s–1990s, alternation of rainfall deficits and 
surpluses) played a non-negligible role, the results indicate 
that anthropogenic pressures have become the dominant 
factor disturbing flows in the Bandama Basin 

5. Conclusion 

The analysis of hydroclimatic series in the Bandama 
River Basin over the period 1950–2020 highlighted strong 
interannual variability in streamflow, with significant 
breakpoints detected around the 1970s and 1994. The 
results clearly show that while climate variability 
contributes to observed fluctuations, anthropogenic 
pressures through dam construction, expansion of irrigated 
areas, deforestation, and urbanization are the dominant 
drivers of hydrological dynamics in the basin. The 
estimation of relative contributions using the climate 
elasticity method and Budyko decomposition confirms 
that human activities account for 75–79% of the variation 
in mean discharge, compared to only 21–24% for climatic 
factors.These findings emphasize the urgent need to 
integrate hydraulic infrastructure management, land-use 
planning, and ecosystem protection into a sustainable and 
coordinated water resources management strategy. They 
also provide an essential scientific basis for anticipating 
the combined impacts of climate and anthropogenic 
dynamics and for strengthening the hydrological resilience 
of the Bandama Basin in the face of global change. 
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