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Figure 1: Zone d'étude Partie béninoise du bassin du fleuve Niger (BPNRB). (A) 
Localisation du Bénin en Afrique de l'Ouest. (B) Bassin du fleuve Niger incluant la zone 
d'étude. (C) Zone d'étude BPNRB : topographie, localisation des stations climatiques et 
de débit, et les trois bassins versants (fleuve Sota, B1 ; fleuve Alibori, B2 ; fleuve Mekrou, 
B3).     

La zone d'étude connaît deux saisons distinctes. La saison des pluies s'étend d'avril à 

octobre, avec un maximum de précipitations généralement en août, tandis que la saison 

sèche s'étend de novembre à mars (Badou et al., 2021). Les précipitations annuelles 

varient de 780 à 1 200 mm pour la période 1970-2020. L'évapotranspiration potentielle 

(ETP) journalière varie entre 1,6 et 10 mm, et la moyenne annuelle de la température 

maximale journalière est de 33,8°C sur la même période. La moyenne mensuelle de la 

température maximale journalière peut atteindre environ 40°C. Les trois rivières 

présentent d'importantes variations saisonnières. La Sota a un régime d'écoulement 

pérenne avec un faible débit d'environ 3,6 m3/s pendant la saison sèche ; les rivières 

Alibori et Mekrou sont à sec pendant la saison sèche (Vissin, 2007).  
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factors, including evapotranspiration (Almendra-Martín et al., 2021; Pan et al., 

2024). 

- Socio -economic droughts : Definitions of socioeconomic drought often integrate 

characteristics of meteorological, agricultural, and hydrological drought, 

emphasizing the imbalance between the supply and demand of economic goods 

and services. These definitions highlight the broader economic and societal 

impacts, such as reduced agricultural productivity, water scarcity, and disruptions 

to livelihoods (IPCC, 2023; Wilhite et al., 1985).  

Figure 2 illustrates the progression and interconnection of various drought types, 

highlighting the sequence in which meteorological drought can cascade into agricultural, 

hydrological, and ultimately socioeconomic droughts. 

This research focuses on meteorological and hydrological droughts, as they represent 

the most direct and measurable impacts of climate variability on water availability. These 

two types are particularly relevant for understanding seasonal water shortages and 

managing water resources in river basins such as the Niger, where both rainfall variability 

and river discharge are critical for agriculture, energy production, and ecosystem 

sustainability. 
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Figure 2 : The general sequence for the occurrence of different drought types. Modified 
from (National Drought Mitigation Center (NDMC), 2006). 

Climat e Drivers  

Precipitation variability under global warming is closely tied to extreme events that 

threaten the environment and society (IPCC, 2012). These events can have devastating 

consequences for ecosystems, food supply, and economies (Handmer et al., 2012). 

Among the most significant extreme events associated with precipitation variability in 
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relationship with climate teleconnections. By addressing these gaps, our study provides 

critical insights into the hydrological dynamics of the region, offering a foundation for 

improved water resource management and drought preparedness tailored to the local 

context. 

Drought prediction , Local Adaptation and Perception  

Drought prediction and predictability in West Africa, particularly in Benin, have been the 

subject of limited but emerging research, reflecting the region's vulnerability to climate 

variability and heavy reliance on rain-fed agriculture. The complexities of drought 

prediction arise from the intricate interplay between local climatic factors and large-scale 

climate systems, including teleconnections such as the El Niño-Southern Oscillation 

(ENSO), Atlantic Multidecadal Oscillation (AMO), and Indian Ocean Dipole (IOD). Studies 

have demonstrated that these teleconnections significantly influence precipitation 

patterns across West Africa (S. E. Nicholson, 2013; Rodríguez-Fonseca et al., 2011). 

Most drought predictability studies in the region have leveraged global climate models 

and seasonal forecasting systems, with varying degrees of success. For example,  

Giannini et al., (2003) analyzed the predictability of rainfall anomalies in West Africa, 

emphasizing the role of sea surface temperature patterns and their teleconnection 

impacts, while highlighting challenges associated with model limitations and uncertainty. 

In Benin specifically, research by Alamou et al., (2017); Halissou et al., (2021) have 

focused on assessing rainfall variability and its implications for drought events, but these 

studies often stop short of providing predictive frameworks. 

Recent advancements in the use of sea surface temperature (SST) anomalies as 

predictors have shown promise in improving drought forecasts (Funk et al., 2015). SST 

indices such as Niño 3.4, the Tropical Atlantic SST Index (TASI), and the South West 

Indian Ocean SST Index (SWIO) have been linked to rainfall variability in West Africa and 

could provide a foundation for enhanced drought prediction systems in the region. 

However, the application of these predictors to localized scales, such as specific 

catchments in Benin, remains underexplored. 

There is a growing consensus that incorporating observational data from dense station 

networks and improving the spatial resolution of forecasting models are critical for 

advancing drought prediction capabilities. In data-poor regions like Benin, integrating 
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The thesis is divided into the following seven chapters: 
Chapter 1 presents the literature review, encompassing the problem statement, research 

questions, primary and specific objectives, research questions, thesis novelty, scope, as 

well as the expected outcomes and benefits of the study. 

Chapter 2 provides an in-depth description of the study area, covering its location, 

topography, vegetation, climate, hydrology, soil characteristics, land use, and 

demographics. 

Chapter 3 outlines the data, materials, and methods employed in the study. 

Chapters 4, 5, and 6 detail the results corresponding to each specific objective. 

Chapter 7 provides the general conclusion and future perspectives. 
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CHAPTER 2: DESCRIPTION OF THE STUDY AREA  

This chapter presents the study area. Its geographic localization, relief, and vegetation 

cover are respectively described. In addition, climate, hydrography, soil and land use as 

well as demography of the study area are respectively presented in this chapter. 

2.1.   Localization  

The Niger is the third longest river in Africa, with a stream length of 4,200 km, a drainage 

basin of 2,170,500 km2, and an average discharge of about 6,000 m3 /s (Mascaro et al., 

2015). Nine countries share the Niger River Basin: Benin, Burkina Faso, Cameroon, 

Guinea, Ivory Coast, Mali, Nigeria, Chad, and Niger (Figure 3: Study area Beninese Part of 

the Niger River Basin (BPNRB).). At its northernmost point, the river enters the Sahara 

Desert in Mali before turning southwest and flowing about 1,500 km through Niger, Benin 

and Nigeria. The Beninese Part of the Niger River Basin is located in the north of Benin. 

Located between 1°32' and 3°50' East and 10° and 12°30' North, it covers an area of 

about 48,000 km², i.e., 42% of the total area of Benin (Halissou et al., 2021). It is shared 

by 17 municipalities and includes the three catchments Sota (B1; 13,449 km2), Alibori 

(B2; 13,684 km2), and Mekrou (B3; 10,552 km2) (Figure 3: Study area Beninese Part of the 

Niger River Basin (BPNRB).). The study area is the largest zone for cotton and vegetable 

production in Benin, as well as cattle breeding. It is also home to the W-Park, which is 

one of the most important wildlife parks in West Africa. 
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Figure 3: Study area Beninese Part of the Niger River Basin (BPNRB). (A) Location of Benin in 
West Africa. (B) Niger River Basin including the study area. (C) Study area BPNRB: topography, 
location of climate and discharge stations, and the three catchments (Sota River, B1; Alibori 
River, B2; Mekrou River, B3).    

       

2.2. Relief  

The Beninese part of the Niger River Basin, separated from the Ouémé and Mono basins 

by an east-west watershed at latitude 10° north, consists of two main topographic units: 

the crystalline peneplain and the Kandi sandstone plateau (Adam & Boko, 1993; Le Barbé 

L. et al., 1993). The southern granite-gneissic peneplain, with crystalline rocks and gently 

sloping hillsides, descends gradually from an altitude of 400 m near the watershed to 

meet the Kandi plateau. This area is interspersed with isolated hills (Bembéréké, Sinendé, 

Nikki, and Kalalé) and connects with the Atacora massif to the west and the Kandi plateau 
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Figure 7: Monthly temperature variation (Average, Maximum and minimum) respectively 
at Kandi, and Natitingou synoptic stations from 1970 to 2020.  
 

2.4.3. Relative humidity  

On average, mean relative humidity in the basin ranges from 32.25% to 82%, with the 

lowest values occurring in January and February and the highest in August and 

September. At the station level, minimum mean relative humidity values are recorded as 

26.8% at Kandi, 33.64% at Natitingou, and 33.5% at Parakou. Maximum values are 

81.51%, 83.1%, and 81.6% at Kandi, Natitingou, and Parakou, respectively (Figure 8). 

 

 

               Figure 8 : Monthly average daily relative humidity variation from 1970-2021.  
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2.4.4. Potential Evapotranspiration (PET)  

The Penman PET estimation used in this work incorporates various climatic parameters: 

radiation, temperature, humidity, and wind. Analysis of the daily PET series from 1985 to 

2020 shows a range of 1.6 to 10 mm. Figure 9 illustrates that daily PET is lowest in July, 

August, and September (between 2 and 4 mm), coinciding with the rainy season when 

evaporative demand is reduced, leading to lower water loss by both surface evaporation 

and plant transpiration. The minimum PET occurs in early August, aligning with peak 

rainfall. Conversely, from October to May, decadal PET ranges from 4.13 to 6 mm across 

stations, reflecting heightened atmospheric evaporative demand during the dry season, 

which, along with a lack of rainfall, accelerates the drying of watercourses (Vissin, 2007). 

 

                 Figure 9: Monthly average of daily Penman Monteith PET from 1985-2020.  

2.4.5. Wind Speed  

The daily wind speed varies between 1.41 and 2.24 m/s from 1970 to 2021 (Figure 10). 

The maximum monthly average wind speed is observed in April while the minimum is 

reached in September in the basin. On the other hand, throughout the stations, the 

maximum monthly averages are 2.30, 2.29 and 2.42 m/s respectively at Kandi, Natitingou 

and Parakou stations. On the other hand, 1.25, 1.20 and 1.57 m/s, as respectively the 

minimum monthly values at Kandi, Natitingou and Parakou stations (Figure 10). 
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Figure 10 : Monthly average daily wind speed variation at 10m altitude from 1970-2020.  

2.4.6. Average insolation  

Figure 11 shows that at the basin scale, the insolation has an irregular rhythm over a 

year. The lowest values of insolation are recorded in August (4.95 h/day) and September 

(5.41 h/day) at the heart of the rainy season. The highest values are observed from 

October to February, with a maximum in November (8.80 h/day), which corresponds to 

the dry season. Those values vary from one synoptic station to another. The maximum 

values are 9.40, 9.35, and 8.38 h/day respectively at Kandi, Natitingou, and Parakou 

stations, while 5.61, 4.78, and 3.86 h/day as the lowest values at Kandi, Natitingou and 

Parakou stations (Figure 11). 
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3.1.2.  Data for the assessment of the predictive skills and the predictability of 
drought  

CHIRPS satellite data  

CHIRPS (Climate Hazards Group InfraRed Precipitation with Station data) satellite data 

provides high-resolution gridded precipitation estimates, which are crucial in data-scarce 

regions like West Africa. CHIRPS combines infrared satellite imagery with in-situ rainfall 

station data (Funk et al., 2015). It provides daily data with a spatial resolution of 0.05° 

(~5.3 km) from 1981 to the present. CHIRPS is widely used for drought monitoring, 

agricultural planning, and climate studies in data-scarce regions such as West Africa. 

Daily CHIRPS satellite rainfall from 1981 to 2020 was downloaded and used.  

Comparison between Catchments and CHIRPS Rainfall Data  

 The quality of the catchment rainfall data from 1981 to 2020 was assessed by comparing 

it with CHIRPS satellite rainfall data for three catchments within the Niger River Basin. 

Figure 3 illustrates the daily variability between the satellite product and observed 

catchment rainfall. To evaluate the accuracy of the catchment rainfall data, statistical 

metrics such as the Nash-Sutcliffe Efficiency (NSE) (Nash & Sutcliffe, 1970) and the 

correlation coefficient (R) were applied (see Table 4). 
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Pr1 is the observed rainfall from the catchment, Pr2 represents satellite rainfall;  �2�å�5
$
$
$
$ and 

�2�å�6
$
$
$
$ represent their average, respectively. An NSE value of 1 indicates perfect agreement 

between the satellite data and observations. In contrast, an NSE value of 0 suggests that 

the satellite product's mean square error is equivalent to using the mean observed value 

as the sole predictor. 







 

59 

 
Figure 15: Case study area Beninese Part of the Niger River Basin (BPNRB). (A) Location 
of Benin in West Africa. (B) Benin including the study area. (C) Study area BPNRB: 
topography, location of climate and discharge stations, and the eight targeted 
municipalities 

We collected historical records of rainfall, streamflow, and temperature to assess the 

correctness of farmers' perceptions of climate change and variability with actual climate 

data in the study area. For Kandi, daily rainfall and temperature data were available from 

1970 to 2020. In Malanville, daily rainfall data for the same period were considered. 

Additionally, daily streamflow data from three hydrometric stations Couberi (B1), Yankin 

(B2), and Kompongou (B3), were obtained for the three catchments from the Hydrological 

Service in Benin. 

3.2. Materials  
3.2.1. Materials for the investigation of historical meteorological and hydrological 

drought characteristics  
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QGIS/Arc -GIS 

ArcGIS 10.8 was used to clip the study area portion of DEM data, downloaded from 

USGS, with the study area shapefile (the Beninese Part of the Niger River Basin).  and 

to design thematic maps. 

Rstudio  

RStudio was used to prepare and analyze datasets effectively for various data processing 

tasks, including data cleaning, transformation, statistical analysis, and visualization. 

Microsoft Office  

Microsoft Office applications, including Excel, Word, and PowerPoint, were used for data 

organization, report writing, and presentation preparation to support data analysis and 

communicate findings effectively. 

 
3.2.2. Materials  for the assessment of the predictive skills and the predictability 

of drought  

Climate Data Operator (CDO)  

Climate Data Operator version 2.5.0, used in the Ubuntu environment, was employed to 

extract gridded SST and CHIRPS data and prepare data before correlation analysis 

between the predictand and predictors. Various operations were applied, including 

fldmean for field averaging, splitmon for monthly data separation, and ymean for yearly 

averaging, among others. 

MATLAB  

MATLAB R2018a version 9.4.0 was used for advanced data analysis, mathematical 

modeling, and visualization, facilitating complex computations, algorithm development, 

and graphical representation of results. 

3.2.3. Materials  for the Proposed design framework for drought risk management 
in the study area  

KoboToolbox  version 2.023.21 is a powerful tool for designing, deploying, and managing 

data collection forms, particularly suited for use in challenging field conditions. In this 

study, the data were collected using surveys, coded, and deployed on kobotoolbox. 
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catchment rainfall, and streamflow, were first normalized to obtain anomalies of annual 

values: 

  �������<
L
�Ñ�?��

��
                                                                                                                                        (12)                          

 where �:  is the variable averaged over the rainy season, �ä and �ê��are the mean and 

standard deviation of all years of the investigation period. 

 

The continuous wavelet transform (CWT) is employed to decompose a time series into 

the time-frequency space, revealing how the frequency content of the data changes in 

time. The CWT of a time series X(t) is expressed as: 

�9�Ñ�:�=�á�>�; 
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Where �9�Ñ�:�=�á�>�; is the wavelet coefficients for the input time series �: �:�P�;, representing the 

transformed signal at scale �= (frequency) and position �> (time). �ð�:�Ô�á�Õ�;
�Û �:�P�; is the Conjugate 

of the scaled and shifted version of the mother wavelet �ð�:�P�; defined as: 

�ð�:�Ô�á�Õ�;�:�P�; 
L
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¥���Ô��
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�ç�?�Õ

�Ô
�A  (14) 

The variability of the dominant mode with time was analyzed using the CWT, with the 

Morlet wavelet (wavenumber �S�â 
L �x) as the mother wavelet. The choice of the Morlet 

wavelet is based on its very good ability to extract features that are highly localized in 

time and frequency (Grinsted et al., 2004). We used the CWT to analyse the variability of 

catchment rainfall and streamflow of the three catchments. In addition, we also derived 

the power spectrum for these time series. The power spectrum shows how the variance 

(or power) of a time series is distributed across different frequencies.  

Based on the CWT of two time series �: �:�P�; and �; �:�P�;, the cross-wavelet transform (XWT) 

allows the evaluation of the relationships between these time series in the time-frequency 

domain. In our study, �: �:�P�; stands for the time series representing the catchment rainfall 

or streamflow anomaly of the three catchments, respectively. �; �:�P�; stands for climate the 
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index anomaly, i.e. Niño 3.4, AMO and DMI, respectively. The XWT identifies common 

power areas between two time series, allowing for the exploration of shared temporal 

variability. Mathematically, the XWT of two time series �: �:�P�; and �; �:�P�; is defined as  

(Grinsted et al., 2004): 

�9�Ñ�Ò�:�=�á�>�; 
L �9�Ñ�:�=�á�>�; 
H�9�Ò
�Û�:�=�á�>�;  (15) 

Where �9�Ñ�Ò�:�=�á�>�; is the cross wavelet transform coefficients,  �9�Ñ�:�=�á�>�; is the CWT of �: �:�P�; 

and �9�Ò�:�=�á�>�; is the CWT of �; �:�P�;, �9�Ò
�Û�:�=�á�>�; is the complex conjugate of �9�Ò�:�=�á�>�;.  

The XWT is adequate to evaluate the time evolution of mutual intensity between two time 

series (Grinsted et al., 2004). However, the cross-wavelet power obtained through XWT 

can sometimes be misleading due to coincidental high-power areas (Maraun & Kurths, 

2004). To address this problem, the wavelet transform coherence (WTC) is used to 

provide a more nuanced understanding of the correlation between two time series in the 

time-frequency domain. WTC is similar to a localized correlation coefficient, but in the 

time-frequency space, offering a robust measure of the co-movement between time 

series across scales (Lin & Weng, 2024; Longobardi et al., 2020). According to Torrence 

& Compo (1998), the WTC of two time series is defined as: 

�4�6�:�=�á�>�; 
L
���5�:�9�Ñ�Ò�:�=�á�>�;�;���6

�5�:���9�Ñ�:�=�á�>�;���6�; 
H�5�:���9�Ò�:�=�á�>�;���6�;
 (16) 

where �4�6�:�=�á�>�; is the Wavelet coherence ranging from 0 (no coherence) to 1 (perfect 

coherence). �5 is the smoothing operator in both time and scale, which ensures that 

coherence is localized and robust to noise. This definition is very close to the traditional 

correlation coefficient, but localized in the time-frequency space (Lin & Weng, 2024; 

Longobardi et al., 2020). The statistical significance of the wavelet coherence is estimated 

using Monte Carlo methods with red noise (Fang et al., 2021; Okonkwo, 2014). We 

generate a distribution of coherence values under the null hypothesis (assuming no 

relationship between the climate index and the hydroclimatic target variable) using red 

noise, where the power spectrum decreases with increasing frequency. This distribution 

is used as the baseline against which the significance of the wavelet coherence is 
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subset of the data, which helps to ensure that the trees are uncorrelated and reduces the 

risk of overfitting. The Random Forest method is particularly suitable for our analysis due 

to its flexibility and high accuracy in classification and regression tasks. Random Forests 

perform well compared to many other methods, including discriminant analysis, support 

vector machines, and neural networks (Liaw & Wiener, 2002). The data set of 509 records 

was split into a training set, which consisted of a random subset representing 80% of the 

data, and a holdout set, comprising the remaining 20%. A random forest was generated 

using 500 conditional inference trees as base learners (Hothorn et al., 2015), which are 

unbiased towards variables with numerous potential split points unlike regular regression 

trees (Hothorn et al., 2006). Model performance was assessed using out-of-bag (OOB) 

predictions, providing conservative accuracy measures akin to cross-validation for 

multiple linear regression models (Liaw & Wiener, 2002). The random Forest package in 

R was used to fit random forest models to the training data (Liaw & Wiener, 2002). 

Random Forests are black-box models that do not allow us to understand how a certain 

predictor influences the target variable. To shed light on these influences, the 

accumulated local effects (ALE) plots were calculated  (Apley & Zhu, 2020; Robette, 

2020). ALE plots estimate the change in model predictions across small intervals of each 

predictor, unaffected by collinear input variables (Molnar, 2021). They thus show how 

each predictor influences, possibly in a non-linear way, the target variable. 

Figure 16 illustrates the steps of our analysis. 
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Figure 16: Flowchart outlining the steps of the analysis 

 

 

Conclusion  

The data used in this study consist of hydrological, meteorological, and climatic datasets. 

CHIRPS satellite data and climate indices from various oceans were incorporated to 

analyze climate teleconnections and enhance predictive capabilities. Developing a 

framework for drought risk management requires a thorough understanding of historical 

hydroclimatic variability, as well as insights from local community knowledge. To gather 

this local knowledge, field surveys were conducted using tools such as KoboToolbox and 

XLSForm, with RStudio employed for data processing. Ultimately, this study examined 

past hydro-meteorological drought characteristics, hydroclimatic variability, multiscale 

climate teleconnections, improved drought predictability, and established a 

comprehensive framework for drought risk management in the study area. 

 

 



 

74 

CHAPTER 4: INVESTIGATION OF HISTORICAL METEOROLOGICAL  AND 
HYDROLOGICAL  DROUGHT CHARACTERISTICS SPATIALLY AND TEMPORALLY  

This chapter provides results of the historical meteorological and hydrological drought 

characteristics over the Benin Portion of the Niger River Basin. The major significant 

results presented in sections 4.4, in particular 4.4.1, 4.4.2, and 4.4.3, have been published 

in published in Journal of Hydrology: Regional Studies (Elsevier, 2025, Vol. 59, 102319) 

and are available at the following link: https://doi.org/10.1016/j.ejrh.2025.102319. 

4.1. Analysis of meteorological drought (Standardized Precipitation Index 
(SPI)) 

4.1.1. Trends of SPI and SPEI  

Figure 17 shows the temporal evolution of the spatial mean of SPI and SPEI across 

various timescales over the basin, capturing the alternation between wet and dry cycles 

from 1970 to 2020. An upward trend is observed in SPI, while SPEI displays a downward 

trend. Both indices frequently fluctuate around zero, exhibiting a broad range. Notably, 

longer timescales reveal a more pronounced drought trend. Although the variations in SPI 

and SPEI appear similar across different timescales, slight differences in fluctuation 

values are evident. The Modified Mann-Kendall test indicates a significant trend in both 

SPI and SPEI across all timescales, except for SPI-3 and SPEI-12. The significant trend 

is upward for SPI and downward for SPEI (Table 14 & 16 in the annex). 
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3-month SPI, near-normal drought is higher than at the 6- and 12-month timescales. 

Moderate and extreme droughts are felt more at the 12-month scale, whereas severe 

drought is felt more at the 6-month scale. Since droughts are better characterized by the 

moderate, severe, and extreme classes, at the 12-month interval, the sum of these three 

drought classes is higher than at the other time intervals. We can therefore conclude from 

this analysis that on a 12-month scale, drought is felt more acutely in the study basin 

(Figure 18). 

 
Figure 18:  Average occurrence percentage of drought classes using the spatial mean 

of SPI 

4.1.3. Spatial variations of drought occurrence over the basin  

Figure 19 shows the Spatialization of the drought-type percentage of occurrence using 

the SPI values. The SPI values obtained at each station were classified based on Table 

2 and then spatialized. 

Spatially, during the near-normal drought, the percentages of occurrence vary between 

76-88%. Its spatial distribution shows a latitudinal gradient that increases from the south 

to the north of the basin (Figure 19). During moderate drought, the extreme southeast 

and southwest of the basin show the highest values of drought occurrence (Figure 19). 

These values vary between 6-14%. On the other hand, severe drought has its highest 

values in the middle of the basin on a diagonal and varies between 2-7% (Figure 19). 

Finally, extreme drought is only felt in the northernmost of the basin, with values varying 

between 2-5% (Figure 19). 
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