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RESUME 

Cette étude évalue les impacts du changement climatique sur les services écosystémiques 

liés à l'eau, y compris le potentiel hydroélectrique dans le bassin versant de Kandadji en 

Afrique de l'Ouest. Elle a été réalisée en utilisant la modélisation conceptuelle pluie-débits 

HBV-Light et deux ensembles de modèles de simulation du climat régional. Les 

observations journalières des débits, précipitations et évapotranspiration potentielle 

(calculée à partir de la température, la vitesse du vent, de l'humidité de l'air et du 

rayonnement solaire) des stations météorologiques et hydrologiques du bassin versant pour 

la période 1980-2011 ont été utilisée pour calibrer et valider le modèle HBV avant la 

prévision future du débit.  

0,69 à 0,84 ont été obtenus comme le coefficient de détermination, l’efficacité du modèle et 

l’efficacité de Kling-Gupta (KGE).  

Les signaux climatiques futurs des précipitations, température, vitesse du vent et humidité 

relative ont été analysés à l'aide de deux ensembles de données de climatiques régionale de 

simulation climatique de WASCAL sous RCP 4.5. L’historique de l’ensemble de données 

climatiques simulées a montré des écarts par rapport aux observations. Ces données ont été 

corrigées à l'aide de la méthode de correction du biais de la cartographie quantile. Le modèle 

HBV calibré a été ensuite forcé avec la moyenne spatiale des variables hydro-climatiques 

basées sur la MCR pour simuler le ruissellement quotidien futur à l’exutoire du bassin 

versant. Cette simulation était faite pour les périodes historiques (1980-2005), proches 

(2020-2049) et futures (2070). -2099). 

 Par rapport à la période de référence, les projections dans le bassin versant ont montré (i) 

une tendance mixte pour la précipitation (310 à -102 mm/an), (ii) une augmentation de la 

température (jusqu'à 330°C) et (iii) des tendances à la hausse et à la baisse pour le débit (185 

à -68 mm/an) avec des données climatiques corrigées à la fois et non corrigées. Cette 

tendance mixte pour les débits projetés suggère que l'augmentation et la diminution des 

débits devraient être prises en compte dans les stratégies d'adaptation au climat dans la 

région.  

Cependant, les projections ont indiqué que la demande en eau domestique supplémentaire 

créée par la croissance démographique ne sera plus satisfaite par les eaux de surface dans le 

cadre du RCP4.5. Les résultats de l'étude peuvent aider les gestionnaires de l'eau et la 

communauté du bassin de Kandadji à gérer utilisation des ressources en eau futures de 

manière plus durable. 
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ABSTRACT 

This study assesses the impacts of climate change on water related ecosystem services 

(WRES) including hydropower potential in the Kandadji catchment in West Africa using the 

conceptual rainfall-runoff modeling HBV-Light and two regional climate simulation 

datasets. 

Daily observations of streamflow, rainfall, and potential evapotranspiration (derived from 

temperature, wind speed, air humidity and solar radiation) from meteorological and 

hydrological stations within the catchment for the period of 1980 to 2011 were used to 

calibrate, and validate the HBV model prior to the streamflow prediction. The Coefficient of 

determination, Model efficiency (NSE), and Kling-Gupta efficiency (KGE) achieved during 

the calibration and validation ranged between 0.69 and 0.84. 

Future climate signals of rainfall and temperature,wind speed and relative humidity were 

analysed using two regional climate model datasets (GCM-RCMs) retrieved from WASCAL 

high resolution regional climate simulation under RCP 4.5.The evaluation of historical 

simulated climate datasets showed diversions from the observations, therefore simulated 

climate data were corrected using the quantile mapping bias correction method. The 

calibrated HBV model was then forced with the spatial average of the RCM-based hydro-

climate variables to simulate future daily runoff at the catchment outlet for the historical 

(1980-2005), the near future (2020-2049) and future (2070-2099).  

Compared to the reference period, projections in the catchment showed (i) a mixed trend for 

precipitation (+310 to -102 mm/year), (ii) increase of temperature (up to 330C), and (iii) both 

increase and decrease trends for discharge (+185  to – 68 mm/year) with both bias corrected 

and non bias corrceted climate data. Tis mixed trend for projected discharge suggests that 

both discharge increase and decrease should be considered in climate adaptation strategies  

in the region. 

The study further suggests investigations to be extended on arrigated agriculture 

development as well as hydropower production considering the estimated high potentiels for 

these water related ecosystem services in the catchment. However, projections indicated that 

the additional domestic water demand created by the population growth will not be fulfilled 

by surface water in the future under RCP4.5.The overall findings of the study can assist the 

water managers and the community of the Kandadji catchment in managing the usage of 

future water resources in a more sustainable way. 
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CHAPTER ONE : GENERAL INTRODUCTION 

1.1 Background  

Water related ecosystem services are the services the community benefits from having a 

surface and subsurface water resources. Water related ecosystem services contribute in the 

development of the individuals, community or nation. The World population has been using 

water for different economical, domestic and recreational activities while taking into account 

the value and importance. In Africa, water has been a key to good health, economic growth 

and national development but there are a lot of challenges occurring when it comes to water 

resource management, allocation and use. Common water related ecosystem services in 

Africa include domestic water supply, agricultural water use, hydropower production, 

fishing, industry, livestock, transportation, constructions, emergency for fire-fighting and 

recreation.  

The Intergovernmental Panel on Climate Change special report (IPCC) (Masson-Delmotte 

et al., 2018), reports that climate change is expected to result in severe water stress in Africa 

particularly in the agro-pastoralist region of West Africa which is located in Niger River 

basin (Abebe et al., 2011). Climate change will affect the hydrological cycle and hence 

affects the water related ecosystem services. It is therefore very important to investigate and 

find proper mitigations to avoid the impact of climate change and variability especially in 

this west African region.  

The effect of climate change can be seen in both (quality and quantity) of water resources 

and their distribution across the West African region. This impacts ranges from recurrent 

droughts (e.g. Niger River zero flow of 1984 and 1985 at Malaville and Niamey in Benin 

and Niger respectively) to shrinkage and disappearance of Lakes e.g. Chad (Perumal et al., 

2013). Studies have looked at the influence of climate change on water conflict at local and 

national scales. However, the Niger river basin remains an interesting case to examine 

because of its vulnerability to climate as experienced in the Sahel during the last 50 years 

(Perumal et al., 2013). There is a concern that climate change and variability will have 

negative effect on both economic development and human development of the community 

around Kandadji catchment in Niger River -West Africa. These impacts may result into 

failure of archiving SDGs and agenda 2063 of Africa Union in areas of clean water and 

sanitation which is the mother of all the other goals, poverty reduction, zero hunger and 

access to affordable energy (African Union Commission, 2015; World bank, 2019). 
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Numerous studies have been conducted in the Niger river focusing on the impact of climate 

change on the resource conflicts, food production and water stress, and provided valuable 

assessments of hydrological changes resulting from climatic variations and dam 

development (Yang et al., 2018; Amisigo et al., 2015; Ghile et al.,2014; Knutti et al., 2012). 

Besides this limited literature body on climate change and water resources in the region,  The 

current integrative study aims to assess the impact of climate change on three major water 

related ecosystem services, namely domestic water supply, crop water availability, and 

hydropower generation using hydro-climatic modelling tools and climate scenario 

application at Kandadji catchment in Niger River, West Africa. 

1.2 Problem statement  

Climate change has been a critical concern in all African countries regardless of the region 

distribution. Its effects have been felt through seasonal variations, increasing flood events 

and drought. The climate change is greatly caused by global warming which is the results of 

changes in temperature and precipitation which affected the hydrological system in many 

basin in Africa (Selatan et al.,2015), including Kandadji catchment in the Niger river, West 

Africa. According to Masson-Delmotte et al. (2018),West Africa has been identified as a 

climate-change hotspot with negative impacts from climate change on crop yields and 

production and resulting into failure of archiving SDG number six (6) which is clean water 

and sanitation. 

Recently, studies have shown a temperatures increase by more than 0.7° Celsius (°C) across 

Niger, with typical rates of warming greater than 0.15°C per decade (USAID and USGS., 

2010). With this trends, reports indicated that huge problems will affect the provision of 

water related ecosystem services because these services depend on water availability 

(Rogelj, Meinshausen, & Knutti, 2012). The Expected problems from rainfall decrease and 

temperature rise include reduction of the stream flow especially in dry season, decrease of 

the power production, rise of conflicts between different water user and less agriculture 

production. However, climate change in Niger river remained ambiguity, due to non-

convergence of climate models over the region. The region is however expected to 

experience a major impact not only on water resources, but on food and human society at 

large due to climatic variability and extremes. (Juddy, A.Tarhule, & Perumal, 2013). 

The Niger River is currently facing challenges to provide water related services like 

freshwater, irrigation water and electricity (hydropower) while these services are most 

needed and this situation is expected to be aggravated as a result of climate change and 
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variability. This study seeks to provide insight into the possible future impact of climate 

change on these services  

1.3 Research questions  

• How efficient is the HBV-Light hydrological model in simulating the hydrology of 

the Kandadji catchment and what is the potential of WRES of the catchment? 

• What are the projected climate change trends in the Kandadji catchment? 

• What is the expected impact of climate change on the hydrological regime of the 

catchment? 

• What is the expected impact of climate change on WRES? 

1.4 Study Objectives 

The overall research objective of this study is to assess the impact of climate change on water 

related ecosystem services (WRES) including hydropower potential on Kandadji catchment 

in West Africa. This overall objective is archived through the following specific objectives. 

• Calibrate and validate the HBV-Light hydrological model for the Kandaji catchment 

• To analyze the projected climate signal in the catchment and its impact on the 

catchment hydrology using WASCAL high-resolution regional climate simulation 

under RCP 4.5. 

• To assess climate induced hydrological change impact on three water related 

ecosystem services 

1.5 Significance of study 

This study is essential because Climate change is the biggest challenge facing humanity 

today. Proper investigation is needed in order to understand its impacts in all levels 

(community to national level) and establish proper mitigation measures and reduce its 

exposer. 

West Africa, particularly the Niger basin, is not just facing water problems but also it is an 

origin of identity for the region, a route for migration and commerce and has been a seriously 

threatened by man- made climate change. In order to benefit and fully utilize different water 

related ecosystem services, studying the impact of climate on water related ecosystem 

services is necessary to ensure proper management of water resource and economic 

development from the water related services and attaining SDGs number one, two, three, six 

and seven as well as the Africa union agenda 2063. 
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1.6 Thesis organization  

The thesis is structured in seven Chapters including this general introduction. The remaining 

chapter are: Chapter 2 Literature Review, Chapter 3 Description of the Study Area, Chapter 

4 Hydrological Model, Chapter 5 Projected Climate Signal and Its Impact on The Stream 

Flow, Chapter 6 Climate Change Impact on Water Related Ecosystem Services (WRES), 

and Chapter 7 General Conclusion and Recommendation  
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CHAPTER TWO : LITERATURE REVIEW 

2.1 Climate Change 

Climate change is a change in the statistical properties of the climate system that persists for 

several decades or longer usually at least 30 years. This seems to affect more Africa water 

resource and lead to the worse situation in the economy growth of the continent, Africa is 

the world’s second-driest continent, after Australia, but also the world’s most populous 

continent after Asia.(UNEP, 2006) 

Climate change can be human induced or natural induced change. It is very important to 

distinguish between climate change and climate variability. According to Intergovernmental 

Panel on Climate Change (IPCC) definitions of the terms we refer to “climate change” as 

long-term changes in the climate conditions observable over several decades or longer. 

“Climate variability”, on the other hand, refers to short-term variations in the climate over 

periods of days, month, years and decades.(L. Abebe et al., 2011)  

Climate change will have a key influence on water resources and human security through its 

impact on climate variability and extremes. However, there may be other indirect influences 

of climate change for example, higher temperatures which leading to greater demand for 

water. The impacts of future climate change are projected to have strong implications on 

freshwater resources and, as a result, likely to affect the water related ecosystem services 

which are essential for development (Mulatu, 2014; Awotwi et al., 2015; Darko et al., 2018). 

2.2 Niger Basin 

Niger basin is the third longest basin in Africa and ninth largest in the world. It is shared by 

11 country. Niger River basin is the largest trans-boundary basin in West Africa, and the 

second largest river in Africa by discharge volume (5,700 m3/s; 1948-2006) after Congo 

River (42,000 m3/s) and the third longest (4, 100 km). The total drainage area of Niger River 

(2.2 million km2), with hydrologically active area (1.5 million km2) covers fully 7.2 per cent 

of the continent Africa with a total population of over 100 million people distributed among 

the nine riparian countries that share the basin’s resources of which 71 per cent live in 

Nigeria.(Oyerinde et al., 2015) 

The nine countries presently sharing the active catchment area are; Benin, Burkina Faso, 

Cameroon, Chad, Cote D’Ivoire, Guinea, Mali, Niger and Nigeria (Figure 2.1, shows that 

Seventy-six per cent of the basin area is located within Mali (Upper Niger), Niger (Middle 

Niger) and Nigeria (Lower Niger) sub-basins 
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Figure 2.1: Seventy-six per cent of the basin area is located within Mali (Upper Niger), 

Niger (Middle Niger) and Nigeria (Lower Niger) sub-basins 

Source: (Ghile et al., 2014) 

 

 Like any other basins in the world this also has key development challenges and limitations 

such as rapid deterioration of land and water resources, poor performance of and inadequate 

investments in water infrastructure, food insecurity, rampant poverty, and high rates of 

population growth and urbanization. The region has a history of marked climate variability 

with significant social and environmental impacts. The prolonged droughts during the 1970’s 

and 1980’s is considered to be a primary reason that the Sahel-Sudan zone of sub-Saharan 

Africa has fallen behind other developing countries in terms of economic growth (Ghile et 

al., 2014), climate change been great drawback of the Niger river basin habitants. 

2.3 Water Related Ecosystem Service 

Ecosystem services can be defined as the profits people obtain from ecosystem (MA, 2005). 

Specifically, water related ecosystem services (WRES) are the benefits produced by 

freshwater at landscape scale to humans. Hydrological processes have been identified as 

delivering ecosystem services that are fundamental to both human well-being and the 

maintenance of biodiversity. However, modeling the connections between landscape 

changes and hydrologic processes is not simple. Sophisticated models of these connections 

and associated processes (such as the WEAP model) are resource and data intensive and 
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require substantial expertise. (Stosch et al., 2017) The following WES will be quantified 

crop water supply in terms of service flow and service quantity, household water supply and 

hydropower (Duku et al., 2015). Hydropower generate electricity which is dependent on both 

the flow of available water and height from which it falls. (Lumbroso et al., 2015). Figure 

2.2 describes different ecosystem available and benefit the bring into human life. 

 

Figure 2.1: Multiple ecosystem service provision under three hypothetical land uses 

Source:(Stosch et al., 2017) 

2.3.1 Climate change impact and water in Africa. 

According to (Bai et al., 2019) climate change has a greater impact any other factors that 

interferes with the distribution of water. Climate change seems to affect water retention, 

Untying the drivers of ecosystem services in the context of global change can provide critical 

knowledge for developing practical policy and land management applications. Stresses 

related to climate we term them as Environmental stress and as the result of climate change 

and climate variability such stresses include changes in river flow, vegetation and soils which 

may be partially related to climate stresses.(L. Abebe et al., 2011) 

Africa’s climate is characterized by an overall unreliability of rainfall. There are two rainfall 

extremes, ranging from near zero in dry regions such as the Sahara Desert, to extremely high 

rainfall in the Congo-Guinean rainforests. There are pronounced seasonal variations in 

precipitation in many African regions 
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Figure 2.3 describes the rainfall variation across the continent and how is likely to cause 

drought is different part of the continent. 

 

Figure 2.3: Rainfall variation across the continent 

Source: (Africa Water Atlas,2000) 

As predicted (Mulatu, 2014; Awotwi et al., 2015; Darko et al., 2018), The impacts of future 

climate change are projected to have strong implications on freshwater resources and as a 

result likely to affect the water related ecosystem services which are essential for 

development. 

2.3.2 House water supply (Domestic water supply) 

This is water primary used by people to meet their daily activities around the house for their 

benefits. This water is used for cooking, washing, cleaning and other basic human use.  

2.3.3 Crop water supply (Irrigation water supply) 

Is considered as the evapotranspiration rate ETo under well-watered conditions. It can be 

considered as a proxy for the water required for an optimal growth for a reference crop that 
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completely covers the soil, is kept short, well-watered and is growing under optimal 

agronomic conditions. While each individual crop type can have higher or lower water 

requirements, this is generally accepted as a reference value. Therefore, CWD for the 

reference crop can provides a general understanding on how crop water demand is projected 

to change in future climate over the area.(Sylla, Pal, Faye, Dimobe, & Kunstmann, 2018) 

according to (Nhamo, Mabhaudhi, & Magombeyi, 2016) it’s very important to estimate the 

crop water demand or requirement since it serves so many advantages such  

(a) To meet the rising demand for food and nutrition from an increasing urbanized 

population, in light of water scarcity;  

(b) To respond to pressures to reallocate water from agriculture and make it available to 

other competing economic sectors;  

(c) To contribute to poverty reduction and economic growth; and 

(d) To adapt to climate change and variability. 

  

Crop Water Demand is estimated by applying two commonly used ETo formulations: 

Hamon and Hargreaves. The Hamon formulation is based on day length, surface air 

temperature and saturated vapor pressure, whereas the Hargreaves formulation is a function 

of minimum and maximum temperatures.(Cervigni, Liden, Neumann, & Strzepek, 2015; 

Russo, Alfredo, & Fisher, 2014)  

2.3.4 Hydropower generation 

Water has different use in our community one of the uses is the power production. The power 

produced from water is called hydropower, In Africa in large the great source of electrical 

power and heavily dependent on hydropower. Energy production. Hydropower generation 

estimated at 30,000 gigawatt hours per year in the Niger River and its tributaries, of which 

only 6,000 gigawatt hours have been developed. (Andersenet al., 2005) 

According to World Energy Council (2016) infrastructure for hydropower projects is also 

used for freshwater management, and projects with reservoir storage generally provide a 

variety of value-added services. For example, in addition to providing reliable energy supply, 

hydropower typically brings a variety of macroeconomic benefits such as water supply, flood 

protection, drought management, navigation, irrigation and recreation. 

2.4 Models  

According to Adem (2005) models are key elements of systematic theories and are built to 

serve as a proof of an ideal logical structure. A model is basically an expression used to 
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display a part of the natural or human develped world in different forms such as; physical, 

analog or mathematically (Dingman, 2002).  

A physical model can be defined as a representation of a real system in a small scale (Brooks 

et al., 1991; Salarpour et al., 2011).  

An analog model is the output of a simulated process used in the representation of a natural 

process while a mathematical model on the other hand is composed of a specific 

chronological set of relations, logical and numerical steps that transform mathematical inputs 

into mathematical outputs.  

Among models there is hydrological models which are greatly regarded for the design, 

analysis, discharge forecasting, future land use changes and real-time flood forecasting 

among other uses. There are many existing hydrological models that have been developed 

by independent or related research based on the necessity of a model and improvement so 

the existing models. It is important to note that a model suitable within a particular basin 

might not produce desired results in another. A hydrological model can describe the whole 

catchment or just represent a part of the entire basin (Hydrocomp, 2007). 

Mathematical models are widely used for catchment modelling due to their flexibility, 

handiness and affordable as compared to physical models. The development and 

implementation of mathematical models is linked to the fast development of the computer 

technology (Ponce, 1989). Normally, the mathematical models’ accuracy is dependent with 

its complexity capacity but usually a balance between simplicity and the accuracy is 

essential.  

For a model to be accepted, it has to be calibrated and validated. However, due to data 

availability, some models have been applied without calibration and produced quality results 

(Adams and Papa, 2000). 

2.4.1 Evaluation of Model Performance 

Once we have identified and selected our model, we have to evaluate it based on the different 

evaluation criteria’s available to test its reliability. There are many available hydrological 

models evaluations criteria and there is a lot of research focused on the same subject et al., 

2005). The following are some criteria used by different researchers in different models.  
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i. The coefficient of determination R2 

The coefficient of determination R2 is defined as the squared value of the coefficient of 

correlation according to Artusi, Verderio, & Marubini (2002) and Rodgers & Nicewander 

(1988). It is calculated as given by equation 1 illustrated below; with O observed and P 

predicted values and Bars indicate mean values. 

…………………………………………...Equation 1 

R2 can also be expressed as the squared ratio between the covariance and the multiplied 

standard deviations of the observed and predicted values. Therefore, it estimates the 

combined dispersion against the single dispersion of the observed and predicted series. The 

range of r2 lies between 0 and 1 which describes how much of the observed dispersion is 

explained by the prediction. A value of zero means no correlation at all whereas a value of 

1 means that the dispersion of the prediction is equal to that of the observation. 

The fact that only the dispersion is quantified is one of the major drawbacks of r2 if it is 

considered alone. A model which systematically over- or underpredicts all the time will still 

result in good r2 values close to 1.0 even if all predictions were wrong. 

If r2 is used for model validation it, therefore, is advisable to take into account additional 

information which can cope with that problem. Such information is provided by the gradient 

‘b’ and the intercept ‘a’ of the regression on which r2 is based. For a good agreement the 

intercept a should be close to zero which means that an observed runoff or discharge of zero 

would also result in a prediction near zero and the gradient b should be close to one. 

ii. Nash-Sutcliffe efficiency (NSE) E 

The efficiency E proposed by Nash and Sutcliffe (1970) as an adjustment to the Mean-

Square-Error (MSE) which was the Goodness-of-Fit value and is defined as one minus the 

sum of the absolute squared differences between the predicted and observed values 

normalized by the variance of the observed values during the period under investigation. The 

NSE is among the most popular transformations of the mean-square-error (MSE) methods 

(Singh, Archfield, & Wagener, 2014). It is calculated as shown by equation 2 below. 
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……………………………………………………………...Equation 2 

where O indicates observed and P predicted values. Bars indicate mean values. The 

normalization of the variance of the observation series results in relatively higher values of 

E in catchments with higher dynamics and lower values of E in catchments with lower 

dynamics. To obtain comparable values of E in a catchment with lower dynamics the 

prediction has to be better than in a basin with high dynamics (Singh et al., 2014). 

The interpretation of the NSE can be described as a classic skill score in which the skill is 

the relative ability of a model when compared to a baseline model. The range of E ranges 

from negative infinity (-∞) to 1. If the value is equal to zero, then the model selected is not 

any better when compared to when the observed mean is used as predictor. However, when 

the Mean-Square-Error (MSE) is equal to zero, then the NSE value is in agreement and this 

is an indicator of a perfect model.  

The largest disadvantage of the Nash-Sutcliffe efficiency is the fact that the differences 

between the observed and predicted values are calculated as squared values. As a result, 

larger values in a time series are strongly overestimated whereas lower values are neglected 

(Legates & Jr., 1999). For the quantification of runoff prediction, this leads to an over-

estimation of the model performance during peak flows and an underestimation during low 

flow conditions. Similar to R2 the Nash-Sutcliffe is not very sensitive to systematic model 

over- or under-prediction especially during low flow periods 

According to Jain & Sudheer (2009) and Mccuen, Knight, & Cutter (2006), NSE value has 

faced many critics due to its lack of ability to suggest a sampling method as well as its lack 

of metric to wholly portray the performance of a model. Moreover, other drawbacks of the 

NSE evaluation criteria include; its lack of consideration to the degree of freedom of the 

data, doesn’t apply a specific probability function, open to subjective understanding, doesn’t 

have lower limit and is highly sensitive to outliers (Casey et al., 2015). However, it is 

important to note that the model is widely used in literature and also in a wide array of 

models. 

iii.  Kling–Gupta efficiency (KGE) 

The criteria proposed by Gupta, Kling, Yilmaz, & Martinez (2009), involves the 

decomposition of mean squared error (MSE) and the Nash–Sutcliffe efficiency (NSE) 
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values. This criterion has been applied in hydrology objectively to alleviate some of the 

inadequacies of the NSE criteria. It also employs a similar criterion to the NSE in which its 

value ranges from negative infinity to zero and the more the value is closer to 1 is an 

indication of the model accuracy (Gupta et al., 2009). 

To help in the determination of how good a model is, several other criteria’s have been 

applied. These include; The Volumetric Efficiency (Pomeroy, 2007), and the index of 

agreement (Willmort, 1982), the table 2.1 below summarizes some of the most common 

criteria for hydrological model evaluation criteria. 

 Table 2.1: Criteria and coefficient used for model evaluation 

Source: (Willmort, 1982) 

 

Notes: xi is a set of observations; yi is a set of predictions; x ̅ is the arithmetic mean of 

observed data, y ̅ is the arithmetic mean of the predicated data; Sx and Sy represent the 

standard deviations for the observed and predicted data, respectively; MSE represents the 

mean-square-error; ED represents the Euclidean distance from the ideal point in the scaled 

space; r is the correlation coefficient; a is a measure of relative variability of the predicted 

and observed values; and b is the bias defined as the ratio of the mean and predicted flows 

to the mean of the observed flows: (Clark, 2016) 

2.4.2 Hydrological Modelling 

A common approach used to investigate the effect of climate on water resources is the 

application of hydrological simulation models. Model are essential tools to better understand 

hydrological processes in terms of quantifying diverse interactions between natural physical 
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factors and human activities. However, there are always trade-offs among the models, and 

selection of the most appropriate one depends upon the objectives and data availability. The 

current work will apply the set of models to list them are conceptual hydraulic models and 

climatic models. The hydrological model which will be used in this research are HBV- Light 

model.  

2.4.3 The Classification of Hydrological Models 

There are numerous classifications of the existing mathematical models. This section is 

going to explain some of the main classifications. Figure 2.5 shows the classification of the 

hydrological models  

 

Figure 2.5: The classification of the hydrological models 

Source: (Ponce, 1989). 

a) Physical, Conceptual and the Stochastic (Parametric) Models 

Mathematical models are classified into three groups; conceptual, physical and parametric 

(Ponce, 1989). A physical model is governed by the laws of physical processes and generally 

described by the equations of mathematical physics. Generally, it is represented by 

differential equations; the likes of the Kinematic Wave Routing technique. Physical models 

provide the best physical processes details. However, their application is limited due to the 

complexity of the natural processes. On the other hand, a conceptual model is a simplified 

version of a physical model where some empirical components are integrated. 

Generally, conceptual models are illustrated by ordinary differential equations (ODE) or 

algebraic equations (AE) like the Green-Ampt infiltration model (McGuen, 1989). 
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Conceptual models are majorly used in engineering hydrology due to difficulties faced when 

applying physical models. A parametric model on the other hand is presented by Algebraic 

Equations together with empirical parameters. The peak discharge estimation applies the 

rational method which is an example of a parametric model (Ponce, 1989) 

b) Deterministic and Probabilistic Models 

Deterministic models a complicated physical theory and requires a large amount of data as 

well as computational time. The complexity and the long computational time of these models 

makes them very expensive to develop and difficult to work with (Gosain et al., 2009, 

Liddament et al.,1981). They apply non-linear Partial Differential Equations (PDE) which 

explain the hydrologic processes. However, it is imperative to understand that solutions 

grounded on these analytical operations usually can’t solve the equations. The greatest 

strength of these models is their ability to represent the internal view of a process giving a 

deeper understanding of the hydrological process. In addition, they don’t have random input 

and or output variables. Majority of the prevailing Stormwater Models are deterministic; a 

good example is the Storm Water Management Models (SWMM) designed and developed 

by the United States Environmental Protection Agency (USEPA) 

On the other hand, probabilistic models are developed through the application of the Laws 

of chance and are used for the hydrologic time-series analysis with one or more random 

variables. Probabilistic models most often involve determination of the probability 

distribution of equating or exceeding an event (Kottegoda, 1980). Flood frequency analysis 

for instance is usually achieved through the application of a probabilistic model like the 

Gumbel Distribution Model (Linseley et al., 1982) 

c) Lumped and Distributed Models 

The application of a lumped model considers catchment characteristics and rainfall data 

constant within the catchment. On the other hand, a distributed model subdivides the 

catchment into small sub-basins an performs simulations for different hydrological processes 

individually. Generally, distributed models are considered more accurate than lumped 

models but this depends on the availability of a detailed input data. Distributed models are 

time consuming to set up but are competent in investigating consequences of heterogeneity 

in a Basin (Devia et al., 2015). Table 2.2 shows the different models. 
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Table 2.2: Characteristics of three models  

(Source: Linseley et al., 1982) 

 

2.4.4 HBV-Light model 

The HBV model is a conceptual lumped precipitation–runoff model that simulates stream 

flow using temperature and precipitation as inputs (Seibert and Vis, 2012). The model is 

widely used in Nordic countries since it does uses snow simulation as input. It offers a 

conceptual representation of the dominant runoff generating processes, while it does not 

impose excessive data requirements. Evapotranspiration is estimated by the model using the 

temperature index method and not using monthly values as model input. (Lindström et al., 

1997; Vormoo et al., 2018). 

The model is applied on a daily time step and consists of three basic subroutines:  

(a) a snow routine,  

(b) a soil moisture routine, and 

 (c) a runoff response routine.  

The models use the general water balance equation used is P - Q – E = ds/dt Where P is 

precipitation, E is evaporation, Q is runoff, ds/dt is storage. Figure 2.5 showing the 

conceptual diagram of the HBV model.  

Normally for calibration of HBV model the coefficient of efficiency, Reff is used for 

assessment of simulations by the HBV model. Reff compares the prediction by the model 

with the simplest possible prediction, a constant value of the observed mean value over the 

entire period. With Reff 1,0, or -1 means the calibration curve has Perfect fit, Simulation as 
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good (or poor) as the constant-value prediction or Very poor fit respectively. Figure 2.6 

shows parameters overview for HBV_Light model 

 

 

Figure 2.6: The conceptual diagram of the HBV model. 

Source: (Seibert and Vis, 2012) 
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Figure 2.7: HBV_Light model parameters overview 

Source: (Seibert and Vis, 2012) 

2.5 Climate Change Assessment  

2.5.1 WASCAL climate product. 

WASCAL modeled the Regional Climate Simulations for West Africa, using spatially and 

temporally highly resolving regional climate models. A multi-model ensemble, consisting 

of three different global Earth System Models (ESMs) and three regional climate models 

(RCMs), shows the strengths and weaknesses of each model and makes a probability 

estimate of the occurrence of extreme climate events possible. Regional climate projections 

are generated at high (12km) and intermediate (60km) resolution using the Weather Research 

and Forecasting Model (WRF). The simulations cover the validation period 1980–2010 and 

the two future periods 2020–2050 and 2070–2100. (Heinzeller et al.,2018). 

The simulations cover the validation period 1980–2010 and the two future periods 2020–

2050 and 2070–2100. A brief comparison to observations and two climate change scenarios 

from the Coordinated Regional Downscaling Experiment (CORDEX) initiative is presented 

to provide guidance on the data set to future users and to assess their climate change signal. 

Under the RCP4.5 (Representative Concentration Pathway 4.5) scenario, the results suggest 

an increase in temperature by 1.5 ∘C at the coast of Guinea and by up to 3 ∘C in the northern 

Sahel by the end of the 21st century, in line with existing climate projections for the region. 

They also project an increase in precipitation by up to 300 mm per year along the coast of 

Guinea, by up to 150 mm per year in the Soudano region adjacent in the north and almost no 

change in precipitation in the Sahel. This stands in contrast to existing regional climate 

projections, which predict increasingly drier conditions. 
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Figure 2. 8: Projected Atmospheric Greenhouse Gas Concentrations 

(Source: IPCC, 2014) 

The high spatial and temporal resolution of the data, the extensive list of output variables, 

the large computational domain and the long time periods covered make this data set a unique 

resource for follow-up analyses and impact modelling studies over the greater West African 

region. The comprehensive documentation and standardization of the data facilitate and 

encourage their use within and outside of the WASCAL community. 

2.6 Climate data bias correction. 

According to (Maraun, 2016), A climate model bias can be defined as the systematic 

difference between a simulated climate statistic and the corresponding observed climate 

statistic. A model bias derived from model and observational data is as the statistics it is 

calculated from only an estimate of the true model bias and therefore also affected by internal 

climate variability. Usually this occurs when they require high resolution unbiased input 

data, global and regional climate models are in general biased, their resolution is often lower 

than desired. 

There are several bias correction methods in this section different methods will be explained. 

These methods are commonly used in climate impact studies. 
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2.6.1 Delta Change vs. Direct Methods 

The simplest approach used for bias correction is the so-called delta change approach. It has 

a long history in climate impact research. In fact, this approach is not a bias correction of a 

climate model, but only employs the model’s response to climate change to modify 

observations. It is a useful benchmark for bias correction. The delta change approach is 

therefore sensible only when these aspects may be assumed unchanged for the considered 

future climate (Lafon et al., 2013). 

2.6.2 Quantile Mapping 

More flexible bias correction methods also attempt to adjust the variance of the model 

distribution to better match the observed variance. A generalization of all these approaches 

is quantile mapping, which employs a quantile-based transformation of distributions. In a 

widely used variant, a quantile of the present-day simulated distribution is replaced by the 

same quantile of the present-day observed distribution. Typically, climate models simulate 

too many wet days (the so-called drizzle effect). In this situation, quantile mapping 

automatically adjusts the number of wet days (as the wet-day threshold is a quantile of the 

distribution. ( Maraun, 2016; Oguntunde et al., 2014;Andersen et al., 2013; Lafon et al., 

2013;) 
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CHAPTER THREE : DESCRIPTION OF THE STUDY AREA 

3.0 Background 

3.1 Physical geography  

The study was carried out in the Kandadji Catchment. The catchment is one of sub catchment 

of the Niger river basin in west Africa. Located between longitude 10°31’N and 1°25’N and 

between longitude 9°84’E and 20°14’E, the catchment has a drainage area of about 596,795 

km2. Figure 3.1 shows the DEM of the catchment with a maximum elevation of 2541m and 

minimum elevation of 216m. The Niger River Basin covers 2.27 million km2 (Ogilvie et al. 

2010), and with 4,200 km in length, it is the third longest river in Africa. Kandadji is a 

transboundary catchment shared by Ivory Coast, Burkina, Mali, Guinea and Niger, where by 

the primary user of the water resource is located at the outlet of the catchment where there 

is also a big hydropower dam. Figure 3.2 showing administrative boundary of the study area. 

Table 3.1 shows the distribution details for each country in which Niger river is shared. 

Kandadji as any other sub catchment in the world has different uses in which serves the 

Niger country and surrounding nearby countries. This catchment is one of the CIREG project 

area out of three basins of the project (Volta, Mono and Niger). This CIREG is implemented 

under WASCAL in West Africa, and aims to increase access of the renewable energy 

including hydropower generation. 
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Figure 3.1: The DEM of the catchment 

 

Figure 3.2: Administrative boundary of the study area. 
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Table 3.1: The details on the Niger river sharing Countries 

 Source: (Andersen et al., 2005) 

Parameter Benin 

Burkina 

Faso Cameroon Chad d’Ivoire Guinea Mali Niger Nigeria 

Total area (millions 

km2) 0.114 0.274 0.475 1.284 0.322 0.246 1.24 1.27 0.924 

Population 

(millions) 6.75 10.7 14.9 8.3 15.4 7.1 10.6 10.7 114 

Population increase 

(%/year) 3.1 2.3 2.3 3.2 2.1 3.1 2.2 3.5 2.7 

Urban population 

(%) 39.9 18 48.1 23.5 45.8 32.1 29.4 20.1 43.1 

GDP/person (US$) 933 965 1573 850 1653 1934 753 753 853 

Estimated 

population 11.5 21.7 27.8 13.4 29.9 14 22.7 19.2 235 

Freshwater fishing 

(1,000 tons) 44 — 89 6 68 103 108 6 383 

Within Niger Basin 

Hydrologically 

active in 

         
1. Area (103 km2)a 37.5 58.5 66 15 18 69 454.5 357 424.5 

2. (%) 2.5 3.9 4.4 1 1.2 4.6 30.3 23.8 28.3 

 

3.2 Topography, Geology and Geomorphology 

The physical environment of the region is characterized by a set of simple reliefs consisting 

of structural plateaus, alluvial plains and river valleys, including the Niger River Valley, 

which divides them into two shores. The landscape of the northern part of the study area is 

organized in large strips with an east-west orientation. The landscape of the southern portion 
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of the study area is characterized by large longitudinal dunes with east-west-south west/west-

north orientation. Some form peaks with a height of over 25 meters, and stretch over a 

distance of 20 or 30 km (Liersch et al., 2019). Depressions in between dunes may contain a 

higher amount of clay and be suitable for agriculture. Figure 3.3 show the image of the 

landscape around the Kandadji area. Around Kandadji, the profile is atypical with the 

presence of igneous rocks on the surface or just below it, exerting a strong influence on the 

landscape, including a narrowing of the floodplain. (Andersen et al., 2005; UNEP, 2006) 

 

Figure 3.3: The image of the landscape around the Kandadji area. 

Source: (African Development Bank, 2008) 

3.3 Soil characteristics  

The soil cover of the study area comprises different types of soils, including tropical 

ferruginous soils, soils poor in alluvial content, poorly developed windblown soils, lithosols 

and poorly developed erosion soils, as well as raw mineral soils. Soils in the study area are 

predominantly red-brown and red windblown sands. They are generally shallow (100 to 150 

mm), and have low fertility rates and low water retention capacity. (African Development 

Bank, 2008) 
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3.4 Climate  

The project area falls within the northern Sudanian and Sahelian zones, characterized by 

seasonal hot and dry tropical continental winds that blow from the north-eastern to east 

(Harmattan) and the humid and unstable equatorial maritime winds originating in the Gulf 

of Guinea (Monsoon). Highest temperatures of about 46 oC are recorded in March and April, 

while the lowest temperatures (about 16 oC) and average of 28 oC. The rainy season is short 

(July-August and September) and the rainfall totals range between 600 and 800mm/year in 

the far south (based on observations from 1950 to 2010) which is concentrated in one rainy 

season from mid-April to mid-October. A strong inter-annual variability in rainfall was 

experienced during the 1980s, but the trend observed over the past two decades has been 

towards a quantitative recovery in rainfall (African Development Bank, 2008; Oyerinde et 

al., 2015) 

3.5 Social Economical Environment 

3.5.1 Introduction  

This section focuses on the social economical and environment of Niger as it has the largest 

share of the catchment area and its uses more than 60% of the total water available in the 

catchment. The social, economy and environment of Niger people especially the Niamey 

and nearby village depends on the Kandadji catchment. 

3.5.2 Demography 

Niger is the largest country in West Africa, and the 22nd largest country in the world, but 

over 80% of its land is covered by the Sahara Desert. This is one reason for Niger's low 

population density of just 12 people per square kilometer. Niger's estimated population is 

23.31 million, compared to an estimated 17.1 million in 2012. 94% of Niger's population 

live on just 35% of the land. The Maradi region hold 20% of the population on 3.3% of the 

country's land, while just 3% of the population live in the desert. Table 3.2 shows the 

projection population of the Niger their growth rate and the population density. (WORLD 

POPULATION, 2019) 
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Table 3.2: The population projection of the Niger their growth rate and population 

density 

 Source: (WORLD POPULATION, 2019) 

Year Population % Male % Female 
Density 

(km²) 

Growth 

Rate 

2018 22,442,822 50.23% 49.77% 17.71 3.89% 

2019 23,310,715 50.25% 49.75% 18.4 3.87% 

2020 24,206,644 50.28% 49.72% 19.11 0.00% 

2025 29,125,520 50.36% 49.64% 22.99 3.77% 

2030 34,846,020 50.43% 49.57% 27.5 3.65% 

2035 41,396,373 50.47% 49.53% 32.67 3.51% 

2040 48,745,855 50.51% 49.49% 38.47 3.32% 

2045 56,837,126 50.53% 49.47% 44.86 3.12% 

2050 65,593,043 50.55% 49.45% 51.77 2.91% 

2055 74,927,896 50.55% 49.45% 59.14 2.70% 
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Figure 3.4: life expectancy at birth. 

Source: (COUNTRYMETERS, 2017) 

3.5.2 Culture and ethics  

More than 50% of Niger's population belongs to the Hausa, which also is the largest ethnic 

group of northern Nigeria, as well as the Zarma-Songhai. Both groups are sedentary farmers 

who live in the southern area of the country.(Andersen et al., 2013) 

The rest of Nigeriens are nomadic or semi-nomadic and raise livestock. The Fulani, Kanuri, 

Arabs, Toubou, and Tuareg count for around 20% of the country's population. With the 

country's population rapidly increasing, creating more competition for scarce resources, the 

farmer and herders have clashed several times.(African Development Bank, 2008) 

Between 80 and 98% of Niger's population is Muslim, although there are small Animist and 

Christian communities. Most Muslims in the country are Sufi and Sunni, with about 5% 

being Shi'a Muslims. Niger maintains a reputation as a secular state that is protected by law. 

Women are not secluded, and hijabs are not mandatory.(L. Abebe et al., 2011) 

3.5.3 Economy activities  

The social organization of Niger is greatly influenced by the culture and traditions of each 

ethnic group. In the study area, the low population density allows people to come together 

by ethnicity and live near their main source of income, whether the river for fishing, 
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agricultural land for farmers or grazing land for stock breeders. The population is mostly 

sedentary, although there are concentrations of nomads in the cantons of Ayorou, and 

Gorouol.  

Living conditions in most of the study area are characterized by the inability to meet basic 

needs. The minimum basic needs in terms of nutrition and shelter are not guaranteed, in 

addition to a lack of infrastructure such as water, sanitation, health and education 

modulations this situation worse in the village. (African Development Bank, 2008) 

Agriculture is the backbone of the economy of the study area, characterized by very small 

family farms. It is subsistence agriculture, carried out on a seasonal basis. Only a small part 

of the production is for sale. There are two main types of agricultural areas: river valleys or 

rice paddies and dune areas.  

Stockbreeding is practiced by most households and contributes to food security through the 

production of meat, milk, hides and eggs. There are two types of stockbreeding in the area: 

the extensive pastoral system (or transhumance) and the extensive agro-pastoral system 

(stockbreeding associated with agriculture).(Ogilvie et al., 2010)  

In the study area, and in the country as a whole, fishing is an artisanal activity carried out in 

the Niger River, its tributaries (the Gorouol and the Dargol) and in seasonal and permanent 

pools, despite the regression due to climatic conditions and drought.  

Fishery products are sold locally in fisheries and/or transported to major cities such as 

Tillabéri and Niamey for sale. They are also preserved or processed (smoking and drying), 

mainly by women. The area has two fishing stations (Ayorou) and a fish smokehouse 

(Firgoune). (African Development Bank, 2008) 

3.6 Hydrology  

The hydrographic network is composed of the Niger River, the width of whose valley 

stretches from 5 to 10 km on both sides of the river, which is characterized by a tropical 

rainfall regime marked by a great spatial, seasonal and inter-annual variability of flows. 

Seasonal peak flows amount to about 2 000 m3/s.(African Development Bank, 2008) The 

high-water period is between July and August. In Niger, the Niger River is fed by seven 

tributaries all on the right bank. Given that the hydrological system in Niger is characterized 

by highly variable flows, water supply constraint is a problem faced mainly in the dry season. 

The duration of the low-flow period depends on the flood of the previous year. Floods occur 

from September to January, usually with a peak in December (mean monthly discharge in 
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December of about 1600 m3/s in Kandadji,(Oguntunde et al., 2014;Andersen et al., 

2013;African Development Bank, 2008). In dry years, low flows are long-lasting and severe 

(April-July), and flows may drop to just a few cubic meters per second. Inter-annual 

variations can be very high. 

3.6.1 Water related ecosystem  

The water related ecosystem available in Kandadji catchment includes but not limited to 

Hydropower production, irrigation and domestic use where by the Kandadji dam is planned 

to be constructed and start operated by 2020 in which it will have the 125MW power and 

used for irrigation and domestic use. (African Development Bank, 2008) 

3.6.2 Water Use and Management  

The annual water available is 33.7 * 109 m3 /yr (UNEP, 2006). This water is mostly used for 

agriculture which is 95% and the rest is used for Municipal and Industrial use. (UNEP, 2006) 
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CHAPTER FOUR : HYDROLOGICAL MODELLING 

4.1 Introduction  

A quantitative analysis of climate changes impact on water resources in a hydrological 

system requires a simulation model that adequately represent the system features relevant 

for the water balance components of interest. The HBV-light model was applied in this study. 

The following chapter presents the adopted data mining approch the calibration and 

validation of the the modelas well as the achieved model performances. 

 4.2 Methods 

4.2.1 Catchment delination 

A Digital elevation Model (DEM) of the case study area was downloaded from the online 

source (SRTM data): http://srtm.csi.cgiar.org/srtmdata/ with the Spatial resolution of 

approximately 30 meters. The Hydrology tools of Arc-Geographic information system (Arc-

GIS) were used to delineate and calculate the total area of the catchment study area. The 

available hydro-meteorological station was located and the geometrical area of 596795km2 

was calculated. Figure 4.1 shows the map of delineated catchment and the hydro-

meteorological station located within study area.  

 

Figure 4.1: The map of delineated catchment and the hydro-meteorological station 

in a Kandadji catchment 

http://srtm.csi.cgiar.org/srtmdata/
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4.2.2. Data source  

In this study, both climatology data and hydrology data were used in a daily scale for a period 

of 36 years, ranged from 1975 to 2011. Temperature (oC) , Precipitation (mm), Wind (m/s), 

Relative Humidity (%), Solar (MJ/m2) were extracted from six meteorological stations of 

the National Centers for Environmental Prediction (NCEP) - Global Weather Data for 

SWAT (https://globalweather.tamu.edu/). Discharge data was obtained from the National 

hydro services of Niger and GRDC Station Data. Table 4.1 shows the locations of the hydro-

meteorological stations.  

Table 4.1: The locations of the hydro-meteorological station 

Station ID  Assigned 

Station 

No. 

Long Lat Observed Parameter  

Decimal Degree 

Weatherdata

-98-103 

1 -

10.3125 

9.8352 

Temperature,Precipitation,Wind,Sola

r radiation,Relative humidity  

  

Weatherdata

-20113 

2 1.2500 20.138

8 

Weatherdata

-1610 

3 0.0000 16.079

8 

Weatherdata

-148-41 

4 -4.0625 14.830

9 

Weatherdata

-117-75 

5 -7.5000 11.708

6 

Weatherdata

-130-59 

6 -5.9375 12.957

5 

KANDADJI 7 0.9833 14.616

7 

Discharge  

 

 

4.2.3 Data cleaning  

The data applied in this study was cleaned and corrected to ensure its quality and validity. 

The meteorological data were checked and missing data were filled with the average method 

(mean value) except for the rainfall data. Potential evapo-transpiration was calculated using 

the FAO ETO calculator following the Penman–Monteith equation. Data gaps in the Niger 

hydrological station were filled with with the GRDC Station Data. Table 4.2 shows the 

https://globalweather.tamu.edu/
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number of discharge data available per year. After data cleaning the remaining set of the 31 

data series ranging from 1980 to 2011 was selected for the rest of the analysis.  

Table 4.2: The number of discharge data available per year 

YEARS Numbers of days for 

available discharge data  

YEARS Numbers of days for 

available discharge data  

1975 365 1993 188 

1976 366 1994 319 

1977 365 1995 357 

1978 365 1996 349 

1979 365 1997 249 

1980 366 1998 358 

1981 365 1999 365 

1982 365 2000 336 

1983 365 2001 302 

1984 241 2002 365 

1985 211 2003 365 

1986 365 2004 366 

1987 365 2005 365 

1988 347 2006 365 

1989 350 2007 365 

1990 365 2008 366 

1991 365 2009 365 

1992 256 2010 365 
  

2011 365 
 

 

4.3 Hydrologic Model description  

The Swedish conceptual lumped-parameter (HBV model version 4.0.0.22) (SMHI, 2012) 

was used in this study to perform the hydrological modeling. PTQ (Precipitation, 

Temperature and Discharge) and EVAP (Eva-transpiration) spaned from 1980 to 2011. 

The missing data for precipitation was replaced with zero and missing discharge data was 

replaced by negative value (-999). The HBV model was first run for an initial state of one 

year (1980 to 1981) to initialize the system. Then, the model was calibrated and validated 
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manually against the daily observed Precipitation, Temperature and discharge data for the 

periods of (1987 to 1991) and (1991 to 1995) respectively. Figure 4.2 shows the HBV-

light model structure. 

 

Figure 4.2: The HBV-light model structure. 

Source : (SMHI, 2012) 

 

4.3.1 Model Calibration and Validation 

The model was setup using the warming period of 1980-1981, 1987-1991 and 1991-1995 

for the calibration and validation phases respectively. The daily streamflow observations at 

the Kandadji gauging station were available for 31 years. The rainfall data was evaluated 

before choosing the calibration and validation period using SPI index. The SPI index was 

calculated by using the Drinc a Drought Indices Calculator version 1.5.73. SPI is a 

normalized index representing the probability of occurrence of an observed rainfall amount 

when compared with the rainfall climatology at a certain geographical location over a long-

term reference period.(Man-chi, 2013) 

The Genetic Algorithm and Powell (GAP) optimization was used to calibrate the model. The 

model parameter ranges (Table 4.3) were chosen for the calibration as described by the 

developer of the model and many other studies (Abebe & Kebede, 2017; Al-Safi & 
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Sarukkalige, 2017). It is worth noting that, over-increasing the parameter range bears the 

risk to generate a good simulation by using unrealistic parameter sets .  

The model was calibrated in 50,000 GAP runs. Parameters ranges of the model during the 

calibration are shown in table 4.3  

Table 4.3: Parameters ranges used for the calibration  

Name DisplayName Unit Description  Lower  Upper  

        Limit Limit 

Catchment parameters  

PERC PERC mm/d Treshold parameter 0 500 

UZL UZL Mm Treshold parameter 0 500 

K0 K0 1/d Storage coefficient 0 0 0.9 

K1 K1 1/d Storage coefficient 1 0 0.9 

K2 K2 1/d Storage coefficient 2 5E-07 0.99 

MAXBA

S 

MAXBAS D Length of triangular 

weighting function 

1 50 

PCALT PCALT %/100m Change of precipitation 

with elevation 

1 50 

TCALT TCALT °C/100

m 

Change of temperature 

with elevation 

0 50 

Pelev Elev. of P M Elevation of 

precipitation data in the 

PTQ file 

0 0 

Telev Elev. of T M Elevation of temperature 

data in the PTQ file  

0 0 

Vegetation Zone initial Parameter  

TT TT °C Threshold temperature -5 50 

CFMAX CFMAX mm/d 

°C 

Degree-Δt factor 0 50 

SP SP - Seasonal variability in 

Degree-Δt factor 

0 1 

SFCF SFCF - Snowfall correction 

factor 

0 0.9 

mk:@MSITStore:C:/PROGRA~2/HBV-LI~1/Help/HBV-LI~1.CHM::/HTML/PTQ%20file.html
mk:@MSITStore:C:/PROGRA~2/HBV-LI~1/Help/HBV-LI~1.CHM::/HTML/PTQ%20file.html
mk:@MSITStore:C:/PROGRA~2/HBV-LI~1/Help/HBV-LI~1.CHM::/HTML/PTQ%20file.html
mk:@MSITStore:C:/PROGRA~2/HBV-LI~1/Help/HBV-LI~1.CHM::/HTML/PTQ%20file.html
mk:@MSITStore:C:/PROGRA~2/HBV-LI~1/Help/HBV-LI~1.CHM::/HTML/PTQ%20file.html
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CFR CFR - Refreezing coefficient 0 0.9 

CWH CWH - Water holding capacity 0 0.9 

FC FC Mm Maximum soil moisture 

storage 

1 1500 

LP LP - Soil moisture value 

above which AET 

reaches PET 

0 1 

BETA BETA - Parameter that 

determines the relative 

contribution to runoff 

from rain or snowmelt 

1 50 

 

 

4.3.2 Model evaluation  

Al-Safi & Sarukkalige (2017) explained that the method of evaluating the results during the 

calibration process is highly significant. Therefore, the modeling performance was assessed 

using three criteria of efficiency named Model efficiency (Reff or NSE), Kling–Gupta 

efficiency (KGE), Coefficient of determination (R2 ).  

4.4 Results and Discussion  

4.4.1 Data analysis and SPI index  

The data was analysed and the results showed that out of the 36 years of available historical 

data only 31 years were exploitable useful based on the available observed discharge data 

and the percentage gap of the observed data.Table 4.5 shows list of the years and the 

percentage of the observed discharge data available in which almost 13 years of the data 

where not 100% available. Also the data cleaned and used showed that there few missing 

data, the table 4.4 shows the percentage of the missing data per each year.  
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Table 4.4: The percentage of the missing data per each year. 

YEARS % of Missing               YEARS      % of Missing            

        Discharge Data     Discharge Data 

1975 100% 1994 87% 

1976 100% 1995 98% 

1977 100% 1996 95% 

1978 100% 1997 68% 

1979 100% 1998 98% 

1980 100% 1999 100% 

1981 100% 2000 92% 

1982 100% 2001 83% 

1983 100% 2002 100% 

1984 66% 2003 100% 

1985 58% 2004 100% 

1986 100% 2005 100% 

1987 100% 2006 100% 

1988 95% 2007 100% 

1989 96% 2008 100% 

1990 100% 2009 100% 

1991 100% 2010 100% 

1992 70% 2011 100%  

1993 51%     
 

 

The calibration periods and validation periods of the model were compared to the normal 

climatology of the catchment using the SPI.The Standardized Precipitation Index of the 

catchment for the period indicates that 1987-1995 both calibration and validation periods are 

near normal with index values ranging from -0.99 to 0.99. More that 70% of the available 

data reflected the normal climate of the catchment and reflect the annual rainfall pattern in 

the catchment (Yira, et al., 2016). Furthermore, both calibration and validation during 

periods have  relatively similar rainfall patterns The table 4.5 and figure 4.3 shows the results 

of of SPI index in and the years in which where use for calbration and validation. 
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Figure 4.3: The Annual SPI index from 1979 to 2014 

 

Table 4.5: The nomarized SPI Index years used for calibration and validation  

 

Annual SPI: 

Year Annual SPI Index 

1987 – 1988 0.19 

Calibration 
1988 – 1989 0.81 

1989 – 1990 0.58 

1990 – 1991 0.19 

1991 – 1992 0.70 

Validation  
1992 – 1993 0.41 

1993 – 1994 0.57 

1994 – 1995 1.06 

 

4.3.2 Model performance  

Table 4.6 shows the results of the calibration and validation of the HBV-Light model. Model 

efficiencies of of 0.80 and 0.71 were achieved for the calibration and validation respectivelly. 

One can notice that the sum of simulated discharge is higher than observed discharge for 

calbration and opposite for validation.  
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Table 4.6: Water balance and model performances for the calibration and 

validation periods. 

KANDADJI CATCHMENT CAL AND VAL SUMMERY RESULTS  

Water Balance[mm/year]: Calibration Validation  

 Sum Qsim 29.76 34.51 

 Sum Qobs 28.57 38.78 

 Sum Precipitation 506.25 560.78 

 Sum AET 445.33 437.25 

 Sum PET 2703.27 2678.61 

 Goodness of fit: Calibration Validation  

 Coefficient of determination 0.80 0.71 

 Model efficiency 0.79 0.69 

 Kling-Gupta efficiency 0.78 0.84 
 

 

Several studies state that for the efficency of the model coefficient of determination (R2) 

describe the degree of collinearity between simulated and measured data. R2 ranges from 0 

to 1, with higher values indicating less error variance, and typically values greater than 0.5 

are considered acceptable (Moriasi et al., 2007). In this tudy the value of R2 for both 

claibration and validation was found to be higher than 0.5. Applying the NSE scale,Table 

4.7 shows the interpilation of the obtained values for calibration and validation of the Model. 

(D. N. Moriasi et al., 2007), on can conclude that the simulations are very good for both 

calibration and validation periods Figure 4.4 show the value of simulated discharge,observed 

discharge and presicipation values during the calibration year (1987-1991) and Figure 4.5 

shows the value of simulated dischage, observed discharge and precipitation during the 

validation year (1991-1995). It can be noticed that that annual discharge pattern is indeed 

well reproduced by the model for both periods although some peak discharges are under or 

overestimated. Data quality and gaps filling can reasonnably explain these discrepancies. 

Overall, the model reproduces the hydrological regime of the catchment. 
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Figure 4.4: Simulated discharge, observed discharge and precipitation during the 

calibration year (1987-1991) 

Figure 4.5: Simulated discharge, observed discharge and precipitation during the 

validation year (1991-1995) 
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Table 4.7: The interplitation NSE values. 

4.4 Conclusion  

Hydro-climatic data was mined from different sources to set up the HBV model for the 

Kandadji catchment. The hydrological model was calibrated and validated following a split 

sample approach. Despite the context of scarce hydro-climatic context, the hydrological 

model was sucesefully and calibrated and validated, as good stactictiscal quality measures 

were achieved. Overall, the model is deemed suitable for climate impact assessment in the 

catchment. 

 

 

 

 

 

 

 

 

 

 

Goodness of fit For NSE  

VALUE  INTERPLITATION 

0.75 <NSE<=1  Very good 

0.65 <NSE<=0.75 Good 

0.5 <NSE<=0.65 Satisfactory  

NSE<=0.5 Unsatisfactory 
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CHAPTER FIVE : PROJECTED CLIMATE SIGNAL AND ITS IMPACT ON THE 

STREAM FLOW 

5.1 Introduction  

In this chapter climate scenarios are analyzed and used as input to the validated hydrological 

model in order to access the climate signal and impact on streamflow (discharge) in the 

catchment. The applied climate simulation data was developed by West African Science 

Service Center on Climate Change and Adapted Land Use (WASCAL high-resolution 

regional climate ensemble under Representative Concentration Pathway-RCP4.5 by 

Heinzeller et al. (2018). The WASCAL high-resolution regional climate is available only 

under RCP4.5. It is however worth noting that the differences between RCP4.5 and RCP8.5 

become apparent only after 2040. Climate simulations were evaluated and corrected against 

observed historical data. Three periods were compared 1980-2005 as a reference, 2020-2049 

and 2070-2099 as future projections. The climate change signals between different periods 

were compared as well as the impact of the changes on streamflow. 

5.2 Methods  

5.2.1 Data source  

In this study the historical Observed and RCMs-GCMs based (historical runs and 

projections) data were used. Historical observed data source was described in chapter four 

of the study, while RCMs-GCMs based (historical runs and projections) were derived from 

CERA which is provided through the PANGAEA portal in netCDF at 12km resolution (the 

RCMs-GCMs data were readily available at the WASCAL Competence Center). The 

regional climate projections are generated at high resolution (12 km) using regional climate 

model of Weather Research and Forecasting Model (WRFV3.5.1) (Heinzeller et al., 2018). 

Two Earth System Models from the CMIP5 project (GFDL-ESM2M and HadGEM2-ES) 

are downscaled by WRFV3.5.1 for the historical period from 1980 to 2005 and for projected 

periods of 2020 - 2049 and 2070 – 2099 the under the RCP4.5 scenario. The set of observed 

historical data were used in a daily scale for a period of 26 years, ranged from 1980 to 2005. 

The set of RCMs-GCMs based are also in daily series. Table 5.1 below shows the description 

of the data source, characteristics and source. Table 5.1 shows High-performance computing 

systems used for the WASCAL high-resolution regional climate ensemble experiment. 

Control runs are conducted for the period 1980–2013, historical runs for the period 1980–

2005 and RCP4.5 projection runs for the periods 2020–2049 and 2070–2099. 
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Table 5.1: Applied two WASCAL high-resolution regional climate datasets. Control 

runs are conducted for the period 1980–2013, historical runs for the period 1980–

2005 and RCP4.5 projection runs for the periods 2020–2049 and 2070–2099. 

RCP 4.5 _12km Resolution 

   GCM/ESM RCM Experiment 

Characteristics for 

West Africa 

Climate 

Change 

Signal 

(CCS) 

GFDL-ESM2M WRFV3.5.1 hist./proj. 

Parameters differ 

from 

observation/multi-

model ensemble 

mean. Small 

HadGEM2-ES 

Precip. close to 

observation/multi-

model ensemble 

mean. Large 
 

 

5.2.2 Data evaluation  

The observed data used in this chapter was cleaned and gaps filled as extensively explained 

in chapter four. All five historical climatic variables simulated by each RCM-GCM were 

compared to the observed climate data. simulated climate variables showed deviations 

compared to observation. These deviations were particularly important for precipitation and 

humidity. Specifically, the two RCM–GCMs exhibited an overestimation of annual 

precipitation as well as a misrepresentation of the timing of the rainy season. A bias 

correction was therefore applied to the two RCM–GCMs following the non-parametric 

quantile mapping using the empirical quantiles method with R studio codes. For each RCM–

GCM, transfer functions (TFs) were derived using observed and modeled parameters for the 

period of 1980–2005; afterwards the transfer functions were applied to the other simulated 

future projected in period 2020 to 2100. 
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Figure 5.1: Non-Bias Precipitation probability ecdf graph GFDL-ESM2M for the 

period of 1980–2005. 

 

Figure 5.2: Non-Bias Temperature probability ecdf graph GFDL-ESM2M for the 

period of 1980–2005. 
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Figure 5.3: Non-Bias Wind Speed probability ecdf graph GFDL-ESM2M for the 

period of 1980–2005. 

 

Figure 5.4: Non-Bias Relative Humidity probability ecdf graph GFDL-ESM2M for 

the period of 1980–2005. 
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Figure 5.5: Non-Bias Precipitation probability ecdf graph HadGEM2-ES for the 

period of 1980–2005. 

 

Figure 5.6: Non-Bias Temperature probability ecdf graph HadGEM2-ES for the 

period of 1980–2005. 
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Figure 5.7: Non-Bias Wind Speed probability ecdf graph HadGEM2-ES for the 

period of 1980–2005. 

 

Figure 5.8: Non-Bias Relative Humidity probability ecdf graph HadGEM2-ES 

for the period of 1980–2005. 
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  5.2.3 Projected climate and discharge changes analysis 

The two WASCAL high-resolution regional climate simulations were used to assess 

the projected climate change signals in the catchment. Changes in the stream flow 

were assessed, using the high-resolution regional climate simulations as inputs to 

the HBV-Light hydrological model. For both climate and hydrological variables, 

projected and historical averages were compared on monthly and annual bases. 

The ability of HBV-Light to model the hydrology of the Kandadji catchment was 

approved in chapter four. Details of the model setup and parameterization are 

available in that chapter. Briefly summarized, the model was calibrated and 

validated using precipitation, temperature and discharge data for the period of 1987 

to 1995. Discharge data were replaced with the value of -999 in the ptq file. Both 

ptq and Evap files where prepared using RCM-GCMs data. ETO calculator from 

FAO was used to generate the Evap file as it was done in the previous chapter (see 

chapter four details on ptq and Evap files). 

5.3 Results and discussion  

5.3.1. Data evaluation  

The bias collection was necessary since there were large deviations between 

historical observed and historical model simulated data (Fig. 5. 1). This was shown 

especially for Temperature and Precipitation data. These comparison runs showed 

that bias correction was necessary for RCMs-GCMs based simulations to reproduce 

the historical discharge regime (Fig.5.2 to Fig.5.8). Hydrological variables simulated 

under historical (1980-2005) and observed historical (1980-2005) climate conditions 

were therefore compared with bias corrected RCMs-GCMs data (1980-2005) as 

shown in graph 5.2. The Quantile mapping bias correction method was in general 

effective for all parameters except for precipitation (for both RCMs-GCMs) and 

relative humidity for HadGEM2-ES model. It is important to stress that these two 

variables exhibited the strongest deviation before correction. Furthermore, the used 

Quantile mapping method has its own limitations. According to Lafonet al. (2013) 

bias correction can introduces additional uncertainties, which are greater for higher 

order moments. To integrate the potential effect of bias correction on climate change 

signal as raised by different authors (Aich et al., 2014), results for both bias corrected 

and non-bias corrected data are presented and analyzed as shown in Figure 5.9 that 
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describes the results of bias corrected data against historical observed and historical 

simulated for both RCMs-GSMs (GFDL-ESM2M and HadGEM2-ES) Models.  
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Figure 5.9: The results of bias corrected data against historical observed and 

historical simulated for both GFDL-ESM2M and HadGEM2-ES Models. 

5.3.2 Projected climate and discharge changes 

Figure 5.10 shows the temperature trend for both bias corrected and non-bias corrected data 

for two models. Compared to the reference period of 1980-2005, a clear temperature increase 

signal is projected for the periods 2020-2049 and 2070-2099 by both RCM-GCMs in the 

catchment. This feature is common to all multi-model ensemble studies performed in the 

region whereby the temperature is predicted to increase. This trend is similar for both bias 

corrected and non-bias corrected data. A maximum increase of up to 0.1oC for bias corrected 

and 0.13 oC for non-bias corrected data is projected by the GFDL-ESM2M model while this 

increase reaches 0.15 oC for bias corrected and 0.9 oC for non-bias corrected data for the 

HadGEM2-ES model. Therefore, it is reasonably expected a temperature increase for both 

future time horizons.  
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Figure 5.10: Mean monthly temperature trend for both bias corrected and non-bias 

corrected data for the two RCM-GSMs. 

 

Figure 5.11 shows the precipitation trend for both bias corrected and non-bias corrected data 

for two RCM-GCMs. Compared to the reference period of 1980-2005, a reduction in 

precipitation during the rainy season is projected by GFDL-ESM2M. The projection for 
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2070-2099 indicates both a late onset and cessation of the rain season. Wettest month is 

shifted from August to December which is historically dry in the catchment. Considering 

bias corrected data, up to 20 % reduction of precipitation is projected for the near future 

(2020-2049) while an increase of 3% is projected for the end of the century (2070-2099) by 

GFDL-ESM2M. These trends are expected to lead to an important decrease and a slight 

increase in discharge over the two time periods respectively. For the second model 

(HadGEM2-ES) a significant increase of the precipitation is projected, i.e. 62% and 85% for 

near future (2020-2049) and end of century (2070-2099) respectively with bias corrected 

data and 26% and 34% in the same order with non-bias corrected data. 
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Figure 5.11: Bias and non-bias corrected mean monthly precipitation for historical 

and future periods for both RCM-CGMs 

Table 5.2 and 5.3 were generated using the simulated data from WASCAL high resolution 

regional climate simulation data as input the HBV model. Figure 5.12 shows the monthly 

discharge trends for bias and non-bias corrected data. Projected Discharge changes with bias 

and non-bias corrected data, consistently show an increase for HadGEM2-ES for both future 

periods, whereas for GFDL-ESM2M the discharge is expected to increase and decrease with 

bias corrected and non-bias corrected data respectively. The trends projected by HadGEM2-

ES are consistent with the projected precipitation increase by the model. Compared to the 

reference period, GFDL-ESM2M projects an annual precipitation increases of about 18mm 

for the 2070-2099 period but a discharge decreases of about 26 mm. A slight precipitation 

increase combined to an important potential evapotranspiration increase explains such a 

feature of the catchment. Furthermore, the change in the annual pattern of precipitation 

affects the runoff generation mechanism in the catchment.  
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Table 5.2: Projected Precipitation and discharge change between the reference (1980–

2005) and future (2020–2099) periods with non-bias corrected (UC) RCM–GCM 

based simulations. 

 

  
 

      Non-bias corrected   

                                             R.C.P 4.5   

RCM–

GCM Historical/Reference  Future (2020-2049) Future (2070-2099) 

WRF 

Precipitatio

n 

Discharg

e 

Precipitatio

n 

Discharg

e 

Precipitatio

n 

Discharg

e 

(mm) mm/year (mm) mm/year (mm) mm/year 

GFDL-

ESM2M 1510.72 268.67 1843.25 360.83 1849.06 540.93 

HadGEM

2-ES  1454.82 269.37 1842.97 337.33 1959.52 474.34 

 

Table 5.3: Projected Precipitation and discharge change between the reference 

(1980–2005) and future (2020–2099) periods with bias corrected (BC)RCM–GCM 

based simulations 

  
 

         Bias corrected              

                                         R.C.P 4.5   

RCM–GCM Historical/Reference  Future (2020-2049) Future (2070-2099) 

WRF 

Precipitati

on 

Discharg

e 

Precipitati

on 

Dischar

ge 

Precipitati

on 

Dischar

ge 

(mm) mm/year (mm) mm/year (mm) 

mm/yea

r 

GFDL-

ESM2M 

493.32 83.98 391.01 27.19 509.90 57.37 

HadGEM2-

ES  

364.07 27.36 591.35 67.34 673.71 78.04 
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a mixed annual discharge change signal is projected by the climate models ensemble for the 

periods 2020-2049 and 2070-2099 considering both bias and non-bias corrected data. These 

trends agree with several studies in the region (Aich et al., 2014) as a mixed discharge change 

signal for theses future periods is the common signal projected by multi-climate models 

studies performed in the West African region. In the Niger basin Aich et al. (2014) observed 

a mixed trend for the projected discharge whereby there was increase and decrease trend of 

discharge. Bias corrected and non-bias corrected yielded different discharge change signals 

for GFDL-ESM2M, confirming that bias correction can modify the project discharge change 

signal (Teng et al.,2015;Maurer and Pierce, 2014). 
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Figure 5.12: Monthly discharge trend for bias and non-bias corrected data. 

5.4 Conclusion  

 Climate impact on streamflow was analyzed using RCM-GCMs data sets and a validated 

hydrological model. Bias correction was necessary for the simulated climate data to 

reproduce the observed historical climate in the catchment. Results indicate that the bias 

correction method was effective.  Compared to the historical period, projections indicated a 

clear temperature increase while both decrease and increase are expected for precipitation 

and streamflow in the catchment. The results from this chapter are essential for the 

quantification of water related ecosystem services of the catchment. 
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CHAPTER SIX : CLIMATE CHANGE IMPACT ON WATER RELATED 

ECOSYSTEM SERVICES (WRES)  

6.1 Introduction 

In this chapter the climate impact on water related ecosystem services and allocation are 

investigated. Indicators of WRES were first defined. Actual and future water related 

ecosystem services (hydropower, water supply, ecological water and irrigation water) were 

then estimated based on the projected discharge change as simulated applying the two RCM-

GCMs datasets under the climate change scenarios RCP 4.5. Water management challenges 

is expected to increase with climate change,  

6.2 Methods  

6.2.1 Water Related Ecosystem Service Evaluation  

The modeling of the catchment hydrology in chapter four and the application of climate 

scenarios in five enable the assessment of the multiple services provided by the ecosystem 

of the catchment. Ecosystem services can be defined as the profits people obtain from 

ecosystem (MA, 2005). Specifically, water related ecosystem services (WRES) are the 

benefits produced by freshwater at landscape scale to humans. Household water supply was 

quantified using the population and the per capita water demand (Eq.6.1) as suggested by 

Duku et al. (2015). The population projections were done by means of Arc-GIS using 

Delineated catchment in chapter three and extract the population density of the catchment 

and multiply it to the catchment area to obtain the population of the catchment. The 

population was the projected to 2034 for near future assessment (2020-2049) and 2084 for 

future projection assessment (2070-2099). Populated data was freely downloaded from 

https://www.worldpop.org/geodata/summary?id=139. Hydropower potential was calculated 

based on the conversion of river discharge in the energy (Eq. 6.2). Ecological quarter supply 

was set as the Q95 of the simulated discharges at the Kandadji station (Eq. 6.3). As for water 

available for irrigation purpose, it was considered as the remaining water after deduction of 

all mentioned WRES (Eq. 6.4). 

Domestic water supply = Population * per capita demand    Eq. 6.1 

Where 

Current Population = Mean population density (pop/km2) * Catchment area (km2)  

Projection population = Current population * increase growth 

Per capita demand = 60 l/day (WHO standards) 

https://www.worldpop.org/geodata/summary?id=139
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Hydropower production = Qsim * g * h * Density * n     Eq 6.2 

Where 

Qsim is simulated discharge (m3/s) 

g is gravity (9.8 m/s) 

h is hydraulic head (5 m) 

n is plant efficiency 

Ecological water supply = Percentile of water (Q 95%)        Eq. 

6.3 

Crop water availability = Qsim-Domestic use -Ecological flow             Eq. 

6.4 

6.3 Results and Discussion 

6.3.1 Domestic water supply (Additional Domestic Water Demand) 

Considering non-bias corrected data, the catchment shows additional annual domestic water 

demands of 241,635,055 m3/s by 2020-2049 and 2,144,459,652 m3/s by 2070-2099 for both 

RCMs. This additional demand will be provided (used) for all the months excepted 

December and November to a lesser extent. As for bias corrected data, the additional demand 

will be provided only for the near future (2020-2049) and mainly from Jun to September 

depending on the climate dataset. For the end of century, the demand will not be met 

throughout the season. Despite a projected increase in future discharge, this discharge 

increase remains lower than the additional water demand due to population growth. 
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Figure 6.1: Mean monthly Domestic Water Demand trend for bias and non bias 

corrected data for the two RCM-GSMs 
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Figure 6.2 : Mean Monthly Domestic Water Consumption trend for bias and non-bias 

corrected data for the two RCM-GSMs 

6.3.2. Hydropower Potential 

Considering non-bias corrected data, the catchment shows a hydropower potential of 

2,140,458 MW on average for the historical period and under climate projection this 

potential equals 2,358,841 MW by 2020-2049 and 3,775,865 MW by 2070-2099 for the 

GFDL-ESM2M Model. For HadGEM2-ES the model, the hydropower potential equals 

2,176,404 MW on average for the historical period, while for the projected to periods 2020-

2049 and 2070-2099 it equals 2,526,920 MW and 3,305,331 MW, respectively.  

However, bias corrected data indicates that hydropower production will increasing by 2020-

2049 and 2070-2099 according the GFDL-ESM2M model The HadGEM2-ES model 

indicate decreasing trend where by decrease rapidly for period of near future (2020-2049) 

and slightly for period of future (2070-2099). 

The hydropower production is therefore expected to increase in future and near future 

compared to the reference period for HadGEM2-ES model and opposite projection the 

second one. These projections are not consistent for both RCM-GCMs.  



66 
 

 

 

Figure 6.3: Mean monthly Hydropower generated trend for bias corrected data for 

the two RCM-GSMs 
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Figure 6.4: Mean monthly Hydropower generated trend for non-bias corrected data 

for the two RCM-GSMs 

6.3.3. Ecological flow 

Ecological flow is the one required by the environment to maintain health system of the river 

or catchment hydrology considering non-bias corrected data, the catchment shows an 

ecological flow shows an increase trend for both model, which explains the fact that the 

climate impact will affects all other WRES except Ecological flow. Both models predict that 

the flow will be increasing despite the climate change influence. This trend has been true 

also for bias corrected data for both models. 
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The Ecological flow is therefore expected to increase in future and near future compared to 

the reference period.  

 

 

 

 

Figure 6.5: Mean monthly Ecological flow trend for bias corrected data for the two 

RCM-GSMs 
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Figure 6.6: Mean monthly Ecological flow trend for non-bias corrected data for the 

two RCM-GSM 

6.3.4. Crop water availability 

Irrigation as one of the WRES, it is very important to evaluate the amount of water available 

for agriculture. The results showed that the catchment agriculture potential is 

180,559,576,227 m3 on average for the historical period and under climate projection the 

water available for crops is 199,493,580,269 m3 by 2020-2049 and 319,534,875,642 m3 by 
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2070-2099 for the GFDL-ESM2M Model. With the HadGEM2-ES model, the available crop 

water equals 184,071,709,710 m3 on average for the historical period, while for the projected 

periods 2020-2049 and 2070-2099 it equals 213,975,411,437 m3 and 279,308,254,913 m3, 

respectively. This statistic considers the non-bias corrected data.  

Bias corrected data indicates that water available for crop production will decrease by 2020-

2049 and 2070-2099 according the GFDL-ESM2M model Compared to historical period. 

The HadGEM2-ES model indicate an increase trend which differs from GFDL-ESM2M 

model. 

 

 

Figure 6.7: Mean monthly crop water available trend for bias corrected data for 

the two RCM-GSMs 
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Figure 6.8: Mean monthly crop water available trend for non-bias corrected data for 

the two RCM-GSM 

Among all the water related ecosystem services analyzed taking to account bias corrected 

data only Domestic water supply showed a negative trend which means the climate change 

will affect provision in near future or in future. Annual hydropower, Ecological flow and 

crop water supply will increase but their annual pattern will show a mixed trend as a decrease 
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in projected for some moths. Table 6.1 and 6.2 Summarizes the annual trends for all 

investigated WRES. 

Table 6.1: Trend of the WRES using a HadGEM2-ES model. 

 

Table 6.2: Trend of the WRES using a GFDL-ESM2M model. 

 

6.4: Conclusion  

In this chapter Water related ecosystem services were analysed to see how does the climate 

change impact them. Four major WRE were evaluated and showed that will all be impacted 

by climate change. Due to population growth, domestic water supply will be the most 

negatively affected despite a projected increase of discharge. Furthermore, the catchment 

indicates a large potential for hydropower generation and available water for agriculture. 

 

 

 

 

 

 

 

 

 

HYDROPOWER (Kwatt) DOMESTIC USE (m3.day) ECOLOGICAL (m3/day) CROP WATER AVAILABLE (m3)

CORRECTED HISTORICAL 293243900.69 0.00 3123599791.85 22055108728.14

UNCORRECTED HISTORICAL 2176404301.51 0.00 3622739676.25 184071709709.80

CORRECTED FUTURE (2020/2049) 474854887.87 241635055.28 3233013738.26 37448720084.49

UNCORRECTED FUTURE (2020/2049) 2526920349.40 241635055.28 3701067292.17 213975411436.82

CORRECTED FUTURE (2070/2099) 589969306.39 2144459652.36 3013515591.65 45742199493.51

UNCORRECTED FUTURE (2070/2099) 3305331014.11 2144459652.36 3679566233.54 279308254913.10

DATA SERIES HadGEM2-ES  model

HYDROPOWER (Kwatt) DOMESTIC USE (m3.day) ECOLOGICAL (m3/day) CROP WATER AVAILABLE (m3)

CORRECTED HISTORICAL 669017793.80 0.00 3071719807.00 54598019457.00

UNCORRECTED HISTORICAL 2140457961.00 0.00 3622739676.00 184072000000.00

CORRECTED FUTURE (2020/2049) 189177157.10 241635055.30 2863886894.00 13213259334.00

UNCORRECTED FUTURE (2020/2049) 2358841077.00 241635055.30 3701091870.00 199494000000.00

CORRECTED FUTURE (2070/2099) 404892553.10 2144459652.00 3138244239.00 29724805643.00

UNCORRECTED FUTURE (2070/2099) 3775864782.00 2144459652.00 9770666002.00 17228018918.00

DATA SERIES GFDL-ESM2M 
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CHAPTER SEVEN : GENERAL CONCLUSION AND RECOMMENDATION 

7.1 Conclusion 

Climate change has been a debate recently and center of attention for many scienties and 

governments, alots has been happening and regarded as the indicator for climate change 

impacts in our planets.  

This study investigates the impact of climate change on water related ecosystems services 

and propose possibles mitigation meassures.efficient is the HBV-Light hydrological model 

in simulating the hydrology of the Kandadji catchment and the potential WRES of the 

catchment and their expecte impact under climate scenariols. 

The simulation for the historical and future climate was done by WASCAL high-resolution 

regional climate simulation under RCP 4.5, in which the calibration and validation of  the 

HBV-Light hydrological model was done in order to assess the impacts of climate change 

on water related ecosystem service 

To achieve all over above mantioned objectives, the conceptual hydrological model HBV-

Light was calibrated and validated for the Kandadji catchment using observed and reanalisys 

data. Two climate datasets from the wascal high resolution climate simulation were then 

used as input to the validated hydrological model to assess the impact of climate change on 

the hydrological regime of the catchment. Finally, changes in the streamflow were converted 

into WRES using various indicators.Three period was observed (1980-2005) historical 

period, (2020-2049) near future projection and (2070-2099) future projection.  

The following weere the key findings  

 i) Despite low or limited data availability in the Kandadji catchment, the HBV model was 

susscesfuly calibrated and validated. The achieved goodness of fit coefficient reached 0.8 

and 0.7 during the calibration and validation phasesrespectivelly,which allowed applying the 

model for impact assessment. 

ii) The bias collection was necessary since there were large deviations between historical 

observed and historical model simulated data. This was shown especially for Temperature 

and Precipitation data. These comparison runs showed that bias correction was necessary for 

RCMs-GCMs based simulations to reproduce the historical discharge regime 

iii) Overall modeling results of the two GCMs show that Temperature is projected to increase 

slightly during the near-future (2020-2049) and increase more future (2070-2099) compared 
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to the observations from 1980 to 2005. As for precipitation there was a reduction in 

precipitation during the rainy season projected by GFDL-ESM2M and a significant increase 

of the precipitation is projected by HadGEM2-ES. 

iv) Comparison of the observed and future simulated streamflow across the study area shows 

that the hydrological status of the catchment is likely to change significantly. A mixed annual 

discharge change signal is projected by the climate models ensemble for the periods 2020-

2049 and 2070-2099 considering both bias and non-bias corrected data. This trend is due to 

a large increase of the temperature which affects the AET and PET level. These trends agree 

with several studies in the region (Aich et al., 2014) as a mixed discharge change signal for 

these future periods are the common signal projected by multi-climate models studies 

performed in the West African region. 

vi) Four WRES were evaluated and showed different sensitivity to climate change but both 

models showed similar trend. The catchment indicates a large potential of the hydropower 

production and irrigated land for agriculture. Despite of the climate and population increase 

the power production and food production are the main potential of the catchment. On the 

other hand, the water supply for the community seems to face challenge since the addition 

water demand was greater than the additional water use which explains the fact that there 

will be shortage in water supply.  

7.2 Recommendation 

This study higlited several issues  and recommends the folowing: 

i) The access to climate data remains a big challenge in the region. In such a context, 

reanalysis precipitation data was crucial in the current study. Although the achieved 

performances of the hydrological model were globally good, the performances of these 

reanalyzed precipitation data still have to thoroughly evaluated. Increasing the density of the 

climate station should accompany the use and validation of these reanalysis data. 

ii) The mixed trend of rainfall should be observed more closelly this situation calls for 

permanent climate impact assessment as RCMs are undergoing continous development and 

improvement to ensure good research output so as to proper inform the society on what to 

be done. 

iii) Climate change impacts negatively the WRES in near future and future so prompty 

actions should be taken to ensure that the impact of climate to WRE is reduced such action 

includes, proper management of the existed water resources, good distribution of the 
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available resource, application of reduce and reuse methods in water management, 

application IWRM approch, Education on the possible impats of climate change and water 

resources to the community and the use of good agriculture practice to ensure food security 

and zero polution of the resources.  

iv) The study showed a great potential of water that can be used for crop production, therefore 

further investigation should be done on which crops should be planted and which 

agriculture practice should be implemented. 
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APPENDIX 

1. R code for bias correction  

### jeanhounkpe@gmail.com  

 

### anna.rutatina@gmail.com  

 

.libPaths("D:/R/Lib") 

require(qmap) 

require(stats) 

require(hydroGOF)# for rmse alone 

#######     reshape function 

 

# read in the text files 

Mod_2070_2099 = read.delim("D:/2-HBV LIGHT 

DATA/future_ppt_2070_2099.txt",sep="\t") 

 

 

obs_new = read.delim("D:/2-HBV LIGHT DATA/observed_ppt.txt",sep="\t") 

 

mod_new = read.delim("D:/2-HBV LIGHT DATA/historical_ppt.txt",sep="\t") 

 

 

# select a grid cell / column.  

# (In reality: loop through all to correct the whole data set) 

# in the lab session we will only explore a few grid cells 
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# first: check the calibration period 

# change the calibration period 

calibration.start='1983-01-01' 

calibration.end='2005-09-11' 

 

# Selecting the data column 

ggg=2 

 

# Getting the index corresponding to the calibration period 

 

find.start =  which(obs_new[,1] ==calibration.start ) 

find.end   =  which(obs_new[,1] ==calibration.end ) 

 

# now get familiar with the data set, construct qqplots 

# plot time series 

 

plot(obs_new[find.start:find.end,ggg], mod_new[find.start:find.end,ggg], 

xlim=c(0,200),ylim=c(0,200)) 

plot(sort(obs_new[find.start:find.end,ggg]), sort(mod_new[find.start:find.end,ggg])) 

lines(sort(obs_new[find.start:find.end,ggg]), sort(obs_new[find.start:find.end,ggg])) 

# plot ecdfs 

plot(ecdf(mod_new[find.start:find.end,ggg]),col=2)     # add original model data 

plot(ecdf(obs_new[find.start:find.end,ggg]), add=T)     # reference data 

 

# what does the plot tell you? 
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###### is there a bias in the data set? 

# yes? Great, then let's start with the bias correction 

 

# now perform the quantile mapping 

 

newfit = 

fitQmapQUANT(obs_new[find.start:find.end,ggg],mod_new[find.start:find.end,ggg],wet.d

ays=T,qstep=.0001,nboot=100) 

mod_corr = doQmapQUANT(mod_new[find.start:find.end,ggg],newfit) 

 

# For future data correction only 

mod_corr_Future = doQmapQUANT(Mod_2070_2099[,2],newfit) 

 

 

# i need to change to put the results from the corrected history  

# This is for saveng the corrected historical data in the saved file 

write.csv(data.frame(Date=seq(as.Date(calibration.start), as.Date(calibration.end),by=1), 

mod_corr), 

           

          "D:/2-HBV LIGHT DATA/corrected/Hagem_rainfall_historic_corrected.csv") 

 

 

 

# Saving the corrected future data into a file 

write.csv(data.frame( mod_corr_Future), 
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          "D:/2-HBV LIGHT DATA/corrected/Hagem_ppt_Future2070_corrected.csv.csv") 

 

#add the cdf of the bias corrected data mod_corr to the plot 

lines(ecdf(mod_corr),col=3) 

 

# Plotting the corrected values 

 

plot(sort(obs_new[find.start:find.end,ggg]), sort(mod_corr)) 

lines(sort(obs_new[find.start:find.end,ggg]), sort(mod_corr), col=3) 

abline(lsfit(sort(obs_new[find.start:find.end,ggg]), 

sort(obs_new[find.start:find.end,ggg])),col=4) 

 

# evaluate the calibration period: 

 

rmse(obs_new[find.start:find.end,ggg],mod_new[find.start:find.end,ggg]) 

rmse(obs_new[find.start:find.end,ggg],mod_corr[find.start:find.end]) 

 

plot(ecdf(obs_new[find.start:find.end,ggg])) 

lines(ecdf(mod_new[find.start:find.end,ggg]),col=2) 

lines(ecdf(mod_corr[find.start:find.end]),col=3) 

 

qqplot(obs_new[,ggg],mod_new[,ggg],distribution = 

qnorm,xlim=c(0,200),ylim=c(0,200),xlab="obs",ylab="mod") 
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qqplot(obs_new[,ggg],mod_corr,distribution = 

qnorm,xlim=c(0,200),ylim=c(0,200),xlab="obs",ylab="mod") 

 

#check ecdfs 

plot(ecdf(obs_new[,ggg]))     # reference data 

lines(ecdf(mod_new[,ggg]),col=2)     # add original model data 

lines(ecdf(mod_corr),col=4)     # add bias corrected model data 
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2. OUTPUT DATA FOR SPI CALCULATION  

 

Station : Kandadji

Bassin : Niger

Altitude : 2541 

Operating since 1979 (m)

Annual SPI:

Year Annual SPI Index

1979 - 1980 2.51

1980 - 1981 1.16

1981 - 1982 1.14

1982 - 1983 0.28

1983 - 1984 -0.42

1984 - 1985 -0.12

1985 - 1986 0.71

1986 - 1987 0.54

1987 - 1988 0.19

1988 - 1989 0.81

1989 - 1990 0.58

1990 - 1991 0.19

1991 - 1992 0.70

1992 - 1993 0.41

1993 - 1994 0.57

1994 - 1995 1.06

1995 - 1996 0.10

1996 - 1997 0.04

1997 - 1998 0.46

1998 - 1999 -0.39

1999 - 2000 -1.32

2000 - 2001 -1.68

2001 - 2002 -1.75

2002 - 2003 -1.93

2003 - 2004 -0.84

2004 - 2005 -1.33

2005 - 2006 -1.66

2006 - 2007 -1.71

2007 - 2008 -0.59

2008 - 2009 0.25

2009 - 2010 -0.21

2010 - 2011 0.59

2011 - 2012 0.22

2012 - 2013 0.93

2013 - 2014 0.51

KEY

BLUE Validation period 

GREEN Calibration period 

YELLOW Near normal period 


