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Executive Summary 

This research evaluates whether the remote sensing based water accounting framework WA+ 
(www.wateraccounting.org)  is effective in improving baseline information on the water balance in 
the Niger and Mékrou river basins in West Africa. This area is difficult to understand due to the 1) 
political and management challenges related to transboundary nature of both basins, 2) 
developmental challenges and their impacts on water infrastructure and presence of vulnerable 
communities (malnutrition, poverty, reduced security),  3) climate change, climate variability over 
space and time in the basin, including an increased number of extreme events and 4) a lack of 
coherent and long-term data related to the climatic, hydrological and socioeconomic characteristics 
of basins.  

Historically, these barriers have proven difficult for hydrological studies in the Niger and Mékrou. 
Models based on observations have limited data as input and must make a series of assumptions to 
fill periods of missing data. Extrapolation techniques must be used to estimate hydro-climatic 
conditions in vast areas of the basins where observations are unavailable. Visiting the catchment and 
installing additional monitoring infrastructure is challenging in much of the region, even for local 
residents. The political and management implications of river basin management in a transboundary 
basin traversing nine riparian states in the Niger and three in the Mékrou only complicates things 
further. 

This study evaluates the value of remote sensing information in forming baseline information about 
the catchment water balance. It assesses in detail the available information on precipitation (P) 1 and 
evapotranspiration (ETa)2 from various satellite sources and compares the results with available 
observations. Using a simplified water balance, checks are carried out to determine whether a 
remote-sensing base water balance closes and evaluates why discrepancies exist. A monthly time 
step is used over a period of 11 years from 2004 to 2014.  

Satellite-based precipitation data substantially increases the coverage and accuracy of rainfall data 
across the catchment. Results from the CHIRPS data, for example, are able to provide data at a 5 km 
resolution returning an average correlation (r²) of 0.98 when compared against FAO’s New LocClim 
interpolated rainfall based on the nearest-neighbour method. NOAA’s precipitation station 
observations on the other hand have 54 % missing data and return an average r² of 0.70 across the 
same stations.  

Accuracy of ET data is more difficult to gauge. In the Niger basin, there is significant divergence 
amongst satellite estimates of actual evapotranspiration (ETa). This is concerning as products should 
agree with one another to a certain extent on the amount of water lost for various land covers. 
However, what is seen is that in general the evaluated products agree on the ranking of land cover 
types, but there is bias amongst products with estimates doubling from one product to another 
(Summary of results 1). 

                                                             
1 Sources of satellite-derived precipitation (P) are 1) Climate Hazards group Infrared Precipitation with Stations 
(CHIRPS), 2) NOAA CPC Morphing Technique (CMORPH), and 3) the Tropical Rainfall Measuring Mission (TRMM). 
2 Sources of satellite-derived ET are 1) the Atmosphere-Land Exchange Inverse (ALEXI) model, 2) the 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) Moderate Resolution Imaging 
Spectroradiometer (MODIS) Reflectance based Scaling ET (CMRSET), 3) MODIS Evapotranspiration Product 
(MOD16), and 4) Simplified Surface Energy Balance (SSEBop). An ET ensemble (‘Ensemble’) pre-release from 
UNESCO-IHE is also trialled in this study. 

http://www.wateraccounting.org/
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Summary of results 1:  Average annual results for each product using available data (2004 to 2014) 

  Precipitation Evapotranspiration 

 Area CHIRPS CMORPH TRMM ALEXI CMRSET MOD16 SSEBop Ensemble 
 [km²] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 

Niger 2.1 M 658.5 535.5 657.7 633.8 457.8 331.9 605.7 475.4 

Mékrou 10,500 1002.4 972.40 1021.85 969.2 734.7 619.7 1193.2 823.9 

 
Assuming that changes in storage within a closed catchment are negligible on an annual basis, 
results for P minus ETa have the same magnitude as discharge observations but vary significantly 
depending upon the source of ETa used as input. The results of the discharge analysis and the final 
water balance analysis returns a basin closure of 8.9 % in the Mékrou basin and 10 % in the Niger 
basin. Further investigation is required however to determine the best product for ETa and also the 
impacts of groundwater, soil water and surface water storage on the catchment. 

A landuse map based on Globcover 2009 was adapted to fit the WA+ categories and the water 
consumption per landuse category (assumed to be synonymous with ETa) to evaluate their impact 
on the catchment water balance. Although the coverage of blue water uses such as irrigation, urban 
areas and dams were small, these areas had the highest impact on the water balance, with water 
consumption exceeding rainfall in many of these land use types. However, divergence in ET results 
must be further investigated in order to find the most reliable product for the Niger and Mékrou 
catchments. Assessing the order of highest to lowest ET for each land use shows that there is a 
similar ranking of land use categories between products, but that some bias exists. In general, 
SSEBop and ALEXI give the highest estimates and MOD16 give the lowest ETa estimates. Issues in 
assigning depth of ETa to water bodies is observed in MOD16, CMRSET and the Ensemble. In areas of 
blue water consumption, large product divergence was also observed. Finally, it is clear that there 
are issues with ETa estimates for the dry season and arid areas of the catchment, where 
disagreement in estimates was observed. These limitations must be addressed before proceeding 
with further analysis or provision of water management advice based on ETa estimates. 

The spatial resolution of the adapted Globcover 2009 land use map used for this categorization 
needs improvement and the classification of blue water areas such as irrigated crops is poor. It is 
expected that use of the European Space Agency (ESA)’s Climate Change Initiative (CCI) product will 
make a significant difference to results. Of course as progress continues in this field it is expected 
that high resolution global land use maps will become available, improving the results of WA+ to 
account for variability and temporal changes in land cover on the water supply and demand in the 
basin.  

The WA+ framework itself can be used as a baseline tool to form clear and comparable independent 
assessments of water resources available and consumed within large transboundary basins, 
especially those with limited hydrological monitoring. It enables typical barriers faced in 
transboundary river basin management to be transcended through the use of remote sensing data, 
e.g. sourcing data from government and private enterprise and variations in spatial and temporal 
distribution of observations from one country to another. With rapidly improving satellite services 
and with the WA+ methodology itself undergoing rapid improvements, it has enormous potential to 
inform and guide decision-makers and non-experts in understanding the availability and distribution 
of water resources in a given catchment. To achieve such aims, it is important for WA+ to 
collaborate with existing projects such as ISI-MIP, TWAP and SEEAW to evaluate opportunities to 
compare and combine output, improving the functionality and acceptance of WA+ as a tool which 
can enhance, rather than compete with, existing global knowledge of water resources available in 
the world’s river basins.  
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1 Introduction: managing transboundary rivers 

Improving water governance is essential to alleviating global poverty (UNDP and SIWI 2015) and 

encompasses the political, social, economic and administrative systems in place to influence the 

consumption and management of water. Effective water governance is critical for water security in 

the current climate of increasing water scarcity and rapidly rising demand for water (OECD 2015). As 

water courses do not usually coincide with political boundaries, ‘integrating’ water management with 

respect to the catchment and between various users and stakeholders is extremely complicated. 

Effective water governance and underlying policy is critical for successful management of all sectors; 

from environment, agriculture, energy and industry to health and poverty alleviation. Increasing 

demand for water from a growing population, competition for limited water resources by industry 

and agriculture and confusion about the availability and supply of water can result in conflict 

between current and potential users. Increasingly complex governmental responsibilities require a 

corresponding increase in coordination and communication to mitigate fragmentation and work 

towards an integrated approach to water resource management (IWRM). Such an integrated 

approach requires governance systems to be able to cope with rising demand for water, 

environmental challenges, urbanization, climate variability and water disasters. Reynaud et al. (2015) 

identify four key challenges to achieving IWRM3:  

1) Developmental challenges including inadequate water infrastructure and presence of 
vulnerable communities (malnutrition, poverty, reduced security),  

2) Specific hydro-climatic challenges associated with climate change and increased number of 
extreme events and  

3) Lack of coherent and long-term data challenges related to the climatic, hydrological and 
socioeconomic characteristics of basins.  

4) Political and management challenges related to transboundary nature of basins,  
 

These challenges form common threads and provide the structure of this thesis. To some extent 

these challenges are present in all transboundary basins and an appropriate technical tool must be 

identified in order to effectively quantify water availability and flows in complex ungauged basins. 

The Niger River Basin in West Africa is one such basin. West Africa is one of the most volatile and 

sensitive regions in the world, experiencing conflict, poverty and poor governance (Mazzitelli 2007; 

Anton Earle et al. 2015). Water scarcity, food security, increasing temperatures and more frequent 

                                                             
3 These barriers were specifically identified for the Mékrou Basin in West Africa, however these challenges are 
increasingly common amongst transboundary river basins in developing regions of the world.  
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extreme events (floods, droughts) aggravate the situation, disrupting established networks and 

further destabilizing society, indicating the likelihood of increased instances of water-related conflicts 

in the region in coming decades (Link et al. 2015). Finally, data availability in the region is extremely 

limited, making sound decision-making inherently difficult.  

1.1 Context 

Hydrological and water resources computer models are considered by many to be the best available 

technique for decision-making support and understanding of complex water systems (Smakhtin and 

Johnston 2012). Catchment scale models typically take gauge observations to guide assessments of 

transboundary water availability and quality in large basins (TWAP 2016). Many such models exist to 

draw attention to hydrological issues, to visualize alternative futures, more effectively present data 

and to predict and assess the impacts of policy measure (Smakhtin and Johnston 2012). In well-

gauged catchments such models can be calibrated against observed data, to a high degree of 

accuracy. However, in locations such as West Africa, models which rely on observed data as input, 

and/or for validation and calibration have difficulty dealing with patchy observations and make 

attempts to extrapolate and interpolate available data to simulate a reasonably known ‘reality’ 

(Hrachowitz et al. 2013). Re-analysis data, which is increasingly used as model input in ungauged 

catchments, is also developed based on observations. In parts of the world with limited input data, 

such as West Africa, even this type of forcing is prone to error (Dee et al. 2011). Increasingly, models 

are being calibrated against remote sensing data, and some use satellite-derived rainfall, soil 

moisture or Normalised Difference Vegetation Index (NDVI) as input (Pedinotti et al. 2012). It is less 

common, however that a model would utilize more than one satellite data source (Dee et al. 2011). 

Remote sensing data enables a detailed understanding of the spatial distribution, availability and 

consumption of water resources to be obtained quickly, easily and in a way that can provide useful 

information to decision makers. This is the novelty of WA+ which uses remote sensing data to inform 

all aspects of the hydrological balance. This research tests whether such approach is accurate and 

valid in an ungauged basin such as the Niger. 

1.2 Overall Objective 

The project will evaluate the supply and demand of water in the Niger and Mékrou basins using a 

consumptive water accounting approach (WA+).  The application of WA+ will be tested in these 

basins for its ability to overcome known barriers in IWRM and sustainable water governance in 
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complex and ungauged transboundary basins. This study provides a proof of concept for WA+, which 

could then be applied fully in the case studies (and other large transboundary basins) in follow-up 

studies. 

Thesis statement: This thesis will show that the WA+ water accounting methodology can be applied 
to improve understanding and management of hydrology in complex transboundary basins such as 
the Niger and Mékrou. 

Objective 1:  Assess sources of information to feed the WA+ methodology in the Niger Basin and 
Mékrou Sub-basin  

Objective 2:  Develop an enhanced land cover map for application of WA+ to the Niger and Mékrou 
basins using free and publicly available information 

Objective 3:  Assess whether satellite data can provide improved spatial and temporal coverage of 
the Niger and Mékrou catchments. 

Objective 4: Evaluate whether WA+ is an effective technical tool for guiding policy and governance 
discussions in large transboundary basins such as the Niger Basin.  

2 The Case Studies 

Two case studies were selected for this research in order to determine the implications of scale and 

climate on the application of WA+; the Niger River and its tributary the Mékrou River (Figure 1). The 

Niger River is the largest river in West Africa and the third longest river in Africa at 4,200 km. The 

river’s nine riparian states and members of the Niger Basin Authority (NBA) include Nigeria, Mali, 

Niger Cote d’Ivoire, Guinea, Cameroon, Burkina Faso, Benin and Chad (FAOSTAT 2006). The surface 

area and boundaries of the basin, however are disagreed on in the literature with some sources 

claiming nine states share the basin (to the exclusion, for example, of Cote d’Ivoire and inclusion of 

Algeria) and others as many as twelve, adding Sierra Leone, Chad and Mauritania to the contributing 

countries (TWAP 2016). The riparian states lie in various agro-climatic zones and are notorious for 

their political instability, extreme poverty and low rankings on the UNDP Human Development Index 

(UNDP-HDI) (Namara et al. 2011). The Niger Basin member states are amongst the least developed 

nations in the world according to the UNDP-HDI (Malik 2014). Livelihoods in the river basin mostly 

depend upon rain-fed agriculture, leaving the population extremely vulnerable to the effects of 

climate change and interventions which deteriorate the quality and quantity of water available 

downstream (Ogilvie et al. 2010). However, the understanding of hydrological processes in the Niger 

is limited by a lack of spatially distributed hydro-meteorological measurements (Pedinotti et al. 

2012). 
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Figure 1:  HydroSHEDs Digital Elevation Model (DEM) for the Mekrou and Niger basins 

Within the Niger Basin lies the tributary of Mékrou. The Mékrou River and its Basin span Benin (80%), 

Burkina Faso (10%) and Niger (10%). The river itself traverses a large wildlife sanctuary and feeds a 

Ramsar-listed wetland (Davis 1994). River management in the Mékrou is complicated and 

competition for water supply has resulted in increasing tension and likelihood of conflict (Niasse 

2004).  The Mékrou is primarily a rural, undeveloped area, with a large proportion of the basin 

(38.15%) as protected national park, the W Park (UNESCO world heritage and RAMSAR listed). Other 

regionally important riparian cities, dams and irrigation schemes are listed in Table A 1.. 

3 Literature Review 

This section describes the challenges facing transboundary water management, which this thesis 

shows could be at least partially overcome by application of the WA+ framework. 

3.1 Developmental challenges 
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Developmental challenges in evaluation of transboundary basin water resources are linked to 

underdeveloped water infrastructure and the presence of vulnerable communities (malnutrition, 

poverty, reduced security) (Reynaud et al. 2015). Previous attempts to obtain water balances in such 

basins have been limited by poor or uneven coverage of hydro-meteorological monitoring 

infrastructure, other developmental or security-related priorities and limited funding and resources 

including few skilled and trained people who can participate in computation or analysis of data. 

Additionally, such communities typically have a high reliance on surface water for subsistence living 

fromsmall scale agriculture and water supply and sanitation are managed at household and 

community level (Anton Earle et al. 2015). Water bodies are typically used for food supply (local 

fishing industry) and transport. Socio-economic developments lead to increasing water use in the 

domestic and industrial sectors and put additional pressures on freshwater resources in addition to 

climate-change impacts (Ogilvie et al. 2010). In particular, downstream countries might suffer more, 

as they could face more/ new water scarcity caused by upstream countries, and increased flood risks 

due to depletion of ecosystems in the upstream part of the river or water pollution (TWAP 2016). 

Water-dependent sectors in the downstream parts of a river will become more vulnerable to 

upstream activities, particularly with the ongoing ‘irrigation boom’ in Africa (Anton Earle et al. 2015; 

NTA News 2016; The Guardian 2016). If, due to a changing climate, upstream countries need to 

increase water abstraction, allowing less water for downstream users, production patterns 

(agriculture, energy and industry) in downstream countries might be affected, creating risk of 

conflict. The countries which tend to be most economically dependent on changes in water 

availability and quality and where societal wellbeing is highly dependent upon the quantity and 

quality of water resources are often those with the least understanding of the hydrological resources 

available (TWAP 2016). In order to support local development, mitigate climate change impacts and 

understand impacts of engineering interventions in transboundary basins that a baseline 

understanding of available water resources, their availability and distribution in the basin is 

documented so that allocations can be effectively and sustainably managed. 

3.2 Hydro-climatic challenges 

The Niger basin’s water resources are characterised by large seasonal and annual variability in 

precipitation, soil moisture and the consequent recharge of surface and groundwater (Pedinotti et al. 

2012; Reynaud et al. 2015). As climate change alters the hydrological cycle (water supply) and water 

demand (e.g. crop water requirements), new transboundary challenges and opportunities will 
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emerge. The precarious state of water resources availability has been highlighted in recent years 

with severe droughts resulting in food shortages and heavy rains affecting vulnerable communities 

(Descroix et al. 2013; Krings 1987). Managing hydrological information at catchment scale can be 

especially difficult where the basin lies across more than one climatic zone, such as in the case of the 

Niger which traverses arid, semi-arid, humid and semi-humid climates twice over its entire length 

(Anton Earle et al. 2015). This makes methods such as kriging or interpolation of observed hydro-

meteorological data unreliable and results may not adequately represent reality (Hrachowitz et al. 

2013; Dee et al. 2011). An increased occurrence of extreme events in the region is recorded with 

severe droughts occurring in 2010 and 2012 and extreme floods occurring in 2007 (Tschakert et al. 

2010). In fact, occurrence flooding has increased almost exponentially since the 1980s, becoming 

known as the “other Sahelian hazard” (Tschakert et al. 2010). It is therefore important to understand 

not only seasonal variation in hydrological balance but also annual variations. 

3.3 Data challenges 

In developing a catchment scale water balance, the spatial and temporal variability of P and ET must 

be assessed. To do this accurately, a dense network of meteorological stations with continuous 

observations is usually required. Since recorded data represent point scale observations, spatial 

interpolation is then needed to derive spatial coverage (Muthuwatta et al. 2009). Piezometers, water 

levels, discharge measurement and reference evapotranspiration are also needed to assess 

groundwater depth, surface water storage, water consumption and depletion in river basins. 

However, many of the world’s transboundary basins do not have the required infrastructure and 

data availability to support such studies and thus many assumptions must be made about the 

hydrological processes in the catchment, leading to a high level of uncertainty. Even where data is 

available, administrations are often reluctant to share it, and data quality from field observatories 

may be questionable (Karimi and Bastiaanssen 2014). In transboundary basins there is the additional 

consideration that the spatial and temporal coverage of gauges often varies from one country to 

another, leading to distorted understanding of catchment processes, particularly in regions which 

have large climate variability.  

Various extrapolation and forcing techniques are available to overcome data paucity; interpolation 

via kriging, Thiessen polygon method, nearest neighbour and forcing data (Hrachowitz et al. 2013; 

Tabios and Salas 1985). Many tools exist to interpolate available observation data to obtain 
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meteorological information at defined locations.  New LocClim is one such tool which calculates the 

mean annual cycle of climatological variables including precipitation (P) and Potential 

Evapotranspiration (PET) using nearest neighbour method and inverse distance weighting (Grieser, 

Gommes, and Bernardi 2006) A Fourier interpolation of the monthly values is calculated based on the 

annual cycle of long term averages. This method can allow improved long-term estimates based on 

observed data, which can be used to evaluate satellite-based estimates of P and actual 

evapotranspiration (ETa) in order to obtain an initial evaluation of their accuracy in the region. 

However, these products must be used with caution, as interpolations conducted using poor or non-

representative station data can lead to reductions in accuracy compared to actuality. 

More sustainable and efficient use of water resources requires accurate knowledge of the generation 

and distribution of these resources. Generation of soil, surface and groundwater resources (referred 

to in this research as ‘water yield’) is the difference between precipitation (P) and evapotranspiration 

(ET). Accurate estimates of P and ET are essential to improve precision of hydrological estimates. The 

only feasible approach to estimating ET with a reasonable degree of accuracy at the catchment scale 

is through the use of remote sensing techniques (Guerschman et al. 2009). This thesis shows that the 

use of spatially homogenous data from satellites can be used to improve estimates of P and ET in 

regions with a paucity of data. 

3.4 Political and management challenges 

Political and management challenges related to transboundary nature of basins arise from cultural, 

linguistic, economic and legal-political priorities (A. Earle, G̈erskog, and J̈endal 2013). Approaches to 

water monitoring and management often vary significantly from one state to another, with large 

impacts experienced by downstream users. Technological advances do not necessarily translate into 

improved decision-making by those responsible for political and management decisions about water 

resources. Typically, those responsible for policy development do not have scientific or engineering 

backgrounds and likely have limited or biased knowledge of the complexities of river basins and their 

impact on social, environmental and economic spheres. In West Africa decision-making is 

predominantly driven by neo-patrimonial culture of social hierarchy and personal relationships 

(Taylor and Williams 2008). This can result in uninformed or poor decision-making which can cause 

immediate and long-term impacts on downstream flows, directly affecting people and their 

livelihoods, ecosystems and efficiency and effectiveness of water use by various sectors. In light of 
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this, it is particularly important to ensure effective translation of existing scientific information about 

water resources within the basin into clear economic and sustainability guidelines to aid in improving 

management decisions and to improve economic opportunity and environmental services.  

3.5 Technical tools for transboundary water governance 

3.5.1 Observation-based hydrological assessments 

Hydrological theories, models and empirical methods have been long recognized as inadequate for 

making assertions or predictions about water flows and distribution in ungauged basins (Hrachowitz 

et al. 2013; Sivapalan 2003). Water resources and distributed flows in transboundary basins, 

including the Niger and the Mékrou, are not well understood and large parts of transboundary river 

basins can be ungauged (Asante et al. 2008). The size of the basin, budget constraints and its 

transboundary nature hamper the establishment of a comprehensive measurement network. 

Available databases can be old, coarse or do not cover the entire basin (Karimi et al. 2013). 

3.5.2 Switching to remote sensing based hydrological assessments 

Studies on the Niger basin have been conducted on a range of topics, from water poverty through to 

detailed technical studies of water resources, using a variety of methods and hydrological models 

(Ogilvie et al. 2010; Grijsen et al. 2013; Calderon 2014; Mainuddin, Eastham, and Kirby 2010; Namara 

et al. 2011). Cretaux et al. (2011) show that satellite imagery can overcome previously described data 

issues and improve knowledge and accuracy of flows and uses of water in data poor regions such as 

the Niger. This advance in approach from reliance on individuals to maintain and service remote 

monitoring sites to the use of publicly available satellite imagery has enormous benefits for global 

understanding of resource consumption and management (Karimi and Bastiaanssen 2014); 

international agencies who in the past had to focus their efforts on improving data collection, 

installing and maintaining monitoring sites and collating data can now focus on using the available 

data to improve understanding of system dynamics and focus management efforts. This is 

particularly important in regions affected by conflict or violence or where conditions do not permit 

easy or regular access to monitoring sites (Hrachowitz et al. 2013).  

3.5.3 Water Accounting 

A common water accounting framework has so far been missing from the emerging debate on global 

water governance (Peiser, Bastiaanssen, and Hoogeveen 2015). The standard flow accounting 

method is heavily dependent on gauge data, thus while the development of water accounts is being 
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prioritized in many parts of the world, it has been mostly limited to the well-gauged basins of Europe, 

Australia, the USA and Canada (Karimi 2014; Molden and Sakthivadivel 1999; Godfrey and Chalmers 

2012). However, the standard flow accounting method is heavily dependent on data. Application to 

relatively ungauged basins, such as the Niger, is therefore problematic at best. Additionally, most 

methods exclude natural landscapes, ET and rain-fed agriculture, which are important variables in 

the most basins (Karimi 2014; Mainuddin, Eastham, and Kirby 2010), including the Niger.   

Depletion water accounting frameworks, such as WA+, have been trialled in recent years to focus on 

the consumptive use of water including water consumption for natural processes (green water 

consumption) as well as human uses (blue water consumption) (Karimi 2014; Falkenmark and 

Rockstrom 2006).  Water accounting methods typically simulate a simplified catchment-scale water 

balance by first analysing basin closure (Equation 1).  

Equation 1:  Simplified water balance equation 

𝑄 = 𝑃 − 𝐸𝑇 ± ∆𝑆 

Where Q is discharge (mm/yr), P is precipitation (mm/yr), ET is the sum of actual evaporation and 

transpiration (mm/yr) and ∆𝑆 is changes in storage.  When considering an annual time period, 

storage can be assumed to be negligible, resulting in Q being approximately equal to P-ET.   Such 

simplifications assume that within a given catchment the water balance would be closed, unless 

flows (imports) into and exports of water from the basin are known and accounted for in the sheets. 

WA+: Catchment Scale Depletion Water Accounting 

Water Accounting Plus (WA+) is a robust, multi-use framework that can be applied to large and 

complex river basin systems which have previously been difficult to understand because of the 

limited availability of data. WA+ is based on the International Water Management Institute (IWMI) 

WA framework, which pioneered the use of consumptive water accounting schemes in place of the 

traditionally used flow accounting methods (Karimi et al. 2013). The major advantages in this shift 

are  

i) incorporation of potential uses of rainfall (other than runoff),  

ii) evaluation of water depletion (water use which renders it unavailable for further use 

downstream) rather than withdrawals only, and  
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iii) ability to draw information from hydrological models and satellite information rather than 

relying on monitoring data (Karimi 2014).  

WA+ has been developed as a comprehensive framework which can be applied at a (sub-)basin scale, 

based on land use classifications and their links with water consumption, environmental flows and 

overall system sustainability (Godfrey and Chalmers 2012). This multi-disciplinary approach makes 

WA+ a potentially very useful tool which has the possibility to facilitate dialogue between technical 

experts and policy makers. The framework is comprised of 8 sheets (Table A 2). In this research the 

groundwork for the first 3 sheets is executed and tested. 

4 Data and Methodology 

The focus of this research is the assessment of the WA+ tool in providing baseline technical 

information about the Niger and Mékrou basins in order to inform sustainable transboundary water 

governance. The methodology is based around three key steps to verify the accuracy and availability 

of data for application of WA+ in the Niger and Mékrou Basins: 

1. Evaluation of P, ET and Q based on satellite and observed data to determine whether the 

water balance ‘closes’ in the catchment. 

2. Conversion of a global, open source landuse map to fit with WA+ requirements.  

3. Deconstruction of P, ET and Q data according to landuse class to evaluate the performance of 

each product according to land use category and reliability of the data. 

These steps enable an initial overview of whether satellite data can form the basis for improved 

understanding of catchment hydrology. The results indicate whether it is advisable to continue in 

applying WA+ and whether the tool is potentially a reliable source of information to guide decision 

making and support in the region. This study makes up a demo application of WA+ for the Niger 

Basin and Mékrou sub-basin. If the initial data availability is found to be suitable, then further 

application of WA+ should be continued. This will determine its relevance and efficacy in quantifying 

flows in a complex and ungauged transboundary basin that can be compared to existing model 

results and potentially incorporate such results in areas which WA+ has performed weakly. A full list 

of steps followed in this application of WA+ is presented in Table B 1. 
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An evaluation of the tool’s Strengths, Weaknesses, Opportunities and Threats is presented to 

summarise the applicability of the tool in light of the research objectives. These results can be used 

to draw conclusions about whether advances can be made in transboundary river basin management 

[in the Niger and Mékrou] using remote sensing techniques. 

4.1 Simplified catchment scale hydrological balance 

The concept of WA+ is to use open source, open access tools and data so that any interested parties 

are able to apply the methodology on the region and temporal scale needed. Data used are 

presented in detail in Table A 2 and include satellite imagery for the evaluation of P (CHIRPS, 

CMORPH, TRMM, NOAA observations, New LocClim observation-based estimates of P), ET (MOD16 

and New LocClim observation-based estimates of ET), Q (GRDC and ISI-MIP4 model results) and 

landcover (creation of WA+ landcover product based on Globcover 2009 and Harvest Choice crop 

area). Additional ET sources were obtained from ALEXI, CMRSET and SSEBop to check whether they 

offered improved results over the Niger basin. Whilst these sources are currently not available for 

public use, they have been incorporated into an upcoming open access ensemble product currently 

under development at UNESCO-IHE. The initial version of this ensemble product is also tested in this 

research. Further information about each product is presented in Table A 2. For the WA+ analysis, 

monthly data for the period 2004 to 2014 was collected and analysed where possible, noting that 

some products do not cover this full period. These products are evaluated to determine the most 

suitable for a catchment scale hydrological balance, with the assumption that in a closed catchment 

on an annual basis as per Equation 1. 

4.1.1 Satellite product comparison 

The first and most important step in preparing the WA+ water accounts is preparing and evaluating 

each source of data to determine the most appropriate source of information for the Niger basin. In 

this case, the three (3) sources of P data and the five (5) sources of ET data (Table A 2) are first 

downloaded and merged using the WA+ online spatial tools, then aggregated from monthly to 

annual time steps and averaged over the period 2005 to 2010 (this period was chosen for the 

product comparison step as this is a period for which all datasets are available and provides 

                                                             
4 The Potsdam Institute for Climate Impact Research (PIK) Inter-Sectoral Model Impact Intercomparison Project 
(ISI-MIP). 
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consistency with other ongoing applications of WA+ e.g. in the Mekong, Nile and Volta). Monthly 

averages for the same six years were also calculated to determine seasonality of all products.  

4.1.2 Precipitation (P) 

Three key sources of satellite-derived P data were evaluated in detail; CHIRPS, CMORPH and TRMM 

(Table B 2). Observed monthly data from 32 NOAA meteorological stations (Table B 3) were 

evaluated to check the performance of satellite products. A secondary source of observation-based 

information was sought in order to conduct a comparative test of both NOAA observations and 

satellite data, New LocClim. These two separate datasets allow an objective evaluation of the 

performance of satellite data without compromising the accuracy of satellite data because of 

limitations with observations. This is particularly important in catchments where infrastructure is 

poorly maintained and data is patchy in both spatial and temporal coverage. Whilst the New LocClim 

analysis could be applied at any point within the catchment, in this evaluation it was used at the 

same points as the NOAA stations to enable objective evaluation of the NOAA data itself.  No 

observations were available within the Mékrou basin and the surrounding administrative boundaries 

(Figure B 1).   

4.1.3 Evapotranspiration (ET) 

Water consumption in the basin is estimated using remote sensing derived actual evapotranspiration 

(ETa) data. Four products were selected for evaluation; ALEXI, CMRSET, MOD16 and SSEBop (Table B 

2). Additionally, an ET Ensemble (hereby referred to as the Ensemble) produced by the Water 

Accounting team at UNESCO-IHE was evaluated. The Ensemble developed is an average of all input 

products, including those already mentioned plus GLEAM5 and ET Monitor and subsequently 

downscaled to 0.0025 ° using MODIS NDVI data. In this study water consumption given a certain land 

use is considered synonymous with the recorded ETa. Evaluating the accuracy of ETa by each product 

is more difficult than P as few observations exist within the catchment and calculations of ETa over 

various landuse categories can be tedious and expensive. The data was therefore evaluated using 

two key methods; 1) an initial product comparison (described in 4.1.1) and 2) evaluated against New 

LocClim estimates of PET at each of the NOAA meteorological station locations. Again, any location 

                                                             
5 Global Land Evaporation Amsterdam Model (GLEAM) 
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within the basin could have been chosen, but for consistency the NOAA sites were used for 

evaluation of P and ET. 

4.1.4 Water Yield, Runoff and Discharge 

Discharge data for 22 locations within the Niger Basin (Figure B 2) were obtained through the GRDC6. 

However, it was found that many discharge stations had large periods of missing data, and many did 

not have any data available during the 2004 to 2014 study period. The exceptions to this were 

Koulikoro (a small catchment upstream) and Lokoja (a large downstream catchment covering almost 

the entire Niger Basin), see Figure B 3. In addition, model results from the ISI-MIP (Warszawski et al. 

2014)project were available over this period (Warszawski et al. 2014). As such, these catchments and 

available discharge data were analysed to evaluate whether Equation 1 holds. Additionally, long term 

monthly averages for certain stations were available (Vorosmarty, Fekete, and Tucker 1998), 

including the Barou station at the outlet of the Mékrou river. Monthly average analysis could 

therefore be conducted at these points to establish matches between remote sensing and observed 

data. Because of the limited availability of observed data, it is unreliable to use methods such as the 

Thiessen polygon or Kriging to extrapolate observed rainfall data over the catchment. However, using 

available data Equation 2 could also be evaluated as an additional check of the water balance. 

Equation 2 

 𝑃𝑆𝑎𝑡. − 𝑄𝑜𝑏𝑠. = 𝐸𝑇𝑎𝑆𝑎𝑡. 

Where Psat is the satellite-based precipitation (i.e. CHIRPS) and ETasat is satellite-derived ETa (all 

products). The discharge Qobs is from GRDC and can be considered as observed. 

4.2 Landuse 

The availability of accurate and up-to-date landuse maps are the most important factor when 

running the WA+ water accounts. Spatial resolution, classification of land cover and accuracy of the 

classifications within the basin of interest are crucial to obtaining accurate information using the 

WA+ methodology. Open-source, global landuse data is the most appropriate source of information 

for WA+, particularly where more detailed and specific land use maps are unavailable. In the case of 

many transboundary basins such as the Niger, landuse data tend to be developed and maintained by 

                                                             
6 Global Runoff Data Centre (GRDC) 
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government agencies and can be difficult to obtain. A key source of global land cover is the ESA 

series, providing static land use information for 2004, 2009 and 2010. Land use makes up an 

important component of the WA+ methodology and has a large impact on the results obtained. 

There are four general land use categories defined in WA+ (Figure 2). 

 
Figure 2:  WA+ Landuse categories (overview) 

Within these broad groups there are 80 possible land use classes. These classifications have been 

chosen carefully to best reflect those land uses which are predominantly driven by green water and 

blue water supply, and the type of management practices used. This provides information to the user 

about the possible interventions for targeting future water management measures. It also ensures 

that adequate water is available to continue to support ecosystems, such as forests and wetlands. 

For the purpose of this research, Globcover 2009 was used as a base landuse map and adapted to 

WA+ categories. Globcover is a freely available, global landuse product produced at 300 m resolution 

(European Space Agency (ESA) 2010). Its categories do not directly fit in with those desired by WA+, 

however given the scope limitations of this study and the aspiration of WA+ to be completely open 

source, it is important to be able to adapt existing products to the framework. Information was 

incorporated into the Globcover map to improve the detail on water use in urban areas, surface 

water classifications and crop categorisation. Urban areas were divided into irrigated and rainfed 

using CHIRPS average data (2005 to 2010) to given an idea of whether they were irrigated (P < 400 

mm) or rainfed (P> 400 mm). Surface water bodies were categorized as natural or artificial using 

AquaStat’s dam database, as shown in Figure C 18 (UN-FAO 2016).Crops were categorized according 

to the FAO crop classes using crop area maps from Harvest Choice, as per Figure C 19 (IFPRI and 

Protected Land Use 
(PLU):

•Areas where no changes 
in land/water are 
possible or advisable.

•Water supply: green 
water 

•Examples: wetlands, 
tropical rainforests, 
mountainous vegetation, 
national parks.

Utilised Land Use (ULU):

•Human influence is 
limited, vegetation is not 
managed on a regular 
basis.

•Water supply: green 
water 

•Examples: forests, 
natural pastures, 
savannas, deserts.

Modified Land Use (PLU):

•Areas where 
vegetation/soils are 
managed.

•Water supply: green 
water 

Examples: rain-fed 
agriculture, built up and 
urban areas.

Managed Water Use 
(PLU):

•All sectors that withdraw 
water from surface water 
and/or groundwater

•Water supply: blue water 

Examples: irrigated 
agriculture, urban water 
supply and industrial 
extractions.
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University of Minnesota 2015). Finally, the protected areas delineated by IUCN7 were incorporated 

into the WA+ map (Figure C 20). Ideally this landuse map is adapted using NDVI to develop monthly 

landuse maps, however this was beyond the scope of this study and as such an initial, static landuse 

map was developed and applied. The accuracy of the landuse map is important and many WA+ 

calculations depend upon it. 

4.3 Landuse specific water balance calculations 

The finalised WA+ landuse map is converted to a vector file and the average annual values (2005 to 

2010) for CHIRPS and all satellite-derived ET products were extracted for each landcover type. This 

allows improved understanding about where and why the ET products diverge and how they can be 

improved and more effectively be used for application in WA+. The final values are to be used for 

input into the WA+ Evapotranspiration sheet. 

5 Results 

The results are divided into five key parts; 1) product comparison, 2) Precipitation (P) analysis, 3) 

evapotranspiration (ET) analysis, 4) the landcover derivation and 5) the results of P, ET and P-ET per 

landcover category. 

5.1 Simplified catchment scale hydrological balance 

5.1.1 Satellite product comparison 

The annual average for each of the evaluated P and evapotranspiration products between 2005 and 

2010 is presented in Figure 3. 

                                                             
7 The International Union for the Conservation of Nature (IUCN) 
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Figure 3:  Annual average P (above) and ET (below) from 2005 to 2010 

An initial look at the P products shows similar spatial distribution of rainfall between CHIRPS, 

CMORPH and TRMM, ranging from 675 mm in the northern (downstream) edge of the Mékrou 

catchment to 1300 mm in the southern (upstream) edge. In the Niger basin, CMORPH exhibits a 

slightly different spatial distribution of rainfall in the western edge of the catchment, but otherwise 

conforms with the other products which affirm the lack of rainfall in the Sahel desert to the north 

and much higher annual rainfall in the humid south. 

The evapotranspiration products however paint an unclear picture, with ALEXI and SSEBop indicating 

that ET often exceeds P, particularly in the northern parts of the catchment. This is, however, unlikely 

in a catchment such as the Mékrou which has a small economy and has limited infrastructure in place 

to import large quantities of water for (e.g.) irrigation. Surface water in this part of the catchment is 

also restricted to the Niger river which runs along the far northern boundary of the catchment and 

the Mékrou itself which runs along the central part of the river basin. It is therefore unlikely, though 

not impossible, that ALEXI and SSEBop are accurate for the Mékrou. CMRSET and MOD16 agree on at 

least the spatial distribution of ETa across the basin, despite some differences between the two. 

Finally, the ET ensemble follows a similar trend to CMRSET and MOD16, most likely because the 

calculation of the ensemble identifies those very high values of ALEXI and SSEBop as outliers and 
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excludes them from the product mean. The Ensemble shows a mid-range estimate, placing ET values 

somewhere between the lower estimates of MOD16 and CMRSET and those higher values 

determined by ALEXI and SSEBop that remain within the threshold. The seasonal distribution of P and 

ETa is shown in Figure 4.  

  
Figure 4:  Average monthly rainfall for the Niger and Mékrou Basins, 2005-10 

In both basins SSEBop and ALEXI give the highest estimates, especially in dry periods. MOD16 gives 

very low estimations of ET while CMRSET and the ensemble product give mid range estimates. An 

annual time series comparing the same P and ET products is presented in Figure C 1.  

5.1.2 Precipitation (P) 

Observed data at each station was examined to find outliers and gaps. Station data from NOAA8 

Climate Data Online (CDO) was available for 32 stations (Figure C 2), with 54 % missing data during 

the 11-year period. Even in those stations where monthly data is available throughout the eleven-

year study period, it is calculated using aggregated daily data where many missing data points and 

many outliers are incorporated into results (NOAA 2016). Satellite data was initially compared to 

observations at to determine accuracy, however this yielded poor results, with an r² > 0.5 occurring 

at only 21 of the 32 stations and r² > 0.7 at 5 stations (Figure C 3 and Figure C 4). Given the 

importance placed on observations as representing ‘truth’ in hydrological modelling, it is important 

to determine whether this performance was because of errors in the satellite data, or in the 

observations themselves. Another source of precipitation information was therefore identified in 

order to verify the reliability of station data and satellite data. For this purpose, the New LocClim tool 

was used to compare average monthly estimates of P. The New LocClim tool is based on 

                                                             
8 National Oceanic and Atmospheric Administration (NOAA). 
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observations but uses the nearest neighbour method to determine average rainfall at any given 

location (Grieser, Gommes, and Bernardi 2006). Some sample results from two upstream and two 

downstream stations are presented in Figure 5.  

Upstream Downstream 
Faranah (Guinea) Niamey (Niger) 

  
Segou (Mali) Tillabery (Nigeria) 

  
Figure 5:  monthly average satellite-derived precipitation compared with New LocClim estimates 

The results for all 32 stations within the Niger basin are presented in Figure C 5. At many stations, 

both upstream and downstream, the average monthly P given by observations can be erratic and 

unreliable as monthly averages have been included based on available data, which may include 

observations (Figure C 6). Only 24 stations in the Niger basin had more than 20 % data availability. 

Satellite data correlates well with observations (r² > 0.50) but returns much higher results (r² > 0.98) 

when compared with climatological estimates obtained by New LocClim (Table 1).
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Table 1:  Correlation of satellite precipitation against observations and New LocClim estimates 

 Comparison 
against: 

No. stations Observations CHIRPS CMORPH TRMM 

Average r² for stations with  
> 20 % data availability  

Observations 24 N/A 0.539 0.502 0.507 

New LocClim 24 0.876 0.989 0.980 0.985 

Average r² for all stations 
Observations 32 N/A 0.445 0.434 0.453 

New LocClim 32 0.704 0.984 0.959 0.980 

 

CHIRPS data returns the highest r² in most cases, with r² > 0.98 when compared with New LocClim 

best estimates. Observation data returns an r² of 0.876 when those stations considered to be reliable 

are evaluated. The comparison against New LocClim varies to the comparison against observed data 

as the former is climatological averages interpolated from station data whilst the analysis based on 

observations covers all 132 months in the eleven-year study period. The r² of each satellite product 

and the NOAA observations plotted against New LocClim P at each station is presented in Figure C 7. 

These results show that in ungauged basins such as the Niger, satellite data can be highly accurate 

and more consistent than observations, providing a clearer snapshot of regional P. Additionally, 

availability and coverage of P stations varies from country to country and cannot reliably be 

interpolated over large ungauged areas of the basin. Satellite data allows spatially distributed rainfall 

data to be obtained at a monthly time scale. CHIRPS was found to outperform TRMM, CMORPH and 

observations at most stations based on New LocClim data, consistent with the results of (Ceccherini 

et al. 2015) The CHIRPS annual average P data for the period 2004 to 2014 is shown in Figure 6.  

Rainfall anomalies were calculated for the six-year period for a product comparison of CHIRPS, 

TRMM and CMORPH (Figure C 8) and the eleven-year period for CHIRPS (Figure C 9). The analysis 

was conducted for the 2005 to 2010 period in order to allow consistent comparison between all data 

sources (ET included). Rainfall anomalies demonstrate areas of higher and lower than average annual 

rainfall and are consistent between products from year to year, indicating a level of agreement on 

wet and dry years.  
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Figure 6:  CHIRPS annual average rainfall for the period 2004 to 2014 (mm) 

The Mékrou basin experiences average annual rainfall of 1,022 mm (677.87 mm < P < 1290.66 mm) 

while the entire Niger basin receives 658 mm (1.99 mm < P < 3301.78 mm). The spatial distribution of 

rainfall is highly variable in the Niger with the northern part of the catchment in Niger and Mali 

receiving less than 100 mm per year and the southern parts receiving in excess of 2,000 mm per year 

on average. It is concluded from this section that CHIRPS P data provides spatially distributed data 

with a high level of accuracy and reliability which can improve understanding of rainfall in the 

catchment, particularly in areas with poor infrastructure and an absence of observed data. 

5.1.3 Evapotranspiration (ET) 

Assessing the accuracy of ETa is difficult in catchments where there are no observations. To gauge 

the accuracy of satellite-based estimates, New LocClim best estimates of PET were used to compare 

results at each station (select stations in Figure 7, for all stations see Figure C 11). 
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Upstream Downstream 
Faranah (Guinea) Niamey (Niger) 

  
Segou (Mali) Tillabery (Nigeria) 

  
Figure 7:  Average monthly ETa (satellite products) versus New LocClim PET estimates  

The results show that ALEXI tends to overestimate ETa in the dry months at all locations, whilst 

SSEBop often overestimates in the wet season, particularly at Niamey and Tillaberry downstream of 

the Inner Niger Delta. Comparing the ETa of the satellite products to the PET of New LocClim enables 

visual assessment of the accuracy of each product. In five cases SSEBop exceeds New LocClim best 

estimate of PET. As ETa should never surpass PET, for Faranah at the source of the Niger River, it is 

surprising to see that all satellite sources of ETa approach New LocClim’s estimates of PET. However, 

as ETa estimates during this period converge, it is assumed that water availability is unlimited and 

ETa is approximately equal to PET. The average annual ETa estimated by the Ensemble product is 

shown in Figure 8.  
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Figure 8:  ET ensemble showing ETa distribution over the Mékrou and the Niger basin 

The ET ensemble shows an average annual ETa of 492.44 mm, ranging from 5.93 mm in the arid 

Sahel and up to 2001.89 mm in the southern part of the catchment in Guinea, Nigeria, Cameroon and 

at Lake Kanji. The ETa map gives detailed information about the amount of water evaporated and 

transpired in all parts of the catchment. It enables the reader to see, for example, large water bodies 

such as the Sélingué dam in Mali (2,170 km³), the Inner Niger Delta, the outline of the Niger River 

through Mali and the Sahel Desert, the Kainji reservoir (15,000 million m³) and Lake Lagdo in 

Cameroon (7,800 million m³). In the most southern parts of the catchment, the darker blue areas are 

reflective of the more humid climate, increased forest cover and generally greater presence of water. 

Where darker and lighter patches occur, local land uses such as irrigated agriculture, urban areas and 

surface water can be identified. This level of detail enables improved understanding of the varied 

presence of water in the region, as well as areas of higher water consumption in a given zone. This 

can be invaluable in combination with a good landuse map to see the rate at which various landuse 

types consume water. 

a 

b 

d 

c 

a:  Sélingué reservoir 
b:  Inner Niger Delta 
c:  Kainji reservoir 
d:  Lake Lagdo 
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5.1.4 Water Yield, Runoff and discharge 

Revisiting the simplified water balance (Equation 1), an initial check can reveal whether P-ET 

(satellite data) approximates Q (observed data). The results for CHIRPS estimates of P minus the 

Ensemble estimates of ETa are compared with GRDC and ISI-MIP modelled discharge data at 

Koulikoro and Lokoja discharge stations (Figure C 15). Results show that unprocessed satellite 

estimates of P-ET have the same magnitude as modelled results, though there is significant 

divergence amongst estimates, consistent with the ET results observed in Section 5.1.3. In the 

Mékrou and Niger basins a similar effect is observed (Figure 9). On an annual basis there is a 350 mm 

discrepancy between the highest (MOD16) and lowest (SSEBop) estimates of P-ET in the Niger basin 

and 600 mm in the Mékrou. Seasonal data shows convergence in monthly estimates of ET in the wet 

season (July to September), but estimates differ markedly in the dry season, with low P and high ETa 

resulting in negative water balances in both catchments. The impact that these differences make in 

the annual totals causes concern about the reliability of the products and cast doubt on their use in 

further steps of WA+. It is important to investigate why products vary so significantly during the dry 

months.  

The drop in ETa observed in the Ensemble in 2013 results from a change in available products used as 

input for the Ensemble in this region; when CMRSET data is unavailable the Ensemble aligns with 

ALEXI. The negative annual runoff in the Mékrou shown by SSEBop and ALEXI must be investigated. 

Assessment of the landcover in the region suggests that this disparity in ETa estimates may result 

from the presence of seasonal surface water and irrigation schemes. Without further investigation it 

is not certain which products provides the most accurate result. This in itself highlights one of the key 

issues in relying on remote sensing ETa data at this time. As products are relatively new and spatially 

distributed ETa in the Niger and Mékrou basins is poorly understood, variation is still observed in the 

results. The aridity index (ETa/PET) based on the Ensemble and CGIAR’s Consortium for Spatial 

Information (CSI) is shown in Figure C 17 to assess spatially distributed aridity.  
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Figure 9:  Average P (CHIRPS) minus ET (all products) showing seasonality and annual variation 
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The spatially distributed annual result for P-ET (using CHIRPS and the Ensemble) are shown in Figure 

10 and monthly averages in Figure C 16. 

 
Figure 10:  P (CHIRPS) – ETa (Ensemble) showing water yield 

Water yield is lowest in the arid northern part of the catchment (where P and ET are both negligible) 

and highest in the humid southern area. Brown areas show the parts of the catchment considered 

‘hotspots’ with negative water balance. At this scale few such areas are visible, though they typically 

occur over surface water, or in areas dominated by blue water consumption (e.g. irrigation zones). In 

the Niger basin the main visible areas are the Inner Niger Delta (IND) and Lake Lagdo. In box b of 

Figure 10 the Office du Niger is visible on the left.

a 

b 

d 

c 

a:  Sélingué reservoir 
b:  Inner Niger Delta 
c:  Kainji reservoir 
d:  Lake Lagdo 
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5.1.5 Storage Changes (ΔS) 

Storage changes have a significant impact on the water balance and it is therefore imperative to 

consider the changes in surface storage (water levels of dams, reservoirs and natural water bodies), 

groundwater recharge and changes in soil moisture to obtain an accurate water balance. Such an 

evaluation is beyond the scope of this initial study, however provisions for the estimation of these 

variables is made in later steps of WA+. It is assumed that in calculating a water balance with an 

annual time step at the scale of a large catchment that changes in storage would be insignificant 

(Creed and Spargo 2012). This is not, in fact, the case in the Niger or the Mékrou where climatic 

variation and hydrological complexity impact on river discharge. Satellite products from the Gravity 

Recovery and Climate Experiment (GRACE) found a non-negligible contribution of the deeper soil 

layer to the total storage (34 % for groundwater and aquifer) in the Niger (Pedinotti et al. 2012). 

Numerous studies have shown the impact of the Inner Niger Delta on downstream flows, quantifying 

losses at 24 % to 48 % (Mahé et al. 2009; Mahé et al. 2011). This is an important consideration in 

evaluating any aspect of catchment-scale hydrology in this region. Dams and reservoirs have a 

significant impact on the water balance. In the Niger basin, at least 50 reservoirs are already 

operational, and a further 35 are in the planning and construction phase (Figure C 18). The impact of 

dams and reservoirs on the water balance must be evaluated in order to improve closure of the 

water balance.  Soil moisture plays an important role, particularly in a region where dry desert sands 

make up a large proportion of the catchment. Remotely-sensed soil moisture data such as SMOS can 

improve understanding of unsaturated zone processes at the catchment scale (Vereecken, H. 2008) 

and improve runoff estimations in ungauged basins (Parajka et al. 2009). Assuming, for example that 

P-ET would contribute directly to river runoff is a misnomer where large expanses of desert and 

savanna are present and large losses to groundwater are a primary consumer of precipitation before 

runoff is generated. Finally, it is important to consider the location of large aquifers, especially as 

these do not follow the same boundaries as surface water (IGRAC 2016) and are able to transport 

water from one river basin to another (Figure 11).  
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Aquifer name Countries Area [km²] 

Irhazer-Lullemeden Algeria, Benin, Mali, Niger, Nigeria 577,885 

Taoudeni-Tanezroufe  
& extension 

Algeria, Mali, Mauritania,  
Guinea, Burkina Faso, Mali 

1,260,939 
+ 343,481 

Lake Chad Aquifer Chad, Niger, Nigeria, Cameroon, Central African Republic, Algeria 2,271,303 

Vallée de la Bénoue Nigeria, Cameroon 219,001 

Volta Benin, Burkina Faso, Ghana, Togo, Niger 144,277 
Figure 11:  IGRAC 's GGIS aquifer map showing major aquifers in the Niger basin area 

Each of these aspects is accounted for in the WA+ framework and in the Niger it is especially 

important to investigate and account for these by continuing to apply the complete water accounts. 

Even on the annual, catchment-scale, it is clear that the accounts do not close and that other factors 

have a strong influence on the hydro(geo)logy. 

5.1.6 Simplified water balance 

A summary water balance for the basins using CHIRPS and the ET ensemble shows basin closure for 

the Mékrou of 8.9 % (Table 2) and for the Niger from 6.2 % to 14.2 % (Table 3). The results have also 

been presented at country level for the Niger basin (Table C 1), the Mékrou administration area 

(Table C 2) and the Mékrou basin (Table C 3). 

Taoudeni-Tanezroufe 

Irhazer-Lullemeden Lake Chad 

Vallée de la  
Bénoue Volta 

Taoudeni 
-Tanezroufe 
extension 
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Table 2:  Water balance for the Mékrou 

Mékrou P ET P-ET ≈ Q Q ΔS Closure 
 CHIRPS  

 
[mm/yr] 

Ensemble  
 

[mm/yr] 

CHIRPS-
Ensemble 
[mm/yr] 

No obs. 
available. 
[mm/yr] 

Further study. 𝑃 − 𝐸𝑇 − 𝑄

𝑃
 

        [%] 

2004 972.65 798.05 174.59 N/A N/A N/A 

2005 1063.86 802.58 261.28 N/A N/A N/A 

2006 911.81 788.87 122.93 N/A N/A N/A 

2007 1046.08 813.92 232.17 N/A N/A N/A 

2008 1063.40 762.89 300.51 N/A N/A N/A 

2009 1050.87 800.12 250.76 N/A N/A N/A 

2010 1074.58 835.11 239.47 N/A N/A N/A 

2011 929.43 774.23 155.19 N/A N/A N/A 

2012 1090.57 835.18 255.39 N/A N/A N/A 

2013 920.38 1030.61 -110.24 N/A N/A N/A 

2014 902.78 821.23 81.55 N/A N/A N/A 

Average 1002.40 823.89 178.51 89.2 89.3 8.9% 

 

Table 3:  Niger basin remote-sensing based water balance 

Niger P ET P-ET Q ΔS Closure 

 CHIRPS  
[mm/yr] 

Ensemble  
[mm/yr] 

CHIRPS-
Ensemble 
[mm/yr] 

No obs. 
available. 
[mm/yr] 

Approximated 
by 

 𝑃 − 𝐸𝑇 − 𝑄 . 

𝑃 − 𝐸𝑇 − 𝑄

𝑃
 

            [%] 

2004 972.65 798.05 163.00 85.43 77.57 8.0% 

2005 1063.86 802.58 167.64 72.27 95.37 9.0% 

2006 911.81 788.87 188.10 97.42 90.68 9.9% 

2007 1046.08 813.92 165.56 100.68 64.88 6.2% 

2008 1063.40 762.89 244.42 93.82 150.6 14.2% 

2009 1050.87 800.12 205.88 115.94 89.94 8.6% 

2010 1074.58 835.11 255.29 109.65 145.64 13.6% 

2011 929.43 774.23 190.27 87.35 102.92 11.1% 

2012 1090.57 835.18 269.78 163.74 106.04 9.7% 

2013 920.38 1030.61 34.99 N/A N/A N/A 

2014 902.78 821.23 128.63 N/A N/A N/A 

Average 1002.40 823.89 183.05 102.92 80.13 10.0% 

 

In both catchments the water balance has dramatic reductions in closure (even becoming negative in 

the case of the Mékrou) in 2013 as data from CMRSET is no longer available and the Ensemble aligns 

with ALEXI, resulting in a dramatic increase in estimates of ETa. Basin closure of 6.2 % to 14.2 % is 

observed and is considered to be reasonable for such a simplified water balance.  
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Budyko Curve 

The Budyko curve characterises the annual water balance with the ratio of satellite-derived ETa (all) 

to P (CHIRPS) shown as a function of ETa (all) to PET (CGIAR) (Figure 12). These ratios measure the 

partitioning of rainfall into ET and runoff (evaporative index) and the aridity of the catchment 

(dryness index) respectively (Zhang, Dawes, and Walker 2001).  

 
Figure 12:  Budyko curve showing all satellite ET products (PET source:  New LocClim) 

The Budyko curve confirms what has been observed previously; the majority of the catchment is 

categorized as ‘water limited’; MOD16 underestimates ETa while SSEBop and ALEXI tend to show ETa 

at levels above the water limit, indicating the import of water (e.g. as irrigation). The ET ensemble 

appears to give the best fit to the Budyko curve. In the humid parts of the Niger basin there is better 

fit to the Budyko curve for all products. Stations in arid areas of the catchment (dryness index > 10) 

exhibit greater divergence from the curve. Seasonal analysis of the data should be conducted to 

determine performance in dry periods, with best results expected in the wet season.  

5.2 Landcover 

The final WA+ landcover map for the Mékrou and Niger basins is presented in Figure 13.  
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Figure 13:  Final WA+ landuse map for the Niger Basin   
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The WA+ landuse categorization is detailed in Table C 4 for the Niger basin and Table C 7 for the 

Mékrou. In the Niger basin 67.71% is categorized as ULU Utilised Land Use (including desert, 

savanna, shrubland), 26.53% MLU Managed Land Use and 5.62% PLU Protected Land Use.  Managed 

water use MWU makes up the smallest landcover (0.15%). The MWU is the most interesting as it 

represents the proportion of land which is dominated by blue water consumption, such as through 

irrigation, artificial surface water (including dams, canals and reservoirs) and heavily irrigated urban 

areas. In general, it is expected to be the category with the highest water consumption, and is the 

most at-risk of a negative water balance.  

Accurate conversion of the input landuse map to WA+ categories impacts the reliability of results. 

One of the important aspects of WA+ is that it clearly breaks down the difference between green 

water dominant and blue water dominant landuse categories. GlobCover 2009 does not adequately 

account for irrigated crop areas, with only three irrigated areas being identified in the Niger basin.  

In total only 4 of the 7 PLU categories are present, 11 of the 25 possible ULU categories, 11 of 19 

MLU categories and 3 of 29 MWU categories. In the Mékrou, no part of the basin is classified as 

MWU. In the Niger there are only three categories present. This reduces significantly the power of 

results in breaking down water consumption within the basin. As the area has fairly little in the way 

of large infrastructure interventions, it is not surprising that in a landuse map with a relatively low 

spatial resolution that no one pixel is dominated by dams or irrigated areas. However, it is not 

accurate to say that these do not exist within the catchment, as the Dyodyonga Dam and irrigation 

schemes in the northern part of the catchment are regionally important despite not being large 

enough to feature in the GlobCover map. The largest landcover types in the basin are therefore PLU 

covering 38.10 % of the catchment, ULU covering 34.36 % and MLU covering 27.54%.  
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Figure 14:  Key landuse categories in the Niger basin (above) and the Mékrou basin (below) 

Landuse in the Niger basin is dominated by bare soil (30%), as expected given its location over the 

Sahel Desert. Herbaceous cover (14%), rainfed cereal crops (13%) and shrubland (11%) follow as 

dominant landuse types. Different landuses are prominent in the Mékrou basin which lies at the 

interface of semi-arid and semi-humid climate zones. With 38.14 % of the basin forming the W Park, 

it is not surprising to see protected shrubland making up the highest proportion of landuse. This is 

followed by shrubland and mesquite (28%), rainfed crops (14%) and rainfed production pastures 

(12%).  

5.3 Hydrologic variables per landcover category 

Breaking down the amount of P, ET and runoff per landcover category is part of what makes WA+ 

unique in its approach. By taking ETa as representative of water consumption, much information can 

be gleaned about the water use in various parts of the catchment. However, it is important to 

evaluate whether the satellite data from various sources agree with one another, given that the ETa 

over the catchment has already been shown to have quite some disagreement. Results for the 29 

land cover types of the Niger and the 13 land cover types of the Mékrou are presented in Figure 15. 

Detailed results are provided for the Niger in Table C 5 and statistical analysis in Error! Reference 

source not found.. For the Mékrou a full breakdown of results is provided in Table C 7.  
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 Managed Land Use (rainfed)  Utilised Land Use 

MLU2 Production pastures ULU2 Open decid. forest 
MLU3 Cereal crops ULU4 Open evergr. forest 
MLU4 Root/tuber crops ULU5 Closed savanna 
MLU5 Leguminous crops ULU6 Open savanna 
MLU7 Fruit and nut crops ULU7 Shrub land 
MLU8 Vegetable and melon crops ULU8 Herbaceous cover 
MLU9 Oilseed crops ULU17 Natural lakes 

MLU10 Beverage & spice crops ULU18 Flood plains 
MLU11 Other crops ULU20 Bare soil 
MLU12 Mixed species agro-forestry ULU23 Wetland 
MLU15 Homesteads & gardens (cities) ULU24 Mangroves 

 Managed Water Use  Protected Land Use 
MWU3 Irrigated cereals PLU1 Forests 

MWU12 Reservoirs, canals, harbors, tanks) PLU2 Shrubland 
MWU17 Irrigated homesteads & gardens 

(cities) 
PLU4 Waterbodies 
PLU5 Wetlands 

 

Figure 15:  ETa attributed to each landuse category in the Niger basin by satellite source 
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The close relationship between CMRSET and the Ensemble can be seen in the Niger and Mékrou 

basins. This could be attributed to the fact that NDVI is in the algorithm of MOD16 and CMRSET. 

However, as a result the three products generally give what could be considered erroneous 

estimates over open water with estimates in the range of 100 to 400 mm where values exceeding 

1000 mm would be expected.  Performance of products in estimating ETa over open water varies 

significantly. Surface water categories ULU 23 wetlands and MWU 12 reservoirs are estimated by 

MOD16 to have ETa of 199 mm and 170 mm respectively, figures which are much too low to 

realistically represent ETa over open water.  

It is important to realise that the same categories may be attributed different values from one 

catchment to another, due to their size and difference in climate etc. In the Niger we may see, for 

example, ULU 20 bare soil occurring in both the humid southern parts of the catchment and in the 

more arid northern parts. The ETa estimates for this catchment range from 9 mm to 193 mm for this 

category, which are acceptable despite their divergence. In the Mékrou, however, the ranges 

attributed to bare soil range from 354 mm to 1,423 mm. This range is problematic and indicates 

either the high presence of water (where products do not agree on ET attribution), or a 

misclassification in the land cover map. The northern part of the Mékrou catchment, where the 

majority of the land cover is classified as ULU 20 is also the part of the catchment with the greatest 

variation between products, as seen in Figure 3. From evaluation of land use and irrigation maps it is 

expected that this is related to the seasonality of water bodies in the area. 

The values attributed to each land use category are initially unclear, and seem to range quite 

dramatically from one product to another. Take for example, MLU 15 (rainfed homesteads and 

gardens), which is attributed an ET of 1,022 mm by ALEXI, but only 100 mm by MOD16. MWU 03, 

representing irrigated cereals, is another example which is attributed 1,627 mm by SSEBop and 327 

mm by MOD16. This is disconcerting and leads the user to believe that the satellite data may be 

unreliable. The issue may be related to weaknesses in products in estimating ETa in certain landuses, 

to misclassification of landuse in the WA+ landuse map or in seasonality in surface waters in these 

areas. Given available knowledge of the catchments it is thought that it is a combination of all three. 

A box and whisker plot showing the minimum, first quartile, mean, third quartile and maximum 

values for all satellite products in each WA+ land use category (Figure 16). 
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Figure 16:  Box and whisker plot showing P and ETa estimates for each landuse category 

In the categories of MLU, PLU and ULU, CHIRPS P estimates exceed ET estimates by all products. 

However, in the MWU (blue water consumption category), ET exceeds P according to all products 

but MOD16, indicating negative water balance in this category.  

It is, however, apparent that it is more a question of bias amongst products, than discrepancies in 

landuse ranking, with MOD16 and CMRSET placing the lowest ET estimates on each landuse category 

and ALEXI and SSEBop giving the highest estimates. The ET ensemble is, by its nature, somewhere in 

between. To demonstrate this, product rankings of each land use are shown in Figure C 21. Similar 

results are demonstrated for the Mékrou catchment in Figure C 22. In the Mékrou especially, the 

Ensemble product aligns closely with CMRSET and MOD16. However, all three of these products 

attribute the lowest ET values to ULU 17 natural lakes and PLU 4 protected natural water bodies, 

indicating an issue with their performance in evaluating ETa over surface water. The Mékrou basin 

product rankings show that CMRSET, MOD16 and the ET ensemble rank products consistently, 

despite significant variation in the value of ET assigned to each class by the various products. This 

indicates that the difference in the three products is more of a bias error than one of classification or 

poorly calculated ET values. However, when considering ALEXI and SSEBop, significant variation in 

ranking is observed. SSEBop, for example, ranks bare soil as having the highest ET, which is unlikely, 

however this does not rule out the accuracy of the product. The areas of Mékrou classified as bare 

soil are few, and are located in the downstream part of the catchment close to the Niger River. This 

area is increasingly irrigated, though irrigated areas do not appear on the GlobCover map. The 

second highest rank is for natural water bodies, which should in fact have very high ET values. 

Agriculture is the largest user of water globally, and identifying areas of agricultural water stress is 

important to safeguard food supplies into the future. The other products however rank these water 
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bodies amongst the lowest ET landuses in the catchment. Temporal variations of ETa are 

demonstrated for irrigated cereals and rainfed crops for each of the FAO crop categories present 

(Figure 17). 

 
Figure 17:  Niger basin average monthly ET per crop category (2005-2010) 

Between the months of January and March, ETa for all crop types was relatively low across the 

Niger, with the exception of oilseeds which are only present in humid parts of the catchment and 

exhibit less seasonal variation. From July to October, irrigated cereals exhibit the highest ETa, 

showing a distinct irrigation season. Other rainfed crops tend to have smoother increases in ETa 

fluctuating with catchment rainfall. At the Office du Niger, an important irrigation systems near the 

Segou observation site in Mali, the ETa for rainfed rice crops was determined to range between 736 

mm and 786 mm (Zwart and Leclert 2009). The results presented herein for cereals in the Niger 

show a value of 650 mm for rainfed cereals (MLU 03) and 670 mm for irrigated cereals (MWU 03). As 

these results are the average of all cereals across the basin, this is considered an acceptable match. 
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6 Discussion 

Several key points emerge when analysing the potential of WA+ as a tool for transboundary 

management in the Niger and Mékrou basins. 

6.1 Developmental challenges 

WA+ can help improve global understanding of water balances in all transboundary basins and 

provide indicators and summary information about the performance of such basins. WA+ enables a 

complete water balance of transboundary basins to be obtained with even coverage, despite 

differences in language, economic capacity, conflict or approaches to water monitoring and 

management. It can be applied out with or without collaboration from member states though it 

would be in the best interest of each member state to participate to ensure their country is 

adequately represented, that best available data and techniques from the member country and use 

of community and traditional knowledge is accounted for to ensure the most accurate results are 

obtained. Without these, the balance relies on remote sensing data and risks distrust and low 

implementation from the country in question (Barendrecht 2015). This enhanced knowledge will aid 

communities with high economic dependence on water resources and where activities 

compromising water quality or flow having large implications for societal wellbeing to understand 

their water resources from source to sink. By providing detailed information about water use per 

land use category for a given time period, the results from WA+ can be used to inform decisions 

about water allocation and water use efficiency, the role of water in overall economic growth and 

identification of opportunities for improved water access. 

6.2 Hydro-climatic challenges 

Understanding in detail where and how water is consumed is a fundamental step in evaluating the 

sustainable use of water in the basin. WA+ allows detailed information to be gained on the water 

use of water-related ecosystems such as wetlands and water related ecosystem services. The results 

could potentially inform the implementation of environmental safeguards for agriculture, urban and 

industrial applications where WA+ identifies negative water balances. Climate becomes a very 

important issue in basins such as the Niger, where the size and delineation of the basin itself has a 

large impact on the results of WA+. Whilst it is normal that the river basin would fluctuate from year 

to year with changes in climate, and the area contributing to the Niger and Mékrou’s flows would 

vary accordingly, this is not accounted for in WA+. Whilst in many catchments this would cause 

negligible changes to results, in a large, flat and arid catchment such as the Niger the changes are 

significant, and inclusion of the Sahel desert in the calculations significantly impacts upon the 
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accuracy of results. Climatological information (P, ET) is relatively new for remote sensing with the 

field in a phase of rapid development. It is important to continue to learn and improve data so that 

convergence between products occur and there is increased global understanding about the ‘real’ 

values of P and ET. Variability in ETa products can have a large impact on WA+ results and at their 

current stage the divergence of results leads to unacceptably high error. It is important to 

understand the catchment, increase the number of local stakeholders and experts involved so as to 

choose correctly the appropriate input products and ensure minimization of error. With the rapid 

improvement of satellite services, associated meteorological models and improving technology, this 

situation will change rapidly as scientific understanding catapults global knowledge of the water 

balance (especially for ETa). This is the perfect time to start gathering and compiling data to 

establish what we can find out about global catchments given current technological limitations and 

how we can better inform and improve the development of satellite services for detailed and 

accurate global hydrological modeling in the future 

6.3 Data challenges 

One of the greatest advantages of WA+ is its ability to form a complete water balance using 

predominantly remote-sensing based information. This allows issues in spatial and temporal data 

availability to be overcome and thus dramatically enhances current knowledge about the hydrology 

of basins, particularly in those areas which are completely ungauged. WA+ allows a remote-sensing 

based approach giving distributed P, ET and runoff in the basin at a high resolution (0.01 °, ~1 km) 

for monthly time steps. In the near future, it is hoped that the WA+ can be applied at a 0.0025 ° 

(~250 m) scale. With the results, WA+ pinpoints zones of excessive water consumption and identifies 

which land uses results in a negative water balance. There are, however, still substantial limitations 

to the remote sensing data which can hinder the accuracy of WA+ results. For example, the results 

are highly dependent upon the accuracy and resolution of satellite products which has been shown 

to be an issue with estimations of ETa. Freely available landuse maps are limited and may result in 

erroneous classifications in areas such as West Africa which have not been well validated. Such a 

tool makes an important contribution to the scientific community by compiling consistent and 

detailed baseline information about the world’s transboundary basins, especially those which are 

ungauged, difficult or even dangerous to access. The results of this study show that: 

 Precipitation: satellite data gives more reliable, more temporally consistent and spatially 

distributed information about P in the catchment. Accuracy of P data from satellite gives a 

correlation with the observed data of 70.4 %. Comparing with New LocClim’s interpolated 

climatological averages returns an r² of 98.4 %. 
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 Evapotranspiration: ETa varies notably from one product to another. This causes concern as 

there is difficulty evaluating the accuracy of the products in an ungauged basin such as the 

Niger. Some initial steps taken to overcome this yielded the following observations: 

- Inter-product comparison and New LocClim interpolations indicate that ALEXI 

overestimates in the dry periods, SSEBop overestimates in wet periods and MOD16 

underestimates across sample locations.  

- Given these limitations, CMRSET and the ET ensemble tend to give mid-range estimates of 

ETa, however it is not certain that this is the most accurate estimate. Landuse specific 

calibration is required to fix the identified issues and ensure improved accuracy across all 

categories.  

- The Ensemble is most reliable prior to 2013, when CMRSET is no longer available and the 

ensemble becomes heavily dependent upon ALEXI, resulting in dramatic increases in 

‘observed’ ET.  

- ET must be further verified through, for example, applications of SEBAL or crop model ET in 

the region. Further evaluation against CGIAR PET and Aridity Index would allow improved 

understanding of spatial distribution of ET, as would the unpublished UNESCO-IHE ET0 tool.  

- Discrepancies in ETa and water yield are strongest in the dry season and in arid parts of the 

catchment 

- In the case of the Niger and Mékrou rivers, satellite data does not yet transcend the 

difficulties faced in measurement of ETa. 

 Storage: Groundwater, surface water and soil water storage and the interaction between these 

components play a strong role in the hydrologic balance and need further investigation.  

 Water yield: In calculating the annual, catchment-scale water balance it is expected that 

storage changes become insignificant and that P-ET is approximately equal to discharge. 

However, ET results give large variability in estimates across the Mékrou and Niger basins. 

Analysing discharge data in available areas (Lokoja, Koulikoro) shows that while the values are 

generally of the right magnitude (with the exception of ALEXI in the Niger), there is much work 

to be done before remote sensing data is able to ‘close’ the balance. 

 Land use: The availability of open access, global land use maps is limited and causes difficulty in 

accurate application of WA+. The GlobCover map used has limited information on blue water 

consumption in the basin which severely restricts the effectiveness of WA+. ET per landuse 

category: Issues with the classification of blue water ET and open water ET must be rectified 

before continuing with the application of WA+. Product rankings generally show agreement 

between products but depth of ETa estimated by each still varies greatly. 
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WA+ has the additional advantage of being freely available to anyone to try at any place at any time. 

This is in itself a revolutionary step that is occurring across the scientific community which 

increasingly favours open source, open data, open access platforms which enable anybody to access 

and improve the framework, the data, the knowledge of the topic in question. For WA+ it means 

that scripts used for the automation and ease of implementation can be dramatically improved in 

shorter time periods, that data can benefit from input from stakeholders from varied backgrounds: 

those who are experts on community engagement, policy makers, groundwater modelers, aquatic 

scientists, international NGOs, diplomats… the list goes on and the potential is enormous. When a 

system currently relies on permission to access data from those in power, those with the ability to 

install, monitor and maintain hydrological and meteorological infrastructure, then only a select few 

can work towards improving the global community’s understanding of catchment hydrology. Making 

data freely available is an important aspect of WA+. It can be used, improved and developed by 

anyone with an interest in water resources in their region of concern. There is no restriction (as 

exists now) on the data being shared only with those with power, money or knowledge to show that 

they are ‘worthy’ of accessing information. Data is knowledge, knowledge is power and this is the 

first step in opening up a hydrological revolution for all. 

The time step used for the water accounts has a significant impact on the results observed and this 

study has shown that it is crucial to account for seasonality. It would be of considerable value to 

assess water balance and consumption trends in dry periods, for example, when water supply is 

restricted. Extreme events are not well accounted for in WA+ and floods in the wet season may 

easily offset drought in those instances where seasonal variation is strong. 

WA+ overcomes political and management challenges through its use of freely available data to 

develop a complete, catchment scale hydrologic balance. Spatial and temporal variation in 

observations, limited access to national hydrological data and variations in management from one 

country to the next do not affect the application of WA+. Likewise, a country which is unable to 

invest heavily in understanding the river hydrology are potentially able to gain from the application 

of WA+ as results are published and made freely available online. However, if the accounts were to 

be run in-house, significant time, human and technical resources would be required to apply the 

framework in its current stage of development. For many nations, this would be unrealistic with 

available resources and the application of the methodology in the public domain.  
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6.4 Political and management challenges 

6.4.1 Transboundary water governance: needs and opportunities 

In order for WA+ to become an effective tool for informing river basin authorities and transboundary 

think tanks, a series of indicators should be incorporated to fit in with existing needs, such as those 

of UN-Water, TWAP, and relevant policy experts and decision makers. Predictions of transboundary 

water stress would make the tool much more powerful and could evaluate aspects of water 

governance such as those identified in Figure 18 (TWAP 2016). 

 

 
Figure 18:  Indicators for present (above) and future (below) basin analysis (TWAP 2016) 

As WA+ evaluates all aspects of the hydrological balance it is effectively able to address each of 

these indicators using data already collected and processed in its development. It therefore has 

enormous potential to become a global baseline tool for understanding catchment water balances in 

all basins from the complex and ungauged transboundary basin to even the most well-gauged 

basins.  A summary of WA+’s strengths, weaknesses, opportunities and threats (SWOT), see Figure 

19. The SWOT analysis on the application of WA+ shows that it is a cutting edge approach that can 

be used to guide discussion on transboundary river management and governance. Incorporation of 

indicators would give WA+ enormous potential to provide enhanced baseline information for any 

catchment in the world (and indeed should be applied to all 286 transboundary catchments in the 

coming years).  
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Strengths Weaknesses 
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 No observation data required. Input from 
local sources greatly enhances results. 

 Fully open access, open source. 

 WA+ results and tools publicly available, can 
be used and adapted by anyone. 

 Accounts clearly for green and blue water 
use and easy identification of ‘hotspots’ 
where the water balance is negative and 
efficiency measures can be applied. 

 WA+ can obtain a baseline water balance for 
any catchment or subcatchment in the 
world. 

 WA+ can incorporate results from models, 
statistics and remote sensing as available to 
determine the most accurate catchment 
balance without replacing or undermining 
existing tools and local / historical knowledge 
of various countries/regions in the basin. 

 Indicators relevant to transboundary water 
management and governance can be easily 
calculated from WA+ results. 

 

 High level of user skill required 
(hydroinformatics). 

 Large volumes of data and heavy processing 
require high computing power, high internet 
speeds, unlimited download and large 
storage availability. 

 Knowledge of water balance in major river 
basins is not advanced enough for the 
accuracy of WA+ results to be effectively 
gauged. 

 Definitions of key terms cause confusion 
amongst users from different cultural and 
linguistic backgrounds. 

 ETa estimates diverge and are not 
considered reliable in their current state. 

 Land-use is ‘static’ and depends on available 
maps which are often prepared and 
maintained by governments and private 
enterprise. Publicly available (global) landuse 
maps are currently inadequate. 

 

Opportunities Threats 
 Application to all transboundary basins, 

many scales and temporal variations can be 
applied. 

 Improvement of tool through automation. 

 Remote sensing data availability, accuracy 
and resolution (e.g. ET ensemble, P 
downscaling) and comparative tools (e.g. 
reference ET tool) expected to change 
rapidly, overcoming current issues with ETa. 

 Application becomes simpler with 
improvement of tools and experience with 
various basins. 

 WA+ can provide summarized information 
on water balances which are typically highly 
technical and complex in a way that can be 
easily understood by non-scientists. 

 Using model output as a direct input to WA+ 
to enhance predictive capacity and 
dynamism. 

 No information about uncertainty or error is 
provided in applying WA+. 

 WA+ cannot easily be applied ‘in-house’ 
unless technical equipment and technical 
knowledge is adequate, relies therefore on 
external assistance. 

 People don’t trust satellite data. 

 The tool must work in collaboration with 
other major tools (accounting tools such as 
SEEA-Water, spatially distributed catchment 
models such as LIS, SWAT, Mike) in order to 
increase uptake of results by scientists and 
policy makers. 

 Economic benefit should be accounted for by 
the tool. 

 Requires detailed, high resolution, up-to-
date land use map in order to ensure 
sufficiently detailed and accurate results. 

 

 External  
Figure 19:  SWOT analysis of WA+ as a tool for transboundary water governance 
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6.4.2 Diplomacy and collaboration 

Output of any water management approach can be used to feed river basin authorities and guide 

national policy strategies and quantitative water management. It is important that any approach, 

WA+ included, aligns with key players in transboundary water management, as it is currently doing, 

to ensure that the needs and requirements of decision-makers are met by its application. An 

important consideration is to incorporate the TWAP indicators for transboundary basins into the 

sustainability sheet in order to effectively guide users in interpreting results in an existing and known 

framework. Currently, TWAP uses results from the ISI-MIP global hydrological modelling project. It 

would be beneficial for WA+ developers to collaborate with such projects in order to understand 

how WA+ could be used to calibrate or incorporate model results and how such models could be 

used to enhance the predictive capacity of WA+, giving it potential to use remote sensing data for 

climate scenarios and giving it predictive capacity.  

The WA+ water accounting tool is still in an early stage of development with an expanding team of 

experts working on the improvement and development of the methodology. Further information on 

the downscaling and improved accuracy of P and ET data respectively is required, as is the 

automation of many of the core processes built into the WA+ framework. With strong interest from 

the international community on this tool, its state of development will change rapidly, moving it 

quickly to one of the most advanced methods for rapidly improving knowledge on water resources, 

their consumption and efficiency, particularly in difficult to access, poorly gauged basins such as the 

Niger.   
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7 Conclusions 

This thesis contributes to the knowledge base on water resource availability and consumption in the 

Niger and Mékrou River basins. It shows that satellite data can provide significant improvements to 

knowledge of P, ET and runoff in the basin (with high spatial distribution and continuous temporal 

data) and contributes to an improved understanding of the catchment water balance. Analysing 

each of these factors per land use category enables important information about the impact of each 

land use on the water balance. It is clear, for example, that blue water uses such as irrigated 

croplands, dams and urban areas result in negative water balances. This is to be expected and is not 

new information per se, however it allows managers to pinpoint certain parts of the catchment 

which can be used to focus water management and efficiency measures, in order to ensure that the 

water balance as a whole is not severely disrupted and to secure safe water supply for the 

generations to come.  

Developmental challenges: Assessments of water availability can be hindered by issues commonly 

found in least developed countries (LDCs); low quality infrastructure, low economic and human 

resource capacity and poverty closely linked to climate, water and food security. WA+ can overcome 

barriers as it establishes a complete picture of catchment scale water resources which can be 

enhanced by (but do not depend upon) functioning of local infrastructure or highly skilled national 

staff. 

Hydro-climatic challenges: Climate variability is recognised as a significant issue in the Niger basin 

with the frequency of severe droughts and floods on the rise, linked to concerns about public safety 

and regional food security. The Niger basin itself covers 2.12 million km² and the river trajectory 

traverses humid and arid climate zones. This can be difficult to account for when using point data 

and extrapolations can be misleading, especially where spatial and temporal data coverage is poor. 

Satellite data overcomes such issues and provides spatially distributed information of hydrology 

across all climates and land use types in the basin and can be used to analyse seasonal variation of 

water supply and demand.  

Data challenges: Overcoming data challenges relates to both observation-based data and satellite 

data. Whilst satellite data offers strong potential to improve information about catchment water 

balances, application of WA+ requires a high level of technical skill in its current form. It requires 

high internet speeds, excellent computing capacity and large data storage capacity to be effectively 

applied. This can pose problems for implementation by LDCs who would rely on external assistance 
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for the implementation of accounts. When WA+ results become publicly available, and with 

improvements in the automation of the tool, the data can be accessed and utilised by all 

stakeholders. It is clear in the case of the Niger basin that the spatio-temporal distribution of 

hydrological data provided by the initial application of WA+ offers an improvement on freely 

available gauge data, thus offering an improved methodology for water accounting in this region.  

Political and management challenges: Data is knowledge, knowledge is power. This applies to the 

Niger basin more than anywhere, where social hierarchy and personal relationships dominate 

decision-making. In such situations, it can be difficult for water scientists, engineers or other 

interested parties to access information about the basin hydrology. Models must be developed using 

publicly available data that is limited at best. Using satellite data allows a top-down approach to be 

used in order to continue advancements in global understanding of ungauged transboundary 

catchments. Improvements can and should be made using ground-truthed observation data and 

collaboration with various stakeholders should be embraced in order to do so, if conflicts prevent 

such collaboration it is still possible to gain a thorough understanding of consumption in the basin. 

WA+ is being rapidly developed and is a valuable tool in providing information about the water use, 

efficiency and irrigation in ungauged transboundary catchments. It has the ability to easily provide 

indicators already used by international transboundary water assessment bodies and has high 

potential for uptake by international agencies. With data and softwares used by WA+ being 

completely open source it has promise to develop quickly, with results being improved by various 

stakeholders who employ its output and provide opportunity for improvement. While there remain 

limitations in remote sensing data, the field is developing rapidly and it is expected that within the 

coming years such progress will be made that the WA+ tool becomes invaluable in informing a 

baseline understanding of all global transboundary basins.  
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8 Recommendations 

1. Finish application of WA+ to obtain complete water balance in the Niger and Mékrou basins.  

2. Apply WA+ to well-gauged basins to validate results and  

3. Compare results of WA+ with other spatially distributed closed balance models such as LIS, 

SWAT, etc. (using same input data) and evaluate potential for such models to process data 

and provide output as WA+ input to allow for scenario analysis and climate prediction 

capacity. 

4. The final choice of ET product must be further investigated and may need adapting per 

landuse category rather than a single product being suitable across the whole catchment. 

This is especially true in catchments such as the Niger which lie across multiple climatic 

zones.  

5. Evaluate the impact of different landuse maps on the results of WA+. GlobCover 2009’s poor 

coverage of irrigated crop areas must be improved, as these are crucial to determining 

accurate information about blue water consumption in any basin in which they would be 

applied. The follow-up product ESA (CCI) 2010 has better irrigation coverage and should be 

tested. 

6. Determine the impacts of storage on the water balance. Changes in soil water, groundwater 

and surface waters (dams and seasonal wetlands) have been shown to have a large effect on 

the hydrological cycle in the Niger basin.  

7. The performance of satellite-derived ETa data should be investigated under dry and arid 

conditions (that is, in both arid areas and during the dry season in more humid areas) and to 

improve our understanding of ET in general so that accuracy of satellite data can be more 

effectively measured. 

8. WA+ is fairly rigid in the information presented. It is important for water experts and policy 

makers to be able to adapt the information presented so that they can apply the results to 

their specific area of interest, whether it be a particular subbasin, a specific landuse class or 

particular category of water consumption or storage.  

9. Storage changes have a significant impact on upstream and downstream discharge. Whilst 

the water balance in the case of the Niger did not close as well as desired, this may be a 

result of storage changes in the system. Other parts of the water balance may also be at play 

here, including groundwater recharge and storage,  

10. The Niger basin accounts should be re-run using a reduced catchment size which excludes 

much of the Sahel desert and other parts of the catchment which do not contribute to the 

flows of the Niger river.   



47 

9 References 

Anderson, Martha C., John M. Norman, John R. Mecikalski, Jason A. Otkin, and William P. Kustas. 
2007. ‘A Climatological Study of Evapotranspiration and Moisture Stress across the 
Continental United States Based on Thermal Remote Sensing: 1. Model Formulation’. Journal 
of Geophysical Research: Atmospheres 112 (D10): D10117. doi:10.1029/2006JD007506. 

Asante, Kwabena O., Guleid A. Arlan, Shahriar Pervez, and James Rowland. 2008. ‘A Linear 
Geospatial Streamflow Modeling System for Data Sparse Environments’. International 
Journal of River Basin Management 6 (3): 233–41. 

Barendrecht, M. H. 2015. ‘Bridging the Information Gap between Scientists and Decision Makers in 
the Eastern Nile’. TU Delft, Delft University of Technology. 

Bundesantalt für Gewässerkunde. 2016. ‘Global Runoff Data Centre River Discharge Data’. Accessed 
August 10. 
http://www.bafg.de/GRDC/EN/02_srvcs/21_tmsrs/riverdischarge_node.html;jsessionid=BD3
0F0FE146D8F69FCBAC60CBFB2BAC5.live11294. 

Calderon, WD Roca. 2014. ‘Development of a GIS Data Framework Using Open Website Datasets for 
the Niger River Basin’. UNESCO-IHE. 

Ceccherini, Guido, Iban Ameztoy, Claudia Patricia Romero Hernández, and Cesar Carmona Moreno. 
2015. ‘High-Resolution Precipitation Datasets in South America and West Africa Based on 
Satellite-Derived Rainfall, Enhanced Vegetation Index and Digital Elevation Model’. Remote 
Sensing 7 (5): 6454–88. doi:10.3390/rs70506454. 

Creed, Irena, and Adam Spargo. 2012. ‘Budyko Guide to Exploring Sustainability of Water Yields from 
Catchments under Changing Environmental Conditions.’ London, Ontario. 
http://www.uwo.ca/biology/faculty/creed/PDFs/presentations/PRE116.pdf. 

Cretaux, Jean-François, Muriel Berge-Nguyen, Marc Leblanc, R. Abarca Del Rio, Francois Delclaux, 
Nelly Mognard, Christine Lion, Rajesh Kumar Pandey, Sarah Tweed, and Stephane Calmant. 
2011. ‘Flood Mapping Inferred from Remote Sensing Data’. International Water Technology 
Journal 1 (1): 48–62. 

Davis, Ted J. 1994. ‘The Ramsar Convention Manual: A Guide to the Convention on Wetlands of 
International Importance Especially as Waterfowl Habitat’. In . Gland (Switzerland) Ramsar 
Convention Bureau. 

Dee, D. P., S. M. Uppala, A. J. Simmons, Paul Berrisford, P. Poli, S. Kobayashi, U. Andrae, M. A. 
Balmaseda, G. Balsamo, and P. Bauer. 2011. ‘The ERA‐Interim Reanalysis: Configuration and 
Performance of the Data Assimilation System’. Quarterly Journal of the Royal Meteorological 
Society 137 (656): 553–97. 

Descroix, Luc, Ibrahim Bouzou, Pierre Genthon, Daniel Sighomnou, Gil Mahe, Ibrahim Mamadou, 
Jean-Pierre Vandervaere, et al. 2013. ‘Impact of Drought and Land – Use Changes on Surface 
– Water Quality and Quantity: The Sahelian Paradox’. In Current Perspectives in Contaminant 
Hydrology and Water Resources Sustainability, edited by Paul Bradley. InTech. 
http://www.intechopen.com/books/current-perspectives-in-contaminant-hydrology-and-
water-resources-sustainability/impact-of-drought-and-land-use-changes-on-surface-water-
quality-and-quantity-the-sahelian-paradox. 

Earle, A., A. J. G̈erskog, and J. O. J̈endal. 2013. Transboundary Water Management: Principles and 
Practice. Taylor & Francis. https://books.google.be/books?id=mrncsakXkwkC. 



48 

Earle, Anton, Ana Elisa Cascao, Stina Hansson, Anders Jägerskog, Ashok Swain, and Joakim Öjendal. 
2015. Transboundary Water Management and the Climate Change Debate. Routledge. 

European Space Agency (ESA). 2006. ‘Global Land Cover Product (2005-06)’. 
http://due.esrin.esa.int/page_globcover.php. 

———. 2010. ‘GlobCover 2009 (Global Land Cover Map)’. December. 
http://due.esrin.esa.int/page_globcover.php. 

Falkenmark, M, and J Rockstrom. 2006. ‘The New Blue and Green Water Paradigm: Breaking New 
Ground for Water Resources Planning and Management’. Journal of Water Resources 
Planning and Management 132 (3): 129–32. doi:10.1061/(ASCE)0733-9496(2006)132:3(129). 

FAOSTAT, FAO. 2006. ‘FAO Statistical Databases’. Food and Agric. Organ. of the United Nations, 
Rome. FAOSTAT: FAO Statistical Databases. Food and Agric. Organ. of the United Nations, 
Rome. 

Funk, Chris, Pete Peterson, Martin Landsfeld, Diego Pedreros, James Verdin, Shraddhanand Shukla, 
Gregory Husak, James Rowland, Laura Harrison, and Andrew Hoell. 2015. ‘The Climate 
Hazards Infrared Precipitation with Stations—a New Environmental Record for Monitoring 
Extremes’. Scientific Data 2. 

Godfrey, Jayne M., and Keryn Chalmers. 2012. Water Accounting: International Approaches to Policy 
and Decision-Making. Edward Elgar Publishing. 

Grieser, J., R. Gommes, and M. Bernardi. 2006. ‘New LocClim–the Local Climate Estimator of FAO’. In 
Geophysical Research Abstracts, 8:2. 

Grijsen, J. G., C. Brown, A. Tarhule, Y. B. Ghile, Ü Taner, A. Talbi-Jordan, H. N. Doffou, A. Guero, R. Y. 
Dessouassi, and S. Kone. 2013. ‘Climate Risk Assessment for Water Resources Development 
in the Niger River Basin Part I: Context and Climate Projections’. 

Guerschman, Juan Pablo, Albert IJM Van Dijk, Guillaume Mattersdorf, Jason Beringer, Lindsay B. 
Hutley, Ray Leuning, Robert C. Pipunic, and Brad S. Sherman. 2009. ‘Scaling of Potential 
Evapotranspiration with MODIS Data Reproduces Flux Observations and Catchment Water 
Balance Observations across Australia’. Journal of Hydrology 369 (1): 107–19. 

Hrachowitz, M., H.H.G. Savenije, G. Blöschl, J.J. McDonnell, M. Sivapalan, J.W. Pomeroy, B. Arheimer, 
et al. 2013. ‘A Decade of Predictions in Ungauged Basins (PUB)—a Review’. Hydrological 
Sciences Journal 58 (6): 1198–1255. doi:10.1080/02626667.2013.803183. 

Huffman, George J., David T. Bolvin, Eric J. Nelkin, David B. Wolff, Robert F. Adler, Guojun Gu, Yang 
Hong, Kenneth P. Bowman, and Erich F. Stocker. 2007. ‘The TRMM Multisatellite 
Precipitation Analysis (TMPA): Quasi-Global, Multiyear, Combined-Sensor Precipitation 
Estimates at Fine Scales’. Journal of Hydrometeorology 8 (1): 38–55. 

IFPRI, and University of Minnesota. 2015. ‘HarvestChoice Crop Area (Cereals, Vegetables, Tropical & 
Temperate Fruit, Soy Beans, Groundnuts, Coconuts, Oil Palms, Sunflower Seeds, Other 
Oilseeds, Potatoes, Sweet Potatoes, Cassava, Yams, Other Roots & Tubers, Coffee, Tea, 
Cocoa, Pulses, Sugarcane, Cotton, Tobacco: Ha, 2005)’. International Food Policy Research 
Institute (IFPRI). http://apps.harvestchoice.org/mappr/. 

IGRAC. 2016. ‘International Groundwater Resources Assessment Centre: Transboundary Aquifers of 
the World: 2015’. Global Groundwater Information System (GGIS). https://ggis.un-
igrac.org/ggis-viewer/viewer/tbamap/public/default. 



49 

Joyce, Robert J., John E. Janowiak, Phillip A. Arkin, and Pingping Xie. 2004. ‘CMORPH: A Method That 
Produces Global Precipitation Estimates from Passive Microwave and Infrared Data at High 
Spatial and Temporal Resolution’. Journal of Hydrometeorology 5 (3): 487–503. 

Karimi, P. 2014. ‘Water Accounting plus for Water Resources Reporting and River planning.[PhD 
Thesis Funded by IWMI through the CGIAR Research Programme on Water Land and 
Ecosystems]’. 

Karimi, P., and W. G. M. Bastiaanssen. 2014. ‘Spatial Evapotranspiration, Rainfall and Land Use Data 
in Water Accounting. Part 1: Review of the Accuracy of the Remote Sensing Data’. Hydrology 
and Earth System Sciences Discussions, 11, 2014. 

Karimi, P., W. G. M. Bastiaanssen, D. Molden, and M. J. M. Cheema. 2013. ‘Basin-Wide Water 
Accounting Based on Remote Sensing Data: An Application for the Indus Basin’. Hydrology 
and Earth System Sciences, 17 (7), 2013. 

Kirches, G., C. Brockmann, M. Boettcher, M. Peters, S. Bontemps, C. Lamarche, M. Schlerf, M. 
Santoro, and P. Defourny. 2016. ‘Land Cover CCI Product User Guide (Version 2)’. European 
Space Agency (CCI). http://maps.elie.ucl.ac.be/CCI/viewer/download/ESACCI-LC-PUG-
v2.5.pdf. 

Krings, Thomas. 1987. ‘Surviving in the Periphery of the Town — the Living Conditions of Sahelian 
Drought Refugees in Mopti (Republic of Mali)’. GeoJournal 14 (1): 63–70. 
doi:10.1007/BF02484698. 

Link, P. Michael, Tim Brücher, Martin Claussen, Jasmin S. A. Link, and Jürgen Scheffran. 2015. ‘The 
Nexus of Climate Change, Land Use, and Conflict: Complex Human–Environment Interactions 
in Northern Africa’. Bulletin of the American Meteorological Society 96 (9): 1561–64. 
doi:10.1175/BAMS-D-15-00037.1. 

Mahé, Gil, F. Bamba, A. Soumaguel, Didier Orange, and Jean-Claude Olivry. 2009. ‘Water Losses in 
the Inner Delta of the River Niger: Water Balance and Flooded Area’. Hydrological Processes 
23 (22): 3157–60. 

Mahé, Gil, Didier Orange, A. Mariko, and J. P. Bricquet. 2011. ‘Estimation of the Flooded Area of the 
Inner Delta of the River Niger in Mali by Hydrological Balance and Satellite Data’. Hydro-
Climatology: Variability and Change 344: 138–43. 

Mainuddin, M., J. Eastham, and M. Kirby. 2010. ‘Water-Use Accounts in CPWF Basins: Simple Water-
Use Accounting of the Niger Basin’. 

Malik, Khalid. 2014. ‘Human Development Report 2014. Sustaining Human Progress: Reducing 
Vulnerabilities and Building Resilience’. New York: United Nations Development 
Programme.(http://hdr. Undp. org/sites/default/files/hdr14-Report-En-1. Pdf). 

Mazzitelli, A. L. 2007. ‘Transnational Organized Crime in West Africa: The Additional Challenge’. 
International Affairs 83 (6): 1071–90. doi:10.1111/j.1468-2346.2007.00674.x. 

Molden, David, and R. Sakthivadivel. 1999. ‘Water Accounting to Assess Use and Productivity of 
Water’. International Journal of Water Resources Development 15 (1–2): 55–71. 

Mu, Qiaozhen, Maosheng Zhao, and Steven W. Running. 2011. ‘Improvements to a MODIS Global 
Terrestrial Evapotranspiration Algorithm’. Remote Sensing of Environment 115 (8): 1781–
1800. doi:10.1016/j.rse.2011.02.019. 

Muthuwatta, L. P., Mobin-ud-Din Ahmad, M. G. Bos, and T. H. M. Rientjes. 2009. ‘Assessment of 
Water Availability and Consumption in the Karkheh River Basin, Iran—Using Remote Sensing 



50 

and Geo-Statistics’. Water Resources Management 24 (3): 459–84. doi:10.1007/s11269-009-
9455-9. 

Namara, Regassa E., Boubacar Barry, Eric S. Owusu, and Andrew Ogilvie. 2011. An Overview of the 
Development Challenges and Constraints of the Niger Basin and Possible Intervention 
Strategies. Vol. 144. IWMI. 

Niasse, Madiodio. 2004. ‘Prévenir Les Conflits et Promouvoir La Coopération Dans La Gestion Des 
Fleuves Transfrontaliers En Afrique de l’Ouest’. VertigO-La Revue Électronique En Sciences de 
L’environnement 5 (1). 

NOAA. 2016. ‘NOAA CDO Global Historical Climatology Network (GHCND)-Monthly Summaries 
Documentation’. 

NTA News. 2016. ‘Niger Rice Irrigation Farming Seeks To Improve Production’. NTA.ng - Breaking 
News, Nigeria, Africa, Worldwide. March 10. http://www.nta.ng/agriculture/20160310-
niger-rice-irrigation-farming-seeks-to-improve-production/. 

OECD. 2015. ‘Principles on Water Governance’. OECD Directorate for Public Governance and 
Territorial Development. 

Ogilvie, Andrew, Gil Mahé, John Ward, Georges Serpantié, Jacques Lemoalle, Pierre Morand, Bruno 
Barbier, et al. 2010. ‘Water, Agriculture and Poverty in the Niger River Basin’. Water 
International 35 (5): 594–622. doi:10.1080/02508060.2010.515545. 

Parajka, J., V. Naeimi, G. Blöschl, and J. Komma. 2009. ‘Matching ERS Scatterometer Based Soil 
Moisture Patterns with Simulations of a Conceptual Dual Layer Hydrologic Model over 
Austria’. Hydrol. Earth Syst. Sci. 13 (2): 259–71. doi:10.5194/hess-13-259-2009. 

Pedinotti, V., A. Boone, B. Decharme, J. F. Cretaux, N. Mognard, G. Panthou, F. Papa, and B. A. 
Tanimoun. 2012. ‘Evaluation of the ISBA-TRIP Continental Hydrologic System over the Niger 
Basin Using in Situ and Satellite Derived Datasets’. Hydrology and Earth System Sciences. 
doi:10.5194/hess-16-1745-2012. 

Peiser, Livia, Wim Bastiaanssen, and Hoogeveen. 2015. ‘Analysis on Water Availability and Uses in 
Afghanistan River Basins: Water Accounting through Remote Sensing (WA+) in Helmand 
River Basin’. 

Reynaud, Arnaud, Vasileios Markantonis, Cesar Carmona Moreno, Yèkambèssoun N’Tcha M’Po, 
Gédéon Sambienou, Firmin Adandedji, Abel Afouda, Euloge Agbossou, and Daouda Mama. 
2015. ‘Combining Expert and Stakeholder Knowledge to Define Water Management 
Priorities in the Mékrou River Basin’. Water 7 (12): 7078–94. doi:10.3390/w7126675. 

Savoca, Mark E., Gabriel B. Senay, Molly A. Maupin, Joan F. Kenny, and Charles A. Perry. 2013. 
‘Actual Evapotranspiration Modeling Using Operational Simplified Surface Energy Balance 
(SSEBop) Approach’. US Geological Survey: Reston, VA, USA, 14. 

Sivapalan, Murugesu. 2003. ‘Process Complexity at Hillslope Scale, Process Simplicity at the 
Watershed Scale: Is There a Connection?’ Hydrological Processes 17 (5): 1037–41. 
doi:10.1002/hyp.5109. 

Smakhtin, Vladimir, and Robyn Johnston. 2012. ‘Hydrological Models Bring Clarity and Consensus to 
Challenging Policy Issues’. Water International 37 (4): 357–61. 

Tabios, Guillermo Q., and Jose D. Salas. 1985. A Comparative Analysis of Techniques for Spatial 
Interpolation of precipitation1. Wiley Online Library. 



51 

Taylor, Ian, and Paul D. Williams. 2008. ‘Political Culture, State Elites and Regional Security in West 
Africa’. Journal of Contemporary African Studies 26 (2): 137–49. 
doi:10.1080/02589000802124797. 

The Guardian. 2016. ‘Enugu Wants FG to Rehabilitate Irrigation Facility’. June 24. 
http://guardian.ng/news/enugu-wants-fg-to-rehabilitate-irrigation-facility/. 

Tschakert, Petra, Regina Sagoe, Gifty Ofori-Darko, and Samuel Nii Codjoe. 2010. ‘Floods in the Sahel: 
An Analysis of Anomalies, Memory, and Anticipatory Learning’. Climatic Change 103 (3–4): 
471–502. doi:10.1007/s10584-009-9776-y. 

TWAP. 2016. ‘Transboundary River Basins Assessment Report: Status and Trends’. United Nations 
Environment Programme (UNEP) and Transboundary Water Assessment Programme 
(TWAP). http://twap-rivers.org/#publications. 

U. S. Geological Survey (USGS). 2007. ‘USGS HydroSHEDS Drainage Basins (Watershed Boundaries): 
Africa’. http://hydrosheds.cr.usgs.gov/hydro.php. 

UNDP, and SIWI. 2015. ‘Water Governance’. Water Governance Facility. 
http://watergovernance.org/water-governance/. 

UN-FAO. 2016. ‘AQUASTAT:  FAO’s Information System on Water and Agriculture (Dams)’. 
http://www.fao.org/nr/water/aquastat/dams/index.stm. 

Vereecken, H. 2008. ‘On the Value of Soil Moisture Measurements in Vadose Zone Hydrology: A 
Review’. Water Resources Research. 
http://onlinelibrary.wiley.com/doi/10.1029/2008WR006829/abstract. 

Vorosmarty, C. J., B. M. Fekete, and B. A. Tucker. 1998. ‘Global River Discharge, 1807–1991, V. 1.1 
(RivDIS)’. Data Set. Available Online Http:// Www. Daac. Ornl. Gov from Oak Ridge National 
Laboratory Distributed Active Archive Center, Oak Ridge. 

Warszawski, Lila, Katja Frieler, Veronika Huber, Franziska Piontek, Olivia Serdeczny, and Jacob 
Schewe. 2014. ‘The Inter-Sectoral Impact Model Intercomparison Project (ISI–MIP): Project 
Framework’. Proceedings of the National Academy of Sciences 111 (9): 3228–32. 
doi:10.1073/pnas.1312330110. 

World Conservation Union, and UNEP - World Conservation Monitoring Centre. 2007. ‘World 
Database on Protected Areas, Version 2007’. WCMC, Cambridge, UK. 
http://staff.glcf.umd.edu/sns/branch/htdocs.sns/data/wdpa/. 

Zhang, Lu, W. R. Dawes, and G. R. Walker. 2001. ‘Response of Mean Annual Evapotranspiration to 
Vegetation Changes at Catchment Scale’. Water Resources Research 37 (3): 701–8. 

Zwart, Sander J., and Lucie M. C. Leclert. 2009. ‘A Remote Sensing-Based Irrigation Performance 
Assessment: A Case Study of the Office Du Niger in Mali’. Irrigation Science 28 (5): 371–85. 
doi:10.1007/s00271-009-0199-3. 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix A: 
Additional background information 

 



 A-i 
 

: Supplementary Background Information 
A.1. Points of hydrological interest in the Niger Basin 

A summary of points of significance to the catchment water balance is presented in Table A 1. 

Table A 1:  General information about the Niger river in the 9-12 basin member states 

 Area Key 
Riparian 
Cities 

Protected 
areas 

Major 
tributaries 

Major 
wetlands 

Major 
dams / 
reservoirs 

Major 
irrigation 
schemes 

Guinea 4.5 % Siguiri Upper 
Niger 
Park 

Tinkisso, 
Milo, 
Niandan 

 Fomi  

Mali 26.5 % Bamako, 
Segou, 
Mopti, 
Timbuktu, 
Gao 

Inner 
Niger 
Delta 

Sankarani, 
Bani 

Inner 
Niger 
Delta 
(Lake 
Oro, Lake  

Sélingué, 
Sotuba, 
Markala, 
Tossaye,. 

Office du 
Niger 

Benin 2.1 %  W Park Alibori, 
Mékrou (TB) 

 Kandadji,   

Niger 23.4 % Niamey  Mékrou (TB)   Niamey 

Nigeria 25.7 % Lokoja, 
Onitsha 

Kainji 
Lake 
National 
Park 

Sokoto, 
Kaduna, 
Benue, 
Forçados, 
Nun 

 Kainji 
Reservoir 
(15,000 
km²) 

Various: 
public, 
farmer 
owned & 
residual. 

Burkina 
Faso 

3.9 % N/A W Park Mékrou (TB)  Micro 
dams 

 

Ivory 
Coast 

1.1 % N/A      

Algeria 7.9 % N/A      

Chad 0.9 % N/A      

Cameroon 4.0 % N/A      
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A.1.1. WA+ Sheets 
An overview of WA+ sheets is provided in Table A 2. 

Table A 2:  Overview of WA+ sheets 

       
1. Resource Base  2. Evapotranspiration  3. Agricultural services  4. Utilised flow 
• Inflows & outflows 
• Exploitable, available & 

utilised flows 
• Land use 

 • Beneficial & non-
beneficial 

• Managed, 
manageable, non-
manageable 

 

 • Crop and non-crop 
(fisheries, timer, 
livestock) categories 

• Rain-fed & irrigated 
• Land & water 

productivity 

 • Withdrawals from GW 
& SW by sector 

• Recoverable & non-
recoverable 

• Natural withdrawals 

       

       

       
5. Surface water  6. Groundwater  7. Ecosystem Services  8. Sustainability 
• Recoverable & non-

recoverable  
• Natural & ecosystem 

withdrawals 

 • Recharge 
• Withdrawals 
• Return flow 

 • Land use categories 
• Water consuming 

ecosystem services 
• Water regulating 

services 
 

 • Overall evaluation of 
system sustainability 

• Identification of key 
areas for improved 
management 
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:  Supplementary Information to Methodology 
The adapted WA+ steps followed in this research are shown in Table B 1. 

Table B 1:  WA+ steps followed in this research 

Step Task Step 

1:  
Precip. 

 Collect rainfall products from standard web portals (e.g. TRMM, CHIRPS, CMORPH, more). There 
is a link to various products on the website. 

 

  Download rainfall data from open access databases (WMO, NOAA, more) and from local and 
national authorities  

 

  Develop an ensemble spatial rainfall product from these component rainfall products or just 
consider a preferred rainfall product. The best rainfall product can be selected on the basis of a 
first round of comparisons against measured rain gauge data 

 

  Calibration of downscaled rainfall products against rain gauges N/A 

  Create monthly rainfall maps with a resolution of 5 km or better. A 1 km resolution is preferred  

2:  
ET 

 Select monthly ETa values based on MOD16, CMRSET, SSEBop, SEBS, ALEXI. Not all data is 
available for all years and for all areas.  

 

  Compare ranges of ETa/PET as a first indication of reliability of the individual ETa products. This 
is a first confidence check and certain individual ETa data sets could be rejected on the basis of 
this data 

 

  A second check is to compare spatial patterns of land use, rainfall and ETa, and decide on 
accepting or rejecting certain ETa products from the standard list. This comparison should be 
done at an annual time scale. The logic is to verify that ETa is smaller than rainfall P in the 
majority of the land use classes, and that ETa exceeds P in other land use classes. Some expert 
judgment is required. 

 

  Evaluate ensemble mean ETa value from these individual ETa products (plus GLEAM, ET 
Monitor). The ensemble uses a linear average procedure and is downscaled to 250 m using 
NDVI. 

 

  Link annual total ensemble mean ETa to rainfall (P - ETa) and compare these annual area-
integrated values to flow measurements in rivers. Note that P-ETa at the annual scale is an 
estimate of maximum total surface runoff, because part of the surplus (P-ETa) will go into 
storage and recharges aquifers. Exception to this rule is massive groundwater abstractions that 
could be a significant source of water for ETa. This is an essential first step in validation of P and 
ETa values, which form the basis for several additional computations  

 

  Examine net inflow terms (storage change, interbasin transfer including desalinization) in case 
of the annual stream flow at various locations exceeding P-ETa values. This is a fundamental 
comparison to ensure hydrological consistency. If discrepancies at annual scale remain, the 
ensemble ET values should be revisited (assuming that P has been calibrated against rain 
gauges) 

 

  Compute the ET component that originates from rainfall (ETPr) by calibrating a local Budyko 
curve based on data points at a monthly time scale.  

 

3:  
Land 
Use 

 Collect existing land use maps that are representative for the accounting period and made by 
local organizations, or as part of international projects. It is recommended to contact local 
geographical departments on the availability of national land use maps  

N/A 

  A new land use map can be composed on the basis of other existing Land Use Land Cover maps. 
GlobCover 2009 (300 m resolution) was merged with crop areas from Harvest Choice and 
updated to include information on artificial surface waters. 

 

  Include crop type layers required by the agricultural services sheet (i.e. cereals, non-cereals, 
fruit and vegetables, oil seeds, feed crops, beverage crops and forest plantations). The Harvest 
Choice crop area maps can be aggregated to FAO crop categories and used for basins in Africa. 

 

  Collect IUCN boundaries of category 1 & 2 protected areas (including Ramsar sites) as this will 
form a group of special land use categories that is needed for describing Protected Land Use 
classes with minimum management interferences 

 

  Use the longer list of LULC classes to prepare the 4 main land use categories for WA+ (PLU, ULU, 
MLU, MWU) 

 

4:  
Ag. 

 Collect Harvest Choice data on mean crop yield from local sources and compare with FAOStat.   

  Obtain crop yield from rainfall (YPr) and crop yield originating from irrigation (YIrr) from Harvest 
Choice.  

 

  Relate YPr and YIrr to ETPr and ∆ET respectively and compute the total crop water productivity 
(Y/ET=(YPr+YIrr)/(ETPr+∆ET)), rainfed water productivity (YPr/ETPr) and the irrigation water 
productivity (YIrr/∆ET) separately 
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B.1. Data sources 

Data used for the development of WA+ initial water balance (Table B 2). 

Table B 2:  List of main sources of data collection for WA+ application 

 Data Availability Resolution Type Source 

DEM Hydrological data and maps based on 
SHuttle Elevation Derivatives at 
multiple Scales (HydroSHEDs) 

  90 m  (U. S. Geological Survey (USGS) 2007) 

Administrative 
boundaries 

DIVA-GIS  Shape file  http://www.diva-gis.org/  

Basin shapefiles HydroSHEDs  Shape file  (U. S. Geological Survey (USGS) 2007) 

Precipitation Tropical Rainfall Measuring Mission 
(TRMM) 

1981- 
present 

0.25° Multi-satellite, active microwave (Huffman et al. 2007) 

 Climate Hazards group Infrared 
Precipitation with Stations (CHIRPS) 

1981-
present 

0.05° Infrared Cold Cloud Duration 
(CDD) 

(Funk et al. 2015) 

 NOAA CPC Morphing Technique 
(CMORPH) 

 0.25° Passive microwave and Infrared (Joyce et al. 2004) 

Actual 
Evapotranspiration 

Atmosphere-Land Exchange Inverse 
(ALEXI) model 

 1 km Thermal infrared, geostationary 
satellite platform 

(Anderson et al. 2007) 

 CSIRO MODIS Reflectance-based 
Scaling ET (CMRSET) 

2000– 2012 250 m MODIS reflectance and short 
wave infra-red data, and gridded 
meteorological surfaces 

(Guerschman et al. 2009) 

 Simplified Surface Energy Balance 
(SSEBop) 

2000 - 2013 1 km MODIS land surface 
temperature  

(Savoca et al. 2013) 

 Moderate Resolution Imaging 
(MODIS) evapotranspiration product 
MOD16 

2000-2014 1 km Penman-Monteith equation (Mu, Zhao, and Running 2011) 

 ET ensemble  250 m Outlier method using ALEXI, 
CMRSET, GLEAM, MOD16, 
SSEBop, ET Monitor. 

UNESCO-IHE Water Accounting Research Group, 
unpublished product 

Observations NOAA Climate Data Online (CDO) 
precipitation 

 Station Observed data,  
monthly aggregation 

https://www.ncdc.noaa.gov/cdo-web/  
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 Data Availability Resolution Type Source 

Model Results Global Runoff Data Centre (GRDC) 
discharge 

 Station Modelled discharge based on 
observations 

(Bundesantalt für Gewässerkunde 2016) 

 NewLocClim precipitation, ET  Station Nearest neighbor method, 
station data 

Grieser, Gommes, & Bernardi, 2006 

 Intermodel comparison project 
discharge 

 Station Various model results (e.g. 
SWAT, SWIM, etc) for Lokoja 
and Koulikoro discharge stations 

Potsdam PIK project 

Landuse European Space Agency (ESA) 
Globcover landuse 

2004 – 2006 350 m  (European Space Agency (ESA) 2006) 

 ESA GlobCover 2009 landuse 2009 350 m  (European Space Agency (ESA) 2010) 

 ESA Climate Change Initiative (CCI) 
Land Cover 

2010 300 m  (Kirches et al. 2016) 

 IUCN protected areas  Shape file  World Conservation Union & United Nations 
Environment Program (UNEP) - World Conservation 

Monitoring Centre, 2007 

Crop cover Harvest Choice crop areas 2005 5 arc-minute 
grid cells 

 International Food Policy Research Institute (IFPRI) & 
University of Minnesoa, 2015 
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B.2. Precipitation 

A detailed list of stations within the Niger Basin, their geographic location and elevation 

is listed in Figure B 1 and presented in Table B 3. 

Table B 3:  List of all NOAA CDO precipitation observation stations within the Niger basin 

 STATION_NAME Country LATITUDE LONGITUDE ELEVATION 

1 AGADEZ  Niger 16.967 7.967 505.0 

2 AMBODEDJO  Mali 14.513 -4.080 276.1 

3 BIRNI N KONNI  Niger 13.800 5.250 272.0 

4 BOUGOUNI  Mali 11.417 -7.500 351.0 

5 DEDOUGOU  Niger 12.467 3.483 300.0 

6 DORI Burkina Faso 14.033 -0.033 277.0 

7 FADA N GOURMA Burkina Faso 12.070 0.350 301.0 

8 FARANAH  Guinea 10.035 -10.770 449.9 

9 GAO  Mali 16.248 -0.005 265.2 

10 GAROUA  Cameroon 9.336 13.370 242.0 

11 GAYA  Niger 11.883 3.450 202.0 

12 HOMBORI  Mali 15.333 -1.683 288.0 

13 ILORIN  Nigeria 8.440 4.494 343.2 

14 IN GUEZZAM  Algeria 19.567 5.767 401.0 

15 KANDI  Benin 11.133 2.933 292.0 

16 KANKAN Guinea 10.380 -9.300 377.0 

17 KISSIDOUGOU  Guinea 9.217 -10.217 412.0 

18 KOUTIALA  Mali 12.383 -5.467 367.0 

19 MAKURDI  Nigeria 7.704 8.614 113.1 

20 MARADI Niger 13.470 7.080 388.0 

21 MINNA Nigeria 9.617 6.533 260.0 

22 NIAMEY AERO Niger 13.500 2.130 216.0 

23 SAN Mali 13.333 -4.833 284.0 

24 SEGOU Mali 13.400 -6.150 289.0 

25 SENOU Mali 12.534 -7.950 380.1 

26 SIGUIRI Guinea 11.430 -9.170 362.0 

27 SIKASSO Mali 11.350 -5.683 375.0 

28 TAHOUA Niger 14.900 5.250 391.0 

29 TILLABERY Niger 14.220 1.450 209.0 

30 TOMBOUCTOU Mali 16.717 -3.000 264.0 

31 YAKUBU GOWON Nigeria 9.640 8.869 1289.9 

32 YOLA Nigeria 9.258 12.430 182.6 
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Figure B 1:  Mékrou (left) and Niger Basin showing locations of all NOAA precipitation stations 
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B.3. Discharge 

The discharge locations along the Niger Basin observed by the Global Runoff Discharge Centre (GRDC) are presented in Figure B 2. 

 
Figure B 2:  Location of GRDC in-situ discharge stations for the Mékrou and Niger Basins 

Niamey 

W 

Malanville 
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The basin outlines for four select subcatchments (Koulikoro, Niamey, W and Lokoja) are 

shown in Figure B 3. In the water balance calculations Lokoja is used as representative of 

the Niger basin flows. 

 
Figure B 3:  Discharge station locations and their catchment; Koulikoro, Niamey, W and Lokoja 

 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix C: 
Supplementary information to the results 

 



C-i 
 

:  Supplementary Information to the Results 
C.1. Product comparison 

Graphical presentation of time series data for each product (Figure C 1). 

NIGER BASIN 

 
MÉKROU BASIN 

 
Figure C 1:  Average monthly rainfall for the Niger and Mékrou Basins, 2005-10 

On an annual basis the trends are consistent with findings of the research, with SSEBop 

and ALEXI returning the highest ET estimates, exceeding precipitation many instances, 

while MOD16 gives much lower estimates. The ET ensemble aligns closely with CMRSET 

in both basins. 

C.2. Precipitation 

Evaluation of satellite-based precipitation data is first conducted against monthly NOAA 

observations for the period 2004 to 2014 and then against New LocClim monthly 

average best estimates for the period 2005 to 2010. 
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C.2.1. Observations  
Time series of raw station data 

A complete time series for each NOAA CDO precipitation station in the Niger basin is provided for the 

period 2004 to 2014 (Figure C 2). In Guezzem (Algeria) and Makurdi (Nigeria) have no data available 

during the study period. Data from Faranah, Kankan, Kissidougou and Siguiri (Guinea); Ilorin, Yakubu 

Gowon and Yola (Nigeria); and Tombouctou (Mali) is limited and/or the presence of outliers raise 

concern over the accuracy of data at these stations. 
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Figure C 2:  Time series of NOAA observed precipitation data at each station (2004 to 2014) 
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C.2.2. Satellite versus observations 
A comparison of satellite precipitation products to NOAA observed data at each station (Figure C 3).  

 

 

 
Figure C 3:  Correlation between satellite and observed P at each NOAA rainfall station 
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Geographic distribution of r² showing CHIRPS satellite precipitation plotted against observations is 

shown in Figure C 4. The best results occur in moderate climate across the central part of the 

catchment.  

 
Figure C 4:  Pearson coefficient for monthly CHIRPS versus NOAA P observations 
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Precipitation monthly averages at the location of each NOAA station (Figure C 5). 
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Figure C 5:  Monthly P from observations, satellite data and New LocClim at each station 
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Statistical analysis based on average monthly results for each product at each site for the period 2005 to 2010 plotted against New LocClim best 

estimates (Figure C 6). 
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Figure C 6:  Statistical analysis of P compared with New LocClim at each station 
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A summary of all precipitation data (observations and satellite-derived) against New LocClim best 

estimates at each station is shown in Figure C 7. The box above shows a zoom in of the r² results 

ranging from 95 % to 100 %, with CHIRPS giving the highest results at most stations. 

 
 

  
Figure C 7:  r² of observed and satellite-derived precipitation versus New LocClim best estimates 
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C.2.3. Precipitation anomalies  
Annual precipitation anomalies for CHIRPS, TRMM and CMORPH are presented in Figure 

C 8. 

 
Figure C 8:  Precipitation anomalies for each satellite data source (2005-2010) 
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Rainfall anomalies for the selected precipitation product CHIRPS are shown for all eleven years from 

2004 to 2014 in Figure C 9.  

 
Figure C 9:  CHIRPS precipitation anomalies (2004 to 2014)    
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C.2.4. Seasonality 
Monthly average rainfall based on CHIRPS data from 2005 to 2010 is presented in Figure C 10.  

 
Figure C 10:  Average monthly CHIRPS precipitation for the period 2005 to 2010
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C.3. Evapotranspiration 

A comparison of average monthly ETa with New LocClim PET at all stations is provided in Figure C 10.  
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Figure C 11:  Average ETa for satellite data sources and PET estimates from New LocClim 
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C.3.1. Annual anomalies 
Annual average ET anomalies for the period 2005 to 2010 are presented in Figure C 12.  

 
Figure C 12:  ETa anomalies recorded by each product for the period 2005-10 
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Annual ETa anomalies for the ET ensemble for the period 2004 to 2014 are presented in Figure C 13.  

 
Figure C 13:  ET ensemble annual anomalies 
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C.3.2. ETa Seasonality 
The seasonality of ETa is presented in Figure C 14. 

 
Figure C 14:  Average monthly ETa using the UNESCO-IHE ensemble product 
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C.4. Water Yield (P-ET) 

The water yield indicates the difference between P and ETa and should be roughly equal to 

discharge, thus ‘closing’ the water balance when considering a whole catchment on an annual basis. 

The results for CHIRPS estimates of P minus the Ensemble estimates of ETa are compared with GRDC 

modelled discharge data at Koulikoro and Lokoja discharge stations to evaluate accuracy of annual 

runoff estimates (Figure C 15).  Spatially distributed monthly averages of P-ET are shown in Figure C 

16.  
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Figure C 15:  Total annual discharge at Koulikoro (Guinea) and Lokoja (Nigeria) 
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Monthly averages for the period 2005 to 2010 are presented in Figure C 16. 

 
Figure C 16: Monthly average water yield (P: CHIRPS minus ET: ensemble) for 2005 to 2010. 
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C.4.1. Aridity Index 
Calculation of ETa / PET gives the aridity index of the catchment. The Ensemble was used for ETa and 

compared with CGIAR PET (Figure C 17). 

 
Figure C 17:  Aridity index ETa/PET using the Ensemble and CGIAR PET 
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C.5. Land cover  

As part of this thesis research, the author worked closely with Mansoor Leh, Maarten van Eekelen 

and Lisa Maria Rebelo at the International Water Management Institute (IWMI) in Vientiane, Laos. 

An overview of the methodology used in the co-development of this landcover map is outlined below 

and will be published separately. 

C.5.1. Development of WA+ Landuse Map 
Artificial vs natural surface waters 

To determine whether major surface waters appearing in the landcover map were artificial or 

natural, a map of operational (complete) and under construction (incomplete) was developed to 

allow easy identification of artificial surface waters appearing in the GlobCover landuse map. These 

reservoirs are shown in Figure C 18.  

 
Figure C 18:  Map of reservoirs in and around the Niger basin 
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Crop classification  

Crop area maps from Harvest Choice were aggregated as appropriate to form representative crop 

categories according to FAO. The results were split using natural breaks to determine where each 

crop type was dominant (Figure C 19). The results were incorporated into the WA+ final landcover 

map. 

 

Figure C 19:  Spatial distribution of FAO crop categories -dominant production areas 
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Protected area classification  

The IUCN map delineating protected areas in the basins defines those regions classified as PLU in the WA+ landuse map (Figure C 20). 

 
Figure C 20:  Niger and Mékrou Basin IUCN protected areas 
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C.5.2. National results 
The results for each member state is shown for the Niger basin (Table C 1), the Mékrou 

administrative area (Table C 2) and the Mékrou river (Table C 3). This breakdown shows the 

proportion of the basin within each country and a breakdown of the P, ET and P-ET. 

Table C 1:  Niger basin P, ET and P-ET by member state 

Niger Basin Area P ET P-ET 

 [%] [mm] [%] [mm] [%] [mm] [%] 

Mali 26.5% 411.89 4.7% 298.39 4.7% 270.48 19.2% 

Nigeria 25.7% 1192.54 13.7% 830.56 13.2% 226.83 16.1% 

Niger 23.4% 254.57 2.9% 148.15 2.4% 99.30 7.0% 

Cameroon 4.0% 1386.02 15.9% 918.21 14.6% 199.95 14.2% 

Burkina Faso 3.9% 616.46 7.1% 399.62 6.3% 189.84 13.4% 

Guinea 4.5% 1535.45 17.6% 1042.22 16.5% 131.41 9.3% 

Benin 2.1% 1078.86 12.4% 832.02 13.2% 109.19 7.7% 

Algeria 7.9% 42.35 0.5% 49.15 0.8% 20.20 1.4% 

Côte d'Ivoire 1.1% 1320.07 15.2% 1044.19 16.6% 87.02 6.2% 

Chad 0.9% 863.16 9.9% 736.77 11.7% 77.71 5.5% 

  8701.38  6299.28  1411.93  

 
Table C 2:  Mékrou administration area P, ET and P-ET by member state 

Mékrou 
Administration 

Area P ET Yield 

 [%] [mm] [%] [mm] [%] [mm] [%] 

Benin 60.6% 1039.03 40.7% 799.94 40.5% 116.01 36.3% 

Burkina Faso 19.9% 824.52 32.3% 657.05 33.3% 74.94 23.5% 

Niger 19.5% 688.36 27.0% 518.91 26.3% 128.47 40.2% 

  2551.92  1975.90  319.43  

 
Table C 3:  Mékrou basin P, ET and P-ET by member state 

Mékrou Basin Area P ET Yield 

 [%] [mm] [%] [mm] [%] [mm] [%] 

Benin 79.5% 1084.72 39.4% 830.59 37.7% 108.62 51.8% 

Burkina Faso 9.6% 885.73 32.2% 714.98 32.5% 35.19 16.8% 

Niger 10.9% 780.72 28.4% 657.26 29.8% 66.03 31.5% 

  2751.17  2202.84  209.85  
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C.6. Results per landcover category 

C.6.1. Niger Basin 
Area of each landcover type 
Table C 4:  Niger basin land use breakdown 

Type Area  Niger Land & Water Use Area 

 
[km², and as % of 
total] 

 
 [km²] 

[% of 
total] 

Managed 
Land Use 

541197.34;  
26.49% 

MLU10 Rainfed crops: beverage 
& spice 262.89 0.01% 

MLU11 Rainfed crops: other 46716.69 2.29% 
MLU12 Mixed species agro-

forestry 65750.49 3.22% 
MLU15 Rainfed homesteads & 

gardens (urban cities) 912.44 0.04% 
MLU2 Rainfed production 

pastures 144796.90 7.09% 
MLU3 Rainfed crops: cereals 263855.35 12.92% 
MLU4 Rainfed crops: 

root/tuber 4971.32 0.24% 
MLU5 Rainfed crops: 

leguminous 4283.92 0.21% 
MLU7 Rainfed crops: fruit & 

nuts 5759.36 0.28% 
MLU8 Rainfed crops: 

vegetables & melons 3512.53 0.17% 
MLU9 Rainfed crops: oilseed 375.46 0.02% 

Managed 
Water Use 

3021.32; 
0.15% 

MWU12 Managed water bodies  
(reservoirs, canals, 
harbors, tanks) 2948.70 0.14% 

MWU17 Irrigated homesteads & 
gardens (urban cities) 24.21 0.00% 

MWU3 Irrigated crops - cereals 48.41 0.00% 

Protected 
Land Use 

114693.82; 
5.61% 

PLU1 Protected forests 29384.47 1.44% 
PLU2 Protected shrubland 84908.32 4.16% 
PLU4 Protected natural 

waterbodies 328.59 0.02% 
PLU5 Protected wetlands 72.43 0.00% 

Utilised Land 
Use 

1384026.42; 
67.75% 

ULU17 Flood plains & mudflats 4755.92 0.23% 
ULU18 Open deciduous forest 202.29 0.01% 
ULU2 Bare soil 135237.73 6.62% 
ULU20 Wetland 619776.38 30.34% 
ULU23 Mangroves 6394.98 0.31% 
ULU24 Open evergreen forest 108.92 0.01% 
ULU4 Closed savanna 10822.59 0.53% 
ULU5 Open savanna 48390.69 2.37% 
ULU6 Shrub land & mesquite 49754.03 2.44% 
ULU7 Natural lakes 220946.20 10.82% 
ULU8 Herbaceous cover 287636.70 14.08% 

    2042938.90 100.00% 
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P, ET and P-ET for each landcover category 
Precipitation received (P), water lost to evapotranspiration (ETa) and water yield (P-ET) 

in millions of m³ is presented by landuse type (Table C 5). 

Table C 5:  Annual P, ETa and water yield (P-ET) per land use category (2005-2010 averages) 

 Type Niger P  ETa P-ET 

   [GL] [GL] [GL] 

 

Managed Land Use 

MLU10  388.75   280.99   150.13  

 MLU11  45,138.12   33,605.86   11,573.73  

 MLU12  41,446.52   26,123.48   15,783.08  

 MLU15  1,048.46   651.62   360.68  

 MLU2  142,842.48   107,128.84   35,942.43  

 MLU3  243,698.76   171,125.71   73,177.41  

 MLU4  6,766.52   4,372.24   2,485.15  

 MLU5  3,543.51   2,446.14   1,056.17  

 MLU7  7,879.66   5,188.89   2,791.10  

 MLU8  4,268.79   3,132.66   1,121.32  

 MLU9  679.89   451.26   275.62  

 

Managed Water Use 

MWU12  3,367.08   3,788.30  -431.79  

 MWU17  0.74   2.39  -1.63  

 MWU3  26.23   32.61  -6.20  

 

Protected Land Use 

PLU1  43,211.52   31,008.09   12,423.63  

 PLU2  61,063.91   43,354.99   18,636.81  

 PLU4  339.35   323.53   50.41  

 PLU5  95.35   68.23   49.71  

 

Utilised Land Use 

ULU17  3,951.41   2,626.28   1,639.95  

 ULU18  566.19   236.50   332.46  

 ULU2  205,227.51   143,401.35   63,304.33  

 ULU20  79,382.13   58,744.54   21,194.88  

 ULU23  3,050.79   3,507.91  -416.10  

 ULU24  323.01   124.82   213.05  

 ULU4  23,850.85   13,337.57   10,367.24  

 ULU5  36,445.36   24,519.63   11,899.73  

 ULU6  25,023.88   15,900.95   9,314.55  

 ULU7  288,006.31   205,310.16   82,676.56  

 ULU8  91,853.22   48,612.16   44,335.82  

    1,363,486.29   949,407.72   420,300.21  
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ETa product rankings per landcover category 

Ranking of ETa for each landuse category per satellite product in the Niger basin (Figure C 1). 

 
Figure C 21:  Ranking of ET per landuse class in the Niger Basin according to satellite product 
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ETa statistics for each landcover type 

Average annual P and ET are provided in Error! Reference source not found., along with standard deviation and coefficient of variation. 

Table C 6:  Statistics for each landuse category in the Niger Basin 

Land 
cover 

CHIRPS ALEXI CMRSET MOD16 SSEBop Ensemble 

 µ σ Cv µ σ Cv µ σ Cv µ σ Cv µ σ Cv µ σ Cv 

MLU 02 988.08 244.42 0.25 1022.86 142.01 0.14 684.04 177.76 0.26 487.75 238.97 0.49 1040.88 207.44 0.20 739.86 163.25 0.22 

MLU 03 925.90 256.11 0.28 1013.57 174.46 0.17 561.09 172.40 0.31 462.85 221.17 0.48 887.41 245.67 0.28 648.56 174.28 0.27 

MLU 04 1379.40 314.71 0.23 1185.02 100.04 0.08 795.73 169.61 0.21 762.94 239.75 0.31 1074.15 215.96 0.20 879.49 160.48 0.18 

MLU 05 817.58 269.73 0.33 966.71 192.06 0.20 462.04 180.72 0.39 386.27 193.45 0.50 805.05 249.02 0.31 571.01 174.56 0.31 

MLU 07 1385.56 436.30 0.31 1149.85 159.92 0.14 849.46 200.90 0.24 798.30 246.39 0.31 1124.60 187.70 0.17 900.95 178.58 0.20 

MLU 08 1211.09 318.56 0.26 1158.11 105.74 0.09 794.84 163.95 0.21 796.42 277.18 0.35 1180.95 198.37 0.17 891.86 154.54 0.17 

MLU 09 1935.97 406.61 0.21 1328.85 83.28 0.06 1145.49 153.48 0.13 1187.65 169.67 0.14 1407.32 85.53 0.06 1201.89 102.27 0.09 

MLU 10 1639.94 652.72 0.40 1260.89 216.95 0.17 990.45 217.90 0.22 1048.42 203.18 0.19 1292.04 124.33 0.10 1068.85 171.29 0.16 

MLU 11 967.10 156.03 0.16 1056.85 138.48 0.13 661.28 164.79 0.25 451.63 167.66 0.37 998.97 227.02 0.23 719.35 140.46 0.20 

MLU 12 637.37 390.12 0.61 663.71 285.61 0.43 348.20 239.40 0.69 226.67 244.92 1.08 584.41 287.33 0.49 397.31 229.67 0.58 

MLU 15 1109.43 297.41 0.27 1021.78 145.61 0.14 585.83 192.47 0.33 100.02 224.29 2.24 896.75 255.24 0.28 714.15 199.22 0.28 

MWU 03 540.72 52.16 0.10 1262.88 84.13 0.07 727.77 108.96 0.15 327.33 82.36 0.25 1626.75 164.51 0.10 673.68 78.25 0.12 

MWU 12 1142.34 256.75 0.22 1178.03 151.93 0.13 1606.17 602.71 0.38 169.83 288.17 1.70 1449.58 280.49 0.19 1284.73 415.54 0.32 

MWU 17 31.54 3.55 0.11 290.38 27.23 0.09 154.58 16.74 0.11 0.00 0.00 0.00 29.83 2.11 0.07 98.75 3.06 0.03 

PLU 01 1478.04 430.18 0.29 1051.51 241.89 0.23 1064.28 183.86 0.17 960.71 186.28 0.19 1315.38 140.31 0.11 1055.25 149.33 0.14 

PLU 02 730.12 495.90 0.68 595.85 393.82 0.66 492.18 365.98 0.74 377.03 386.63 1.03 714.95 477.63 0.67 510.61 373.48 0.73 

PLU 04 1137.83 331.77 0.29 1138.32 294.55 0.26 1101.34 614.58 0.56 460.27 420.84 0.91 1293.10 363.77 0.28 984.59 443.17 0.45 

PLU 05 1628.19 1095.61 0.67 1172.44 272.14 0.23 884.00 241.30 0.27 790.49 308.69 0.39 1312.86 160.87 0.12 941.96 190.60 0.20 

ULU 02 1528.39 340.86 0.22 1051.44 148.75 0.14 1073.48 155.00 0.14 946.50 184.05 0.19 1319.84 134.71 0.10 1060.36 118.57 0.11 

ULU 04 2190.30 500.04 0.23 1357.34 185.65 0.14 1236.20 119.74 0.10 1185.78 161.94 0.14 1377.46 123.47 0.09 1232.38 106.60 0.09 

ULU 05 752.45 511.19 0.68 662.94 359.75 0.54 517.50 343.35 0.66 336.44 336.37 1.00 710.60 451.67 0.64 506.70 342.15 0.68 

ULU 06 506.82 538.10 1.06 443.49 350.39 0.79 357.53 331.79 0.93 204.12 345.74 1.69 417.60 416.92 1.00 319.59 332.64 1.04 

ULU 07 1303.41 314.60 0.24 1045.74 143.19 0.14 888.07 152.67 0.17 784.12 250.24 0.32 1205.22 146.99 0.12 929.23 127.71 0.14 

ULU 08 323.14 144.50 0.45 312.42 168.99 0.54 161.92 72.56 0.45 69.98 68.93 0.99 221.18 139.68 0.63 169.01 80.04 0.47 

ULU 17 872.51 647.26 0.74 977.54 321.73 0.33 598.83 371.63 0.62 333.08 370.99 1.11 1024.35 493.28 0.48 552.21 305.15 0.55 

ULU 18 2812.36 326.82 0.12 1481.05 38.85 0.03 1166.48 27.21 0.02 1111.69 123.31 0.11 1320.03 43.29 0.03 1169.13 48.28 0.04 

ULU 20 128.99 111.99 0.87 193.44 107.62 0.56 151.32 80.72 0.53 8.95 35.92 4.02 90.63 117.38 1.30 94.78 55.93 0.59 

ULU 23 483.07 83.40 0.17 1100.82 119.53 0.11 547.34 116.19 0.21 199.21 61.53 0.31 1405.51 296.55 0.21 548.54 89.89 0.16 

ULU 24 3102.59 303.38 0.10 1460.95 54.58 0.04 1191.12 50.87 0.04 705.49 479.13 0.68 1268.62 78.28 0.06 1145.94 152.25 0.13 
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Area, P, ET and P-ET for each landcover type 
The landcover types, prevalence and results of P, ET and P-ET for the Mékrou basin are presented in Table C 7. 
Table C 7:  Mékrou basin breakdown of P, ETa and P-ET per land cover 

Type Area Landcover type Area P ET P-ET 

 
[km²;  
as % of total] 

 
[km²] [% of total] [GL] [%] [GL] [%] [GL] [%] 

Managed Land Use 
2783.7; 
27.49% 

MLU11 1462.8 14.45% 1572.81 22.9% 432.44 18.4% 1143.44 14.1% 

MLU12 3.6 0.04% 2.79 0.0% 0.94 0.0% 2.61 0.0% 

MLU2 1206.3 11.91% 1121.16 16.3% 247.01 10.5% 898.19 11.1% 

MLU3 111.0 1.10% 105.12 1.5% 22.70 1.0% 76.09 0.9% 

Managed Water Use 
0; 
0.00% 

N/A 0 0.00% 
- 

- 
-  -  

Protected Land Use 
3862.5; 
38.14% 

PLU1 106.0 1.05% 110.71 1.6% 21.45 0.9% 82.45 1.0% 

PLU2 3756.1 37.09% 3394.45 49.5% 689.59 29.4% 2705.11 33.4% 

PLU4 0.4 0.00% - - - 0.0% - 0.0% 

Utilised Land Use 
3480.4; 
34.37% 

ULU17 0.4 0.00% - - - 0.0% - 0.0% 

ULU2 468.2 4.62% 0.44 0.0% 116.33 5.0% 449.84 5.5% 

ULU20 0.3 0.00% - - - 0.0% - 0.0% 

ULU5 210.1 2.07% 0.44 0.0% 57.76 2.5% 191.45 2.4% 

ULU6 10.7 0.11% - - - 0.1% - 0.1% 

ULU7 2790.7 27.56% 552.81 8.1% 758.18 32.3% 2546.73 31.4% 

   10127 km² 100% 6,861  2,349  8,107  
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ETa product rankings per landcover category 

The ranking of ETa per landuse from high to low for each product is shown in Figure C 22. 

 
Figure C 22:  Ranking of ETa per landcover type in the Mékrou from each satellite data source 
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Appendix D: 
Supplementary information to the discussion 

 



D-i 
 

:  Supplementary Information to the Discussion 
Reduced basin boundaries showing the active Niger basin would be more appropriate for the 

application of WA+ to reduce uncertainty from desert regions which do not contribute to river flows 

(Figure D 1). 

 
Figure D 1:  Niger basin outline excluding inactive parts of the watershed 

 
 


