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ABSTRACT 

Food production within the Inner Niger Delta in Mali is strongly related to the extent and 

duration of the inundation of its floodplain. However, changing river into the Inner Niger 

Delta, as a consequence of climate change, climate variability and upstream water and land 

management, is reducing the flood intensity and threatens the livelihood of the people and 

their livestock. The European project WETwin aims to enhance the role of wetlands in basin-

scale integrated water resources management. The project intends to evaluate different 

management options for the Inner Niger Delta, both on local and delta scale to support the 

implementation of Integrated Water Resources Management in the Inner Niger Delta. The 

management options are subjected to evaluations and multi-criteria analysis. A procedure 

was described for the development of depth maps based on simulation results, needed for 

e.g. the vegetation analysis for the multi criteria analysis. In this Master‘s thesis a method to 

evaluate the predictive power of the depth maps is drafted. It also outlines different value 

functions for the conversion of the raw indicator values into satisfaction scores for the multi 

criteria analysis. Based on simulation data and literature values these functions are tested. 

Flow data were analysed successfully, and the corresponding satisfaction scores discussed. 

The literature based satisfaction values give a rough indication of the climate impact, 

reducing the average flow and the maximal inundated area significantly. Suitable area for 

Bourgou and floating rice decreases as well, because of a reduction in inundation area and 

duration. Future improvements of the DTM and the simulation model are needed to be able 

to perform a complete vulnerability assessment. Also, the remaining management options 

should be simulated, to make it possible to evaluate all the proposed management solutions. 
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INTRODUCTION 

One of the determining factors for the establishment and development of human civilization 

on Earth was the utilization of river-floodplain systems. It was not by chance that the very 

first civilizations were formed along rivers in Mesopotamia, Egypt, India and China. The first 

settlers found advantageous living conditions in river-floodplain systems. High agricultural 

production with multiple annual harvesting was achieved on the floodplains of the Nile, 

Euphrates and Indus thanks to the unrestricted amounts of water and nutrients provided by 

these rivers. Because of the excellent traffic conditions, the river-system itself meant a 

natural frame on which stable and highly centralized societies could develop and flourish. 

Due to global transformation and degradation of the natural environment, ecological 

revitalization has become a very topical issue worldwide. Local habitat revitalization should 

be embedded into larger scale efforts, for example for migratory fauna. Their needs include 

appropriate ecological conditions on their feeding and mating habitats, as well as along the 

migration route. Another reason why revitalization of stand-alone, isolated sites is difficult is 

because colonization in a natural way from other natural areas by the desired species is hard 

to accomplish.  

This turned the attention towards the development of ecological networks. Wetlands are only 

a building block of a larger ecological entity. They provide excellent habitats where aquatic 

and terrestrial species find optimal conditions for reproduction and growth. In fact, wetlands 

function as generator areas, connected by corridors as part of an ecological network. 

Generator areas are the most valuable and productive parts of the network. Corridors are 

less valuable areas. Their role is to ensure the migration of fauna and the spreading of flora 

between different generator areas, using transport media such as wind or flowing water. 

River systems thus have the potential to form excellent ecological networks not just because 

the river channels mean proper corridors but also because the floodplains are excellent sites 

for generator areas due to their very high ecological potentials. This potential is the 

consequence of unrestricted supply of water and nutrients and also of the stimulatory effect 

of dynamic hydrological conditions. Ecological revitalization of floodplains is thus of outmost 

importance not just on local but also on regional and continental scale (Zsuffa, et al. 2011, 

de Groot, et al. 1990). 

According to (Zsuffa 2001), revitalization of floodplains is however constrained by the needs 

and requirements of other functions such as flood control, navigation and different forms of 

land uses like agriculture, forestry and recreation. In addition, the different ecological 

objectives themselves are often in conflict with each other. Floodplain revitalization is thus a 

constrained problem with multiple conflicting objectives, and it is a difficult but important 

task to find the best compromise solution.  
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This thesis deals with integrated water resource management in the Niger River basin, more 

specific in the Inner Niger Delta (IND). The analysis effectuated in this thesis is part of a 

larger study, the WETwin project and its successor, the AFROMAISON project. In this 

Master‘s thesis several delta scale management options are discussed regarding their impact 

on different aspects of the IND.  

The subject is introduced by indicating the international research context. Subsequently, a 

geographic and socio-economic description of the delta is given as well as a brief overview of 

the water interests and water allocation problems in the basin. This leads to the definition of 

a research question.  

In the second chapter the definitions, concepts and methodology are explained. The project 

of which this Master thesis forms a part is presented and the application of the project 

framework on the case study is explained. The Multi Criteria Analysis, Vulnerability concept 

and predictive power of the simulation model are described. 

The third chapter comprises the data analysis. The simulation results and value functions are 

presented, and calculations using the constructed value functions are established in the last 

paragraphs of this chapter.  

Chapter 4 contains a discussion on the project, the method and the results, and finally a 

general conclusion is presented at the end of this Master‘s Thesis.  
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1. RESEARCH CONTEXT 

 

―Win the wetland, and you win the river basin. WETwin‖ 

 

Wetlands are one of nature‘s most valuable ecosystems. The European project WETwin aims 

to ―Enhance the role of wetlands in integrated water resources management for twinned 

river basins in EU, Africa and South-America in support of EU Water Initiatives‖. The project 

intends to evaluate different management options for the Inner Niger Delta (IND), both on 

local and delta scale. The overall objective of this project is to enhance the role of wetlands 

in basin-scale integrated water resources management (IWRM), with the aim of improving 

the community service functions while conserving good ecological status (Zsuffa, Cools, et al. 

2008, Zsuffa, Morardet, et al. 2010). Both projects are funded and implemented within the 

frame of the 7th Framework Program of the European Union (EU 7th FP), which is the main 

EU program for research and technological development for the period 2007-2013. 

According to (Kis and D'Haeyer 2010) on the WETwin project website, the topic of EU 7th FP, 

where WETwin belongs to, is "River basin twinning initiatives as a tool to implement EU 

water initiatives". This topic envisages integrated water resources management research 

activities carried out on twinned catchments/river basins from Europe and catchments from 

international cooperation partners. Goal is to support the implementation of Integrated 

Water Resources Management in these countries in compliance with EU Water Initiative 

(EUWI) objectives and Millennium Development Goals targets. The impact expected from 

research projects funded under this topic is to support the EUWI in the context of 

international cooperation. Such collaborations will have to pay particular attention to 

constructive engagement with the entire spectrum of societal actors. Particular emphasis has 

to be placed on communicating the research process and its results to all societal actors to 

make the research policy relevant and enhance its impact.  

Seven case study wetlands in Europe, Africa and South America are ‗twinned‘ under the 

WETwin project. This means that knowledge and expertise on wetland and river basin 

management is exchanged and joint research activities are carried out. In practice, the 

twinning is implemented by following a common research agenda, by means of staff 

exchange between partners and through the participation of case study basin operational 

decision-makers in project workshops. Stakeholder participation, capacity building and 

expertise exchange will be supported by a series of stakeholder and 'twinning' workshops. 

The project also aims at supporting the global exchange of expertise on wetland 

management. (Zsuffa, Cools, et al. 2008) 
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The acronym of the project is derived from the motto ―Win the wetland, and you win the 

river basin; WETwin. Alternatively, the acronym can be interpreted as WE-TWIN, indicating 

that Twinning is the core element of this project. 

Specific research activities focus on a series of case study basins from Europe, Africa and 

South America. Six river basins and their corresponding freshwater floodplain wetlands in as 

many countries have been selected as case study and twinning sites under the WETwin 

project, as illustrated in Figure 1. 

 

 

Figure 1 The WETwin study area’s (Kis en D'Haeyer 2010) 

 

The challenge of AFROMAISON on the other hand is to provide a holistic toolbox and 

operational framework for a concept of Integrated Natural Resources Management (INRM) 

that can be applied in a variety of environmental and socio-economic conditions in Africa. At 

the same time, following a participatory analysis of opportunities and challenges, it provides 

participatory management options for operational INRM, which are embedded in local 

traditions and culture, and are scientifically sound. According to the AFROMAISON webpage 

the project aim is to propose concrete strategies for integrated natural resources 

management in Africa in order to adapt to the consequences of climate change. Also, 

AFROMAISON will propose sustainable solutions for communities and authorities in their 

operational management and strategic policy of natural (water) resources, and help them in 
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their fight against climate change. As well as WETwin, AFROMAISON is funded by the EU 7th 

FP. It has a budget of 4 million euro and a runtime of 3 years (March 2011-2014). 

To achieve a tangible outcome, AFROMAISON focuses on the three groups of tools which will 

be adapted and tested in five case study sites. It is not the intention that all case studies 

work on all of the selected tools. Instead, each case study, in close cooperation with sub-

national stakeholders, selects an interlinked combination of tools which targets an actual 

INRM challenge and fits into the existing policies. (AFROMAISON 2011) 

The concept of AFROMAISON consists of the integration of available tools and expertise as 

building blocks for the operational "house" of integrated natural resources management 

(INRM). AFROMAISON links to the French word ―maison‖. 

 

 

1.1 Case study area 

The IND as part of the Niger River Basin is an area which generates a lot of international 

attention. One of the reasons is the fact that according to (UNDP 2011) Mali is one of the 

poorest regions in the world. Mali's HDI in 2011 is 0.359, which gives the country a rank of 

175 out of 187 countries with comparable data. The HDI represents a broader definition of 

well-being and provides a composite measure of three basic dimensions of human 

development: health, education and income. The HDI of Sub-Saharan Africa as a region 

increased from 0.365 in 1980 to 0.463 today, placing Mali below the regional average. The 

HDI trends tell an important story both at the national and regional level and highlight the 

very large gaps in well-being and life chances that continue to divide our interconnected 

world (UNDP 2011).  

In Mali, struggling for water and food is a daily reality. At the end of the 1970s the Sahelian 

region encountered a period called the Great Drought, which lead to severe water shortages. 

The discharge of the Niger declined by 50 %, and the annual flooding of the IND virtually 

disappeared (Yousef 2000). Ever since, a lot of aid has gone to this region and many 

research projects and studies are being carried out.  

The IND is a large inland delta of the Niger River formed by temporal and periodical 

inundation, one of the four major hydrologically distinct components of the Niger Basin. It 

consists of flood plains, lakes, river branches and small pockets of flood forest. The wetland 

itself is classified as ―wetland of international importance‖ by the Ramsar convention on 

wetlands in 2004; it is of extraordinary importance for a large range of water dependent 

plant and animal species. The Ramsar Convention is built around the philosophy of ―wise 

use‖ of wetlands, defined as "the maintenance of their ecological character, achieved 

through the implementation of ecosystem approaches, within the context of sustainable 

development" (Ramsar 2010). Under the ―wise use‖ policy, maintaining the integrity of 
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wetland ecology is at the core of management objectives, to safeguard as broad a range of 

goods and services as possible. 

The Niger is one of the biggest rivers in Africa with its length 4200 km and flows 

consecutively through Guinea, Mali, Niger and Nigeria, where it discharges into the Atlantic 

Ocean. Its basin extends also over Algeria, Burkina Faso, Benin, Chad and Cameroon, and 

stretches over an area of almost 2.3 million km². Rising in Guinea where the Niger 

catchment is situated, the river flows northeast to Mali, where the IND is located.  

According to topographical maps from the 1960s, almost 36.000 km² is designated as 

floodplain. The yearly inundation can transform up to 25.000 km2 of land into floodplains, 

almost the size of Belgium. When the water level starts to rise in the southwestern part of 

the Delta in July, the plains in the northeast are still dry. By the time the northern plains 

become flooded two months later, the water level is already receding in the south. Between 

July and December the water rises by more than 6 m in wet years, and declines by the same 

amount in the following months. In extremely dry years, however, the flood level rises by 

only 3m. The area covered by water amounts to 25,000 km². Such a large flood extent is 

only possible when the combined inflow of Niger and Bani, the major tributaries, exceeds 55 

km³ in the rainy season. In most years, the inflow is smaller. During the disastrous drought 

in 1984, the inflow was only 15 km³, and the flood extent did not exceed 5500 km². (Zwarts 

2010)  

 

 

Figure 2 Niger River flow and precipitation variability in Mopti (Leten, et al. 2010) 

 

In the delta the main fodder resource for livestock and also for the farmers themselves, is 

bourgou, which grows on deeper water than paddy rice. During the last decades paddy fields 

have expanded considerably at the expense of bourgou; according to (Benjaminsen, et al. 
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2010), about one quarter of the bourgou areas in the delta have been converted to rice 

fields since the 1950s. This can be partially explained by decreased levels of flooding in the 

Niger River (Figure 2), especially as a result of the droughts of the 1970s and 80s, and 

partially by the construction of the hydro-power dam downstream at Sélingué in 1982. Since 

the Sahel drought of the mid-1980s, flood levels have increased somewhat again. 

 

 

1.2 Climate 

The West Niger River encounters a strong climatic gradient. In Guinea, in the South-West, 

the climate is tropical with precipitation exceeding 1750mm a year. Near Timbuktu, in the 

North-East, the climate is arid and precipitation drops to 250mm a year (Zwarts, van 

Beukering, et al. 2005). In general the climate of Mali is semi-arid to arid. From December to 

May a clear dry season can be distinguished. The annual rainfall is largely limited to three 

months (i.e. July-September), and reaches its peak in August. During the three to five 

months rainy season (June to October) the headwaters of the basin receive up to 2000 mm 

of rainfall whereas the IND in the northern part receives only 200 to 550 mm per year. 

According to meteorological data from the Malian Direction Nationale de la Météorologie 

(DNM), Mopti for example received on average only 390 mm a year over the period 1984 – 

2003. 

Mali's climate is characterized by large inter-annual variability in rainfall. Recurrent dry 

years are becoming more frequent since 1968 (NAPA 2007). The ecological integrity of the 

IND as well as human well-being depend largely on seasonal flooding of huge areas (up to 

21,000 km² as a maximum in the last 3 decades of the 20th century) and thus on the 

magnitude and duration of flood peaks of the rivers Niger and Bani. (Koch, et al. 2011) 

The river discharge is determined by rainfall in the tropical drainage basin, and the river flow 

is characterized by an enormous seasonal variation with the highest peak flow at Ké-Macina. 

The climate in this region dictates two seasons, a rainy season with abundant rainfall and a 

dry season with almost no rain for several months. In rainy season the Niger River swells 

considerably and the water accumulates temporarily in the IND causing large inundations. 

Afterwards in dry season the floodplains of the IND will disappear again, until the next rainy 

season arrives. This wet season thus creates a large peak discharge that gradually reduces 

to a longer flood wave. Figure 3 shows the development of the flood wave throughout the 

Niger in Mali. The IND is situated between Ké-Macina en Diré, as shown on the left legend of 

the figure.  
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Figure 3 Average discharge [m³/s] at the main measurement stations in the Niger River 
for 1980-2005 (van Dijk 2008) 

 

Zwarts et al (2005) state that the flood wave has an initial time basis of 2-3 months, which 

changes downstream in an attenuated flood wave with a basis of about 7 months. The 

hydrological regime of the Inner Delta is determined by the extension of the floodable area. 

The Inner Delta is very flat, so a larger area is inundated during a high flood. Another effect 

of a high flood is the longer period during which the water remains in the Inner Delta. 

When the climate will change in the Sahel, there will be an impact on the flooding of the 

Inner Niger Delta and, therefore, also on its ecological and economical functions. Even 

without any climate change, the IND will show a declining flood extent due to new dams and 

extended irrigation schemes upstream in the Upper Niger Basin as described further in this 

text in paragraph 1.4. 

Global Circulation Models predict a further warming of Africa in the 21st century, varying 

between 0.2 and 0.5 °C per decade (Kandji, Verchot and Mackensen 2006). The warming is 

expected to be even greater in the Sahel. Consequently, the temperature may therefore rise 

another 2-7 °C the next 80 years. 

Zwarts (2010) concludes in his report that a decline of the rainfall in the Sahel seems to be 

likely. During the Great Drought, the decline of the rainfall was about 20 %, but the decline 

in the flood extent was about 60 %, hence a small reduction in rainfall causes a substantial 

drop in the river flow. If the river flow declines by 20-40 % due to global climate change, the 

combined effect of climate change and all infrastructures would be that more than 70 % of 

the floodplains will be lost. 
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1.3 Socio economics 

During the course of history an increasing number of fishermen, farmers and stock breeders 

have settled themselves in this fertile region. Today almost 1.5 million people live in the IND 

depending largely on it for their livelihoods. The censuses of 1976, 1987, 1998 and 2009 

show a population increase of 52 % in the IND: from 0.98 million inhabitants in 1976 to 1.49 

million in 2009. In the same period the Malian population augmented from 6.39 to 14.52 

million, or an increase with 127 % (Leten, et al. 2010). Main ethnic groups in the region are 

the Fulani (cattle breeders), the Bozo and Somono which are both fishermen and the 

agrarian Bambara and Rimaibe. Regionally the low level of development and advanced state 

of degradation of natural resources exposes the Delta‘s population to severe food insecurity. 

Degradation of the system is mostly due to climatic disturbances, human pressure and 

upstream development. As the population is expanding fast, the various users increasingly 

compete for the access to land, water, wood and other resources. According to the 

AFROMAISON project website (AFROMAISON 2011) the increasing use of water upstream for 

irrigation, drinking water and sanitation is decreasing the water supply to the delta and also 

the flooding level and flooded area. The construction of a new dam in Fomi in Guinea will 

reduce the floods but will increase the water level in the dry season due to water released by 

the dams. As a result of the changing hydrological conditions, fish production and catch is 

decreasing, vegetation cover is deteriorating and biological species are disappearing. Rice 

farmers tend to encroach on pastures, pastoral migration routes and resting areas. 

Moreover, new groups of shepherds are starting to use the delta pastures against payment 

to traditional authorities, at the expense of traditional users. Consequently, land use conflicts 

tend to increase (Benjaminsen, et al. 2010). 

 

 

1.4 Water interests and allocation 

The ecosystem services the IND provides are being threatened in several ways. The IND‘s 

position downstream the Upper Niger makes it subject to developments in the upstream 

basin; therefore the status of the IND is integrally linked to the effects of water resource 

management, agriculture and industry. Two of the most important threats are climate 

change and the construction and management of several dams upstream in the Niger and 

Bani rivers. Both climate change and water resource management may be the cause of 

changing flow regimes of the Niger, which will lead to changes in the water availability and 

the flooded area in the IND-region. Subsequently, these changes in flow regimes will have 

an impact on the land use in the IND.  

Hydrological interventions (i.e. dams and irrigation schemes) aim to increase economic 

independence and food security in the unstable Sahel environment. Tapping the Niger‘s flow, 

however, is not without consequences. Irrigation takes a fixed amount of water throughout 
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the year, while hydroelectric structures store water at peak flood levels and subsequently 

release it. The hydrological effects of both are felt most profoundly during the dry season 

and in years with low floods. (Zwarts, van Beukering, et al. 2005) 

Hydrology and water allocation in the IND are governed by several dams on the Niger River 

above the IND. The Sélingué dam, which was constructed in 1982, is used for water storage, 

flow control, irrigation and hydropower. Sélingué is presently the only hydropower reservoir 

in the Upper Niger. Theoretically, the capacity of the Sélingué hydropower plant is 47.6 MW. 

The reservoir has a size of 2.2 km³, equivalent to 6.8 % of the average river discharge. The 

role of Sélingué in the hydrology of the Inner Delta varies considerably between wet and dry 

seasons. On average, 1.8 km³ of water is collected during the wet season from August to 

September. This is equivalent to 10-20 % of the peak flow of the Niger in years with high 

river discharge, but this fraction increases to as much as 20-30 % in years of low discharge. 

The water stored in the Sélingué reservoir is gradually released throughout the rest of the 

year during power production, adding around 0.2 km³ per month to the natural discharge. 

This leads to increased outflow from the dam during dry season, which is a positive side-

effect for the IND. This is particularly critical during years with a low flood, when the river 

flow from March to May in the IND is largely dependent on the management of Lac Sélingué. 

(Zwarts, van Beukering, et al. 2005)  

An irrigation dam exists at Markala. This dam, in contrast to the dam in Sélingué, is used for 

irrigation of the upstream Office du Niger (OdN), currently the only large water user in the 

Upper Niger. In the original planning the dam would permit the irrigation of 9600 km². Until 

now only a fraction of this surface is irrigated. At present, the total irrigated area measures 

740 km². OdN has the ambition to extend the irrigated area significantly. To irrigate the 

present area, 2.7 km³ of water is used per annum. This is equivalent to 8.3 % of average 

total annual river flow. The impact of this water intake on the hydrological regime of the IND 

varies from year to year. Because the water intake remains practically constant, annual 

water use by OdN declines to 4 % of total flow in years with high flow, but increases to     

15 % of total flow in years with low flow. Also the intake ratio varies seasonally. From 

August to November OdN takes around 100 m³/s of water and around 60 m³/s from 

December to April. That is equivalent to only a small fraction in the flood period, but up to 

50-60 % of water in the dry period. The irrigation practices of the OdN in the dry season are 

therefore largely dependent on the water released from the Sélingué reservoir. In addition, 

rice farming in OdN leads to an increased Malaria problem.  

Figure 4 illustrates that the natural discharge is elevated by the Sélingué reservoir and till 

now the water intake by OdN can be met (see also Chapter 2). Even in June 1999, when the 

water management of Sélingué caused a drop in the river discharge, the water intake at 

Markala was not affected. During rather dry years in May (1989-1995) the natural discharge 

was insufficient to meet the water intake for the irrigation zone of OdN, and the water intake 

was fully dependent on Sélingué. 
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Figure 4 Water intake at Markala in May during 1989-2004 compared to the natural river 
discharge and the additional flow at Sélingué (Zwarts, van Beukering, et al. 2005) 

 

Three other dams are planned. Talo and Djenné are both located on the Bani River (a 

tributary of the Niger River) and Tossaye is located downstream of the IND 270 km east of 

Tombouctou and thus will have no impact in the IND. Building the Talo dam is already 

considered for a long time. The dam would be situated in the Bani River, 40 km downstream 

of Douna. The prime use of the dam is irrigation. Although the planned reservoir is rather 

small, there is still a lot of debate. People living along the Bani, downstream of the planned 

dam fear the negative impact of water diversion. That is why there is also a plan for a 

‗Djenné reservoir‘, in the lower regions of the Bani tributary, upstream of the Inner Delta. 

However, there is no official information about these plans. Experts involved claim the 

volume of the ‗Djenné reservoir‘ to be in the order of 0.4 km³. This would be more than 

twice the size of the Talo reservoir. (Zwarts, van Beukering, et al. 2005) These two dams are 

not a part of the simulations for scenario analysis.  

Zwarts (2010) concludes that the flood extent of the Inner Niger Delta is determined by the 

flow of the Bani and the Niger. Due to irrigation and reservoirs, the inflow has been reduced 

already by 16 % in a relatively dry year, causing a reduction of the flood by 28 cm and a 

reduction of the flood extent by 1400 km². At a larger consumption by OdN, the inflow will 

decline with another 200, or even 400 m³/s, leading to a reduction of the flood level by 15 to 

33 cm and a reduced flooded area with 700 - 1500 km². The construction of the Djenné and 

Fomi dam would even be more detrimental, reducing the flood extent by another 2000 km².  

An indication for a minimum required flow can be obtained from the water levels during the 

étiage, the period with the lowest water levels during the year. Zwarts et al. (2005) describe 

a linear relationship between the water level in Akka in June and the combined flow of the 

Niger at Ké-Macina and the Bani at Douna in May, given by equation (1). According to this 

function, the water level at Akka is 0 cm at a flow of 110 m³/s and decreases to -40 cm at a 

flow of 39 m³/s. When this level is reached, Lac Walado loses its connection with Lac Debo 
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and runs dry. To prevent this, a minimum flow of 50 m³/s is required, equivalent to a water 

level of -34 cm in Akka. 

 

                             (1) 

With: 

h AKKA = water level at the gauge of Akka in June [cm] 

Q flow = river discharge of Bani plus Niger in May [m³/s] 

  

 

1.5 Objectives and research question 

The objective of this Master‘s thesis is to evaluate the vulnerability of the wetland system to 

water resources management under climate variability and change. 

The main focus is the construction of value functions for several indicators used to describe 

the system. These value functions are based either on expert knowledge and scientific data, 

or on stakeholder preferences. In reality it is mostly a combination of those two sources, 

since some functions are a translation of scientific knowledge based on stakeholder 

preferences, or the other way around. 

A second goal is to score the actual state (AS) of the wetland based on literature, expert 

judgment or simulation data. Scoring a management option (for a description, see 2.3) 

combined with a (climate) scenario is part of this goal as well.  
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2. DEFINITIONS, CONCEPTS AND METHODOLOGY 

In this chapter the methodology, concepts and concept definitions are explained. It is 

important to clarify the exact meaning of what will be used further on in the analysis.  

The ―Inner Niger Delta‟, or IND, is the common name for a large wetland located in central 

Mali. It comprises the region regularly covered by large inundations. The upper part of 

Figure 5 situates the IND in West Africa, while the lower part shows the different 

administrative entities (Cercles) and Regions of the IND.  

 

  

 

Figure 5 The location of the IND, indicated in light blue (Leten, et al. 2010) 
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The region of ―Office du Niger‟ or OdN, a large project for commercial food (rice) production, 

is not part of the IND itself, but is located in the so called ―delta mort‟ region just on the 

upstream border of the IND, starting from Macina and further upstream to Markala. 

The WETwin project adopted the definition of the EU Water Framework Directive for the 

term ‗wetland‘ to support the objectives and the concept of the project. Accordingly, 

―wetlands‖ are diverse, hydrologically complex ecosystems, which tend to develop within a 

hydrological gradient going from terrestrial to mainly aquatic habitats. (Zsuffa, Morardet, et 

al. 2010) 

Wetlands are complex biophysical systems that are closely linked to socio-economic systems 

through human use of wetland resources and the surrounding catchment. According to 

(Winkler, et al. 2011) management of wetlands must work within both the ecological and 

socio-economic systems, and it takes place in a context where external social, political and 

environmental factors such as population growth, economic conditions and climate change 

can have significant impacts.  

 

 

2.1  Scope of this Master’s thesis 

In this Master‘s thesis the first step of the MCA is elaborated: creating the value functions. 

Also, the management options and solutions are formulated, and the indicators are identified 

and defined. 

This thesis is therefore the first step in the application of the MCA. The different 

management options and indicators are discussed, as well as the data and models used in 

this part of the WETwin project. The concept of a value function and the methodology on 

how to create one is discussed and explained further in this chapter. The different steps of 

building the value functions for the indicators used in the WETwin project are discussed in 

the last chapter.  
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2.2 The WETwin framework 

This chapter is a summary of the WETwin Decision Support Framework version 13 (Zsuffa, 

Morardet, et al. 2010).  

 

2.2.1 Brief description of the WETwin framework 

One of the main objectives of the WETwin project is to build up a methodology that supports 

decision makers and stakeholders in wetland management and planning. A Conceptual 

Framework has been developed for the integration of wetlands into river basin management, 

based on three existing methodologies. These methodologies have been developed with the 

aim to cope with the requirements of adaptive water management. In the context of 

WETwin, adaptive management means that wetland and river basin management is an 

open-ended process that evolves towards more coordinated water resources management. 

This framework consists of the integration of the adaptive planning cycles at the wetland and 

the river basin levels. Integration means interaction and exchange of information among 

agencies in charge of implementing the two management processes. The focus of the 

WETwin project is restricted to the wetland management cycle. It starts with the 

‗Characterization‘ and continues to the identification of the ‗Best compromise solution‘ and 

includes the interactions with the river basin management cycle, as illustrated in Figure 6. 

 

 

Figure 6 The WETwin project conceptual framework for the cyclic and integrated wetland 

and river basin management, modified from (Zsuffa, Morardet, et al. 2010) 
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The sub-system of the Conceptual Framework illustrated in Figure 6 has been further 

developed into a Decision Support Framework. This Framework integrates other components 

of the project, such as performance indicators, potential management options, modeling and 

decision support tools. Management options (or ‗Responses‘ according to the DPSIR 

terminology) are different technical, land use, institutional and legal strategies for improving 

the ecosystem services of wetlands. Management options form the building blocks for the 

management solutions, which are more elaborated plans for the development of the system. 

Alternative management solutions per study site will be subjected to evaluations and multi-

criteria analysis in the later stages of the DS Framework; also the main focus of this Master‘s 

thesis. The envisaged methodology in the Framework is based on the Trade-off analysis 

approach. Trade-off analysis consists in evaluating effects of management solutions to make 

substantiated decisions about possibilities and impossibilities for sustainable, multi-functional 

use of wetland services. 

Stakeholder involvement plays a fundamental role in the decision support process. 

Knowledge, opinions and preferences of stakeholders are requested at several stages, by 

means of stakeholder analysis. Characterization of the natural and socio-economic status of 

project wetlands is done using the Ecosystem Services approach. Characterization is followed 

by the identification of major environmental, livelihood and institutional problems at the 

wetlands, using the DPSIR methodology. Identification of the management options is done in 

a participatory way, as described in (Winkler, et al. 2011).  

Evaluation criteria refer to value systems used by stakeholders for evaluating a management 

solution. They should be selected reflecting stakeholders‘ values or interests. The applied 

criteria aim to cover the four dimensions of sustainability as defined by the UNESCO HELP 

initiative:  

- Hydrology,  

- Environment/Ecology,  

- Livelihood 

- Policy.  

Stakeholder input and validation is needed, and the final list of criteria is decided during a 

stakeholder workshop; the same as for the identification of the management options.  

In the DS Framework criteria are linked to indicators, referring to variables that describe in a 

synthetic form functioning of the system under different boundary conditions. These 

indicators need to cover all of the dimensions of the system; economic, social, physical, and 

ecological. The link between criterion and indicator is the value function (Figure 8), which 

scales the raw indicator value and gives it a satisfaction value between 0 and 1. A criterion 

score of 0 means that the investigated management solution is unacceptable or very bad 

from the point of view represented by the indicator/criterion, while 1 means that the solution 

is optimal from this point of view. This translation step makes it possible to compare and 

combine raw evaluation results (indicator values), which are otherwise incommensurable.  
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In the WETwin project two approaches for defining value functions are used. A value 

function can be defined by scientists based on scientific knowledge, or according to 

stakeholders‘ preferences towards the target state. This means that different stakeholders 

may have different value functions for the same indicator; and more than one criterion is 

linked to the same indicator. In this case different weight sets can be applied, changing the 

resulting analysis values depending on the stakeholder group. 

Various projections are being carried out at different scales (country, basin, and wetland) 

with regard to expected changes in temperature, precipitation, human population size, land 

use, GDP and energy consumption. These projections are carried out by downscaling global 

and regional scenarios of climate change and socio-economic development 

Evaluation of management solutions is performed via expert and stakeholder evaluation. 

Expert evaluation means the assessment of identified management solutions using models, 

expert assessment tools and, when necessary, expert knowledge. This step requires 

intensive simulation work to explore the impacts of alternative management solutions under 

various local scenarios. The direct outputs of expert evaluation are calculated values of 

indicators in case of the different alternative solutions. Indicator values converted to criteria 

scores using the value functions can be arranged into an Evaluation Matrix, where the rows 

stand for the indicators while the columns stand for the alternatives.  

Application of Multi-Criteria Analysis (MCA) methods includes entering the information 

gathered in the previous steps into multi-criteria analysis tools and processing it. Goal is to 

formulate an answer on how the various solutions are ranked according to the criteria and 

according to the preferences of the stakeholders, and if the preferred solutions vary across 

stakeholders.  

The ultimate aim of the decision support process is to identify, if possible, the best 

compromise management solution, which will form the basis of the wetland management 

plan. The expert group operating the MCA tool may propose the solution that has been 

ranked first on the compromise ranking list. The decision makers and stakeholders may 

accept or reject it. Alternatively a lower ranked solution can also be accepted as the best 

compromise one. In case all solutions are rejected, the process loops back to previous stages 

where new/improved management solutions can emerge from the results of the trade-off 

analysis and be subjected to analysis again. 

Figure 7 shows a graph illustrating the score of eleven different alternatives (A1.1 – A4.3), 

where alternatives A1.2 and A3.1 have the best performance. This graph is a result of the 

local scale analysis, performed within the WETwin project. The calculations have been 

arranged so that the highest vulnerability score indicates the best option. 
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Figure 7 Example of a support graph used to compare 11 management options with AS 

 

 

2.2.2 The value function concept 

The term value function is used in different fields of research and in different ways. Mysiak 

(2004) defines a value function as a mathematical representation of human judgements. It 

translates the performances of the options into value scores, which represent the degree to 

which a decision objective is matched. In some way, the value function thus objectifies the 

subjectivity for a specific variable and viewpoint. According to (Alarcon, et al. 2011), a value 

function is used to standardise units used to express different variables such as indicators, 

criteria or attributes, involved in a decision making process. This standardization is achieved 

using a scale of preference, or the degree to which a certain desired outcome is satisfied.  

Each measurement variable may be given in different units; therefore, it is necessary to 

standardize them into units of value or satisfaction, which is basically what the value function 

does. During the standardisation procedures, the scores are transformed to values on a 

uniform scale. Since a simple standardisation allows only the transformation of a given value 

range to a standardised one [0, 1], the value function includes human judgements in the 

mathematical transformation. A value function translates the performance of an option into a 

value score, which represents the degree to which a decision objective is matched. (Mysiak 

2004) 

The value function thus results in a value Si of satisfaction in the interval between 0 and 1; 0 

represents minimum satisfaction (S min) and 1 reflects maximum satisfaction (S max). This 

approach results in value functions with a continuously increasing or decreasing 

development. On the other hand, the method described by (Mysiak 2004), allows use of a 

direct rating method by which the decision maker immediately assigns a value to each 

criterion score.  
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The value function can be increasing or decreasing depending on the nature of the indicator. 

An increasing function (Figure 8, left) is used when an increase in the measurement variable 

results in an increase in the decision maker‘s satisfaction. In contrast, a decreasing value 

function (Figure 8, right) shows that an increase in the measurement unit causes a decrease 

in satisfaction. Other value functions can have a mixed tendency. These functions increase at 

first but later decrease, and are characteristic for indicators with two points of minimum 

satisfaction and one maximum between them (Figure 9, left).  

 

  

Figure 8 Example of an increasing and decreasing value function (Alarcon, et al. 2011) 

 

 

Figure 9 Example of a VF with mixed tendency (left) and a VF illustrating the threshold 

concept (Zsuffa, Morardet, et al. 2010) 

 

The threshold concept can also be considered (Figure 9, right); meaning that a given 

indicator is not acceptable if its value is below a given threshold but acceptable if it is above. 

The value functions used in many MCA applications can be assumed to be linear for practical 

purposes. However, on some occasions it may be desirable to use a non-linear function. 

Other types of functions, like concave, convex, linear and S-shaped, can then be used to 

connect S min with S max. A concave curve is used when, starting from a minimum condition, 

satisfaction rapidly increases at first in relation to the indicator (see Figure 10 a). In this 

case, small changes around the point that generates minimum satisfaction are highly 

valuated. This type of relationship is chosen when it is more important to move away from 

the point of minimum satisfaction than to approach the point of maximum satisfaction. 

Indicator Indicator 
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A convex function is appropriate when there is hardly any increase in satisfaction for small 

changes around the point that generates minimum satisfaction (see Figure 10 b). In contrast 

to the previous case, this type of relationship is selected when it is more important to 

approach the point of maximum satisfaction than to move away from the point of minimum 

satisfaction. This type of function is often used for economic or environmental indicators 

since the aim is to ensure that the alternatives are located as close to the point of maximum 

satisfaction as possible (Alarcon, et al. 2011). 

A linear function reflects a steady increase in the satisfaction produced by the alternatives 

(see Figure 10 c). There is a proportional relationship throughout the range. This function is 

the default option when no specific criteria can be defined. 

An S-shaped function is a combination of the concave and convex functions, with a 

significant increase in satisfaction at central values, while satisfaction changes little as the 

minimum and maximum points are approached (see Figure 10 d) (Alarcon, et al. 2011). 

 

 

Figure 10 Different types of value functions, modified from (Alarcon, et al. 2011) 

 

The value functions used in the WETwin project are single attribute or indicator value 

functions. Each indicator has one corresponding value function; no multi attribute 

(multivariate) value functions are used. 

To define a value function, a measurable attribute scale closely related to the decision maker 

values needs to be identified (Pavan and Todeschini 2008). The value function can be 

assessed directly or by using indirect questioning.  

To determine the satisfaction value for an indicator, (Alarcon, et al. 2011) outline a 

procedure consisting of the four following stages:  

- Definition of the tendency (increase or decrease) of the value function.  

- Definition of the points corresponding to the minimum (S min, value 0) and maximum 

(S max, value 1) satisfaction.  

- Definition of the shape of the value functions (linear, concave, convex, S-shaped).  

- Definition of the mathematical expression of the value function. 
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The value function can be increasing or decreasing depending on the nature of the indicator 

to be evaluated. An increasing function is used when an increase in the measurement 

variable results in an increase in the decision maker‘s satisfaction, and vice versa for a 

decreasing value function. 

The points of minimum and maximum satisfaction define the limits of the value function on 

the x-axis: S min (point of minimum satisfaction) and S max (point of maximum satisfaction). 

These two points have a satisfaction value of 0 (S min) and 1 (S max) respectively. 

Given that two coordinate points, (S min, 0) and (S max, 1), have been generated so far, the 

objective of the next stage is to connect them using some type of function. Four types of 

functions are suggested: concave, convex, linear and S-shaped. These four curves represent 

the most common relationships that can be found in practice. 

Alarcon et al (2011) propose Equation (2) as a mathematical model for the value function. 

This formula will be used in this Master‘s thesis to construct some of the value functions, as 

explained in the last chapter.  

 

         
    

        

 
 
 

        (2)  

 

With: 

S i the resulting satisfaction value of the indicator being evaluated 

B is a factor that allows the function to remain within the range from 0 to 1. It is assumed 

that the highest level of satisfaction has a value of 1. This factor is determined by 

Equation (3) 

X min is the point of minimum satisfaction, with a value of 0 

X max is the point of maximum satisfaction, with a value of 1 

X is the abscissa that generates a value equal to V ind  

P defines approximately the shape of the curve: concave, convex, linear or S-shaped. If P 

< 1 the curve is concave; if P > 1 the curve is convex or S-shaped; if P = 1 it is linear 

C is a parameter that approximately defines the x-value of the point of inflexion for curves 

with P > 1 

K is a parameter that approximately defines the y-value at the point C 



22 

Howest – Department of Academic Bachelor and Master programs, Graaf Karel de Goedelaan 5, 8500 Kortrijk 

  
 

 
 
 
 
   

    
           

 
 

 

 
 
 
 
        (3) 

 

It can be seen that the shape of the function depends on the values that the parameters P, 

C and K take in each case. 

Most of the value functions for the indicators selected in the WETwin project will be 

described using the procedure described in (Alarcon, et al. 2011). 

 

 

2.3  Application of the framework for the IND  

2.3.1 Management options 

Within the above described WETwin conceptual framework (Figure 6) a range of 

management options were identified for the IND, both on local and delta scale, from which 

management solutions can be built up. In principle, each option can be carried out alone, 

but in practice, combinations of several responses are likely to be combined into 

comprehensive management solutions. Thus, although objectives for wetland management 

vary between stakeholders who use and value different goods and services from the 

wetland, there is agreement that priority must be given to protecting the ecosystem 

components and processes that underpin these services. (Winkler, et al. 2011)  

The main issues in the Inner Niger Delta are the availability of water (both in the wet and 

dry season) and the vector and water-borne diseases. Both problems are strongly dependent 

on hydrology and water allocation in the catchment, by dams and irrigation schemes. In 

addition to these effects, the hydrology of the IND is also being impacted by climate change. 

According to (Winkler, et al. 2011), the aim in managing the wetland systems of the IND is 

to find a balance between subsistence food production, commercial irrigation, energy 

production and other ecosystem values. Three main groups of management responses are 

available: flow regulation, water quality management and wetland restoration.  

The delta scale management options are the focus of this Master‘s thesis. Management 

options concerning water quality and restoration need to be implemented on a local scale, 

while flow regulation is a delta scale matter.  
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The different management options concerning flow regulation aim to modify dam operation 
strategies to improve the use and allocation of water: 

- Irrigation: optimisation for irrigation of OdN by maximising flows to OdN in dry 

season, in order to significantly enlarge commercial food production in the OdN. 

- Energy: optimisation for energy production by maximising flows in dry season with 

flows evenly distributed through dry season. 

- Subsistence food production: optimisation for water supply to the IND during dry 

season (subsistence food production in the IND) by establishing a minimum flow 

throughout the whole dry season. 

Other management options deal with water quality management, wetland restoration & 

livelihood improvement, reinforcing institutions, increasing knowledge and improving 

biodiversity conservation, but these are more likely to be implemented on a local scale. 

 

2.3.2 Management solutions 

Management solutions (MS) have been grouped according to their scale of impact: the whole 

IND or a local scale impact. Local scale solutions can be scaled up to the whole Delta and as 

well have the potential of large-scale impact. Yet, they need to be implemented at local 

scale. The MS targeting the whole IND are described in (Winkler, et al. 2011), and are 

explained in the next paragraphs.  

 

2.3.2.1 MS0 - Business as usual (BAU)  

In this MS it is assumed that no management is performed; hence business as usual, nothing 

will change in the management system.  

As described in 1.4, two dams are currently functioning on the Niger River above the IND at 

Markala and Sélingué. A third dam, Talo dam, is situated on the Bani River, a tributary of the 

Niger. A fourth dam is planned at Djenné (the latter two have not been taken into account in 

model simulations for scenario analysis). Existing dams don‘t have a significant impact on the 

flow to the IND if the rainy season is good in the catchment zone.  

 

2.3.2.2 MS1- Irrigation  

Optimising flow for irrigation, and extension of irrigated area. Currently 100 000 ha is under 

irrigation in the OdN; a channel has been built to allow diversion of 210 m³/s water to 

irrigate a further 100 000 ha, of which 15 000 ha is currently being laid out. Improved timing 

of releases and repair of degraded irrigation systems could reduce per hectare water 

requirements by up to a third (for example, for rice from 14 000 m³ to less than 10 000 m³). 

OdN is the most important beneficiary. Extensions for sugar cane are also planned. 
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2.3.2.3 MS2 - Energy 

This management option aims to optimise the Niger flow for energy production. Energy Mali 

(EDM) is the most important beneficiary. Apart from Sélingué dam, there are 3 others 

sources of power supply, as explained in paragraph 1.5.  

Leten et al (2010) state that the Fomi reservoir will avoid the emission of 150 000 to        

345 000 tons of greenhouse gasses per year, depending on the fuel. No fossil fuel sources 

are available in Guinea, the country in which the Fomi reservoir will be located, making the 

country dependable on import. The Fomi reservoir will avoid the import of 32 165 tons of oil 

equivalents (TOE), based on 1 MWh = 0.086 TOE. It enhances energy independence of 

Guinea. Also, the reservoir will create approximately 200 000 ha of new irrigated area in Mali 

and 10 300 in Guinea, essential to ensure food security and independence of these 

countries. 

 

2.3.2.4 MS3 - Maintain minimum flow 

A minimal flow needs to be maintained in the dry season to support subsistence food 

production in the IND and ecosystem conservation. At very low water levels, human 

exploitation of the natural resources in the IND may become excessive. To avoid 

unsustainable depletion of resources a minimum flow downstream Markala is advocated, and 

set at 50 m³/s. As explained in paragraph 1.4, this value represents the river flow when Lac 

Walado loses its connection with Lac Debo, and thus important habitat is lost.  

The Sélingué and Markala dams divert water from the river discharge at peak level, but the 

hydrological power schemes like Sélingué and the planned Fomi dam add water to the 

discharge during dry season. A balance is required between flow for subsistence production 

and flows for energy production in low flood years.  

 

2.3.3 Indicators 

2.3.3.1 Flow regulation 

The indicators ―Maximal inundated area‖, and ―Useful flooded area‖ are incorporated to 

evaluate the change in inundation pattern in the IND.  

The mean discharge of the Niger River cannot completely be used for water intake for 

irrigation because at least a minimal flow is necessary to avoid downstream ecological 

problems. Zwarts et al (2005) argue that for ecological as well as economical reasons such 

as fish survival, a minimum flow of at least 50 m³/s at the gauge of Ké-Macina is needed. 

This precondition has consequences for the maximum intake used for irrigation. The average 

intake in May (1989 – 2004) amounts to 84 m³/s. When the required minimal flow of         

50 m³/s is added, the flow must be at least 50 + 84 = 134 m³/s. According to (Zwarts, van 
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Beukering, et al. 2005) the river discharge has been below this level regularly (1983, 1985, 

1988, 1990, 1991, 1992, 1994, and 2003). 

The indicator ‗Minimum flow downstream of Markala‘ is chosen to assess the impact of the 

scenarios and management options on the Niger River flow.  

 

2.3.3.2 Food production 

The major part of the floodplain of the Inner Delta is covered by a floating aquatic grass 

species: wild rice (Oryza longistaminata), floating rice planted (Oryza glaberrima) and two 

plant species locally known as didéré (Vossia cuspidate) and bourgou (Echinichloa stagnina). 

The farmers on the floodplain grow a West-African rice variety (Oryza glaberrima), known as 

‗riz flottant‘ or floating rice, which is well adapted to grow upwards with the rising water 

during the flooding.  

This rice production is largely dependent on the inundations, since it is farming under 

‗natural‘ conditions. These systems use no active irrigation, but dikes and sluices to delay the 

flooding, if necessary, and to manage the water level during the décrue. The water 

management is passive. This means that the agricultural production only depends on local 

rain and the (peak) flood of the river. Opération Riz de Mopti (ORM) and Opération Riz 

Ségou (ORS) both use this kind of infrastructure, but this concerns only the production 

within a limited area of 680 km². If the flood level is not sufficient to flow into this area, the 

rice harvest is very limited. At low floods, the farmers in the IND cannot move lower down in 

the inundation zone, because area suitable for rice cultivation at low water levels is not 

sufficient. 

According to (Zwarts, van Beukering, et al. 2005) the average production of non-irrigated 

rice fields in the IND amounts to 83.000 tons, fluctuating between 10.000 tons when the 

flood is very low and 80.000 to 120.000 tons when the flood is high.  

 

2.3.3.3 Ecosystem health and biodiversity 

The major part of the floodplain of the Inner Delta is covered by floating plants. These 

formations form a vital habitat for many fish and bird species.  

The indicators ‗Sub-optimal area for bourgoutière‘, ‗Optimal area for bourgoutière‘ both 

describe bourgou habitat. Bourgou (the Fulfulde word for Echinochloa stagnina) is a species 

of floating grass, used as fodder and critical to the livestock production system in northern 

Mali. The bourgou growing zones are called bourgoutières, and these are mainly dominated 

by E. stagnina. Bourgoutières are present in long lasting inundation zones with 2 – 5 meter 

depth and inundated for 5 – 7 months. The plant cover varies in general from 50 to 100 % 

in its area (Diallo, M. Verbal statement, 2011). Bourgoutières have long played a critical role 
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in the transhumant cycle. However, bourgoutières are coming under increasing pressure 

today. In the past few decades, the bourgoutières have been suffering significant 

degradation due to a combination of reduced inundation levels and poor management. 

Nevertheless, according to (Diarra, et al. 2010), about two thirds of what were historically 

bourgou growing areas are still productive. The challenge is to keep these areas productive. 

Dideré (V. cuspidate), another grass species, grows together with bourgou. This species 

grows in the shallower bourgou habitat. In other words they can occur in the same area 

keeping in mind that the deepest parts are exclusively bourgou while the highest part is 

Dideré. In such a case, a mix of bourgou and Dideré exists at the same location. It is also 

common to see area covered with exclusively bourgou or Dideré. Again, the bourgou will be 

growing in deeper water than Dideré. Based on satellite images, it is quite impossible to 

distinguish between the two species since they have the same reflectance and both change 

coloration during their physiological development. That is why it is recommended to take 

both as one plant cover type. 

As well as bourgoutières, flooded forests were once an important natural habitat in the Inner 

Delta. Flood forests grow in places which are annually inundated for a period of several 

months. Only few tree species sustain such inundations. Typical flood forests may consist of 

only one species, Acacia kirkii, sometimes intermingled with patches of Ziziphus spec. Some 

smaller flood forests may consist on Ziziphus only. Acacia kirkii is often quoted as an 

endemic species for Mali, but it is also found in other African countries, although its 

distribution is extremely fragmented due to its special requirements (Beintema, et al. 2005). 

They have almost completely disappeared for some time now and have mostly been replaced 

by rice- or bourgou-fields. The few remaining forests are of paramount importance as 

roosting and breeding habitats for (large wading) birds like the African Darter (Anhinga rufa) 

(Zwarts, van Beukering, et al. 2005). During inundation, the water may reach halfway up the 

tree crowns. If the forest is dense enough, the crown layer forms an impenetrable thorny 

mass, a safe haven for colonially nesting water birds. In the Inner Niger Delta, large mixed 

colonies of assorted species of herons, cormorants, darters, ibises and spoonbills, are strictly 

confined to these impenetrable forests. The birds fertilize the underlying water with their 

droppings, making these places prime areas for fish production. Thus, the flood forests not 

only have a high biodiversity value, but also an important economic value for the local 

people. (Beintema, et al. 2005) 

The habitat type open water can be defined as an area too deep for the growth of plants; it 

is water surface without vegetation. This area is used by many bird species like Great White 

Pelican (Pelecanus onocrotalus), Long-tailed Cormorant (Phalacrocorax africanus) and Little 

Tern (Sterna albifrons). When this area dries up it becomes an even more important habitat 

type: the so-called mud flats or mud plains, also used by many bird species. The threshold 

value for this indicator is a flood duration > 7 months and water depth > 5 m. 

Habitat for birds and fish is determined based on the requirements per species, which is 

different for feeding ground and nesting or roosting ground. The requirements vary per 
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species, but in the analysis species with similar requirements are grouped to restrict the 

number of analysis classes.  

 

2.3.3.4 Hydropower  

The indicator Hydropower aims to determine the impact of the different management 

options on the amount of energy produced by the different power schemes above the IND, 

described in paragraph 2.3.2.3. Here, hydropower is an indicator changing with the different 

scenarios and management options, while the management option concerning hydropower 

has to be seen as a possible direction in which to proceed.  

 

 

2.4  MCA 

According to (Mysiak 2004) a decision problem is considered to exist, when a planner or a 

decision maker (DM) perceives a discrepancy between the current and desired states of a 

system. When the DM has alternative courses of action available but is a priori uncertain as 

to which option should be selected, a Multi criteria decision aid (MCA) could be used. MCA is 

a branch of decision theory which deals with decision problems characterized by a number of 

evaluation criteria.  

The decision process starts with problem structuring during which the problem to be solved 

is explored and available information is collected. The possible options – the different choices 

of action available to the DM – are defined and criteria aiming at evaluation of their 

performance are identified. In the next step the options‘ performance in terms of the criteria 

scores is analyzed. While the ―raw‖ performances expressed in different non comparable 

units and scales are represented in the so called analysis matrix, the relative performance Si 

is given using a value function, as described in paragraph 2.2.2. 

Within the WETwin project the mDSS software has been proposed as the tool to use in the 

MCA analysis. It provides several techniques for ranking the alternative solutions on the basis 

of their criteria scores and also on the basis of weights associated with the criteria. There is 

for example the very simple SAW method (Simple Additive Weighting), which calculates the 

weighted sum of criteria scores to measure the performance of a solution. The solution with 

the highest weighted sum is ranked first according to the given weight set. (Zsuffa, 

Morardet, et al. 2010) 

Despite the fact that mDSS is suggested for the MCA, Excel is used in several parts of the 

IND case study, and will be used to perform the analysis in this Master‘s thesis.  
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2.5  SWIM and expanding modules  

2.5.1 Eco-hydrological model SWIM 

To investigate the effects of climate variability or change on water resources, models 

integrating the most important ecological and hydrological processes are needed.  

The watershed model SWIM (Soil and Water Integrated Model) is a continuous-time spatially 

semi-distributed eco-hydrological model. According to Krysanova et al (2005) eco-hydrology 

combines the studies of hydrological, biogeochemical and ecological processes and their 

interrelations in soil and water bodies. It aims at a better understanding of hydrological 

factors determining the development of natural and human-driven terrestrial ecosystems, 

and of ecological factors controlling water fluxes. River catchments can be considered as 

integrators of the effects of many climatic and terrestrial forces, as they have hierarchical 

structure and natural boundaries, and therefore represent an appropriate scale for eco-

hydrological modeling. 

A physically based hydrological/eco-hydrological model describes the natural system using 

mainly basic mathematical representations of the flow of mass, momentum and energy. At 

the catchment scale, a physically based model has to be fully distributed by accounting for 

spatial variations in all variables and parameters. However, the fact that a model is physically 

based does not necessarily mean that it is based on fundamental physical laws only. 

(Krysanova, Hatterman and Wechsung 2005) 

SWIM was developed at the Potsdam Institute for Climate Impact Research (PIK, or 

Potsdam-Institut für Klimafolgenforschung) and is based on SWAT-93 (Arnold, Allen and 

Bernhardt 1993) and MATSALU, specifically to investigate climate and land use change 

impacts at the regional scale, where the impacts are manifested and adaptation measures 

take place. The model simulates hydrological processes, vegetation growth, erosion, and 

nutrient dynamics at the river-basin scale. It combines the relevant eco-hydrological 

processes at the mesoscale such as runoff generation, nutrient and carbon cycling, river 

discharge, plant growth and crop yield, and erosion. The approach allows simulation of all 

interrelated processes within a single model framework at a daily time step using regionally 

available data (climate, land use and soil) and considering feed-backs. 

Development of SWIM began with the introduction of a three-level disaggregation scheme in 

SWAT: from basin to sub basin and to hydrotopes. Hydrotopes or hydrological response units 

(HRU‘s) thus form the core elements in the model. These elements are generated by 

overlaying GIS-maps of land use/cover, soil, and sub-basins. According to (Hatterman, et al. 

2002) a hydrotope is a set of (disconnected) elementary units in a sub-basin or climate zone, 

which have the same unique geographical features like land use, soil type, or average water 

table depth, and therefore it can be assumed that they behave hydrologically in a uniform 

way. It is important to understand that there is no lateral connection between hydrotopes in 
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the SWIM model. This lack of lateral connection results in pixilated flooding maps showing 

separate inundated pixels, something which is impossible since the inundation flows from 

one cell to another; it arises not from nothing.  

Krysanova et al (2009) describe the usage of a three-level scheme of spatial disaggregation: 

‗basin (or catchment)–sub-basins–hydrotopes‘ or ‗region–climate zones–hydrotopes‘, as 

illustrated in Figure 11. 

 

 

Figure 11 Spatial disaggregation in SWIM (Koch, Liersch and Hatterman 2011) 

 

During the simulation: 

- water, nutrients and plant biomass are initially calculated for every hydrotope; 

- the outputs from hydrotopes are then integrated to estimate the sub-basin outputs;  

- the routing procedure is applied to the sub-basin lateral flows of water, nutrients and 

sediments, taking transmission losses into account. 

As a first step, the whole basin area has to be subdivided into sub basins (or raster cells) of 

a reasonable average area. The river network connects the sub basins and is used for 

routing water, sediments, and nutrients. An average sub basin area, where the effect of the 

river network may be neglected, should be in a range of 10 to 100 km². This is essential 

both for lowland catchments with their slower water flow velocities (because the time step in 

the model is daily and the routing begins from the sub-basins) and for mountainous basins 

(due to higher climate variability). The sub basin boundaries can be taken from existing 

maps or derived in GIS. Then hydrotopes are delineated within every sub basin, based on 

land use and soil types. Climate parameters in SWIM are assumed to be uniform at the sub-

basin level.  
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Spatial data necessary to run the model are: 

- Digital Terrain Model (DTM) with an appropriate resolution 
- Land use and soil map 
- Ground water recession map 

Climate data necessary for the model are: 

- Daily precipitation and rainfall intensity parameters 
- Average, minimum and maximum air temperature 
- Solar radiation 

And hydrological data necessary are: 

- River runoff in the basin outlet 
- River cross-sections or mean river width, depth in sub basin outlets and hydraulic 

structures 

The following hydrological processes are included: precipitation, snow melt, 

evapotranspiration, surface runoff, lateral subsurface flow (interflow), percolation to ground 

water, ground water contribution to stream flow, and stream flow routing.  

The simulated hydrological system consists of four control volumes: the soil surface, the root 

zone of soil, the shallow aquifer and the deep aquifer. The water balance for the soil surface 

and soil column includes precipitation, surface runoff, evapotranspiration, subsurface runoff 

and percolation. The water balance for the shallow aquifer includes groundwater recharge, 

capillary rise to the soil profile, lateral flow and percolation to the deep aquifer. Surface 

runoff is estimated as a non-linear function of precipitation and a retention coefficient, which 

depends on soil water content, land use and soil type. (Krysanova, Hatterman and Wechsung 

2005) 

SWIM has been intensively applied to many catchments of various scales for impact 

assessment studies worldwide. SWIM has been applied to all African case studies in WETwin. 

 

2.5.2 Integration of the inundation module into SWIM 

The reason for integrating an inundation module into the SWIM model is two-sided. On the 

one hand, integration makes it possible to simulate the discharge downstream of the wetland 

adequately. On the other hand important information for regional climate models for 

example evapotranspiration losses within the wetland, can be accounted for. The relevance 

of such an approach lies in the possibility to assess the usable area for floating rice and 

bourgou production, as well as climate change and variability impacts on agriculture, fishery 

and cattle. (Liersch and Hatterman 2011)  

The module needs preprocessing. The first step consists of identifying the wetland outlet 

using GIS software. In the next step inundation zones are delineated, resulting in water 
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levels and inundation storage volumes. The preprocessing is completed by the identification 

of ponds. Ponds form water traps holding the receding water, and have no surface runoff.  

Flooding and release form different steps in the analysis, and evaporation from the water 

surface and percolation into the soil are calculated. If a HRU is inundated, the model 

switches from land to water phase. Since it‘s a water surface, the actual evapotranspiration 

is equal to the potential evaporation. The percolated volume equals the unsaturated water 

capacity of the upper soil layer, and recharges the groundwater or disappears from the 

system as subsurface runoff.  

 

2.5.3 Integration of the reservoir management module into SWIM 

Today there is hardly any large river basin not affected by human intervention and 

regulation. Therefore, development and implementation of Integrated Water Resources 

Management at the river basin scale has to consider and combine natural processes, e.g. of 

climate change and variability, and water resources management, e.g. reservoir regulation or 

water withdrawals.  

A reservoir management model has been integrated into the SWIM model. The model was 

designed to simulate different reservoir management options, such as optimized hydropower 

production, irrigation intake from the reservoir or optimized provisioning downstream.  

The results presented by Koch et al (2011) show that the new reservoir model and the 

management options implemented can be used to simulate reservoir regulation including 

hydropower production. Therefore, the integrated model can be applied to investigate the 

impacts of climate change on discharge and to study possible adaptation strategies in terms 

of reservoir management, i.e. changing release rules or including new reservoirs. 

The model provides three different reservoir management options: 

- Variable daily minimum discharge to meet (e.g. environmental) targets downstream 

under consideration of maximum and minimum water levels in the reservoir 

- Daily release based on firm energy yield by a hydropower plant: the release to 

produce the required energy is calculated depending on the water level 

(consideration of maximum and minimum water levels in the reservoir) 

- Daily release depending on water level: rising/falling release with increased/falling 

water level, depending on the objective of reservoir management 

Koch et al (2011) conclude that the reservoir model can be used to simulate effects of 

reservoir management on downstream discharges and hydropower production within the 

eco-hydrological model SWIM; but the ―real‖ reaction on floods/droughts might not be 

simulated (flood storage, dead storage). The purpose of this reservoir model is the 

simulation of possible upstream-downstream conflicts (here hydropower production - 
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agricultural production), simulation of impacts of climate change and variability, and the 

adaptation options like changed reservoir management.  

 

 

2.6 Vulnerability concept 

There is no single widely accepted definition of ―vulnerability‖. In fact, ―vulnerability‖ as a 

term has been used very differently in various disciplines and by different authors, for 

example in social sciences when referring to poverty (Barrientos 2007), in human health 

when referring to environmental disasters (Baxter and Ancia 2002), and in environmental 

sciences when referring to effects of climate change (Brooks 2003). 

Vulnerability describes the sensitivity of ecosystems to human disturbance (de Groot, et al. 

2006) and the extent to which a system is susceptible to sustaining damage from climate 

change. According to (Finlayson 2009) it can be considered a dynamic state or a condition 

that is affected by both biophysical and socio economic conditions. Although many 

conceptualizations of vulnerability have emerged from the natural hazards and food security 

literature, within the climate change literature it refers to the relationship between exposure 

to a particular risk event, the impact of that event on a system and the ability of the system 

to cope with the impacts or the efforts needed to minimize the impacts. It is generally 

considered to be a function of exposure, sensitivity, and adaptive capacity (Kovats, Ebi and 

Menne 2003).  

The IPCC describes sensitivity as ―the degree to which a system is affected, either adversely 

or beneficially, by climate-related stimuli. The effect may be direct or indirect‖. Adaptive 

capacity is described by the IPCC as ―the ability of a system to adjust to climate change 

(including climate variability and extremes) to moderate potential damages, to take 

advantage of opportunities, or to cope with the consequences‖. Vulnerability is described as 

―the degree to which a system is susceptible to, or unable to cope with, adverse effects of 

climate change, including climate variability and extremes. Vulnerability is a function of the 

character, magnitude, and rate of climate variation to which a system is exposed, its 

sensitivity, and its adaptive capacity‖. (IPCC 2001) 

According to (O'Brien, Sygna and Haugen 2004) there are three features of vulnerability that 

are important to recognize. First, vulnerability is inherently a differential concept, because 

risks or changes and the ability to cope with them vary across physical space, as well as 

among and within social groups. Second, vulnerability is scale-dependent. That is, it varies 

depending on the unit of analysis, from ‗country‘ to ‗region‘, ‗community‘, or ‗social group‘. 

Although a country may not be considered vulnerable to environmental change, there are 

likely to be regions or groups within that country that are indeed vulnerable. Finally, 

vulnerability is dynamic, and may change over time as the underlying structures and 

conditions change. 
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A vulnerability assessment is an approach that can provide information and guidance for 

maintaining the ecological character of wetlands subject to adverse change as a 

consequence of climate change (Gitay, Finlayson and Davidson 2011). 

In this Master‘s thesis, ―vulnerability assessment‖ refers to the relationship between a 

particular impact of a climate-related event on a wetland and the efforts to manage that risk. 

In the vulnerability assessment as proposed in the WETwin project, vulnerability consists of 

two distinguishable parts: adaptive capacity and external impact. Adaptive capacity 

represents the impact of a MS; external impact refers to the impact of scenarios, it is the 

impact that pushes the system from one to another state. It is indeed a component of the 

system and therefore something that managers (deciding on management options and 

solutions) cannot affect. It depends on the point of view: it is internal to the biophysical 

system, but external to the decision-making process/system. 

The concepts of sensitivity and vulnerability are inevitably interwoven with the gap between 

current and desired state. The current state of a system or the gap between current and 

desired/resilient state has an impact on the sensitivity of the system and thus on its 

vulnerability; the greater the difference between current and desired/resilient state, the 

greater the system's sensitivity. However, this does not necessarily result in a greater 

vulnerability, because the adaptive capacity could be for instance extraordinary high. Also, it 

is important to distinguish the direction of the stress, or the direction it acts on the system, 

because it can have negative as well as positive impacts on the system and its vulnerability 

and sensitivity. (Liersch 2011) 

Kelly & Adger (2000) state that ―the way in which vulnerability to climate change is 

considered in a given analysis influences the way in which the relationship between 

vulnerability and adaptive capacity is viewed‖. In the end point approach Adaptive capacity is 

referring to future adaptation and thus determines vulnerability, whereas in start-end 

approach vulnerability determines adaptive capacity.  

The concept on how to calculate vulnerability is visualised in Figure 12.  
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Figure 12 Vulnerability concept scheme (Liersch 2011) 

 

When translated into a usable formula, the vulnerability concept can be symbolised using 
equation (3): 

 

 V External Impact        Adaptive capacity          (4) 

With: 

EI = State (A, B, C) – current state (baseline) 

AC = State (A1, A2, B1...) - State (A, B, C) 

V = EI + AC 

 = State (A1, A2, B1...) - current state 

 = State (A, B, C) – current state + State (A1, A2, B1...) - State (A, B, C) 

 

The calculation of external impact and adaptive capacity results in a value for ΔV; or the 

difference in vulnerability. The resulting value represents a tendency of either increasing or 

decreasing vulnerability by comparing the current state with ―fictive‖ future state(s) including 

stress/hazard and management. This calculation gives a way to assess and quantify external 

impact and adaptive capacity, making it possible to ―calculate‖ vulnerability in a consistent 

way as function of exposure, sensitivity and adaptive capacity, but it doesn‘t make it possible 

to quantify vulnerability with an absolute value. 
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2.7 Vulnerability assessment 

The vulnerability assessment consists of 6 steps. Initial state can be represented as one 

vector of C criteria scores. The scenario‘s can be represented as Ş vectors with C criteria 

scores; one for each of the Ş scenarios. The state after management and under influence of 

a certain scenario can be represented by Ş evaluation matrices of C criteria scores, one for 

each of the Ş scenarios. Figure 13 symbolises these states.  

 

  

Figure 13 Symbolic representation of Initial State, State after Scenario and State after 

scenario and management 

 

The different steps of the vulnerability assessment itself are: 

- Step 1: evaluation of external impacts  

- Step 2 : evaluation of impact of the Management solution on system condition for 

each scenario (including scenario without change)  

- Step 3: Assess vulnerability to scenarios: comparison across vectors Ş sM for a given 

Management Solutions 

- Step 4: Trade-off between criteria - Comparison across Ş cSM for a given set of 

Management Solutions and Scenarios 

- Step 5 and 6: Assess Management Solutions - Comparison across vectors Ş Sm for a 

given scenario Ş 

Three ways of looking at the outputs of the analysis present themselves. In the vulnerability 

assessment the question of which scenario has the highest impact on which criteria is 

answered, while the assessment of the Management Solutions looks which Management 

Solution has the best potential to improve which criteria under which scenario. The Trade-off 

analysis finally looks if all criteria are evolving in the same direction with all Management 

Solutions in all scenarios. 
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2.8 Predictive power of the simulation 

A test statistic was calculated to determine the predictive power of the modeled habitat area, 

using the method described in (Fawcett 2005). In this thesis, ROC (Receiver operating 

characteristics) graphs are used to classify results using a classification model (or classifier). 

ROC graphs are two-dimensional graphs in which the True Positive or TP-rate is plotted on 

the Y axis and the False Positive or FP-rate is plotted on the X axis. In general a ROC graph 

depicts relative tradeoffs between benefits, or in this case cells correctly predicted as positive 

(true positives) and costs, or in this case cells incorrectly predicted as positive (false 

positives). The modeled water depths of a certain year were compared with a Landsat image 

from the corresponding year. Given these two raster maps, four different outcomes are 

possible for each pixel of the map, illustrated in Figure 14. If the modeled pixel is positive (Y 

in Figure 14) and it is classified as positive (p), it is counted as a True Positive or TP; if it is 

classified as negative (n), it is counted as a False Positive or FP. If the modeled pixel is 

negative (N) and it is classified as positive (p), it is counted as a False Negative or FN; if it is 

classified as negative (n), it is counted as a True Negative or TN.  

  

  

Figure 14 Confusion matrix symbolising TP, FP, TN and FN (Fawcett 2005) 

 

Using ArcCatalog the color bands of the Landsat image were separated. A threshold value 

was defined between vegetation/water and bare ground for one band or combination of 

bands. The ArcMap raster calculator was then used to calculate a presence/absence raster 

(1/0) for the vegetated and open water areas. Based on the modeled predictions a second 

presence/absence raster was defined, representing the vegetated and open water areas with 

a depth ≥ 1m. 

The next step of the analysis consists in the actual calculation of the correct positive, correct 

negative, false positive and false negative records for both models. The "combine" tool in the 

spatial analyst toolbox was used to compare both rasters, after creating a presence/absence 

(1/0) raster for the model outcome. Application of this tool results in a table with the four 

above mentioned categories: true positive (1/1), true negative (0/0), false positive (0/1) and 
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false negative (1/0). Another more straight forward method to determine the predictive 

power is to calculate the ratio of the amount of correct predictions compared to the total 

amount of cells.  

The accuracy is based on the relationship between correct and wrong predictions. It ranges 

from 1 (or [0; 1] on the graph) if all cells are correctly predicted, to 0.5 if half of the cells 

have a correct prediction. The diagonal line y = x in the ROC graph represents the random 

selected dataset (see Figure 15). For example, if a classifier randomly guesses the positive 

class half the time, it can be expected to get half the positives and half the negatives 

correct; this yields the point (0.5; 0.5) in ROC space. If it guesses the positive class 70 % of 

the time, it can be expected to get 70 % of the positives correct but its false positive rate 

will increase to 70 % as well, yielding (0.7; 0.7) in ROC space, illustrated with point C in 

Figure 15. Thus a random classifier will produce an ROC point that ‗‗slides‘‘ back and forth on 

the diagonal based on the frequency with which it guesses the positive class. Any classifier 

that appears in the lower right triangle performs worse than random guessing. This triangle 

is therefore usually empty in ROC graphs. The point (0, 1) represents perfect classification 

(D in Figure 15). 

 

 

Figure 15 A basic ROC graph (Fawcett 2005) 

 

Determination of the accuracy is done by calculating the TP-rate (equation 5) and the FP-

rate (equation 6), or by calculation of the ratio correct predictions compared to the total 

number of cells with equation (7): 

 

        
                               

                
       (5) 

        
                                 

                
      (6) 

    
                    

                      
        (7) 
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3. DATA ANALYSIS 

3.1 Simulation results 

The simulation in SWIM comprises a total of 9 different scenarios, each with 100 realizations 

where different parameter settings were applied to take into account uncertainty on 

parameter settings and values.  

The reservoir management scenarios are: 

- without management (which is somehow not representing reality, because Sélingué is 

an existing power scheme) 

- with Sélingué 

- with Sélingué and Fomi 

These scenarios are consistent with management option MS2 – Energy, described in 

paragraph 2.3.2.3. The scenario ‗with Sélingué‘ is somehow a representation of the actual 

situation, since this is an existing reservoir. Scenario ‗with Sélingué and Fomi‘ is a prediction 

of the impact of the Fomi reservoir, which will be mainly used for power generation, and 

thus is part of the management option Energy. Climate scenarios comprise a 0, 1, and 2 °C 

increase in temperature, influencing the precipitation and thus the river flow. 

In Figure 16 the impact of the different dams on the hydrology of the IND is simulated for 

the gauge of Koulikoro. The bands in the figure represent the uncertainty given by the 100 

realizations. 

 

 
Figure 16 Dam management scenarios: mean daily discharge 2031-2050 at Koulikoro 
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This simulation shows that the impact of the Fomi dam is a 10 % reduction of the peak flow, 

and a 500 – 1000 % addition during low flow. Reduction in peak flow implies a reduction of 

maximal inundated area, since these variables are interlinked, as described by (Zwarts, van 

Beukering, et al. 2005). Addition of discharge during low flow has benefits (i.e. 

transportation, water availability for irrigation schemes); in fact it is one of the indicators 

used in the MCA. 

The climate simulation results in a time series; in which the first 20 years (2011-2030) are 

representing the 1 °C scenario and the last 20 years (2031-2050 the 2 °C scenario. Figure 17 

shows the impact of climate change on the discharge in the gauge of Koulikoro, for a 1 and 

a 2 °C scenario.  

 

 
Figure 17 Mean daily discharge 2031-2050 at Koulikoro for the 1 and 2 °C climate 

scenario's, with Sélingué dam 

 

The used terminology could be confusing. The reason why dam management is not 

considered to be a management option is because upstream management is external to the 

IND and thus a scenario and not a management option. 

 

 

3.2 Development of the depth maps 

The visualization of the inundated area by the SWIM inundation module includes information 

both on inundation depth and duration. Because the inundation patterns where very pixilated 

the resulting inundation maps were not usable for a spatial assessment. The reason for this 

is the absence of lateral connection between hydrotopes, as mentioned in paragraph 2.5.1. 

The used DTM for the delineation of the catchment was based on the SRTM data, but with a 
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resolution of 270m instead of 90m. This was not a very detailed approach but a necessity 

during the time of the preprocessing. A different way of visualizing the simulated results was 

imperative.  

A first set of depth maps was created using a newly developed DTM (Zsuffa 2011) based on 

the ‗water maps‘ described in the Lifeline report (Zwarts, van Beukering, et al. 2005). This 

DTM covers the upper IND between Macina and Akka. This DTM is visualised in Figure 18, 

showing the actual height above sea level in meters, ranging from 260 m in green to 280 m 

in brown. This figure clearly illustrates the limited gradient of the IND: the difference in 

height is only 20 m over a distance of more than 160 km. 

The SWIM model simulates the water levels in the IND during a characteristic flood period. 

Spatially distributed simulated water levels (absolute levels) are used to generate a water 

table map. The locations should be distributed along the main river channels of the IND. 

These water tables are then used to generate the depth maps for each time point.  

 

 

Figure 18 DTM based on the 'water maps' 

 

A total of 20 points are used, visualized as red dots in Figure 19. These points are the two 

gauges at Akka and Mopti, plus auxiliary points where the water level was either assumed 

equal to that of Akka or Mopti, or was estimated based on the basis of the SRTM DTM. 

These points were identified within and around the Delta, along the lines of the contour 

layer. A TIN (Triangular Irregular Network) was stretched over all these points, thus creating 
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a good estimate of the water table. By mapping the 2D contour layer onto this TIN, a 3D 

layer of the water edges was obtained, where the Z coordinates of the line-points give good 

estimates of the terrain elevations. To create this TIN, two copies of these points were 

moved a few kilometres to north-west (purple dots in figure 19) and to south-east (blue dots 

in figure 19) relative to the positions of the original points. It was assumed that the water 

levels at these points were identical to that of the original points. The DTM had to be 

checked carefully when moving the points in order to keep this assumption as realistic as 

possible. For example: it was important not to move a point beyond an internal watershed.  

 

 

Figure 19 Reference points for the TIN, plotted on a LANDSAT image of 28/11/1999 

 

Such 3D layers of water edges were generated for each contour layer of the water map. 

Each of these 3D layers represents a particular stage of the annual flood. These water edge 

layers were then directly used for building up the new digital terrain model for the IND in the 

form of a TIN. The TIN was than transformed into a grid with a cell size of 20 m. The 

elevation values of the TIN‘s were taken from the attribute tables of the shapes. The TIN 

was converted into a GRID. The ASCII export format of this GRID together with the ASCII 

export format of the DTM were input the calculation of the ASCII export format of the depth. 

Figure 20 shows the water table from 29/11/1999, when the water level was 511 cm at the 

gauge of Akka. This water table map was prepared by stretching a TIN over the points 

where the water level from this particular date was known (or could be estimated).  
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Figure 20 TIN, showing the water table from 29 November 1999 

 

The difference between each cell of the DTM and the water table (or TIN) is calculated with 

a FORTRAN program, thus creating a map of water depths as illustrated in Figure 21. Similar 

dept maps are developed for the whole upper IND. 

 

 

Figure 21 Resulting water depth map, maximum inundation in 1970 
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This approach results in highly detailed depth maps. However, all information regarding 

inundation duration is lost. One way to tackle this is to generate depth maps at discrete 

points on the annual flood wave (e.g. a one month temporal distribution: cross hairs, Figure 

22) using the water levels from the SWIM simulation. Interpolation between those 

subsequent depth maps then results in a raster containing duration information. A temporal 

resolution of 1 month was proposed. The spatial resolution of the DTM maps is 1 meter and 

according to (Zwarts, van Beukering, et al. 2005) the water needs approximately one month 

to rise or fall 1 meter (3 – 5 cm/day). Temporal and spatial resolution is then the same. 

 

 
Figure 22 Distribution of discrete time points along the stream flow at IND inlet 

 

Since 9 depth maps per scenario and per management option are needed to create the 

duration maps, the FORTRAN approach is too time consuming. A new approach was 

required. Using the DTM from (Zsuffa 2011) a second set of water depth maps was created. 

Due to differences between this DTM and SRTM elevations, there were some consequences 

for the horizontal representation of water depths. The water depths didn‘t necessarily 

correspond to the water levels calculated with the inundation module, since the SWIM 

module works with the SRTM dataset. Therefore not all points (Figure 19) were used to 

interpolate a water surface with the IDW spline interpolation GIS tool. The elevations 

between SRTM and DTM can have very large discrepancies. Therefore a map was created 

that shows only the locations where the differences are >= - 0.05m and <= 0.05m. This 

map was used to select the relevant SWIM hydrotopes that provide simulated water depth 

values. These water depth values were imported into GRASS GIS as a raster point map. The 

raster water depth map plus elevations of the DTM were converted into a vector dataset to 

create a TIN. This TIN was again converted into a raster to create the flood map based on 

the DTM. The DTM elevation was then subtracted from the TIN representing water levels, 

resulting in a new set of water depths maps (in meters). 

A mask was created to clip areas that are not likely to be flooded; mainly to exclude the 

artefact patterns in the western area of the maps. 
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3.3 Calculation of the test statistic 

Applying the test statistic on the first 1984 depth map prepared with the FORTRAN code 

resulted in an ACC of 0.82, meaning good discrimination with the satellite image. The values 

and calculation are listed in Table 1.  

 

Table 1 Predictive power assessment, method 1 

P N

P 382657 103822

N 85437 480045

Satellite image

Modeled depth 

map
     

     

           
      

 

These first results were promising, but because of the lack of practicability of this method a 

comparison with the new approach imposed itself. The 1984 depth map created with the 

new approach using GRASS GIS resulted in an ACC of 0.59, meaning not essentially better 

than random. The values and calculation are listed in  

Table 2. 

 

Table 2 Predictive power assessment, method 2 

P N

P 208710 176496

N 240485 379274

Satellite image

Modeled depth 

map
     

     

           
      

 

Figure 23 ROC graph comparing FORTRAN (A) vs. GRASS GIS results (B) 
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When comparing the results using the method described in (Fawcett 2005) as visualized in 

Figure 23, it‘s clear that the new method doesn‘t meet the expectations: the TP vs. FP rate 

of point B is almost below the diagonal while A is situated nearly in the upper left corner.  

Looking for the right interpolation method and parameter setting turned out to be a big 

challenge. Although it is possible to create a TIN in GRASS GIS, only the mean heights of the 

triangulars are considered and used as values in the raster file. B-spline interpolation was 

used to create the water depth maps from the vector points. From these maps the DTM 

elevations were subtracted to create the depth maps used for the further analysis.  

The new 1984 map (Figure 24) reaches an accuracy value of 0.79, while the 1999 map 

(Figure 25) scores a value of 0.72. In contrast to the 1984 map there is a tendency to 

underestimate the area, but it is within an acceptable range. 

 

 

Figure 24 Test statistic for the 1984 depth map 
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Figure 25 Test statistic for the 1999 depth map 

 

Comparing the test statistics of these depth maps shows good correlation with the satellite 

image. The 1999 depth map resulted in an ACC of 0.72, the 1984 depth map even in an ACC 

of 0.79. The test statistic results from the final depth maps are listed in Table 3. The ROC 

graph (Figure 26) situates both results in the upper left corner, supporting the good 

correlation statement.  

 

Table 3 Predictive power assessment, final maps 

P N P N

P 5378191 226754 3636483 1244521

N 2302354 1160043 852470 4313170

1999

Modeled depth 

map

1984Satellite image
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Figure 26 ROC graph for the final maps, 1984 (C) and 1999 (D) 

 

These results were presented to Zwarts and Wymenga, two IND experts. They concluded 

that, although the test statistic found a rather good correlation, the model overestimates 

water depth in the west to North West (Diaka arm of the Niger) and underestimates in the 

central lake region. Therefore the western part of the delta should be excluded from the 

analysis because the DTM is not reasonable there. Concerning the central lakes, the DTM 

underestimates the depth because the areas that were covered with water when the DTM 

was created don‘t show reasonable depth information. 

The area selected for the accuracy calculation includes roughly the central part of the Delta 

between the two river branches, the lake area and two areas outside the central part (in the 

west) that are regularly flooded. It could be better to exclude the latter to have a more 

precise area selection, but from an ecological point of view these are important because 

flooding appears also in dry years.  

 

 

3.4 Determination of actual state 

Another issue in the vulnerability assessment is how to quantify actual state (AS). Two 

different techniques were proposed: an averaged year vs. an average year. The output of an 

"average year" or an "averaged year over a certain period" is basically the same, but the 

source and meaning is different. The "averaged year" is not a specific year, but every day of 

the year averaged over a certain period. It is calculated from the flow data of a certain 

period and thus looks usually smoothed while the "average year" represents a year showing 

an average hydrograph and is thus probably not smoothened like an averaged flow dataset. 

The averaged hydrograph is illustrated in the left graph in Figure 27, the hydrograph for an 

average year (here 1971) in the right curve. 
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Figure 27 Hydrographs: left for an averaged year, right for a specific year 

 

The disadvantage of an averaged year is that information on minimum and maximum values 

is lost; spikes in the curve are leveled out. The source data for the calculation of the 

averaged hydrograph probably contained maximum flows around 8000 m³/s, whereas max 

flow of the hydrograph is only around 5500 m³/s. Without using statistical information, such 

as standard deviation for each day, the average year makes probably no sense for this 

purpose: averaging a year over a given period is the preferred option. 

 

 

3.5  Discussion 

3.5.1 Development of the depth maps 

Why was the DTM from (Zsuffa 2011) used? Zsuffa and Funk (2011) state that it represents 

all the major hydro-morphological structures of the IND, thanks to its high resolution. Also its 

accuracy is better than that of the SRTM DTM, especially near and in-between Akka and 

Mopti. On the other hand, the accuracy in those regions, where elevation data were taken 

from the SRTM DTM, is probably still quite low. In addition, the potential differences 

between water levels in the river channels and water levels in the neighboring isolated lakes 

were not taken into consideration at the generation of the water maps, and therefore at the 

creation of the new DTM. These differences can be quite high, especially after long isolation 

periods. Thus the new DTM – in spite of the fact that it is much better than the SRTM - 

requires further improvements. But to capture the water tables within the Delta in a more 

accurate way, it is recommended to install auxiliary gauges along the river channels and also 

in the major lakes. It is also recommended to acquire fresh satellite images, capturing the 

full range of flood and dry situations in the Delta. The latest Landsat images are accessible in 

the web-based database of the USGS. It is important that the time of gauge readings must 

be in synch with that of the satellite images. Based on the new sets of images and gauge 

readings, a new and more accurate DTM can be built up for the IND. Also, in the near future 
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it will be possible to monitor the elevation of the water table in a remote sensed way. This 

will be made possible by the SWOT (Surface Water Ocean Topography) satellite mission. The 

aim of SWOT is to cover the world's oceans and freshwater bodies with repeated elevation 

measurements using the wide-swath altimetry technology. Thus, SWOT can be used as a 

substitute or complement to the proposed auxiliary gauges.  

The ―original" SWIM model results do not adequately represent the spatial patterns of 

inundated areas (compared to the satellite images). Making use of the DTM improves the 

spatial representation considerably, but the capability of simulating water volumes is lost. 

This information becomes simply lost, mainly due to interpolation. Although the ―original" 

SWIM results do not adequately represent the spatial patterns of inundated areas, they are 

consistent with respect to water volumes and duration. 

By using the DTM and interpolation, the simulated inundation water volume is re-allocated to 

other areas. Here, it might be that a fraction of the volumes in the inundation storages is 

added or removed. In the second step, the simulated flood duration is interpolated to the 

DTM. And again, the information and the interdependence of water levels and duration is 

lost and distorted. There is suitable area for rice and bourgou in the 1984 map based on the 

DTM, but the area is overestimated for bourgou because it is not possible to separate it from 

area with open water. That is why the flood duration should be included so that the semi-

permanent and permanent areas with open water can be separated. When analysing the 

"original" data, areas suitable for both vegetation types can be found, although they might 

be not at the "correct" location. 

 

3.5.2 Vegetation analysis 

It seems that an adequate spatial representation and a reliable simulation of vegetation 

habitats at the same time are not possible, mainly because of the two-step interpolation of 

water depth and duration. With the "original" data, the impact of climate change and 

reservoir management can be assessed on total inundated area and suitable areas for 

different vegetation habitats. The scenarios show a reasonable decline in total inundated 

area and losses in specific habitat areas, but the spatial representation is a problem. The 

available information on vegetation types (from Lifeline and other documents summarized by 

Diallo) refers to maximal inundation depth and total inundation durations (total time span a 

site is immersed). Floating rice needs a maximum depth between 1 and 2 meter and a total 

flood duration period of at least 3 month and bourgoutière grows in zones with a maximum 

depth of 2 to 5 m and a total inundation duration of 5 to 7 month, so there are zones where 

either the one type or the other type is growing with a transition zone in between.  

Another issue concerns the connection between the inundation and the duration maps. The 

inundation maps represent the annual maximum inundation giving the water depths. So, 

these maps can only be used to compare maximum inundations between the different years. 

To study the impact on ecosystem functions information is needed on the flood durations. 
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One way to look at the duration is to say that it can only serve one issue at a time. Let's 

make an example looking at one pixel in the depth maps: the water depths are for instance 

2.3 meter for instance at the day of maximum inundation. If the duration in days where 

water was covering this grid cell was given regardless a range of water depth, this info 

would not be that useful. Hence, two duration maps were provided. The floating rice map 

shows for instance a value of 77 for this specific pixel, meaning the pixel was flooded by a 

water level of > 0 to 2 m for 77 days in a particular year. Or in other words, this pixel would 

probably not be suitable for floating rice, because it requires 90 days of inundation by a 

water level > 0 - 2 meter. 

If the above reasoning would apply, there would be large (vegetated) areas suitable for 

none of the vegetation types. For example, the first two months one area could be flooded 

to a depth between 2 and 5 m making it not suitable for bourgoutière. After these two 

months the water level drops and stays at a depth between 0 and 2 m for another two 

months and thus not suitable for floating rice (and also not Vertivèr, which has similar 

requirements as floating rice) - so which one is the vegetation type that grows there? Or 

conversely, could the threshold values for both vegetation types be met in one site in a wet 

year? This issue is still not resolved. 

Creating duration maps without a depth class is possible, but requires another run of the 

simulations and this is impossible within the timeframe of the project, or an interpolation of 

consecutive depth maps along a hydrograph as described in the previous chapter. But one 

can ask what the value is of the information that a raster cell is inundated for 124 days for 

instance, without knowing the water levels of that cell. Using the maximum water level map 

one would know the water level at the day of maximum inundation of the entire area. It is 

likely that this is the maximum inundation level of this grid cell, but not necessarily. So, then 

only the water level of a single day is known and the duration map would tell that there was 

water on the surface of this grid cell for 124 days. Maybe 20 days had comparable water 

levels as at the maximum day, but the rest of the period could be totally different; it could 

be 50 days deeper than 1m, 40 days between 0.5 and smaller than 1 and 14 days with only 

1 – 5 cm, or something completely else. That's why targeted duration maps could be useful. 

On the other hand, a general duration map covers the needs better since the threshold 

values for the habitat types from literature refer to the total duration of flooding. 

The reason why the maps show relatively high flood levels, even in the dry season, is due to 

the position of the points. Most of them are situated at a relatively high ground level and are 

only flooded for a short period. If the ground level of the selected points out of this period is 

used for the calculation of the flood level, large surrounding areas are still flooded. This is 

also (one of?) the reason why the area in the north-west shows too high flood levels in dry 

years. To overcome this problem, the position of the points has to be changed to a lower 

elevation and the calculation of the flood levels with the model has to be redone. Another 

option is to use the available gauge data to calculate sequence maps for two or three years 

to see if the habitat calculations based on the DTM principally work. Predicting the habitat 

change for different scenarios would then only be a possible future step. 
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4. VALUE FUNCTIONS FOR THE DELTA SCALE VULNERABILITY ASSESSMENT 

A value function is used to standardise units used to express different variables (indicators, 

criteria or attributes) involved in a decision making process. This standardization is achieved 

using a scale of preference, or the degree to which a certain desired outcome is satisfied, as 

described in paragraph 2.2.2.  

The next paragraphs describe the reasoning and arguments for the use of a certain value 

function.  

Table 4 summarises the indicators used in the MCA. The first column gives the name and 

number of the indicator, in the second column a description is given, the third column shows 

the analysis criteria and the fourth column the proposed form of the VF.  

 

Table 4 List of indicators used in the MCA 

 

Indicator name Indicator description VF form 

Flow 

regulation 

1.1 Maximal flooded area Total extent of inundation concave VF 

1.2 Useful flooded area Duration > 90 days, depth 2 – 5 m linear VF  

1.3 Minimum flow downstream of 

Markala 

Minimum 50 m³/s at gauge of Ké-

Macina 
step VF 

Food 

production 
2.1 Floating rice in the IND Duration < 3 months, depth < 2m concave VF 

Ecosystem 

Health/ 

Biodiversity 

3.2 Optimal area for bourgoutiere Duration 5 – 7 months, depth 3 – 5 m s-shaped VF 

3.3 Flood depth in flooded forest 

stands 
Flood > 2 m convex VF 

3.4 Potential area with open 
water 

Duration > 7 months, depth > 5m convex VF 

3.5 Habitat for birds 

Based on suitable area (over 

hydrological year) of bourgoutière, 
open water, flood forest and depth 

optima of species 

convex VF 

3.6 Habitat for fish 

Based on suitable area (over 
hydrological year) of bourgoutière 

(spawning) and water depth > 2 
meter (adult) 

convex VF 

Hydropower 4.1 Hydropower production  Annual electricity production [GWh/y] linear VF 

 

The final value functions (VF‘s) for most of the indicators are constructed using the 

procedure and mathematical model described in (Alarcon, et al. 2011), listed in Table 4 as 

concave, convex or s-shaped. These functions are given a certain value for the coefficients P, 
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C and K, as well as the X min and X max values, which can easily be filled into the formula 

described in paragraph 2.2.2. These values for P, C and K are determined using the 

characteristic values as specified in the above mentioned paper, and are chosen according to 

the decision maker‘s preference.  

The final VF's for indicators 1.2 and 4.1 are described with a linear curve, which can also be 

constructed using the latter procedure, but with P ≈ 1, C ≈ X min and K ≈ 0.  

Indicator 1.3 is described using a step function, with or without an intermediate linear part.  

 

4.1.1 Maximal flooded area 

As stated by (Zwarts, et al. 2005), a larger area is inundated during a high flood, while a 

high flood provides a longer period during which the water remains in the Inner Delta. There 

are arguments for the use of a simple linear VF, assuming that ‗more is better‘, with a 

minimum and a maximum threshold value. Below 8000 km² all calculated areas receive a 

satisfaction score of 0, while all values above 25 000 km² score 1. Plotting a linear curve 

between the points [8000; 0] and [25 000; 1] results in equation (8): 

 

                             (8) 

 

With: 

 S is the calculated satisfaction value  

 X is the abscissa used to calculate the corresponding y 

Alternatively the threshold concept could be taken into consideration: all area values lower 

than a certain number result in a satisfaction value of 0 to maintain a minimum inundated 

area of i.e. 10 000 km². From this value the VF consists of a linear function. This function 

suggests that moving away from the minimum is important, but the function consists of four 

different parts and is thus not easy to adapt. The linear function between 10 000 and        

25 000 km² is described by equation (9): 

 

                           (9)  
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However, we argue that moving away from the point of minimum inundation is more 

important than reaching the point of maximum inundation: minimum inundation is the worst 

situation from economic as well as ecological point of view. This could be expressed by a VF 

with X max = 25 000 km², X min = 8000 km², P=0.75, K=0.6 and C=13 000, resulting in 

B=1.92. The values for X max and X min are taken from (Zwarts 2010) and (Zwarts, van 

Beukering, et al. 2005). The formula is given by equation (10). 

 

                    
        

     
 
    

        (10) 

 

Figure 28 shows all three options for the VF for indicator ‗maximum inundated area‘. This 

figure clearly shows the difference between the three and the evolution from a simple linear 

relation to a concave curve. 

 

 

Figure 28 Plot of different options for the VF for indicator 'maximum inundated area' 

 

 

4.1.2 Useful flooded area 

Only part of the total inundated area is usable; a depth of 2-5m and inundation duration 

longer than 90 days is considered as useful area. This indicator accounts for only a fraction 

of indicator 1.1, the resulting area will thus always be smaller. The dashed curve in Figure 29 

illustrates the linear shape, with X max = 22 000 km², X min = 5000 km², P=1, K=0.01 and 

C=5000. Equation (11) describes the VF. 

 

0,00 

0,20 

0,40 

0,60 

0,80 

1,00 

1,20 

0 5.000 10.000 15.000 20.000 25.000 30.000 

Inundated area [km²] 

(8) 

(9) 

(10) 

VF with 

equation: 



54 

Howest – Department of Academic Bachelor and Master programs, Graaf Karel de Goedelaan 5, 8500 Kortrijk 

                      
        

    
 
 

        (11)  

 

 

Figure 29 Linear and VF for indicator 'useful flooded area' 

 

To be consistent with the VF for the first indicator, it is desirable to apply the same shape for 

this indicator. The solid curve in Figure 29 shows the form of the VF; equation (12) 

represents the mathematical description. The coefficients from equation (10) were used, 

with X max = 22 000 km², X min = 5000 km², P=0.75, K=0.6 and C=12 000. From X max, the 

resulting satisfaction value is always 1. 

 

                    
        

     
 
    

        (12) 

 

 

4.1.3 Minimum flow 

(Zwarts, et al. 2005) argue that at least a minimum flow of 50 m³/s at the gauge of Ké-

Macina is needed to make sure the water level in Akka wouldn‘t fall below -0.40 cm. This is 

important for economical as well as ecological reasons, such as fish survival. This value is 

used as a threshold value to construct a step function: below 50m³/s the satisfaction value is 

0, higher values score 1. The analysis values are calculated as the 5th percentile to exclude 

extreme minimum values. These values are calculated from the simulation data for the 

baseline scenario, and indicate the lowest 5 % of simulation results. 

This indicator could be scored using a linear VF. More flow results in a larger inundated area 

and is thus better, but this is already described in the first indicator. A step function is more 
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preferable; this indicator aims to check if the minimum flow is achieved or not, a very 

straight forward approach with only two resulting satisfaction scores.  

Figure 30 shows the shape of the VF for indicator 1.3. 

 

 

Figure 30 VF for indicator 'minimum flow' 

 

A second way of dealing with this indicator includes an intermediate linear part, combining 

the threshold concept with the elementary linear increase of satisfaction when approaching 

the maximum value (dashed curve in Figure 30). Analysis of the flow data from the baseline 

simulation for the period 1971 – 2001 shows that the minimum flow value in a wet year like 

1999 amounts to 91.4 m³/s. The 5th percentile even amounts for 101.5 m³/s. The linear part 

of the function is therefore chosen between 50 m³/s and 130 m³/s, respectively the 

minimum value for subsistence food production and ecology and the averaged and rounded 

5th percentiles of the three years with the highest minimum flow. This results in the following 

linear equation for flow values between 50 and 130 m³/s: 

 

                             (13) 

 

The values from the simulation were used, to ensure comparability with the other results 

used in the analysis. 

 

4.1.4 Floating rice in the IND 

The same argument as stated for indicator 1.1 applies for indicator 2.1, where it is of utmost 

importance to move away from the minimum suitable area since floating rice is important as 

food source for people and cattle in IND. To incorporate this idea, scores change very rapidly 

around the point of minimum satisfaction.  
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Figure 31 shows the VF for indicator 2.1, with X max = 4300 km², X min = 800 km², P=0.7, 

K=0.6 and C=1000. The values for X max and X min are taken from (Leten, et al. 2010). 

Floating rice is present in inundation zones with a depth smaller than 2 m and inundation 

duration smaller than 3 months; the analysis value is expressed in km² suitable area. The 

value function is described by equation (14). 

 

                    
       

    
 
   

        (14) 

 

 

Figure 31 VF for indicator 'floating rice in IND' 

 

 

4.1.5 Suitable area for bourgoutière 

Bourgoutières are present in long lasting inundation zones with 2 to 5 meter water depth 

and inundation duration of 5-7 months.  

Indicator 3.2 is described using an S-shaped curve. There is hardly any increase in 

satisfaction for small changes around the minimum. Satisfaction increases rapidly at central 

values. From 1000 km² a levelling of satisfaction is chosen; from here, all extra bourgou 

area is considered to be good. Figure 32 shows the VF for indicator 3.2, with X max = 1650 

km², X min = 0 km², P=2.5, K=0.4 and C=500. The values for X max and X min are taken from 

(Leten, et al. 2010). Bourgoutières are present in long lasting inundation zones with a depth 

of 2 to 5 m and inundation duration of 5-7 months; the analysis value is expressed in km² 

suitable area. The VF is described by equation (15). 
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Figure 32 VF for indicator 'suitable area for Bourgou' 

 

 

4.1.6 Flood depth in flooded forest stands 

The indicators ‗flooded forests‘, ‗open water‘ and ‗habitat for fish/birds‘ are described using a 

convex function. Here, it is assumed that it is more important to approach the point of 

maximum satisfaction. Arguments pro are e.g. that flooded forest stands are only used for 

nesting when the majority of the forest is inundated with depth > 2m. Figure 33 shows the 

VF for indicator 3.3, with X max = 22.57 km², X min = 0 km², P=3, K=0.01 and C=10. The 

value for X max was calculated using the coordinates obtained by (Beintema, et al. 2005) 

during the 2005 mission in the IND to assess the potential for flooded forest restoration and 

describes the total area of the existing stands of flooded forest in the IND. 

 

                     
     

  
 
 

         (16) 

 

 

Figure 33 VF for indicator 'flood depth in flooded forest stands' 

 

From X max, the resulting satisfaction value is always 1. 
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In contrast to the indicator ‗flooded forests‘, min and max values for X couldn‘t be 

determined for the indicators ‗open water‘ and ‗habitat for fish/birds‘.  

 

 

4.1.7 Hydropower indicator 

Leten et al (2010) mention a power production by Sélingué reservoir varying between 171 

and 207 GWh/year. Fomi is expected to produce twice this amount  (Zwarts, et al. 2005), 

adding another 400 GWh/year. Total installed power for the two reservoirs combined is 47.8 

MW for Sélingué, and 90 MW for the Fomi reservoir. Figure 34 shows the VF for the indicator 

‗hydropower‘, with X max = 600 GWh/y, X min = 0 GWh/y, P=1, K=0.0001 and C=1. Equation 

(17) describes the VF. From X max, the resulting satisfaction value is always 1. 

 

                        
     

 
 
 

        (17) 

 

 

Figure 34 VF for indicator 'hydropower' 

 

 

4.2 Results from the value functions 

In this paragraph indicative values for the different indicators making use of the VF‘s are 

calculated, based on literature and simulation results. Using the value functions, indicator 

scores can be calculated and compared for the actual state and for the alternative 

management solutions. 
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4.2.1 Maximal flooded area 

According to Leten et al (2010) the average maximal inundated area amounts to 12.355 

km². Using this value as an indication of the AS, or the baseline in the analysis matrix, a 

score can be calculated by applying equation (8), (9) or (10). The management option 

concerning Energy production is expected to reduce the maximum inundation with 300 to 

2000 km², due to management of the Fomi reservoir (Zwarts, van Beukering, et al. 2005). 

Leten et al (2010) report a reduction of 1400 km² of floodplain, due to the management of 

the Fomi reservoir. The calculations are summarized in Table 5, with X = 12 600 km² for the 

AS calculation, and 11 200km² for MO2. 

 

Table 5 Calculations for indicator 1.1 Maximal flooded area 

 

Value score, calculated with formula: 

 Inundated area [km²] (8) (9) (10) 

Actual State 12 355 0.27 0.37 0.45 

Maximise energy 

production 
10 955 0.19 0.30 0.34 

Maximise energy 

production, climate 

scenario 2 °C 

No data available 

 

One can clearly see that the third VF with equation (10) is better placed to emphasize the 

importance of moving away from the minimum, as expected. The satisfaction score itself 

decreases when the management solution is applied. The values used to calculate the scores 

for this management solution are based on literature data, as expressed in paragraph 4.1.1.  

 

4.2.2 Minimum flow 

Analysis of the flow data from the baseline simulation for the period 1971 – 2001 shows that 

the average minimum flow value amounts to 54.9 m³/s, while the average 5th percentile 

amounts for 63.0 m³/s. These results are obtained from the simulation data by calculating 

the average of the annual minimum flow values or 5th percentiles.  

The step function returns always a value of 1, since all values are greater than 50 m³/s. The 

results of this function are therefore not shown in Table 6. 
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Table 6 Calculations for indicator 1.3 Minimum flow, based on the 5th percentile 

 

Value score, calculated 

with formula: 

 Min flow, 5th percentile [m³/s] (13) 

Actual State 63 0.58 

No management, climate 

scenario 0 °C  
93 0.77 

No management, climate 

scenario 2 °C 
74 0.65 

Maximise energy 

production, climate 

scenario 0 °C 

178 1 

Maximise energy 

production, climate 

scenario 2 °C 

267 1 

 

From Table 6 it can be concluded that the minimal flow after implementation of management 

solution 2 will improve. The min flow value in the first line (Actual State) is calculated from 

the baseline simulation data. The second value is calculated from the simulation data 

representing the BAU scenario, where no management solution is implemented and climate 

change is set to 0 °C; hence no change at all. This represents the BAU scenario in the 

vulnerability analysis. The third value is calculated from the simulation data representing the 

BAU under climate variability, to determine the External Impact (EI). The fourth value of 178 

represents the management solution, not affected by climate change, hence the 0 °C climate 

scenario. Finally, the last value represents the management solution under climate 

variability. These values are used to determine the Adaptive Capacity (AC) of the 

management option.  

The decrease in minimum flow from 93 to 74 m³/s can be explained by changing 

precipitation patterns and increased intake by different users (such as irrigation schemes). 

The increase after application of the management option can be explained by the increased 

amount of water released from the power dams. There is still uncertainty about the reason 

why the minimum flow value for the 2 °C climate scenario is higher than the 0 °C scenario. 

The source data used to calculate these min flow values are given in attachment II. 
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4.2.3 Floating rice in the IND 

According to (Zwarts, van Beukering, et al. 2005) the optimal area for cultivation of floating 

rice in the floodplain will decrease with 210 km² due to management of the Fomi reservoir. 

Again, no new simulation data were available to support this statement, but this number 

gives a rough indication on how the resulting satisfaction value will change under influence 

of the Fomi reservoir. Values for climate dependence are not available 

Table 7 sums up the resulting satisfaction values, making use of equation (14). 

 

Table 7 Calculations for indicator 2.1 Floating rice in the IND 

 

Value score, calculated with formula: 

 Optimal area [km²] (14) 

Actual State 1600 0.53 

Maximise energy 

production 
1390 0.44 

 

 

4.2.4 Suitable area for bourgoutière 

According to (Zwarts, van Beukering, et al. 2005) the optimal area for bourgou in the 

floodplain will decrease with 620 km² due to management of the Fomi reservoir. This value 

is again literature based; no new simulation data were available to support this statement. 

Values for climate dependence are also not available 

 

Table 8 Calculations for indicator 3.2 Optimal area for bourgoutière  

 

Value score, calculated with formula: 

 Optimal area [km²] (15) 

Actual State 1100 0.94 

Maximise energy 

production 
480 0.30 
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5. CONCLUSION 

Concerning the methodology, one can ask if the applied technique is applicable and valuable. 

For the delta scale analysis, the different management options show a discrepancy between 

the local communities and the decision makers in contrast to the locally oriented analysis. 

Although the different management options affect the people of the local municipalities, they 

are implemented on a level beyond their knowledge and interest. Therefore stakeholder 

meetings similar to the ones organised for the local scale assessment were not performed, 

making the delta scale analysis a much more theoretical and scientific assessment; the link 

with local preferences is weak. 

Because of various practical issues, the effects of management option A1 concerning OdN 

were not included in the actual simulation. This means that there are no simulation results 

for management option A1. The indicator regarding rice production in ODN can therefore not 

be scored. The same applies to the management option concerning minimum flow in the 

IND. Keeping in mind that the goal of a MCA is to make a choice between different options 

when there is uncertainty as to which option to select, this really decapitates the MCA: only 

one management option remains, making intercomparison impossible.  

From the simulation data combined with values from earlier studies it is clear that the 

changing climate will have an impact on the delta. The scenario simulations from the SWIM 

model show a reasonable decline in total inundated area and losses in specific habitat areas, 

but the spatial representation is a problem. The satisfaction values calculated in chapter 4 

give a rough indication of the climate impact, reducing the average flow and the maximal 

inundated area significantly. Exploitation of the planned Fomi reservoir at the other hand will 

increase the minimum flow with 300 to 400 %. Suitable area for Bourgou and floating rice 

decreases as well, because of a reduction in inundated area and inundation duration as 

concluded already by (Zwarts, van Beukering, et al. 2005), (Leten, et al. 2010) and (Zwarts 

2010). The flood duration should be included to be able to separate different habitat types, 

e.g. bourgou- or rice fields and permanent areas with open water.  

To study the impact on ecosystem functions profoundly, information is needed on the flood 

duration. This issue has to be resolved to be able to complete the assessment. Future 

improvements of the DTM and the simulation model are needed to be able to perform a 

complete vulnerability assessment. Also, the remaining management options should be 

simulated, to make it possible to evaluate all the proposed management solutions. 
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ANNEX I: DATA FILES 

 

The simulation data are burned on a CD-ROM, which is enclosed. 

The coordinates of the points in the IND used to create the TIN are given in the folder Points 
IND. In this folder 12 ArcGIS files are listed, 4 for each set of points used to create the TIN. 
Also the coordinates of the points is given in a csv file with filename: 

- points_ind_utm30n.csv 

The test statistic calculations are given in the file with filename: 

- Test statistic.xlsx 

The following 5 files were used in the preliminary vulnerability assessment: 

- V discharge_baseline_1970-2001.xlsx 
- V BAU 0degree noMgt KeMacina100.xlsx 
- V BAU 2degree noMgt KeMacina100.xlsx 
- V IS 0degree SeliFomi KeMacina100.xlsx 
- V IS 2degree SeliFomi KeMacina100.xlsx 

These files were used to determine the BAU and Impact Scores for calculation of External 
Impact and Adaptive Capacity 

The unedited source files are also included; these files contain the raw simulation data from 
the SWIM hydrological model: 

- 2002-2050_0-0degree_discharge_noMgt.rar 
- 2002-2050_2-0degree_discharge_noMgt.rar 
- 2002-2050_0-0degree_discharge_Reservoir_Seli_Fomi.rar 
- 2002-2050_2-0degree_discharge_Reservoir_Seli_Fomi.rar 

A program to uncompress these archives can be downloaded from 
http://www.winrar.be/nl/download 
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