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The mean temperature is 26.4°C. Due to the lack of rainfall dur-
ing the dry season, river discharge occurs only periodically from 
June to December. 
	 For calculating hydrological processes and water demand 
projections of land-use change, demographic development 
and climate change are required. As shown in Fig. 5, this was 
calculated with different modelling approaches. In addition 
to the hydrological model UHP-HRU, the LUCC (Land Use 
and Cover Change) modelling was carried out with the model 
CLUE-S (Verburg et al., 2002) by the remote-sensing research 
group of the IMPETUS project. The climate scenarios were 
calculated with the REMO model. The water consumption 
of households was calculated using the demographic projec-
tions of Heldmann (2006) and census data of INSAE (Institut 
National de la Statistique et de l’Analyse Economique) in com-
bination with data of different water use studies of Hadjer et al. 
(2005) and Schopp (2004, 2006). The animal water need was 
calculated by Gruber and Kuhn (2006) based on agro-statisti-
cal data. Details concerning these approaches and models are 
discussed below.

Modelling concept

In order to assess the impact of environmental and socio-
economic changes on the future water resources in the Ouémé 
catchment, an interdisciplinary modelling approach was used. 
With this approach, the future natural water availability, as 
well as the water consumption, can be calculated. The over-
view in Fig. 5 shows the general outline of the problem cluster 
and how the conceptual hydrological model UHP-HRU was 
used to calculate the natural water availability. UHP-HRU 
is a semi-distributed model which works with hydrological 
response units (HRUs) as spatial discretisation (about 1 700 
HRUs for 14 300 km2). Each HRU is composed of three linear 
storages: the root zone storage, unsaturated zone storage, and 
saturated zone storage. These are linked via percolation and 
capillary rise. The potential evapotranspiration was optionally 
calculated using Penman (1956), Turc (1963), or Priestley and 
Taylor (1972). For computation of the surface runoff, the SCS 
curve number approach was used (SCS, 1972). A more detailed 
description of the model can be found in Giertz et al. (2006). 
The model was satisfactorily validated for different sub- 

catchments with different land-use conditions, and also for dry 
and wet periods (Giertz et al., 2006). Consequently, the model 
is also applicable for changing climate conditions (e.g., reduc-
tion of rainfall). UHP-HRU is able to consider changes in land 
use and is therefore applicable to study the impact of Global 
Change on water resources.

Land-use and cover change modelling

The LUCC modelling was performed by Thamm et al. (2005) 
with the cellular automata model CLUE-S (Verburg et al., 2002). 
The spatially explicit model was successfully tested in differ-
ent tropical environments (Verburg et al., 2004; Verburg et al., 
2004a). 
	 The setup of the CLUE-S model requires probability layers 
for each land-cover class, conversion information, and future 
demand scenarios. Influences of different driving forces on land 
use and land cover were calculated with logistic regressions in 
which the distance to roads, the distance to important settle-
ments, the population density, the soil suitability for agriculture, 
and the protected forest areas are used as independent variables 
(Thamm et al., 2005).
	 For the Upper Ouémé catchment, the model was validated 
with land use/land cover classification of LANDSAT ETM+ 
scenes from 13.12.1991 and 26.10.2000 (Judex, 2003). The 
model output for the year 2000 was compared with the LAND-
SAT classification data. To assess the goodness of fit, the ROC 
method (Pontius and Schneider, 2000) was used. This measure 
is similar to the R² for ordinary linear regressions. For the simu-
lated land cover change from 1991 to 2000, these values were 
between 0.69 and 0.99 for the different cover classes (Thamm et 
al., 2005). Consequently, the model was able to explain the land 
cover change in the region with the chosen driving forces.
	 With CLUE-S, five different land use scenarios were calcu-
lated. Scenarios L1 to L3 were based on the IMPETUS-scenar-
ios B1 to B3 as described before, while scenario L4 considered 
a higher population growth in the Upper Ouémé catchment, and 
L5 was an intervention scenario which assumes the construction 
of a new road in the catchment. 
	 The scenarios were calculated in an annual time step. The 
output files are raster maps which can be used directly as input 
for the UHP-HRU model.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5
Interdisciplinary model-
ling approach to assess 
future water availability. 
Dashed lines indicate 
planned components.
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Climate modelling

As presented in Giertz et al. (2006) and described before, the cli-
mate scenarios were calculated with REMO, a hydrostatic regional 
climate model developed at the Max Planck Institute for Mete-
orology which is nested into ECHAM5 (Paeth et al., 2005). The 
REMO model is able to simulate time series of more than 50 years 
and is therefore applicable for this objective. As the resolution of 
the model is relatively coarse (0.5°*0.5°), a statistical downscaling 
approach was used to create artificial station data for each rainfall 
and climate station in Benin. As the hydrological model uses sta-
tion data as input, this approach allows for a better incorporation 
of the data. The downscaling algorithm for the precipitation data 
is based on a probability matching approach which was combined 
with an orographical and stochastic term. The mean temperature 
was adapted orographically to a 2 m temperature, which is required 
in UHP-HRU. The relative humidity was also adapted according 
to the 2 m temperature. The 10 m wind of the REMO-grid was 
downscaled as well, implementing local effects of the orographic 
roughness. Only the global radiation was directly taken from the 
REMO grid cell. In order to take into account the variability of the 
REMO results, three model runs were simulated for each scenario 
with the hydrological model based on the available REMO ensem-
ble runs. For each scenario, the mean of the three runs was taken 
as the result of the scenario.

Water consumption

Compared to the first water consumption assessment of Giertz 
et al. (2006), the data availability concerning water use in Benin 
was ameliorated due to further investigations by Schopp (2006) 
concerning household water consumption in urban areas, com-
mercial water use, and irrigation.

Household water consumption

As mentioned before, census data from INSAE (2004) and the 
demographic projections from Heldmann (2006) were used as 
a basis for the assessment of domestic water use. The projec-
tions were calculated from 2002 (most recent census) to 2025 for 
the three development scenarios with the model SPECTRUM 
DEM-Proj (http://www.policyproject.com), which is based on 
area specific fertility and mortality rates. As a result, the model 
determined only small differences in the population for the dif-
ferent scenarios, which is due to the rather short time period 
considered here (only one generation) and the fact that more than 
50% of the population is below 15 years of age and therefore is 
reaching the reproductive phase in the next years.
	 Based on the studies of Hadjer et al. (2005) and Schopp 
(2004, 2006), the water use per person per day was determined. 

The investigations of Schopp (2006) in urban areas revealed that 
households using tap water have a significantly higher water use 
than households using wells or other water sources. Therefore, 
the main water source of the households was taken into account 
to calculate the water consumption. As the national census of 
Benin includes data about the main water source used in the 
interviewed households, these data were used to classify the 
population of each census village according to their main water 
source. The population was classified into 3 groups: 
1. 	 People using mainly tap water
2. 	 People using mainly groundwater from wells, pumps, or 

water towers
3. 	 People using mainly surface water.

Based on the results of Schopp (2004), 19 ℓ/cap·d was assumed 
for Group 2 and 14 ℓ/cap·d for Group 3. The water consump-
tion of tap water users varies from city to city depending on the 
standard of living in each city. According to a classification sys-
tem of the local water provider SONEB (‘Societé Nationale des 
Eaux du Bénin’), all 69 cities with tap water connections were 
classified into four groups, according to the number of water 
connections and the total water use of the city. Based on Schopp 
(2006), for each group a daily water consumption rate was deter-
mined for each class and used as the standard value for each city 
of the same class. Table 1 shows the classification scheme and 
the related water use for each class.
	 For the scenario calculation, the ratio of used water sources 
per census village was modified based on the parameters of the 
defined IMPETUS scenarios. The used water sources, as well as 
the daily water consumption per person, were modified in the 
different scenarios. 
	 For the business as usual scenario (B3), the planned exten-
sion of the water supply network in each town by the SONEB 
was used for the determination of future tap water users. For the 
estimation of the water users of wells and pumps, the strategies 
of the development projects responsible for the rural water con-
sumption were used. They plan to construct a sufficient number 
of wells each year to reach the Millennium Development Goals. 

Agricultural water use

As the UHP-HRU model calculated the evapotranspiration, the 
water use of rain-fed agriculture was already implemented in 
the simulation results of UHP-HRU. Presently, irrigation is not 
widespread in Benin. In the Upper Ouémé catchment, no large 
irrigation areas exist. Water demand for livestock was calculated 
based on data from agricultural statistics of Benin in combina-
tion with water consumption data (Gruber and Kuhn, 2006). For 
the scenario calculation, the growth rate was taken from demo-
graphic projections. 

TABLE 1
Classification of cities with tap water

Class Classification criteria Water use per 
capita and day [ℓ]

Cities

1 > 5 000 water connections or
> 1 Mio. m³ total annual water use

80 Cotonou, Porto-Novo, Abomey, Bohicon, Parakou

2 1 000-5 000 water connections or
250 000- 1 Mio. m³ total annual water use

74 Abomey-Calavi, Quidah, Pobe, Comé, Gran Popo, 
Lokossa, Natintingou

3 300-1 000 water connections or
50 000–250 000 m³ total annual water use

68 Allada, Kétou, Sakété, Azové, Dogbo, Klouékanmé, 
Dassa, Savalou, Kandi Malanville, Cové, Djougou, 

4 < 300 water connections or <50 000 m³ total 
annual water use

57 All other cities connected to SONEB-systems

http://www.policyproject.com
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Commercial water use

As mentioned in Giertz et al. (2006), no industry is located in 
the Upper Ouémé catchment. Therefore, commercial water use 
is very low and was neglected in the scenario calculations. For 
the water use assessment of the entire Ouémé catchment, it will 
be of higher interest. 

Business as usual scenario: Water availability 
and water use in the Upper Ouémé catchment in 
the year 2025 

The integrated modelling approach presented above was used 
to calculate the socio-economic scenarios in combination with 
the climate scenarios. In this first scenario analysis, the develop-
ment Scenario B3 ‘business as usual’ was combined with IPCC 
climate Scenarios A1B and B1. For development Scenario B3, 
the LUCC modelling showed an increase of agricultural area of 
about 80% and a related decrease of dense and sparse savan-
nah from 2000 to 2025. The spatial distribution reveals that the 
expansion of agricultural area occurs mainly along roads and 
tracks, where the accessibility is easy. This can be explained by 
the modelling approach in which the access to infrastructure 
determines the conversion from natural to agricultural land. 
	 Both climate scenarios showed an increase of tempera-
ture and a decrease of precipitation. For scenario A1B, rainfall 
decreased by about 14% and for B1 by 11% for the whole Upper 
Ouémé catchment, compared to the period 1993-2003. Potential 
evapotranspiration increases significantly up to 20% due to an 
increase in air temperature. Due to lower potential evapotrans-
poration during the rainy season than in the dry season, actual 
evapotranspiration also increases but is not as significant as the 
potential. As a result, water availability decreases as rainfall 
decreases. As the interannual variability of the rainfall is very 
high in the region, only the mean water availability and water 
demand of decades are analysed here. 

	 Figures 6 and 7 show the comparison of the mean renew-
able water resources (river discharge + groundwater recharge)  
of the period 1993-2003 and Scenarios A1B and B1 for the 
period 2015-2025. The A1B scenario shows a strong reduction of  
available water due to the reduction of rainfall and increased 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Renewable water resources Scenarios A1B and B1; mean values for the decade 2015-2025, 
in mm/a 

Figure 7
Renewable water resources Scenarios A1B and B1; mean values for the decade 2015-2025, in mm/a

Figure 6
Renewable water resources for the years 1993-2003 in mm/a
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temperature. For Scenario B1, the reduction of available water 
is less significant than for scenario A1B. While for the whole 
HVO the mean water availability is about 262 mm/a for the dec-
ade 1993-2003, only 129 mm/a was simulated for Scenario A1B 
and 141 mm/a for Scenario B1 (2015-2025). Projected mean dis-
charge is much lower than expected from a 11 to 14% decrease 
in precipitation. This can be explained by the fact that the mean 
runoff coefficient in this area is presently about 0.24, and a 10% 
reduction of rainfall with comparable ETact values results in a 
runoff coefficient of about 0.13. For water availability, differ-
ences in land use changes are as least as significant as climate 
change. In the LUCC modelling approach, it was asssumed that 
protected areas such as protected forests are still unaffected from 
land use change. Furthermore, the areas surrounding larger cit-
ies like Parakou and Djougou are already used as agricultural 
land and therefore no further conversion can be expected. All 
these processes lead to a significant increase in spatial dispari-
ties which tighten water scarcity.
	 In Fig.  8, the comparison of the total renewable water 
resources per decade is shown for both climate scenarios. As 
the climate scenarios were calculated through 2049, the decades 
2025-2035 and 2035-2045 were also simulated. Due to a lack of 
land use modelling results for this period, the land use remained 
constant from 2025-2049. As described before, the climate 
model was run three times for each scenario, resulting in six cli-
mate scenarios (ensemble mode). To consider the variability in 
climate data, the hydrological model was applied to each of the 
climate scenario. Therefore, it was possible to consider and to 
evaluate the uncertainty in the climate modelling. As shown in 
Fig. 8, the variability from decade to decade is high. Except for 
the period 2025-2035, the variability in the B1 Scenario is larger 
than that in the A1B Scenario. Overall, interannual variability 
is large in West Africa, which is reflected in the climate simu-
lation and the hydrological model results. Therefore, long-term 
simulation as analysed here is a prerequisite for an appropriate 
evaluation of the development of water resources. 
 	 In Fig.  9, the total water consumption for Scenario B3 is 
shown. Although it was assumed that an increase in per capita 
water demand per day is low, the increase in total water demand 
is high due to high population growth. Benin experiences a pop-
ulation growth of about 3.2%, which results in a doubling of the 
population about every 22 years, although locally the population 
growth can be much higher due to migration. The values are 
higher for domestic water use compared with the first assess-

ment of Giertz et al. (2006) because supplementary data of urban 
water use were implemented. 
	 The calculations of Gruber and Kuhn (2006) revealed that 
the water needed for livestock is four times higher in 2025 com-
pared with 2002, which is caused not only by an increase in the 
number of livestock but also by an increase in water consump-
tion by the animals, due to higher air temperatures. 

Conclusion

In the presented modelling, the future water availability and 
water consumption of the Upper Ouémé catchment was assessed 
in an interdisciplinary scenario analysis. With the combina-
tion of LUCC, climate, demographic, and hydrologic model-
ling with water consumption investigations, all impacts on the 
future water availability could be assessed. The results revealed 
a significant decrease in water availability (surface water and 
groundwater) due to the decrease in rainfall and a significant 
increase in evapotranspiration. 
	 Although the total water consumption increases strongly, it 
represents only 0.57% of the yearly renewable water resources 
of the catchment in 2025 for Scenario A1B, and 0.51% for Sce-
nario B1. Comparing these data, it may be concluded that water 
scarcity will not be a problem in Benin. Water availability shows 
a high temporal variation due to the rainy and dry seasons. Even 
if physical water scarcity is not a limiting factor in some parts of 
the catchment, access to water is limited due to economic fac-
tors. Groundwater is often not accessible because many villages 
lack wells. Instead of groundwater, river water is used, but as 
this water is contaminated with dangerous bacteria, it cannot be 
considered as drinking water of appropriate quality. In the dry 
season, the surface water is not available, and shallow aquifers 
dry out. Only people having access to deep wells, pumps, or tap 
water are able to secure water for the entire year. 
	 HELP - Hydrology for the Environment, Life and Policy - 
is a joint initiative of the United Nations Educational Scientific 
Organisation (UNESCO) and the World Meteorological Organi-
sation (WMO). It is a new approach to integrated catchment man-
agement through the creation of a framework for water resource 
managers and water scientists to work together on water-related 
problems. In this context, the research project IMPETUS was 
launched, which provides knowledge, data, models, and SDSS 
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Figure 9

Total water consumption in the Upper Ouémé catchment 
for Scenario B3

Figure 8
Renewable water resources in the Upper Ouémé catchment. 

Shown are the means of the three ensemble runs with the mini-
mum and maximum of the three runs.
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for local decision makers. IMPETUS is an example of interdis-
ciplinary research which involves local stakeholders and local 
knowledge to enable the persons concerned with water problems 
to assess the effects of their decisions. 
	 The presented modelling approach for water availability and 
water consumption in the Upper Ouémé catchment is one exam-
ple of the research carried out. Based on plausible scenarios, 
the effects of land use and land cover change, climate change, 
and demographic development on water availability and water 
demand were quantified. 
	 From the scenario calculations, it is clear that until 2025 
water scarcity is not a problem on the regional scale in Benin. 
The main problems are the annual distribution of water (dry sea-
son vs. rainy season), the local water resources (wells), the water 
infrastructure, and the water quality. Although the regional 
hydrological investigations cannot directly help here, they are 
the fundamental basis for water resource management within an 
integrated river basin management structure which is required 
to cope with further issues.
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