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Summary 

This report is written as part of the ‘ADAPTS’ project which aims to increase adaptive 

capacities of developing countries by inclusion of climate change and adaptation 

considerations in water policies, local planning and investment decisions. The report 

has three aims: first to give an overview of expected changes in climate under different 

SRES scenarios for the Global Circulation Models HADCM3 and ECHAM5 for the Dawa 

river basin in Ethiopia; second to predict what effect those changes in climate have on 

river discharge in the basin; and third to explore the effects of introduction of sand 

dams as an adaptation measure. The hydrologic model STREAM is used to simulate 

changes in river discharge due to the introduction of sand dams and due to climate 

change comparable to the study of Aerts et al. (2007) for a river in Kenya. Different 

SRES scenarios are used for both climate models. Ward and Lasage (2009) downscaled 

the climate data of the ECHAM5 and HADCM3 models to allow for small scale regional 

modeling as is done in this report. Observed data of weather stations and baseline 

data of the climate scenarios were compared in order see how well the GCMs were able 

to predict local climate. There was no structural deviation between both datasets. 

Some of the small differences between the observed and modelled temperature or 

precipitation might be caused by the fact that the downscaled GCMs still have a rather 

coarse resolution of 18.4 * 18.4 km while, measured climate data from weather 

stations is just available for one point within such a cell.  

In this report changes in climate are discussed until 2050 using data for the weather 

station ‘Yabello’, in the study area. This region has two rainy seasons from February to 

May and from September to November. The ECHAM5 model predicts an increase in 

precipitation for February and July until October and a decrease for April, May and 

June. Strongest decreases are taking place under the A1B and A2 scenarios while 

strongest increases are found under the B1 scenario. This means that more rain will 

fall in the second rainy season and less in the first. All scenarios predict a rise in 

temperature with strongest rises in the A1B and A2 scenarios (around two degrees 

until 2050). Especially the months of June and July will become warmer due to climate 

change. The HADCM3 model predicts an increase in precipitation from February until 

April and a decrease in May, June, September and October. This means that the first 

rainy season will become wetter while less rain will fall in the second rainy season. 

Temperature rises between one and two degrees (depending on the scenario) until 

2020 and rises an additional degree until 2050. April is least affected by rising 

temperatures while January and June face the largest increase. 

During the calibration of the model it turned out that when the model was calibrated 

for a downstream gauging station (Melka Guba), it simulated river discharges at similar 

positions in the catchment (also downstream) well. However, discharge at upstream 

gauging stations was not simulated well. When the model was calibrated for an 

upstream station, it simulated discharge well for other upstream stations, but not for 

downstream stations. We conclude that for this catchment, STREAM is able to simulate 

discharge at a certain gauging station relatively well, but that it is not able to predict 

discharge at all gauging stations in the basin well at the same time. If the model is 

calibrated for one point it can only be used to predict discharge at a similar position in 

the catchment.  

The modelled discharge using climate data from the SRES scenarios A1B and A2 in the 

ECHAM5 model, the Dawa river has a strong decrease in river discharge, especially 

between 2020 and 2050 during the first rainy season (May). The B1 scenario shows a 
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rise in river discharge during the second rainy season until 2020 and after that a slow 

decrease during nearly the whole year. The HADCM3 A1B and A2 scenarios show a 

decrease in river discharge during nearly the whole year. Largest decreases are in the 

period September to November and smallest decreases are  in March and April. The B1 

scenario shows an increase in discharge during the first rainy season until 2020 and 

decrease during the whole year in 2050. It can be concluded that slowly increasing 

precipitation amounts in combination with quick rising in temperatures causes 

declining river discharges. Both climate models however give different results for 

which period of the year will face the most severe changes. ECHAM5 shows largest 

decreases in discharge during the first rainy season while HADCM3 shows those during 

the second rainy season.  

In the context of the ADAPTS project we test whether sand dams can help improving 

water availability in the dry season and how sustainable their introduction is under 

current and future circumstances. Therefore the impacts of introduction of sand dams 

under different SRES scenarios and both the HADCM3 and ECHAM5 model were 

explored using STREAM. Both the introduction of sand dams and climate change affect 

the average yearly river discharge. Lower river discharges under future climate 

scenarios will cause sand dams to consume a relative larger part of the river discharge 

and the average yearly number of months with no or low river discharge will increase 

due to the introduction of sand dams and climate change. Still if assumed that an 

average storage by sand dams of 3% of yearly river discharge is acceptable around 

1000 sand dams could be introduced in the Melka Guba catchment or 600 dams in the 

Mormora catchment, using less than 3% of the average yearly river discharge until 

2050. The most important conclusions of this short study are that there are indeed 

possibilities of introducing sand dams in the region but that the relative amount of 

river discharge they consume will rise under most climate models and scenarios. Sand 

dams are a promising adaptation measure and development strategy for the region. 

However, before actual construction of sand dams, more detailed research needs to be 

carried out. 
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1 Introduction 

 

Figure 1  Location of Dawa river basin. 

This report is written as part of the Ethiopian case study of the ADAPTS project. It 

covers deliverables 2.2.1, 2.2.3, 2.2.4, 2.2.5 and 2.2.7 of the project plan. The aim of 

the ADAPTS project is to increase adaptive capacities of developing countries by the 

inclusion of climate change and adaptation considerations in water policies, local 

planning and investment decisions. In this case the study area is the (Upper) Dawa 

river basin in Ethiopia (figure 1). This report has three aims, first to give an overview of 

expected changes in climate under different SRES scenarios according to the 

downscaled HADCM3 and ECHAM5 models for the Dawa river basin. The second aim of 

the report is to use the climate data from the GCMs as input for the model STREAM, in 

order to evaluate the impact of the predicted future changes on river discharge in the 

Dawa river basin. The third aim is to carry out a catchment scale evaluation of the 

effects of introducing sand dams as a measure to increase water availability. The 

impacts under current and future climatic circumstances, derived from the two GCMs, 

are explored by using STREAM. The report starts with validation of the downscaled 

climate data from the two climate models HADCM3 and ECHAM5 for the weather 

station ‘Yabello’ (chapter 2). This is followed by s a short discussion on predicted 

climate change for the region, the setup of the hydrological model STREAM, and the 

results of different climate scenarios on river discharges at Melka Guba gauging 

station (chapter 3). In chapter 4 the effects of introducing sand dams are explored, 

using different climate scenarios as input. The last chapter contains the discussion, 

conclusions and recommendations. 
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2 Climate Models 

The statistically downscaled temperature and precipitation data based on results of the 

HADCM3 and ECHAM5 models using the baseline scenario (20C3M) are validated with 

field data from weather stations in the region (Annex A, figure 53). Then, more details 

about the results of different SRES scenarios are given for the weather station Yabello. 

In this case the A1B, A2 and B1 scenario are presented. The climate changes more 

under scenarios that lead to higher CO2 levels. Box 1 gives a summary of the 

scenarios, more information about the SRES scenarios can be found in the IPCC special 

report on emission scenarios (IPCC, 2000).  

Box 1.  Greenhouse gas scenarios (adopted from IPCC). 

 

The SRES scenarios (Special Report on Emissions Scenarios) were constructed to 

explore future developments in the global environment with special reference to the 

production of greenhouse gases and aerosol predecessor emissions. These 

concentrations are the mayor factors determining the degree of climate change. Four 

narrative storylines were defined, describing the relationships between the forces 

driving greenhouse gas and aerosol emissions and their evolution during the 21st 

century for large world regions and globally. Each storyline represents different 

demographic, social, economic, technological, and environmental developments that 

diverge in increasingly irreversible ways. 

The four storylines combine two sets of divergent tendencies: one set varying between 

strong economic values and strong environmental values, the other set between 

increasing globalization and increasing regionalization. The storylines are summarized 

as follows (Nakicenovic et al., 2000): 

• A1 storyline and scenario family: a future world of very rapid economic growth, 

global population that peaks in mid-century and declines thereafter, and rapid 

introduction of new and more efficient technologies. The A1b scenario 

assumes a rise of CO2 levels to ca. 703 p.p.m. by 2100. 

• A2 storyline and scenario family: a very heterogeneous world with continuously 

increasing global population and regionally oriented economic growth that is 

more fragmented and slower than in other storylines. A relatively little 

technological innovation is achieved resulting in a GHG concentration of 836 

p.p.m. by 2100. 

• B1 storyline and scenario family: a convergent world with the same global 

population as in the A1 storyline but with rapid changes in economic structures 

toward a service and information economy, with reductions in material 

intensity, and the introduction of clean and resource-efficient technologies. The 

B1 scenario assumes an increase of CO2 to ca. 540 ppm by 2100 and is 

therefore the scenario with smallest rise in GHGs 

• B2 storyline and scenario family: a world in which the emphasis is on local 

solutions to economic, social, and environmental sustainability, with 

continuously increasing population (lower than A2) and intermediate economic 
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2.1 Validation of downscaled climate models 

The models ECHAM5 and HADCM3 were selected for this study, because of their high 

“skill”score for temperature and precipitation according to Cai et al. (2009). The 

climate data of both models were downscaled by Ward and Lasage (2009) in order to 

allow a more detailed regional analysis. The climate data (precipitation and 

temperature) generated for the 20C3M scenario is compared to measured data of 

weather stations in the region in order to validate the models. Data of weather stations 

was made available by local partners. In the 20C3M scenario greenhouse gas emission 

is increasing as observed through the 20
th
 century. The Climate data is thus modelled 

data for the 20
th
 century. It cannot directly be compared with measured field data. A 

relatively wet year in the model does not have to be a wet year in reality, the frequency 

of certain climatologically events should however be the same. Therefore averages and 

frequencies were compared. As weather station data was not available for the whole 

period between 1952 to 2008 (Annex B, table A1 and A2), we used periods that are 

best covered for this comparison.  

Figures 2 to 4 show the results of such a comparison for the weather station ‘Filtu’ for 

the period 1972-1999. This station is chosen as an example, as it had the longest 

weather records in the region. It does not give the best fit between measured field data 

and the results from the climate models. For this station the models overestimate 

precipitation in the wet months. Also the frequency of the number of months with a 

precipitation of less than 1 mm was lower in the modelled data than in the field data 

(figure 3).  The HADCM3 and ECHAM5 models give more or less similar results. For 

other stations in the region (see table 2), the results of the climate models and field 

data were more similar. Therefore it was decided not to adjust the simulated data with 

a factor to cover the under- and overestimations in comparison to the measured data. 

The simulated data of both models directly as input for STREAM. Table 1 and table 2 

give an overview of yearly average modelled and measured temperature and 

precipitation. It becomes clear that both models overestimate the amount of 

precipitation for some stations. For other stations however yearly average predictions 

are close to the measured values. Temperature shows a comparable outcome. 

Differences between field data and modelled data might be caused by the fact that 

outputs of downscaled HADCM3 and ECHAM5 models have a resolution of 10 arc 

minutes (roughly 18 km by 18 km). This means that average precipitation or 

temperature data of a whole cell is compared with measurements of one point in this 

cell. The area around Filtu is quite hilly, which leads to a higher average altitude in the 

18 by 18 Km cell, compared to the altitude of the weather station. This might cause 

the differences. 
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Figure 2:  Measured average precipitation of the climate station ‘Filtu’ compared to 

the results of climate models HADCM3 and ECHAM5 for the 20C3M 

scenario for the period 1972-1999. 

 

Figure 3  Frequency of precipitation for the meteorological station ‘Filtu’ compared 

to results of the climate models HADCM3 and ECHAM5 for the 20C3M 

scenario for the period 1972-1999. 
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Figure 4  Measured average temperature for the meteorological station ‘Filtu’ (1972-

1999), compared to simulated average temperature by the HADCM3 and 

ECHAM5 models using the 20C3M scenario.  

Table 1  Modelled and measured yearly average precipitation based on  years with 

12 months of data availability (see Annex B). 

Station 
Mean Precipitation 

Observed [mm/yr] 

Mean precipitation 

ECHAM5 [mm/yr] 

Mean Precipitation 

HADCM3 [mm/yr] 

Dila  1309 1225 1312 

Filtu 474 706 742 

Hagere Mariam 998 930 992 

Mega 694 875 867 

Negele 752 823 850 

Yabello 601 907 919 

Table 2  Modelled and measured yearly average temperature based on years with 

12 months of data availability (see Annex B). 

Station 

Mean yearly 

temperature 

Observed [˚C] 

Mean yearly 

temperature 

ECHAM5 [˚C] 

Mean yearly 

temperature 

HADCM3 [˚C] 

Dila  19.6 20.6 20.5 

Filtu 22.2 22.3 22.4 

Hagere Mariam 18.1 18.9 18.8 

Mega 18.8 18.9 18.9 

Negele 20.1 20.8 20.8 

Yabello 20.0 18.7 18.7 

2.2 Predicted climate change  

The downscaled climate data (Ward and Lasage, 2009) was used to study the changes 

in climate under different scenarios for Yabello. Figures 5 to 16 show the results of 
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this analysis. All figures are based on 30-year averages. The ‘baseline’ is the average 

over the years 1961 to 1990, ‘2020’ is the average over the period 2006 to 2035, and 

‘2050’ is an average of the period 2036 to 2065.  

Compared to the baseline period, the average temperature will rise by 1.1 to 1.7 °C 

until 2020 under the different scenarios for the Hadley model. For 2050 temperature 

will rise by 1.8 to 2.5 °C until 2050. For the ECHAM model the different scenarios give 

a rise in temperature from 0.6 to 0.9°C for 2020, and from 1.5 to 2.1 °C for 2050. For 

the Hadley model yearly average precipitation reduces between 2 and 93 mm under 

the different scenarios in 2020, and for 2050 increases by 32 mm for the A2 scenario, 

and reduces by 13 mm and 16 mm for the scenarios B1 and A1b respectively. 

Outcomes of different scenarios and the ECHAM model compared to the baseline 

period the show a rise in average yearly precipitation between 54 and 119mm for 

2020. For 2050 average precipitation shows an increase from 70 to 173mm. 

ECHAM5 shows a strong increase in precipitation for February and also for the period 

July until October. For April, May and June it shows a small decrease. Strongest 

decreases in precipitation are taking place under the A1B and A2 scenarios while 

strongest increases in precipitation are found under the B1 scenario. This means that 

more rain will fall in the second rainy season and less in the first. Total yearly 

precipitation is rises a little towards the end of the 21
st
 century. All scenarios show a 

rise in temperature, the strongest rises are under the A1B and A2 scenarios. Especially 

the months June and July will become warmer under these scenarios. The HADCM3 

model shows an increase in precipitation from February until April and a decrease in 

May, June, September and October. This means that the first rainy season will become 

wetter while less rain will fall in the second rainy season. Temperature rises between 

one and two degrees (depending on the scenario) until 2020 and rises an additional 

degree until 2050. April is least affected by rising temperatures while January and June 

face the largest increases. Results of this model also show yearly average precipitation 

to increase slightly towards the end of the century.  If both climate models are 

compared (ECHAM5 and HADCM3) it becomes clear that the ECHAM5 model shows a 

decrease in precipitation decrease for the first rainy season and an increase for the 

second rainy period while results of HADCM3 show the opposite. Both models show a 

change in timing of precipitation, and the yearly total will increase slightly. Both 

models also show rising temperatures, however, they give different result on which 

months will face largest changes and which months the smallest. 
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Figures 5 a and b Mean monthly precipitation (2020) and change mean monthly 

precipitation compared to the baseline (2020 – baseline). 

 

Figures 6 a and b  Mean monthly precipitation (2050) and change in mean monthly 

precipitation compared to the baseline (2050 – baseline). 

 

Figure 7  Simulated precipitation under different climate scenarios (based on yearly 

averages. 
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ECHAM5 – Change in Temperature at Yabello weather station 

  
 

Figures 8 a and b  Mean monthly temperature (2020) and temperature anomaly 

(2020 – baseline). 

  
 

Figures 9 a and b  Mean monthly temperature (2050) and temperature anomaly 

(2050 – baseline). 

 

Figure 10  Simulated temperature (based on yearly averages).  
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HADCM3 – Change in precipitation at Yabello weather station 

  

Figures 11 a and b  Mean monthly precipitation (2020) and change in mean monthly 

precipitation compared to the baseline (2020 – baseline).  

  

Figures 12 a and b  Mean monthly precipitation (2050) and change in mean monthly 

precipitation compared to the baseline (2050 – baseline). 

 

Figure 13  Simulated precipitation (based on yearly averages). 
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HADCM3 – Change in temperature at Yabello weather station 

  

Figures 14 a and b  Mean monthly temperature (2020) and temperature anomaly 

(2020 – baseline). 

  
 

Figures 15 a and b  Mean monthly temperature (2050) and temperature anomaly 

(2050 – baseline). 

 

Figure 16  Simulated temperature (based on yearly averages). 
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3 Hydrological modelling  

The hydrological model ‘STREAM’ was set up and used simulate to river discharge in 

the Dawa river basin under different climate scenarios, to enable an assessment of the 

potential impacts of climate change on the region. Spatial Tools for River basins and 

Environment and Analysis of Management options (STREAM) is a GIS based rainfall 

runoff model which enables the analysis of impacts of climate and land use changes 

on river basins (Aerts et al., 1999). While this report focuses on the effects of climate 

change on river discharge, van Putten (2010) studied effects of changing vegetation on 

modelled discharge in the Dawa river basin. Detailed information on the model 

‘STREAM’ can be found at the ADAPTS website (www.adaptation.nl), in the STREAM 

manual, and in different reports on STREAM (e.g. Aerts et al., 2005, Aerts et al., 1999). 

STREAM has been used several times before to simulate changes in river discharge in 

similar regions under different climate scenarios (Aerts et al., 2007, Ward and Lasage, 

2009). This report gives an overview of the input data that was used, a sensitivity 

analysis, and the model calibration and validation. After the details about the setup of 

the model, results of the model runs will be presented.  

3.1 Data 

 

Input data of the STREAM model consist of: a land use map, a water holding capacity 

map, monthly temperature and precipitation maps, a DEM (Digital Elevation Model) and 

a MMTOQ map (Millimeter per Month TO cubic meters per second (Q)). The resolution 

of the model was 6 arc seconds (each cell is 6 arc sec * 6 arc sec or approximately 185 

m * 185 m). An overview of the data sources is shown in table 3. The land use map 

was converted into the ‘CROPF’ map using the values of table 4. Those values were 

derived from the report of Ward and Lasage (2009). 

Table 3  Overview of sources of different input maps. * This data was downscaled 

by Ward and Lasage (2009). 

Map Source 

Water holding 

capacity 
ADAPTS website (www.adaptation.nl) 

MMTOQ ADAPTS website (www.adaptation.nl) 

Land use map http://ionia1.esrin.esa.int/index.asp  

Climate maps* http://www.mad.zmaw.de/IPCC_DDC/html/SRES_AR4/index.html 

DEM http://srtm.csi.cgiar.org/ 
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Table 4  Conversion of the land use map to the CROPF map used by STREAM.  
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19819 0.39 1.00 14 Rain fed croplands 

344601 6.84 1.00 20 
Mosaic cropland (50-70%) / vegetation 

(grassland/shrubland/forest) (20-50%) 

705050 13.99 0.95 30 
Mosaic vegetation (grassland/shrub land/forest) (50-

70%) / cropland (20-50%)  

68291 1.35 1.10 40 
Closed to open (>15%) broadleaved evergreen or semi-

deciduous forest (>5m) 

196235 3.89 1.10 60 
Open (15-40%) broadleaved deciduous forest/woodland 

(>5m) 

2357257 46.77 0.90 110 
Mosaic forest or shrub land (50-70%) / grassland (20-

50%) 

14504 0.29 0.80 120 
Mosaic grassland (50-70%) / forest or shrubland (20-

50%)  

803903 15.95 0.80 130 
Closed to open (>15%) (broadleaved or needle leaved, 

evergreen or deciduous) shrubland (<5m) 

50954 1.01 0.60 140 
Closed to open (>15%) herbaceous vegetation 

(grassland, savannas or lichens/mosses) 

1732 0.03 0.80 143 Unknown 

347098 6.89 0.50 150 Sparse (<15%) vegetation 

52 0.00 0.50 151 Sparse (<15%) grassland 

149 0.00 0.80 190 
Artificial surfaces and associated areas (Urban areas 

>50%) 

120181 2.38 0.50 200 Bare areas 

6 0.00 0.50 201 
Consolidated bare areas (hardpans, gravels, bare rock, 

stones, boulders) 

10168 0.20 1.50 210 Water bodies 

5040000 100       

3.2 Sensitivity Analysis 

A sensitivity analysis was carried out to evaluate the relative influence of the different 

variables on the discharge. The sensitivity analysis was carried out on the whole Dawa 

river basin, using simulated discharges for the Siftu gauging station located at the 

intersection of the Genale and Dawa river. For the sensitivity analysis the relative 

importance of different variables were increased and decreased by 10% and 50% in 

order to see how this affects simulated river discharge. Five variables where used for 

the sensitivity analysis and calibration of the model, which are listed in table 5.   
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Table 5  The five calibration parameters of STREAM. 

Parameter Description 

CropF 
Crop parameter. This parameter reflects the influence of land cover on the potential 

evaporation. 

C 
A parameter based on the DEM that has effect on runoff speed of the groundwater. This 

parameter has effect on the base flow of the river. 

WaterH 

Changing this parameter has effect on the water holding capacity. The water holding 

capacity depends on soil properties and is used to calculate shallow water storage that 

is available for evapotranspiration.  

H 
The ‘Heat map’ is used in the Thornthwaite equation and has effect on the potential 

evaporation. This map is based on the temperature maps.  

TOGW 

The ‘To Ground Water’ parameter affects the amount of water that flows to the 

groundwater and the amount of water that leaves the area trough overland flow if the 

top soil gets saturated. 

Before the sensitivity analysis was carried out the model was run one time in order to 

create good initial maps. The model (STREAM) uses four initial maps that are updated 

after each iteration of the model. Those initial maps were created by running the 

model from 1950 until 2000 with standard parameter settings. The sensitivity analysis 

is done over a period of 30 years (1961 until 1990) on the data of the 20C3M scenario 

from the HADCM3 model. 

Results 

Figures 17 to 19 show the effect of changing the value of parameters on the number 

of months with a certain river discharge (1961-1990). All variables (except for ‘TOGW’) 

had an initial value of one, results for ‘WATERH 0.5’ are the results for the scenario 

where the variable ‘WATERH’ is lowered by 50%. The variable ‘TOGW’ had an initial 

value of 0.4 and is thus changed to 0.2, 0.36, 0.44 and 0.60. The variable ‘C’ is 

increased by 10%, 50% and 300% because one is not only the standard value but also 

the lowest physically possible value for this variable (STREAM manual V3.0, 2005:36). 

  

Figure 17  Change in discharge due to changes in (a) WATERH and (b) H. 
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Figure 18  Change in discharge due to changes in (a) CROPF and (b) TOGW. 

 

Figure 19  Change in discharge due to changes in C. 

WATERH 

Decreasing the water holding capacity causes both higher river discharge in the dry 

and the wet season (figure 20). In the wet season the peak discharge starts earlier and 

ends at the same moment. A higher water holding capacity thus causes lower 

discharge throughout the year with a shorter period of peak discharge. A higher water 

holding capacity increases the frequency of months with a relatively low river 

discharge and decreases the occurrence of months with a relatively high river 

discharge. Water holding capacity affects the amount of water stored in the soil, hence 

less water is available for direct runoff. Next to this, water is the soil is available for 

evapotranspiration and higher evapotranspiration leaves less water for runoff, causing 

lower river discharge and the other way around. The water holding capacity has some 

effect on the timing of discharge, high water holding capacity can work as a buffering 

reservoir, at the end of the dry season this reservoir fills up causing lower river 

discharge in the beginning of the wet season.  
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Figure 20  Effect of changing water holding capacity on monthly average discharge 

(1961-1990). 

H 

The Heat factor has a strong effect on total river discharge (figure 21). Decreasing the 

heat factor causes higher evapotranspiration and thus lower discharge all year. 

Changing the Heat factor does not have a large effect on the timing of the discharge 

peaks as water holding capacity has. Figure 17b shows that a low ‘H’ value causes a 

sharp increase in number of months with low river discharge. A high ‘H’ value has the 

opposite effect. This means that a low ‘H’ value corresponds with drier conditions and 

more evapotranspiration, a high ‘H’ value on the other hand corresponds with more 

wet circumstances and larger river discharge.  

 

Figure 21  Effect of changing Heat factor on monthly average discharge (1961-

1990). 

CROPF 

The crop factor has a strong effect on discharge (figure 22). A lower crop factor means 

less evapotranspiration and thus more water available for river discharge. The crop 

factor has more or less the same effect on discharge as the Heat factor and only 

slightly changes the form of the graph. Figure 18a shows that the number of months 

with a relatively low river discharge increases with a higher crop factor. On the other 



 

IVM Institute for Environmental Studies 

 24 Hydrological modelling 

  
 

hand, the number of months with a relatively high river discharge increases with a 

lower crop factor.  

 

Figure 22  Effect of changing Crop factor on monthly average discharge (1961-

1990). 

TOGW 

If for a grid cell the maximum water capacity is exceeded in a month, part of the water 

will ‘infiltrate’ to the groundwater. The excess water will leave the cell as overland 

flow. The relationship between groundwater recharge and overland flow is determined 

by the ‘TOGW’ factor. A high value means relatively low groundwater recharge and a 

low factor means higher groundwater recharge, leading to relatively little overland 

flow. A lower TOGW factor causes lower peak discharge but higher discharge in the dry 

season (figure 23). The peak discharge becomes lower but gets a longer tail. A higher 

TOGW does the opposite. Base flow becomes smaller during the dry season and peak 

river discharges increase. Figure 18b shows that a high TOGW factor not only causes 

relatively little groundwater recharge but also a higher number of months with 

relatively low or high river discharge. Higher groundwater recharge causes on the 

other hand a lower number of months with relatively low or high river discharge. 

Groundwater recharge clearly functions as a buffer causing fewer extremes.   

 

Figure 23  Effect of changing ‘To Groundwater’ factor on monthly average discharge 

(1961-1990). 
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C 

A higher value of C causes peak discharge to drop like the ‘to groundwater’ factor 

does (figure 24). During the dry season a high C factor causes higher base flow. A 

higher C factor has especially impact on the highest discharge peak and not that much 

on the lower discharge peak of the second wet season. Figure 19 shows that a high C 

value causes a decrease in the number of months with a high or low river discharge. 

Like the TOGW factor a higher C value causes a lower number of months with 

‘extremes’ both low and high. 

 

Figure 24  Effect of changing ‘C’ factor on monthly average discharge (1961-1990). 

3.3 Calibration 

The model was calibrated by comparing measured discharge and modelled discharge 

at Melka Guba runoff station (figure 1). Discharge data was available for the period 

1972-2006 (with a gap between 1976 and 1987). First the model was calibrated for 

both HADCM3 and ECHAM5 for the whole period. For this calibration modelled data of 

the periods 1972-1976 and 1987-2006 was compared with the measured discharge 

values for these periods. The reliability of this calibration was checked by comparing 

predicted discharge for gauging stations further upstream with measured discharge at 

these stations. Secondly the model was calibrated another time (also for both climate 

models) but now for the periods 1973-1976 and 1987-2000. This time validation of 

the model was enabled through a comparison of predicted and measured discharge at 

Melka Guba from 2001 until 2006.  

The first step of the calibration was a comparison of the average discharge of the 

whole calibration period with the average observed discharge for this period. This was 

done by adapting the Waterholding capacity (WATERH) and the Crop factor (CROPF). As 

seen in the sensitivity analysis the crop factor changes the total yearly discharge and 

hardly affects the variability throughout the year. The Waterholding capacity does not 

only change the amount of discharge but also the moment that discharge takes place. 

If both parameters are optimized the model is already quite good calibrated. Further 

improvements were reached by adapting the ‘To Groundwater factor’ (TOGW) and ‘C’ 

factor. The optimal values for the different parameters were found using the mean 

annual hydrograph and different statistical test. First the mean annual simulated 

discharge was expressed as a percentage of mean annual observed discharge. A result 

of 100% indicates that mean annual simulated and observed discharge was equal over 

the calibration period.  
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The t-test was used to determine if the mean of both data series were significantly 

different. A two tailed t-test was carried out and a statistical significance threshold of 

0.05 was chosen as a level to reject the null hypothesis. A t-test (p) value above 0.05 

thus indicates that there is no significant difference between the mean of observed 

and simulated data series. The Nash and Sutcliffe model efficiency coefficient was used 

to assess how well the modelled values predict the measured values. The Nash and 

Sutcliffe efficiency compares the relative magnitude of the residual variance with the 

measured data variance. The Nash and Sutcliffe values can range from -∞ to 1, a value 

of one indicates a perfect fit of modelled and observed data, a value of 0 indicates that 

model predictions are as good as the mean of the observed data, and values below 0 

indicate that the mean of the observed data is a better predictor than the modelled 

value. In general values between 0 and 1 indicate an acceptable level of performance 

(Moriasi et al., 2007).  

Table 6 shows the results of the performed tests for the best calibrated parameter 

settings for the HADCM3 and ECHAM5 models. With the final parameter settings there 

is hardly any difference in mean annual simulated and observed discharge, no 

significant difference in the mean of both simulated and observed data series and the 

Nash and Sutcliffe test indicates a good fit of simulated and observed data. 

Table 6  Results of statistical tests for different parameter settings, where % is the 

annual mean simulated discharge as a percentage of the observed 

discharge.  

Model Parameter settings % N&S T-test 

HADCM3 
CROPF 1.53, WATERH 3.75 and 

TOGW 0.2 
101.5 0.90 0.90 

ECHAM5 
CROPF 1.84, WATERH 3.0 and 

TOGW 0.125 
99.9 0.83 0.82 
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HADCM3 1972-2006 

The results of the best calibrated model are shown in figure 25a and are the outcome 

of the model when parameter settings listed in table 6 are used. The result of the T-

test (table 6) indicates that there is no significant difference between the mean of the 

monthly measured and modelled discharge series. The Nash and Sutcliffe test shows 

that there is a good correlation between mean monthly modelled and measured 

discharges. Despite the good results of the statistical tests, the model slightly 

overestimates the number of months with a discharge below 10 m
3
/s, between 10-20 

m
3
/s, and discharge of over 60 m

3
/s (figure 25b). The number of months with a 

discharge of 40-60 m
3
/s is underestimated by the model. 

  

Figure 25a (left) and 25b (right)  (a) average discharge (HADCM3 and measured) 

at Melka Guba over the period 1972-1976 and 

1987-2006.(b)Number of months with a certain 

discharge, measured compared to modelled 

discharge using HADCM3 input (periods 1972-

1976 and 1987-2006). 

ECHAM5 1972-2006 

Calibration of the STREAM model using precipitation and temperature data from the 

ECHAM5 model under the 20C3M scenario gave less good results. The best 

configuration of parameters is shown in table 6. The results are shown in figure 26a, 

simulated average discharge during the dry season is too high while discharge in the 

period between the two rainy seasons is underestimated. Figure 26b shows that the 

number of months with a discharge below 10 m
3
/s. is higher than in the measures 

data. The result of the T-test and Nash and Sutcliffe test (table 6) show however that 

there is no significant difference between the mean monthly measured and modelled 

discharge series and a that predicted and measured values for monthly averages are 

correlated. 
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Figures 26a (left) and 26b (right) (a) Average discharge (ECHAM5 and measured), 

(b) Number of months with a certain discharge, 

measurements compared with modelled 

discharge using ECHAM5 input. Both figures are 

based on data at Melka Guba for the periods 

1972-1976 and 1987-2006. 

Results for gauging stations more upstream 

First we wanted to validate the model by using measured runoff data from upstream 

gauging stations, as there were no stations available in the same part of the 

catchment. However we discovered that the STREAM model, when calibrated for Melka 

Guba, does not perform well for the gauging stations further upstream. Figure 27 

shows the results at Awata gauging station, which is located upstream of Melka Guba. 

The model underestimates discharge compared to measured data. This was also the 

case for other upstream gauging stations. Table 7 shows the results of the Nash and 

Sutcliffe test, the T-test, and a comparison of average monthly discharge over the 

study period (1961-1990). The t-test nearly always shows that the mean of monthly 

values of observed and modelled discharges are not the same, due to the 

underestimation of runoff by the model. This is also shown by the average monthly 

discharge over the study period. The Nash and Sutcliffe test also shows very low 

values.  

A possible explanation for these results could be that stations further upstream are 

located in areas with higher altitude differences and probably a more rocky soil. 

Therefore it might for example not be realistic to have a water holding capacity that is 

comparable to more downstream areas. The values for the calibration parameters are 

the same for the whole model.  

Because the model could not be validated by using other (upstream ) station data, it 

was decided to calibrate the model for a shorter period of time and use the resulting 

years of discharge measurements at Melka Guba were used to validate the model. 
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Figure 27  Average modelled and measured discharge between 1986 and 2006 at 

Awata station.  

Table 7  Results for other stations if the model is calibrated for Melka Guba. Results 

of t-test, Nash and Sutcliffe test, and comparison of mean modelled and 

mean observed discharges based on the years of data availability. * t-test 

indicates there is no significant difference between the mean of observed 

and simulated data. ** Nash and Sutcliffe coefficient indicates an 

acceptable level of performance of the model. 

Station T-test 
Nash and 

Sutcliffe 

Mean modelled 

discharge [m3/s] 

Mean observed 

discharge [m3/s] 

HADCM3     

Mormora 1.0E-17 -0.18 6.28 13.62 

Awata 4.7E-6 0.43** 11.09 16.34 

Digati 1.4E-3 -0.20 1.93 3.57 

Shakiso 6.3E-39 -0.80 4.20 15.77 

ECHAM5     

Mormora 5.5E-17 -0.20 6.28 13.62 

Awata 1.1E-11 -0.07 8.31 16.34 

Digati 0.35* 0.12** 3.00 3.57 

Shakiso 6.9E-14 0.16** 8.74 15.77 

3.4 Validation 

The models were calibrated for the period 1973-1976 and 1987-2000. The river 

discharge between 2001 and 2006, generated by the model is used for validation. 

Table 8 lists the statistical results. Because the climate models generate their own 

climate depending on CO2 concentrations and other factors, it is not possible to 

compare measured and modelled discharge from month to month. Therefore it would 

be good if longer data series would be available; in that case for example 30 year 

averages could be compared. Averages of six years are not very representative for a 

given the highly variable climate in the research area, they can be influenced very 

much by a year of extremes. For good validation 30 years of data is recommendable. 

Due to the short time series, the statistical analysis show low values.  
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Table 8  Results of statistical tests, both for calibration and validation, where % is 

the annual mean simulated discharge as a percentage of the observed 

discharge. * t-test indicates there is no significant difference between the 

mean of observed and simulated data. ** Nash and Sutcliffe coeficient 

indicates an acceptable level of performance of the model. 

MODEL N & S T-test % 

HADCM3 Calibration 0.866** 0.740* 100.1 

HADCM3 Validation 0.56** 0.001 175.9 

ECHAM5 Calibration 0.78** 0.82* 100.5 

ECHAM5 Validation 0.87** 0.78* 93.4 

HADCM3 1973-2000 

Figure 28a shows the best calibrated model. The best parameter configuration was in 

this case with CROPF * 1.49, WATERH * 3.75 and a TOGW of 0.15. Statistical tests of 

table 8 show that with those parameter settings the model is reasonably calibrated. 

Figure 28b shows the measured and predicted discharge between 2001 and 2006. It is 

clear that predicted discharge is higher than measured discharge, especially for the 

second wet season. Results of different statistical tests (table 8) confirm that there is a 

large discrepancy between observed and modelled discharge values.  

  

 

Figure 28a (left) and 28b (right) (a) Average discharge (HADCM3 and measured) 

at Melka Guba over the periods 1973-1976 and 

1987-2000. (b) Modelled and measured average 

monthly discharge (2001-2006). 

ECHAM5 1973-2000 

The best parameter configuration for calibration over the period 1973-1976 and 1987-

2000 was: CROPF *1.78, WATERH * 3.25 and a TOGW of 0.1. The result of this 

calibration is shown in figure 29a. In this case there is no significant difference 

between the mean of modelled and measured monthly discharge values (T-test, table 

8). Results of the Nash and Sutcliffe test indicate that there is also a good correlation 

between modelled and measured average monthly discharge values. The results for 

2001 until 2006 are shown in figure 29b and are more accurate than for the HADCM3 

model. Statistical analysis of the validation period shows that also here there is no 

significant difference between the mean of modelled and measured monthly discharge 

values (t-test) and a good correlation between modelled and measured average 
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monthly discharge values (table 8). It is however also clear that the model 

underestimates the first rainy season. As argued before, the validation period of six 

years is probably too short to do a good statistical analysis. 

  

Figure 29a (left) and 29b (right) (a) Average discharge at Melka Guba (ECHAM5 

and measured) based on data from the periods 

1973-1976 and 1987-2000. (b) Modelled and 

measured average monthly discharge at Melka 

Guba (2001-2006). 

3.5 Calibration for ‘Mormora’ 

 

Figure 30  Gauging stations in the study area.  
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When the model is calibrated for the river discharge at Melka Guba, the simulation of 

discharge further upstream are not similar to measured discharge. To test whether it is 

possible to calibrate it for the upstream stations, we decided to calibrate on data of 

the ‘Mormora’ station. The results of the calibrated model were compared with 

measured discharge of other upstream stations upstream and with discharge at Melka 

Guba. Figure 30 shows a map with the locations of the different gauging stations and 

figure 31 shows modelled and measured discharge averages for Mormora between 

1982 and 2006. 

 

Figure 31 Modelled and actual discharge averages for Mormora for1982 to 2006. 

For the other upstream stations the modelled discharge was relatively good. Figures 

32a and 32b show the results for Awata and Shakisso. For downstream stations, 

results were less good. Figures 33a and 33b show the results for Melka Guba and 

Digati. Results of Statistical tests are given in Annex C. If the model is calibrated for 

Mormora and the HADCM3 model the Nash and Sutcliffe test indicates an acceptable 

level of performance for both Awata and Shakisso, but the t-test shows that there is a 

significant difference between the mean of observed and simulated data. The model 

overestimates the river discharge. If the model is calibrated for Moramora and the 

ECHAM5 model the Nash and Sutcliffe test also indicates an acceptable level of 

performance for both Awata and Shakisso. In this case t-test shows that there is no 

significant difference between the mean of observed and simulated data series. For 

Melka Guba and Digati the t-test shows there is a significant difference in mean 

simulated and observed discharge, also the Nash and Sutcliffe test indicates that there 

is no acceptable level of performance of the model. 
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Figure 32a (left) and 32b (right)  Modelled and measured river discharges for 

Awata (a) and Shakisso (b) gauging stations. 

Figure 33a (left) and 33b (right) Modelled and measured river discharges for 

Digati (a) and Melka Guba (b) gauging stations. 

3.6 Impact of climate change on river discharge at Melka Guba 

We choose to use the downstream calibrated model to assess the effects of climate 

change and the construction of sand dams on runoff. This choice was made because 

we wanted to assess the impacts constructing dams in the whole upstream Dawa river 

on the downstream runoff. The STREAM model was used to calculate changes in 

discharge due to climate change for the Melka Guba gauging station. The calibration 

factors of the '1972 until 2000 calibration' were used (with a gap between 1977 and 

1986), for validation the period 2001 to 2006 was used. Results of the STREAM 

calculations are shown in figure 34 until 37. The SRES scenarios A1B and A2 of 

ECHAM5 show a strong decrease in river discharge, especially between 2020 and 2050 

during the first rainy season (May).  

The B1 (ECHAM5) scenario shows a rise in river discharge during the second rainy 

season until 2020 and after that a slow rise during nearly the whole year. The HADCM3 

A1B and A2 scenarios show that river discharge will decrease nearly during the whole 

year most in September until November and least in March and April. The B1 scenario 

shows a decrease during the whole year for 2020 and an increase in discharge during 

the first rainy season until 2050. The slowly rising precipitation amounts in 

combination with (fast) rising temperatures causes a declining in river discharges. Both 

climate models however disagree on which period of the year will face the most severe 

changes. ECHAM5 shows largest decreases during the first rainy season while HADCM3 

shows those during the second rainy season.  
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ECHAM5 – Changes in mean monthly discharge for different SRES scenarios 

  

Figures 34a and 34b (a) Mean monthly discharge anomaly for ‘2020’ and (b) changes 

in discharge compared to the baseline (2020 – baseline). 

  

Figures 35a and 35b  (a) Mean monthly discharge anomaly for ‘2050’ and (b) changes 

in discharge compared to the baseline (2050 – baseline). 

HADCM3 – Changes in mean monthly discharge for different SRES scenarios 

  

Figure 36a and 36b (a) Mean monthly discharge anomaly for ‘2020’  and (b) 

changes in discharge compared to the baseline (2020 – 

baseline). 
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Figure 37a and 37b (a) Mean monthly discharge anomaly for ‘2050’ and (b) changes 

in discharge compared to the baseline (2050 – baseline 
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4 Introduction of Sand dams 

 

Figure 38 Catchment of the Mormora river upstream of Mormora gauging station 

and catchment of the Dawa river upstream of the Melka Guba gauging 

station. 

4.1 Introduction and Methods 

In the region one of the possible adaptation measures to water shortages is the 

introduction of sand dams. Sand dams are impermeable concrete structures 

constructed across ephemeral rivers with the purpose to harvest water. Behind this 

wall sediment is deposited by the river. During rain events water infiltrates in the 

sediment and during the dry season this water can be extracted by pumps or scoop 

holes (Lasage et al., 2008). A large advantage of sand dams is that water is stored with 

relatively little evaporation losses (Aerts et al, 2007). However, by storing water 

upstream the communities and ecosystems downstream of a (group of) sand dam(s) 

may receive less water through river discharge. The model STREAM was used to 

evaluate the impact of introducing sand dams on river discharge at Melka Guba and 

Mormora gauging station (figure 38). This evaluation is carried out for current 

circumstances and under future climatic circumstances. Climatic data from the climate 

models HADCM3 and ECHAM5 using three SRES scenarios ‘B1’, ‘A1B’, and ‘A2’, were 

used as input data. Further details about the SRES scenarios can be found in chapter 2 

of this report or in the IPCC report on emission scenarios (IPCC, 2000). The dams were 

included in the model by ‘creating’ one large dam in front of the gauging stations, 

which represents many small dams placed in the upstream area. Two management 
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strategies were used: under the first strategy 3% of the ‘peak rainy season discharge’ 

(based on 2 rainy seasons and calibration period averages), which covers the months 

May and October was stored, and under the second strategy 1% of the ‘peak rainy 

season discharge’ was stored. During the months with less rainfall a larger part of river 

discharge was stored. Most smaller rivers in the region are intermittent and only 

generate discharge during the rainy season. Therefore the strategies were based on 

discharge in the wettest months. Off-season rainfall events often only generate local 

groundwater recharge and no actual river discharge. In this report the 1% and 3% 

strategies are named ‘low storage’ and ‘high storage’ strategies. The average river 

discharge in May and October during the calibration period at Mormora was 25 

m
3
/sec, this corresponds with an average water storage of 0.25 or 0.75 m

3
/s under 

the low and high storage strategies. River discharge at Melka Guba is higher during 

May and October and therefore a storage capacity of 0.5 or 1.5 m
3
/s was used. Water 

storage by a sand dam leaves the dam if it is used, or gets ‘lost’ through leakage or 

evaporation. Storing 0.25 m
3
/s during the whole year leads to a yearly storage of 

7.88*10
6
 m

3
. 

A rough calculation was carried out in order to get an idea of the number of sand 

dams that correspond to a water use of 7.88*10
6
 m

3
/year. Calculations were carried 

out using standard dam dimensions derived from field experience in Kenya (Rain et al., 

2008). Figure 39 shows a 2D cross section of this standard dam.  

 

Figure 39 2D cross section of a ‘standard’ sand dam.  

In this case the aquifer behind the dam exist of a triangle consisting of both sediment 

already present in the riverbed and newly stored sediment behind the dam. If a width 

of the river bed of 20 meters is assumed we end up with a volume of 8350 m
3
 of 

stored sand behind the dam. The dam is constructed in such a way that only more 

coarse material is deposited behind the dam, if the river is not strong enough to carry 

boulders we can assume that the aquifer consist of medium grained sand. A perfect 

medium grained sand aquifer has a specific yield of 0.28 (Domenico and Schwartz, 

1990). The total volume of extractable water would then become 2338 m
3
. Other 

sources also indicate that storage behind an average sand dam is at least 2000 m
3
 

(Rain et al. 2008). In the STREAM model it is assumed that 
1
/3 of the water stored 

behind the dam is used per month. When this amount of water is available for 

extraction during the whole year, this means 779 m
3
 of water is available every month, 

leading to a yearly consumption of 9352 m
3
. Field estimations of the maximum 

amount of water that can be harvested from similar sand dams in Kenya ranged from 
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5300 to 8100 m
3
 per year for one sand dam (Aerts et al., 2007).  The difference 

between the theoretic and practical storage could be caused by differences in dam 

width, slope of the river bed, losses through leakage and evaporation or the aquifer 

falling dry during a dry period. It has been suggested that storage also takes place in 

the river banks, enlarging the storage capacity of sand dams (Rain et al. 2008). As this 

is not proven yet, we do not include the storage in the river banks in this analysis. On 

the basis of the above, we assume that one sand dam stores 8100 m
3
/year. Together 

with the assumption that 
1
/3 of the storage capacity is used every month. It takes 

approximately 1000 sand dams to store 0.25 m
3
/s, which is the assumed lower 

boundary of maximum flow reduction at Mormora. 

4.2 Results 

Here we will discuss the results of the modeling exercise for both Mormora and Melka 

Guba.  First the results for the HADCM3 model will be discussed followed by the 

ECHAM5 results. In all figures the periods of 1950 until 2050 are shown, data between 

1950 and 2000 was derived from the 20C3M scenario. For data between 2001 and 

2050 we used the three SRES scenarios ‘B1’, ‘A1B’ and ‘A2’. The y-axis of the figures 

expresses the extracted water as a percentage of total yearly water availability. If one 

of the bars reaches 100% this means that during the whole year all water is used in the 

dams and no river discharge is measured at the gauging station indicating that no 

water is available for downstream uses. This report only deals with expected trends in 

water availability under different climate scenarios and management strategies. We 

explore the number of dams that can be constructed without jeopardizing downstream 

users. From field visits and interviews, we derived that average storage of 1 to 3 % is 

acceptable to local communities and governmental institutions.  

Mormora 

HADCM3 

Figure 39 shows the results for the B1 SRES scenario. Since B1 is the scenario with the 

lowest increase in greenhouse gasses, it was expected to show the highest river 

discharges and thus lowest percentages of storage by sand dams. Both the 0.25 m
3
/s 

as the 0.75 m
3
/s scenarios show a rising trend in average yearly water storage. Figure 

40 shows that percentage of storage seems to peak around 2010 and drop afterwards. 

Under the A1B scenario (figure 41) the highest peak is also recorded around 2010, but 

here the trend lines show a larger gradient and the number of years with a storage by 

sand dams of over 5% is clearly on the rise after 2000. Although the A2 scenario 

(figure 42) is the scenario with largest increases in greenhouse gasses, increase in the 

relative water storage by sand dams is low compared to the other scenarios. This is 

because the model HADCM3 predicts more precipitation in the future under the A2 

scenario than under the A1B scenario.  

 



 

IVM Institute for Environmental Studies 

 40 Introduction of Sand dams 

  
 

 

Figure 40 Percentage of yearly river discharge used under the 1% and 3% sand dam 

strategies and the HADCM3 B1 climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario).  

 

Figure 41 Percentage of yearly river discharge used under the 1% and 3% sand dam 

strategies and the HADCM3 A1B climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario).  
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Figure 42 Percentage of yearly river discharge used under the 1% and 3% sand dam 

strategies and the HADCM3 A2 climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 

ECHAM5 

Figures 42 to 44 show the results for the ECHAM5 model. Under all three scenarios the 

linear trend shows a rise in the percentage of river discharge stored at the sand dams, 

because overall discharge reduces. In this case a faster increase in greenhouse gasses 

causes a faster reduction in river discharge and thus a stronger rise in the percentage 

of river water stored by sand dams. Especially under the A2 scenario it is expected that 

years with a relative water extraction of 30% and higher (or 10% and higher for the ‘low 

storage’ strategy) will become more frequent (figure 44).  

 

 

Figure 43 Percentage of yearly river discharge used under the low and high storage 

strategies and the ECHAM5 B1 climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 
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Figure 44 Percentage of yearly river discharge used under the low and high storage 

strategies and the ECHAM5 A1B climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 

 

Figure 45 Percentage of yearly river discharge used under the low and high storage 

strategies and the ECHAM5 A2 climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 

Melka Guba 

For Melka Guba also first the HADCM3 model and secondly the ECHAM5 model 

will be discussed. The ‘peak rainy season river discharge’ (based average discharge 

for the months of May and October) is almost twice as high at Melka Guba compared 

to Mormora, so the amounts for storage for the low storage strategy is set on 0.5 m
3
/s 

and for the high storage strategy on 1.5 m
3
/s.  

HADCM3 

Results of the analysis are shown in figures 46 to 48.  For all three scenarios the 

trend lines show an increase in relative percentage of total discharge that is stored  by 

the sand dams, this is due to reduction in discharge under these scenarios. Slowest 

increase in relative storage is expected under the B1 scenario, then under the A2 
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scenario and highest increase in relative storage is expected under the A1B scenario. 

The figures also show that although relative water storage by sand dams might 

increase the most under the A1B scenario, especially the A2 scenario (but also the 

B1 scenario) show more years with a relatively high percentage of river discharge 

being stored at sand dams. More years with extreme low discharge are predicted for 

those scenarios. For all three scenarios the trend line of the low storage strategy 

under current circumstances, reaches 5% in 2050,indicating that on average 5% of 

total discharge is stored by the sand dams.  

 

 

Figure 46 Percentage of yearly river discharge used under the low and high storage 

strategies and the HADCM3 B1 climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 

 

Figure 47 Percentage of yearly river discharge used under the low and high storage 

strategies and the HADCM3 A1B climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 
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Figure 48 Percentage of yearly river discharge used under the low and high storage 

strategies and the HADCM3 A2 climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 

ECHAM5 

Figures 49 to 51 show that the number of years with a high percentage of river 

discharge being stored at the sand dams is relatively high under all scenarios in the 

ECHAM5 model for Melka Guba. During the calibration of the model for Melka 

Guba it already appeared that the calibrated STREAM model using  ECHAM5 

climate data over estimates the number of months with very low river discharge. 

Like this the calibrated model probably also exaggerates the number of years with 

extreme low river discharge. Trend lines in all three figures show an increase in 

relative water storage by the sand dams. Although the high storage strategy shows 

the same trend line for both the B1 and A1B SRES scenarios, the trend line of the 

low storage strategy is clearly lower under the B1 scenario. The A2 scenario shows 

both the steepest trend line as the biggest increase in number of years with a 

relatively high percentage of river discharge being stored.  
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Figure 49 Percentage of yearly river discharge used under the low and high storage 

strategies and the ECHAM5 B1 climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 

 

Figure 50 Percentage of yearly river discharge used under the low and high storage 

strategies and the ECHAM5 A1B climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 
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Figure 51 Percentage of yearly river discharge used under the low and high storage 

strategies and the ECHAM5 A2 climate scenario (*climate data between 

1950 and 2000 is from the 20C3M scenario). 

4.3 Change in number of dry months at Melka Guba 

The figures of chapter 4.2 all show an increase in the number of years with a relatively 

low river discharge. On a monthly basis this will mean a larger number of months with 

very low or no river discharge. Figure 52 shows on the y-axis the average number of 

months with no river discharge per year at Melka Guba. On the x-axis the used SRES 

scenario and the period over which the average is calculated are shown. The 20C3M 

scenario (1961-1990) is taken as a reference for the other three SRES scenarios for 

which the average is taken over 2021-2050. As expected the ECHAM5 model predicts 

more months with no river discharge than the HADCM3 model. On a yearly basis the 

ECHAM5 model also predicted a larger number of relatively dry years. Both ECHAM5 

and HADCM3 predict an increase in the number of months per year with no discharge 

at Melka Guba. For the HADCM3 model there is little difference between the different 

SRES scenarios.   

 

Figure 52 Average number of months with no river discharge per year at Melka Guba 

for both ECHAM5 and HADCM3 climate models and B1, A1B and A2 

scenarios under the high storage management strategy.  
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Not only climate change affects the yearly number of months with low or no river 

discharge also the number of dams that are build have an effect. Figure 53a shows the 

average yearly number of months with a discharge below 1 m
3
/sec for the HADCM3 

baseline and B1 SRES scenario at Melka Guba. 1 m
3
/sec was chosen to be the minimal 

flow that enables downstream uses. When the flow is below this number, we assume 

downstream users activities are negatively influenced. The B1 scenario was chosen 

because this is the scenario with the highest number of very dry months between 2021 

and 2050. Both the low and the high storage strategy are shown and compared to a 

situation of no sand dams. Figures 53a and 53b show that introduction of sand dams 

in these numbers have an effect on the number of months with a low or no river 

discharge.  

 

 

Figures 53a (left) and 53b (right) Average number of months with a river 

discharge below 1 m
3
/sec (15a) or with no 

discharge (15b) per year at Melka Guba gauging 

station for the high storage management 

strategy under B1 scenario (averages over 1961-

1990 and 2021-2050). 
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5 Discussion, conclusions and recommendations 

The aim of this report was to analyze downscaled climate change scenarios and their 

implications on future river discharges for the (Upper) Dawa river basin. Two different 

GCMs, a baseline and three different SRES scenarios were used to get an idea about the 

range of potential impacts of climate change until 2050. In general it can be concluded 

that temperatures will rise between 0.6 and 2.5 degrees depending on the used GCM 

and SRES scenario.  

Results on total precipitation show a slight increase in total yearly precipitation, and 

precipitation patterns are expected to change. However, the used GCMs give different 

results in which months precipitation will increase or decrease. Results from the 

Hadley model show an increase in total precipitation of the first rainy season, and a 

decrease of total precipitation during the second rainy season. The first rainy season 

will end one month earlier. However, data from the Echam model show an increase in 

total precipitation in the second rainy season and a slight increase in precipitation in 

February. 

The Hadley shows an increase in monthly precipitation for 2020 of approximately 40 

mm in March and April. This model shows for the same period a decrease of monthly 

precipitation for the months May and September-October of approximately 20mm. For 

2050 March-April an increase of 40 mm. For the months May-July and October monthly 

precipitation decreases on average by 30mm. The Echam model shows an increase in 

precipitation of approximately 20mm per month for the periods February, and August 

to October. March, May and June show a decrease in precipitation. 

The impact of climate change on modelled river discharge at Melka Guba is depended 

on the used scenario and GCM. In general from the model it can be concluded that 

river discharge at Melka Guba decreases in the future, especially under the A1B and A2 

SRES scenarios during the two wet seasons. Although precipitation is expected to rise 

slowly in the coming century water, scarcity will become more prominent due to rising 

temperatures. Rising temperatures lead to higher evapotranspiration with lower river 

discharges as a consequence. ECHAM5 and HADCM3 give different results on the 

temporal distribution of changes in river discharge. The STREAM model developed for 

this region turned out to be able to simulate river discharges quite well. However, the 

model is only preformed well for comparable positions in the catchment. When it was 

calibrated for an upstream station, it showed good results for other upstream stations 

but not for downstream stations, and vice versa.  Due to data availability the model 

was validated on 6 years, it would be better to use a longer period for validation.  

It is important that people adapt themselves to the changing climate and river regimes. 

Droughts that hit the region now on an average of 5 years (Ward and Lasage, 2009: 5) 

will probably become more severe and more frequent due to higher evapotranspiration 

and consequent lower river discharges. These changes form a risk for the local 

communities and the local environment. Van Putten (2010), showed that changing 

vegetation patterns also effect river discharges. The potential of changes in vegetation 

should be taken into account when developing adaptation strategies to cope with the 

effects of climate change. 

This first modelling exercise to explore the scale and number of sand dams that can 

be sustainably introduced in the Borona region (Upper Dawa river basin) shows that 

this number is around 1000 dams for the Mormora catchment, and around 2000 dams 

for the Melka Guba catchment. Within the Mormora catchment 1000 dams use less 

than 3% of average yearly river discharge under current climatic conditions, increasing 
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up to 5% of the yearly river discharge under more extreme climate change scenarios. In 

the Melka Guba catchment 2000 dams could be built using around 5% of discharge 

around 2050 according to the HADCM3 and around 10-15% of river discharge 

according to ECHAM5 model. The high storage strategies (3000 dams Mormora and 

6000 dams Melka Guba) result in higher percentages of stored river water.  

Introduction of sand dams on a large scale (high storage strategy) has a larger effect 

on the average number of months with no river discharge or discharge below 1 m
3
/s. 

This number raises from 0.18 to 0.68 months per year under the B1 scenario. Under 

all climate scenarios the average number of months with low or no river discharge per 

year will increase at Melka Guba.   

If a somewhat lower water storage scenario is chosen based on a maximum storage of 

3 % of  average yearly river discharge (instead of peak rainy season discharge) between 

around 600 dams could be build in the Mormora catchment or around 1000 dams in 

the Melka Guba catchment. Predictions of the ECHAM5 model for Melka Guba are not 

take into account, as during calibration it appeared that this model overestimates the 

number of dry years for this catchment.  

When it is decided to introduce sand dams on a large scale, attention should be paid 

on the effects of changes in water availability in the streambed on the communities. 

The exact total of dams that can sustainably be built in the catchment depends on 

demand, acceptance by local stakeholders and results of further in detail research. 

This analysis does not tell how many dams could be build where and what local impact 

further upstream could be, nor does it fully test expected effects of climate change like 

for example increasing weather extremes (on a shorter period than a year). Ngigi et al. 

(2007) have done research on impact of scaling up rainwater harvesting methods in a 

similar region in Kenya where rainwater harvesting already happens on a larger scale. 

They conclude that some problems arise during dry years and during the dry season 

when the rivers sometimes fall dry. Similar results can be seen in the analysis of this 

research for Melka Guba. Because of the rainwater harvesting, tensions may arise 

between different users of river water or between humans and ecosystems. On the 

other hand, rain water harvesting can bring much needed socio-economical 

development for the region. Good management and research both on a catchment as 

on a local scale are therefore essential for sustainable development of large scale 

implementation of sand dams in the Dawa river basin. This means that during 

construction of a larger number of sand dams, close attention should be paid on the 

discharge in the catchment, giving further information on the total number of dams 

that can be constructed in a sustainable way. 

The most important conclusions we draw from this short analysis with STREAM is that 

under most climate scenarios the number of years with relatively low discharge will 

increase until 2050. Hence, if sand dams are introduced in the region and their 

capacity is fully used, the relative amount of river discharge they use will rise in the 

coming forty years. When deciding to construct sand dams, this should be taken into 

account.  After 2050 for some SRES scenarios the HADCM3 model shows rising 

precipitation amounts, these might lead to stabilizing or even rising river discharges 

after 2050.  

This research showed that the STREAM model has difficulties in modelling upstream 

discharge, when it is calibrated for a more downstream station. Possible reasons for 

these difficulties have to do with differences in the response of the upstream area 

compared to the whole catchment. The relation between precipitation, infiltration, 

evaporation and runoff is probably different for the upstream area compared to the 

whole catchment. Also the way groundwater is taken into account in the STREAM 
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model might influence the quality of the modelled discharge compared to measured 

discharge. It might be considered to also study the effects of climate change and the 

construction of sand dams on river discharge on using a hydrological model that uses 

sub catchments instead of a raster model. 

 

 





 

IVM Institute for Environmental Studies 

Impact of sand dams and climate change on modelled discharge  53 

   

References 

Aerts, J.C.J.H., Kriek, M. & Schepel, M. (1999). STREAM (Spatial Tools for River Basins and 

Environment and Analysis of Management Options): ‘Set Up Requirements’. Physics 

Chemistry of the Earth, Part B: Hydrology, Oceans and Atmosphere, 24(6), 591-595, 

doi: 510.1016/S1464-1909(1099)00049-00040. 

Aerts, J.C.J.H., Bouwer, L., van Geel, G. & Ward, P. (2005). STREAM MANUAL. Version 3.0 / 

April 2005. http://www.adaptation.nl (accessed October 1, 2010).  

Aerts, J.C.J.H., Lasage, L., Beets, W., de Moel, H., Mutiso, G., Mutiso, S.& de Vries, A. (2007). 

Robustness of Sand Storage Dams under Climate Change. Vadose Zone Journal, 6(3), 

572-580, doi:10.2136/vjz2006.0097.  

Cai, X. Wang, D. Zhu, T. & Ringler, C. (2009). Assessing the regional variability of GCM 

simulations. Geophysical Research Letters, 36, L02706, doi: 10.1029/2008GL036443. 

Domenico, P. A.& Schwartz, F.W. (1990). Physical and Chemical Hydrogeology. Second 

edition, John Wiley, New York, 1990.  

IPCC (2000). Special Report on Emission Scenarios. New York, U.S.A.: Cambridge University 

Press. 

Lasage, R., Aerts, J.C.J.H., Mutiso, G-C.M. & de Vries, A. (2008). Potential for community 

based adaptations to droughts: Sand dams in Kitui, Kenya. Physics & Chemistry of the 

Earth, 33, 67–73. 

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D. & Veith, T.L. (2007). 

Model Evaluation Guidelines for Systematic Quantification of Accuracy in Watershed 

Simulations. Transactions of the ASABE. 50(3), 885-900.    

Ngigi, S.N., Savenije, H.G. & Gichuki, F.N. (2007). Land use changes and hydrological 

impacts related to up-scaling of rainwater harvesting and management in upper Ewaso 

Ng’iro river basin, Kenya. Land Use Policy, 24, 129-140, 

doi:10.1016/j.landusepol.2005.10.002. 

Putten, van M. (2010). Modeling the Genale-Dawa river basin; The influence of vegetation 

on the modelled discharge in the Genale-Dawa river basin. Bachelor thesis. 

Amsterdam, The Netherlands, VU University, Institute for Environmental Studies (IVM).  

Rain, Acacia Water, EHRA, Afd & Sasol (2008). A practical guide to sand dam 

implementation – Water supply through local structures as adaptation to climate 

change. https://www.sanddam.org (accessed December 7, 2010) 

Ward, P. & Lasage, R. (2009). Downscaled climate change data from the HADCM3 and 

ECHAM5 models on precipitation and temperature for Ethiopia and Kenya. IVM Report 

(W-09/05). Amsterdam, The Netherlands, VU University Amsterdam, Institute for 

Environmental Studies.  

 

 

 





 

IVM Institute for Environmental Studies 

Impact of sand dams and climate change on modelled discharge  55 

   

Annex A  

 

Figure 54 Weather stations used for validation of the downscaled HADCM3 and 

ECHAM5 models. 
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Annex B  

Table A1 The numbers in the table indicate the number of months of data 

availability in a certain year.  

Monthly average temperature (°C) 

Station Dila Filtu Hagere Mariam Mega Negele Yabello 

1952         5   

1953         12   

1954 4       8   

1955 12       10   

1956 12       7   

1957 5       12   

1958 3       5   

1959         10   

1960         11   

1961 7       7   

1962             

1963 1       2   

1964 11       11   

1965 12       12   

1966 4       10   

1967         12   

1968         12   

1969 1       12   

1970 12       12 4 

1971 11       12 11 

1972 12       12 9 

1973 12       12 7 

1974 10       12 3 

1975 12   9   12 6 

1976 10   9   12 3 

1977 12   11   4   

1978 9   9   12   

1979 12 3 10   12   

1980 11 12 11   12   

1981 9 12 7   12   

1982   10 8   12   

1983   6 9   9   

1984 12 11 8 4 12   

1985 12 12 7 2 10   

1986 12 12 3 12 12 1 

1987 12 10 12 12 12 4 

1988 10 12 12 12 9 4 
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Station Dila Filtu Hagere Mariam Mega Negele Yabello 

1989 12 12 12 12 11 12 

1990 11 12 12 12 5 12 

1991 5 12 10 8   12 

1992 12 12 10   1 12 

1993   12 1 3 12 12 

1994   12   10 12 12 

1995 8 12 8 12 12 12 

1996 10 12 11 12 11 12 

1997 12 12 12 3 12 5 

1998 12 12 7 9 12   

1999 12 10 11 11 12 6 

2000 3   12 12 12 1 

2001     6 12 12   

2002 10   10 12 12 4 

2003 12   6 12 12 7 

2004 12   10 11 12 12 

2005 12   12 5 12 12 

2006 12   11 2 12 9 

2007 1   12 11 9 12 

2008 11   12       

Table A2 The numbers in the table indicate the number of months of data 

availability in a certain year.  

Monthly average precipitation (mm/month) 

S
ta

ti
o

n
 

D
il

a 

F
il

tu
 

H
ag

er
e 

M
ar

ia
m

 

M
eg

a 

N
eg

el
e 

Y
ab

el
lo

 

D
o

ll
o

 

O
d

o
 

A
d

o
la

 

C
h

el
el

ek

tu
 

C
h

ew
 

b
et

 

O
d

o
 

S
h

ak
is

so
 

W
ad

er
a 

1952         5     8         

1953         12     10         

1954 4       12     3         

1955 12       12     12         

1956 12       11     12         

1957 10       12     12         

1958 10       12     12         

1959         12     11         

1960         11     10         

1961 7       7     12         

1962 1             12         

1963 11       3     10         

1964 12       11               

1965 6       12               

1966 12       12               
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1967 11       12               

1968 10       12               

1969 11       9               

1970 12       12               

1971 12       12               

1972 12 3     12             2 

1973 12 12     12       12     12 

1974 10 12     12       12     12 

1975   12 9 10 12       12   11 7 

1976   12 9 11 11       12   11 12 

1977   7 12 11 10       12   12 12 

1978 4   10 3 12       12   12 12 

1979 12 3 10 10 11       12   12 12 

1980 11 12 11 11 12       12   10 12 

1981 9 12 7 12 12       12   11 9 

1982   9 11 9 11       12   12 12 

1983   6 12   11           12 12 

1984 12 12 9 5 11       12   12 11 

1985 12 12 6 11 12       12   12 11 

1986 12 12 3 12 12   7   12   12 9 

1987 12 10 12 12 10   12   12   12 12 

1988 12 12 12 12 11   12   12   12 12 

1989 12 12 12 10 12   12   10 6 12 11 

1990 12 12 12 9 6   12   11 8 12 10 

1991 8 12 10 7     11   12 12 12 10 

1992 12 12 10   1   12   12 12 12 12 

1993 12 12 7 9 12   11   11 12 12 12 

1994 12 12 12 11 12   12   12 12 12 12 

1995 12 12 7 12 12       12 12 12 12 

1996 12 12 6 11 12       11 12 12 12 

1997 12 12 11 11 12       12 12 12 12 

1998 12 12 11 12 11       12 12 12 12 

1999 12 10 9 10 12       11 12 12 12 

2000 12   11 11 12       12 12 11 12 

2001 12   12 12 12       12 12 12 10 

2002 12   12 12 12       12 12 12 10 

2003 12   7 12 12       12 9 12 7 

2004 12   11 10 12       11 12 12 5 

2005 12   12 5 12       12 6 11 4 

2006 12   12 2 12       5 5 10   
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2007 6   12 11 10       1 12 4   

2008     12                   

 

 



 

IVM Institute for Environmental Studies 

Impact of sand dams and climate change on modelled discharge  61 

   

Annex C  

Table A3 Statistics Calibration Mormora, HADCM3, where % is the annual mean 

simulated discharge as a percentage of the observed discharge. * t-test 

indicates there is no significant difference between the mean of observed 

and simulated data. ** Nash and sutcliffe coeficient indicates an 

acceptable level of performance of the model. 

STATISTICS T-test Nash and Sutcliffe % 

Mormora 0.87* 0.87** 99.5 

Awata 1.32 E-4 0.67** 130.6 

Shakisso 2.16 E-9 0.51** 144.1 

Digati 1.16 E-3 -5.07 195.9 

Melka Guba 3.24 E-14 -8.21 239.1 

Table A4 Statistics Calibration Mormora, ECHAM5, where % is the annual mean 

simulated discharge as a percentage of the observed discharge. * t-test 

indicates there is no significant difference between the mean of observed 

and simulated data. ** Nash and sutcliffe coeficient indicates an 

acceptable level of performance of the model. 

STATISTICS T-test Nash and Sutcliffe % 

Mormora 0.57* 0.91** 99.6 

Awata 0.71* 0.91** 104.3 

Shakisso 0.12* 0.84** 112.3 

Digati 2.65 E-3 -15.70 254.9 

Melka Guba 8.39 E-9 -13.47 255.1 

 

 


