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SUMMARY
The project
This research is the continuation of the “Recharge Techniques and Water Conservation in East
Africa – Up scaling and Dissemination of the good practices with the Kitui sand storage dams”
project. This project is a cooperation between the Acacia Institute and SASOL which started in
2005. The aim of this project is to use the acquired experience in Kitui to upscale the construction
of sand dams to other regions. Since little was known about the hydrological processes around
sand dams, the first part of the study focused on the hydrology of sand dams. This first study
gave a valuable insight in the functioning of sand dams.
Sand dams are small dams built in the riverbed of ephemeral rivers. They are usually only a few
meters high and are designed in such a way that sand accumulates behind them. This increases
the thickness of the riverbed, thereby enlarging the natural aquifer. Due to the increased
thickness of the riverbed and because flow through the riverbed is blocked, water availability
increases significantly. Since all water is stored under ground, evaporation is limited and the
water is filtered by the sand, increasing its quality.
For the up scaling of the construction of sand dams it is needed to know what the effects of these
dams are on a catchment. Unwanted effects may than be recognised and dealt with. Furthermore
it is needed to know what the key factors are which determine the success or failure of a sand
dam. When these factors are known, it is possible to identify regions were sand dams have the
best chance of being successfully implemented.
This report is about the influence of sand dams on runoff from a catchment and water availability
in that catchment. The influence of sand dams on groundwater levels can be found in the report
of Hoogmoed (2007) and the key factors determining the success or failure of a dam in the report
of Gijsbertsen (2007).
Research area
The research area is located in the semi-arid Kiindu catchment, about 10 km south of Kitui Town,
Kenya. The research area consists of the upstream area of the Kwa Ndunda sand dam and
2
covers an area of about 15 km . The main land use in the area is agriculture (73%). The rest of
the area is covered with bushes and trees (27%). There are 17 sand dams located in the study
area.
Methodology
Precipitation was measured at three locations in the catchment, using automatic rain gauges.
Discharge from the study area was calculated from measured water levels at the Kwa Ndunda
dam, on which a spillway was constructed to make accurate measurements possible.
Groundwater levels were measured at several locations near the Kwa Ndunda dam. Runoff
intensity was measured using three runoff plots, using collection barrels equipped with automatic
water level recorders.
A model, based on these measurements, was constructed to simulate the influence of sand dams
on the study area. The model was calibrated for the present situation using measured total
discharge, shape of the single discharge peaks and variation in groundwater levels. This
calibrated model was then run for four scenarios. One without any dams to see what the natural
situation would be, one with the present situation, one with a doubling of the amount of dams in
the area and one with the same number of dams, but then with a double height.
The model was also used to simulate the availability of water at the Kwa Ndunda dam site during
the dry season. This was done for the present situation, with an extraction of water by people of 8
3
m /day, and for the ‘no dams’ scenario, with the same extraction of water.
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Results measurements
Precipitation occurred mainly during the night, in relatively short events with high intensity. The
highest intensity, which lasted for several minutes, was about 2.5 mm/min. The total amount of
precipitation during the research period was 730 mm, considerably higher than the average
amount of 590 mm for this period.
After an initial period where generated runoff only filled the soil moisture and groundwater storage
in the catchment, discharge was also measured at the Kwa Ndunda dam site. The highest
3
measured water level was about 90 cm, corresponding with a calculated discharge of 14 m /s.
5
3
Total runoff during the research period was 6.46 x 10 m , corresponding to 52.9 mm.
Results modelling
The modelled influence of the sand dams that are presently located in the study area on runoff is
a reduction in runoff of about 3 mm. This is about equal to the amount of added storage space.
When a double number of dams is placed in the study area, available storage increases with 4
mm and runoff decreases with 4 mm. Doubling the dam height of existing dams has a larger
influence, since the existing dams are located at the most favourable locations. Storage increases
by 6.5 mm and runoff decreases by 6.5 mm.
Water availability during the dry season depends on the amount of water which is stored at the
end of the wet season, evapotranspiration rates during the dry season and on water use.
Evapotranspiration by vegetation on the riverbanks accounts for a total loss of water of about 11
mm, while water use only accounts for 0.4 mm.
3

Water availability is of course also influenced by sand dams. A water use of 8 m /day at the Kwa
Ndunda dam site can be sustained for only 75 days when the dam is not included in the model.
This period is extended to about 140 days when the Kwa Ndunda sand dam is included in the
model.
Recommendations
The measuring period for this research was relatively short and some of the most important
model parameters could only be measured at two or three locations. It would be better if the
model was calibrated using measurements from more locations and time series of several years,
including dry periods.
Furthermore, it would be interesting to actually measure the influence of the construction of sand
dams. For this study it was only possible to measure rainfall-runoff relations for the catchment
with sand dams. The actual influence of these dams could only be modelled. Measurements of
precipitation, runoff and groundwater levels in a catchment before, during and after sand dam
construction would be very valuable to check the accuracy of the modelled influence of sand
dams.
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1

INTRODUCTION

1.1 Background
In many parts of the world people are confronted by water shortages during periods of low
rainfall, even if annual rainfall should be enough to cover the needs of the people. This is due to
the uneven distribution of precipitation throughout the year. During periods of low precipitation
rivers run dry and people have to walk considerable distances to other rivers in the area to get
water.
However, people have been coping with these problems since ancient times by all forms of water
harvesting and conservation techniques (Reij, 1999). Many of these techniques are adapted to
local conditions, but might also work in other regions with comparable conditions. These
techniques are usually fairly simple and easy to use, but the problem is that knowledge of these
techniques is not disseminated to other regions. Therefore there are probably a lot of regions in
the world which are suffering from water shortages while simple techniques to overcome these
difficulties already exist.
One of the examples of a locally very good working technique for water harvesting and storage
are the sand dams in the Kitui region in Kenya (Fig. 1.2). These dams are built in ephemeral
streams where a non-permeable layer is present at a reachable depth. The dams are built in such
a way that coarse sediment is trapped behind the dam, effectively increasing the thickness of the
riverbed. Water is then trapped in the sediments behind the dam (Fig. 1.1), from where it can
easily be recovered using a well or scoophole.
Underground storage of water has several advantages over storage as surface water. The
evaporation is limited compared to evaporation from surface water (Hellwig, 1973), water quality
is better since it is being filtered by the sediments and bacterial influence is limited (Tuinhof and
Heederik, 2003; Huisman and Wood, 1974) and there is no surface water in which (disease
spreading) mosquito’s can live.

Fig. 1.1 Schematic diagram of a sand dam (source: Borst and De Haas, 2006)
A local Non Governmental Organisation (NGO), the Sahelian Solutions Foundation (SASOL), has
built more than 400 of these sand dams in the Kitui region. Recent studies showed that the
livelihoods of the people in the sand dam areas have increased significantly (i.e. De Bruijn and
Rhebergen, 2006; Oldenhuis and Pauw, 2006).
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These ‘sand dams’ are also known in other parts of the world, such as Sardinia, Tunisia, Arizona,
India, Brazil, Pakistan and parts of South and East Africa. All these dams are using the same
principle, but are sometimes known under different names, such as: ‘sand storage dams’, ‘check
dams’, ‘trap dams’, sponge dams’ or ‘desert water tanks’ (Van Haveren, 2004). In spite of this
worldwide occurrence of sand dams, it seems that knowledge is not easily spread to regions
where they are not yet built, even if these regions are fairly close. Another problem is that the
functioning of these dams is not thoroughly researched at different locations, which makes it
difficult to predict whether they will work in a certain area. The only study outside the Kitui region
which could be found was done in South-India (Janardhana, 2005)
Believing that expanding the knowledge of such techniques for water harvesting would benefit
many parts of the world, the Acacia Institute, funded by A4A and in cooperation with SASOL,
st
started the 1 phase of this project in 2005, under the name: “Recharge Techniques and Water
Conservation in East Africa; Up-scaling and dissemination of the good practices with the Kitui
sand storage dams”. The aim of this study is to find out what the effects of the sand dams are,
and what the key factors are for the success of these dams. When these key factors are known
the sand dams can be applied in other regions with the help of local NGO’s.

1.2 Previous research
Because little was known about the actual functioning of the sand dams the project started in
2006 by studying the hydrological working of one of the sand dams (Borst and De Haas, 2006).
The selected dam was located in the Kiindu catchment, about 10 km south of Kitui Town
(Appendix Ι A). During this first study (from august to November 2005) rainfall, evaporation from
the riverbed and groundwater levels around the dam were measured. It was found that after
several rainfall events the river started flowing, first only during and just after the rainfall, but at
the end of the period also continuously. The riverbed filled up very quickly, after which the banks
started filling up with water. It was estimated that the dams store around 2% of the water that
enters the area between two dams. An estimated 40% of the stored water is located in the
riverbanks.

Kitui area

Fig. 1.2 Location of the Kiindu catchment (Kitui district, Kenya).
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The socio-economic impacts of the sand dams were further studied by the Institute for
Environmental Studies (IVM) of the VU University Amsterdam (VUA) in the same period. They
found that the sand dams in the Kitui district really improve people’s livelihoods. The increased
availability of water during the dry periods not only increased health, but also income and school
attendance since the availability of a nearby source of water significantly decreased the time
needed to fetch water, leaving more time to grow cash crops for the farmers and time to attend
school for the children (De Bruin and Rhebergen, 2006).

1.3 Continuation of the research
The first studies gave valuable insights in the hydrological functioning of the sand dams, but the
measurment period was only three months and some parts of the water balance could not be
measured at the time. To extend the continuous time series of precipitation and groundwater level
data the measurements were continued by local people for at least one year (at the time of writing
the measurements are still being continued). These continuous data series are very scarce for
semi-arid regions (i.e. Kerem et al, 2002) and might therefore prove very valuable for other
research projects.
The continued research focuses on three aspects that are important for the up-scaling of the sand
dam project.
1) Rainfall – Runoff relations and water availability
- Measuring rainfall and generated runoff from different surfaces.
- Measuring discharge from the catchment.
- Modelling and predicting runoff in the Kiindu catchment.
- Modelling the influence of the number of sand dams in a catchment on the runoff
from that catchment.
- Modelling the influence of sand dams on water availability.
2) Modelling the groundwater around a sand dam
- What is the influence of sand dams on groundwater dynamics?
- What are the most important factors influencing groundwater dynamics in the
area around a sand dam?
3) Up-scaling the sand dam project
- Find key factors determining the success or failure of a dam.
- Produce a possibility map for whole Kenya/East Africa.
This report is about the surface water part of the study. For the groundwater study of the study
see the report of Hoogmoed (2007) and for the up-scaling part see the report of Gijsbertsen
(2007).

1.4 Objective
This study aims at measuring and modelling the surface water component of the water balance of
the Kiindu catchment.
The three primary objectives of this part of the study are:
-

Measuring the surface water components of the water balance (runoff
generation from different surfaces and discharge through the river) to gain
a better understanding of the rainfall runoff relation.
Modelling the influence of sand dams on river discharge and the total water
balance.
Modelling the influence of sand dams on water availability.
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1.4.1 Additional measurements for the water balance of the Kiindu catchment
The continuing construction of sand dams makes it more and more important to have information
on the influence of these dams on the total water balance of a catchment. Storage of water
upstream might have unwanted effects on the availability of water downstream. Borst and De
Haas (2006) estimated the amount of water stored behind a sand dam in the Kiindu River at
about 2% of the water entering the area between two dams, but discharge measurements could
not be done to compare this value with the amount of water discharging through the river.
1.4.2 Modelling the influence of sand dams on river discharge and the water balance
In the Kiindu catchment there were no conflicts about downstream effects, but the Nzeeu River in
which it discharges has also areas without dams in its catchment. The effect of the dams in the
Kiindu catchment might therefore be unnoticed.
When an entire catchment is filled with dams this might be different and downstream availability
of water might be affected. It’s especially important to know the downstream effects of these
dams when the catchment in which they are being built stretches over more than one country.
The downstream country may demand that it shouldn’t be disadvantaged by storage of water in
the upstream country. Therefore it is very useful to find out what the influence of (extra) storage of
water is on the discharge of a river system.
1.4.3 Modelling the influence of sand dams on water availability
It is known that sand dams have a positive effect on water availability during the dry seasons.
However, it would be useful to know which amount of water can be extracted from the sand dam
reservoir. This is not simply the amount of stored water at the end of the wet season, but also
depends on evaporation, leakage, and possibly some other factors. It might be possible to
improve the availability of water during the dry season when these processes are known.
1.5

Approach

1.5.1 Measuring rainfall, runoff and storage
To be able to say something about the downstream influence of sand dams in a catchment, we
required knowledge about the availability of water and the amount of water which is being stored
by the dams in that catchment. The amount of available water was calculated by measuring the
precipitation throughout the catchment and by measuring the amount of discharge in the river.
From this data it is possible to express the amount of stored water as a percentage of the total
available water in the Kiindu catchment. This can be used to determine the maximum amount of
sand dams which can be placed, without exceeding a certain threshold.
Precipitation measurements for other catchments are usually available from nearby measurement
stations or can be obtained from sources like NewLocclim (FAO, 2005). Discharge data is usually
not available for these catchments, so this parameter can only be estimated from catchment
characteristics.
The amount of stored water behind the Kwa Ndunda sand dam was calculated by Borst & De
Haas (2006), based on channel and bank dimensions combined with groundwater level
measurements and porosities taken from literature. This calculated value, combined with the
results of the groundwater study done by Hoogmoed (2007) have been used for the Kwa Ndunda
sand dam. The formulas found by (Beimers et al, 2001) can be used for other sand dams where
groundwater level measurements are unavailable.
1.5.2 Modelling the influence of sand dams on river discharge
The influence of storage of water behind a sand dam on river runoff depends on a number of
factors such as the infiltration rate into the storage, evaporation and evapotranspiration from the
storage, leakage from the storage and flow of stored water. Therefore it is not possible to predict
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the effect of additional dams in a catchment only based on the extra storage space which is
created.
A model, in which all those factors are included, has been produced to simulate the effect of extra
sand dams in a catchment. The model has been calibrated based on measurements in the Kiindu
catchment (mostly at the Kwa Ndunda dam site).
1.5.3 Modelling the influence of sand dams on water availability
The calibrated rainfall-runoff model was used to estimate the influence of sand dams on the
availability of water during the dry seasons. The model has been run for an extended period of
150 days (about the length of the long dry season) to see for how long a certain extraction rate of
water can be sustained. The total water balance was used to estimate the relative importance of
the different processes.
1.6 Contents of report
Chapter 2 gives an overview of the characteristics of the Kiindu catchment and surrounding area.
Measurement methods are described in chapter 3. Chapter 4 describes the hydrological
processes in the Kiindu catchment and the methods used to model these processes. The results
of the measurements and modelling are given in chapter 5 and 6 respectively. These results are
discussed in chapter 7 and 8. Conclusions are given in chapter 9. Some recommendations are
made in chapter 10.
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2

REGIONAL AND LOCAL SETTING OF THE STUDY AREA

For more information about the regional setting of the study please refer to the report of Borst and
De Haas (2006), who performed the first study in the area in 2005.
2.1 Location of the study area
The study area is the Kiindu catchment in the Kitui district in Kenya. This catchment is located
2
about 10 km south of Kitui Town (38.01 E, 1.37 S), and covers an area of about 37 km . The
catchment is located between the towns Wikililye in the North (38.01 E, 1.40 S), Mulango and
Kyangunga in the East (38.02 E, 1.44 S) and Yakalia and Kangalu in the West (37.98 E, 1.45 S).
The Kiindu River flows to the south where it discharges into the Nzeeu River. The water from the
Nzeeu River eventually flows to the major Tana River, which discharges in the Indian Ocean. The
total length of the Kiindu River itself is about 16 km.
The mean elevation of the Kiindu catchment is about 1070 m. The lowest point of the research
area is the riverbed at the Kwa Ndunda dam with an elevation of 1020 m. The highest point has
an elevation of about 1125 m. See appendix Ι F.
According to SASOL more than 500 sand dams have been built in the Kitui region in the period
from 1997 to 2007. Thirty-two of these dams are located in the Kiindu catchment (Fig. 2.2).
The main study area is the area around the dam Kwa Ndunda (38.00 E, 1.46 S). This is a mature
dam (> 7 years old) which is functioning very well. The measuring equipment is located in the
area directly around this dam and in its upstream area (Fig. 2.1 & 2.2; Appendix Ι A & Appendix
ΙΙ).

Fig. 2.1 The Kwa Ndunda dam in the Kiindu River.
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Most dams in the Kiindu catchment operate very well, but there are 5 dams which are
malfunctioning due to leakage underneath or around the dam (Fig. 2.2 & 2.3). This leakage
undermined the dams or the riverbanks and lead to collapsing of parts of the dams or riverbanks.
Water is now flowing around or through holes in and under these dams.

Fig. 2.2 Left: Sand dams in the Kiindu Catchment (operating=green, non-operating=red). Kwa
Ndunda is indicated with a green triangle; Right: Topographic map of the Kiindu catchment
overlain with the river courses as calculated from a DEM. The white and light gray area
represents the whole Kiindu Catchment. The white area represents the upstream area of Kwa
Ndunda.

18

The influence of sand dams on rainfall-runoff response and water availability in the semi-arid Kiindu catchment

Fig. 2.3 Malfunctioning dam downstream Kwa Ndunda. Leakage of water underneath the dam
has created a hole through which the accumulated sand can also be moved by the flowing water.

2.2 Climate
Borst and De Haas (2006) found that, compared to other data sets, the New LocClim program
(FAO, 2005) gave the best results for extracting climatological data for the Kitui area. Since this
program is also very easy to use the following data is extracted from the program.
The local climate is classified as semi-humid to semi-arid (Braun, 1982) (Appendix Ι E), with two
rainy seasons separated by months with virtually no precipitation. These rainy seasons occur
from March to May (short rains) and from the end of October to January (long rains). During the
short rains the total amount of precipitation is about 377 mm and during the long rains 526 mm
(Fig. 2.4). The yearly average precipitation is about 920 mm so 98 percent of the precipitation
falls within the rainy seasons.
The average temperature is about 23 degrees with a minimum of 20 degrees in July and a
maximum of 25 degrees in February and October. The potential evaporation ranges from 3.5
mm/d in July to 5 mm/d in February and September (Fig. 2.4).

Fig. 2.4 Mean daily precipitation (red) and potential evaporation (green) in the Kiindu catchment
according to the New Locclim program (FAO, 2005).
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2.3 Geology
The basement of the catchment consists mostly of Precambrian gneisses with some local
pegmatite veins and quartzite (Fig. 2.5; Appendix Ι B). This basement is fractured, weathered and
eroded to the present shape. The (mainly Quaternary) weathering products form a shallow layer
of sand, silt and clay on top of this basement. At places where this layer consists mostly of sand
(i.e. in river beds) it serves as a shallow aquifer. The fractured basement rock, which can be
fractured up to several tens of meters deep, can also serve as an aquifer.

Fig. 2.5 Outcrop of basement rocks

2.4 Vegetation and land use
The natural vegetation in the Kiindu catchment consists mainly of Acacias and other thorny
bushes (Katumo, 2001). Large areas are stripped from this natural vegetation to make space for
agriculture and to use it as firewood. Larger patches of this natural vegetation can therefore only
be found at steep slopes or other areas which are not suitable for agriculture and usually
relatively far away from the small villages.
The other parts of the catchment are used for agriculture. The agricultural fields are generally
2
small (around 100 to 1000 m ) and are separated from each other by strips of vegetation. These
fields can be found near the river and at the slopes where terraces are made (Fig. 2.6 & 2.7). The
main crops in the area are maize and cowpeas. Furthermore there are some mango, banana and
papaya trees.
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Fig. 2.6 The Kiindu River with agricultural fields located on the left bank and natural vegetation on
the right bank.

Fig. 2.7a Small field on riverbank

Fig. 2.7b Large agricultural field on slope with
terraces

2.5 Soils
The soils in the Kiindu catchment are described as “moderately deep to deep soils with moderate
to high fertility” (Sombroek et al 1980) and as “well drained, deep to very deep, dark reddish
brown to yellowish red, friable, sandy clay to clay” (Soil Survey Mackakos-Kitui-Embu, ) on
existing soil maps (Appendices Ι C & Ι D).
From field observations it is known that the soils in the Kiindu catchment at locations near the
river channels usually consist of a layer of silt or clay of about 0.1 to 4 meter with a gradual
transition to weathered basement (Fig. 2.8). At locations further away from the river (at higher
elevation) the soils can be very deep as is shown by Vertical Electrical Soundings (VES)
performed in the area (Hoogmoed, 2007).
The riverbed consists of medium to coarse sand with some local silt and clay lenses (Fig. 2.8)
which are underlain by (weathered) basement rocks. The maximum thickness of the riverbed was
around 2 meter.
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Fig 2.8 Left: Sandy riverbed with clay layers (total thickness 140 cm). Upper right: Silty soil (90
cm). Lower right: Shallow soil on bedrock (15 cm).
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3
3.1

METHODS FIELD MEASUREMENTS
Precipitation

3.1.1 Available data
Historical precipitation data for the Kitui area was gathered by Borst and De Haas (2006). At the
closest weather station, located in Kitui Town, about 10 km north of the study site, the
precipitation was only measured with a totaliser (manual rain gauge, measured daily). Because
these data contained errors and because the precipitation in the area shows a high spatial and
temporal variation they placed several totalisers at schools and other places near the study area
which were measured daily. To measure the temporal distribution of the precipitation they also
placed an automatic rain gauge at one of the measuring sites (Appendix ΙΙ A).
The measurements with the totalisers started in October 2006 and are still being continued by the
participating schools. The automatic measurements were taken from August 2006 till the end of
November 2006.
3.1.2 Manual measurements
For this study several extra totalisers were placed in the research site (one for every runoff plot,
see 3.2). These totalisers were locally made after the design of Borst and De Haas (Fig. 3.2) to
make sure that all the used totalisers had the same specifications. The old totalisers were
checked and data from the past months was collected.
3.1.3 Automatic measurements
We expected that the intensity of the rainfall has a great impact on the amount of generated
runoff. Furthermore it was known that discharge events in the river showed sharp peaks during
rainfall and lasted only for a short period of time (especially at the start of the rainy season). For a
better understanding of the rainfall – discharge relation we therefore needed to measure the
temporal variation of the rainfall better than possible with the totalisers. To do this three tipping
bucket systems (constructed at the VUA workshop) were installed in the catchment. One near the
research site (TB Christina), one at a school were they also did manual measurements (TB
Mulango) and one at another school were no measurements had been done so far (TB Kangalu).
A fence, made of thorny bushes, was built around the tipping bucket system to prevent people
from touching it (Fig. 3.1). Locations are given in Appendix Ι B.
After a few weeks of measuring we found that two of the three tipping bucket systems were
malfunctioning due to large amounts of insects clogging the funnel. To prevent this, sieves were
placed in the funnels so that insects and there remains could not clog it.

Fig. 3.1 Automatic rain gauge with a fence of thorny bushes.

Fig. 3.2 Totaliser rain gauges.
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3.2 Runoff generation
In order to relate the measured precipitation to the discharge we needed to get a better
understanding of the runoff generation in the area. To see what amount of runoff is being
generated by which surface (slope, soil, vegetation), runoff plots where installed (Fig. 3.3).
The plots consisted of an area of approximately 8 m2 (4x2m), with a wall around it to prevent
water from flowing on or of the area. Usually these walls are made from wooden or metal plates
hammered into the ground, but the surface was too hard to do this without disturbing the plots
themselves too much. Therefore the surrounding wall was made of earth and stones covered by
plastic foil to prevent erosion. The plastic foil was hold in place by large rocks and stones.
The locations of the plots were chosen just downstream of barriers in the landscape (earth walls
constructed by the farmers) to minimize the amount of water flowing against the uphill part of the
wall, which can cause leakage. A gutter was placed at the lowest border to collect the water
flowing from the plot. To prevent leakage under the gutter it had a cement slab attached to it. The
water from the gutter was led through a hose and into a collection barrel which was dug into the
ground downhill of the plot. Automatic level recorders were placed in the barrels to allow
measurements of the changes of the amount of runoff in time (Fig. 3.3).

Fig. 3.3 Runoff plot with gutter and hose connected to a collecting barrel equipped with automatic
water level recorder.
The largest barrels that could still be dug into the ground had a capacity of 240 litres. Assuming a
runoff coefficient of 30 percent, the 240 litre barrels fill up after 100 mm of precipitation. The
highest daily precipitation during the study period of Borst and De Haas (2006) was about 70 mm,
so 100 mm storage capacity was expected to be enough for most of the events.
Due to limited resources and the availability of measuring equipment it was only possible to install
four runoff plots, of which three could be measured automatically and one manually (daily).
Another limitation was the fact that a large part of the area near the river was used as agricultural
land. Some of the farmers didn’t want a runoff plot on their land. Furthermore the plots had to be
located in such a way that the collection barrels could be dug into the ground. Due to the
compactness of the soils this meant that they had to be placed near natural depressions in the
area, such as gullies.
Because of these limitations on the number of plots and the availability of good locations it was
not possible to measure at all slope-soil-vegetation combinations. The used locations are
described below (Table 3.1 & Fig. 3.4) and can be found in Appendix ΙΙ B (photos in Appendix ΙΙΙ
D).
Table 3.1 Characteristics runoff plots
Plot 1
Plot 2
Slope (degrees)
2
8
Soil
Silt
Silt
Vegetation
Sparse, grass
Dense, bushes
Land use
Grazing
Natural
24

Plot 3
2
Silt
Intermediate, agri
Agricultural

Plot 4
2
Clay
Intermediate, agri
Agricultural
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Fig. 3.4 Initial state of the runoff plots (Clockwise from upper left: RP 1, RP 2, RP 4, RP 3).

3.3 Infiltration
The runoff plots can give a good estimation of the runoff generated on different surfaces, but it is
not possible to measure the amount of infiltration with them. This is because the amount of
infiltration is not simply the amount of precipitation minus the amount of runoff. There is also
interception of the precipitation by vegetation and evaporation from the surface.
The fraction of the precipitation which doesn’t immediately flow to the rivers, but infiltrates into the
soil can be very important for the base flow of these rivers.

Fig. 3.5 Double ring infiltrometer
The infiltration capacity of different soils is therefore also measured using a double ring
infiltrometer. This instrument consists of two rings, which are hammered into the ground, in which
the head is kept constant (manually or by using a Marriott bottle). Measurements are done in the
inner ring, from which the water can only flow vertically into the ground as the water infiltrating
from the outer ring acts as a separator to prevent non-vertical flow. The infiltration rate can now
be determined by recording the amount of water added to the inner ring (to keep the head
constant) per unit of time (Fig. 3.5).
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Measurements were done at each runoff plot site for comparison, and at two sites in the river bed
to see how quickly water can infiltrate in the riverbed. The obtained values actually give the
vertical saturated hydraulic conductivity. Unsaturated hydraulic conductivity is lower than this
value, so until the soil is completely saturated, lower values for infiltration should be used.

3.4 Soils, land use and vegetation cover
The measurements on runoff generation and infiltration were only done at a few small plots and
had to be extrapolated to the entire catchment. To do this it is needed to know the distribution of
soils, vegetation cover and land use throughout the catchment.
3.4.1 Soils
The soils in the catchment are to some extend described by Borst and De Haas (2006). However,
sampling was limited to the places were they placed piezometers. Four new augurings were done
near the four runoff plots to see what soil type these plots represented.
For extrapolating the runoff plot data to other parts of the catchment we needed to asses which
runoff plot fitted best with which part of the catchment. To find this out sediment samples were
taken from the runoff plots and throughout the catchment (mainly along the riverbanks). These
sediment samples were analysed for their grain size distribution with a Fritsch A22 laser
diffraction spectrophotometer at VUA.
3.4.2 Land use and vegetation cover
The land use and amount of vegetation was documented while taking sediment samples. The
best surveyed parts are therefore the parts of the catchment which are closest to the river.
Because the catchment is not very wide this is thought to cover the major part of the catchment.
The following land use categories were distinguished:
-

Bare
Agricultural
Natural, bushes
Natural, forest
Urban

The following vegetation density categories were distinguished:
-

Bare
Sparse
Intermediate
Dense

The land use is stable throughout the seasons, but we observed that the amount of vegetation
cover changes considerably within a season. Recording these changes for the whole catchment
manually would be too time consuming, so satellite images were used to do this. The best images
which were freely available were 16-day average NDVI (Normalized Difference Vegetation Index)
images with a 250 m resolution.
Because the catchment consists of a large number of very small patches of agricultural and
natural land this resolution is too low to get values for all patches. However these images do give
useful information about the average change in vegetation cover.
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3.5 Water level and discharge
Borst and De Haas (2006) found that the discharge of the Kiindu River was difficult to measure at
the Kwa Ndunda dam site. The dam did not have a real spillway, but consisted of a lower western
and higher eastern part (difference was about 30 cm). Because the lower part of the dam was
very wide (17 m) in respect to the width of the river (about 25 m), and because it was not entirely
level, the water level would only change a few cm while the amount of discharge changed
considerably (Fig. 3.6).

Fig. 3.6 Water flowing over Kwa Ndunda. A small change in water level changes the total amount
discharge considerably (source: Borst and De Haas, 2006).
To obtain a reliable continuous data series of the discharge of the Kiindu River at the Kwa
Ndunda dam site the water level had to be measured continuously and a spillway had to be
constructed on the dam. This allowed a reliable calculation of the discharge from measured water
level.
3.5.1 Water level
Because the water level of the river was said to be reacting very fast in the case of a large rainfall
event, and because the research site was very hard to reach during storms we opted to measure
water level in the river automatically. According to local farmers the river could even carry trees
with it and in the study of Borst and De Haas (2006) some of the piezometers that had been dug
into the riverbed for about 1.5 m had been swept away by the flowing river. Therefore we needed
to build something in the riverbed in which a diver could be safely installed, while it remained in
good contact with the surface water.
A concrete box which was stabilized on the rocks beneath the riverbed was therefore built. This
box consisted of two parts in which two piezometers were placed, one to measure groundwater
and one to measure the surface water (Fig 3.7). In the lower part of the box there were some
openings to allow contact with the groundwater. The upper part of the box was closed for the
groundwater and had a lid on top which was at the same level as the lowest part of the dam (Fig
3.7). This lid consisted of two metal plates with holes in it to allow contact with the surface water.
A filter was placed between the plates to prevent filling up of the box by sand and silt.
To use the measured water level in combination with a Cipoletti spillway to calculate discharge it
was needed to locate the measuring point at least 4 times the highest expected water level (m
above spillway) away from the dam. According to local farmers and people from SASOL the
highest water levels were about 1 meter high. So in this case the measuring point had to be at
least 4 meter away from the dam.
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In the period from the 22 of October to the 25 of November the level was measured every two
minutes. After that the measuring period was set to 4 minutes and measuring continued up to
December 15 2006. After the 15th of December 2006 the measurements are continued by a local
student until the river stops flowing (measuring period remained 4 minutes).

Fig. 3.7 Concrete box with piezometers in riverbed to measure groundwater and surface water
levels.
3.5.2 Cipoletti spillway
The existing dam did not have a spillway that was suitable for accurate water level and discharge
measurements. The dam was not level enough and too wide to measure low flows accurately.
Therefore a new spillway was built on the existing dam. This spillway had to increase the water
level fluctuations in low flow situations to make them better measurable, but to prevent erosion of
the banks it should be dimensioned in such a way that also the peak flow would only flow through
the spillway.
A V-shaped weir would be the best for measuring low flow situations, but to allow enough water
to pass in times of peak flow this weir would have to be very high. Because the spillway had to be
built with local materials and in a short period of time it was decided to construct a double
Cipoletti spillway (Fig. 3.8). This spillway form is the same as a rectangular one, but then with
sides that incline outwardly at a slope of 1 horizontal to 4 vertical. The advantage over a
rectangular shaped spillway is that the formula for converting water level to discharge is simpler
for the Cipoletti form.
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The discharge can be calculated with the following formula:

Q = 1.86 ⋅ L ⋅ h 3 / 2
With:
Q = Discharge (m3/s)
L = Base length of the weir (m)
h = Head at measuring point (m)
This formula applies only when some criteria are met (USDI, 2001). The most important of these
criteria are listed below:
-

The approach channel is straight and free of obstacles for at least 20 times the spillway
width.
The measured head is less than one third of the base length of the weir.
The water can flow freely over the spillway -> the bottom of the spillway is at least 0.2
measuring heads above the downstream water level.
The height of the weir crest above the bottom of the approach channel should be at least
twice the maximum head over the crest.
The distances from the sides of the spillway to the sides of the channel should be at least
twice the maximum measuring head.
The head used to calculate the discharge is measured at least 4 times the maximum
head to be measured upstream the spillway.

When these criteria are met the calculated discharge can be considered accurate to +/- 5 percent.
During periods of low flow the water only flows through the small spillway which has a base width
of 2.85 m and a height of 0.33 m. According to the Cipoletti formula the maximum discharge
3
through this spillway would be 1 m /s. The larger spillway is constructed ‘on top’ of this spillway
and has a base width of 15.40 m and a height of 0.67 m above the crest of the small spillway
(1.00 m above the lowest level of the small spillway). According to the Cipoletti formula the larger
3
spillway has a maximum capacity of about 15.7 m /s. The total capacity of the two spillways
3
should therefore be at least 16.7 m /s.

Fig. 3.8 Top: Original dam without Cipoletti; Bottom: Dam with new Cipoletti.
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3.5.3 Bulk injection method
At the research site it was impossible to meet all the criteria for good use of the Cipoletti formula.
To check the accuracy of the calculated discharge values we therefore needed to measure the
discharge also in a different way. This was done by the bulk injection method, using table salt as
a tracer. This method uses the EC change of the river water after injection of a small volume of a
dilution with a high EC.

Fig. 3.9 Manual measurement of EC at the
spillway of the dam (for bulk injection method).
When a certain volume of dilution with a high concentration of salt is poured into the river the
amount of (extra) salt passing a downstream point can be expressed as the difference in
concentration times the volume of the dilution:

extrasalt = (C i − C r ) ⋅ Vi
With:
Cd
Cr
Vi

= concentration of the injected salt solution
= concentration of original river water
= volume of the injected solution

The amount of extra salt passing the downstream point (after complete mixing) can also be
expressed as the discharge of the river times the integral of the extra salt in the river water per
time step:
∞

extrasalt = Q ³ (C m − C r )dt
0

With:
Q
Cm
Cr
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= discharge (m3/s)
= concentration of the mixed river water
= concentration of original river water
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From these two formulas the following formula for the discharge of the river can be conducted:

Q=

(C i − C o ) ∗ V
∞

³ (C

b

− C o )dt

0

With this formula it is possible to measure the discharge of the river with just some salt, a barrel,
an EC meter and a stopwatch. First a solution was made of river water with salt, in this case
usually about 4 to 6 kg of salt with 30 to 40 litres of river water. A small sample was taken from
this solution so that the EC could be measured (after dilution, EC was too high to measure
directly). This salt solution was then thrown into the river about 150 meters upstream of the dam
site. At that moment the EC measuring started at the dam site at certain time steps (usually every
5 seconds). Measuring of the EC stopped when the salt wave had passed and the EC values
returned to the normal river value. For one of the measurements a diver was used which
automatically measured EC (EC-T Diver, Van Essen Instruments), but this didn’t give good
results so for all the other measurements a manual EC meter (name) was used (Fig. 3.9).
3.5.4 Other method
Because discharge measurements using the bulk injection method are time consuming other
methods were tried. One of these methods was measuring the distance the water flowing from
the spillway travelled before it hit the lower level. Combined with the height the water falls down
from the spillway this can give a value for the velocity with which the water flows from the
spillway. When this velocity is know, the discharge can be calculated with the area-velocity
method.
When resistance by the air through which the water falls is neglected, the following formulas
apply:

x = v ⋅t
y = 12 ⋅ g ⋅ t 2
With:
x = horizontal distance travelled (m)
y = vertical distance travelled (m)
v = horizontal velocity (m/s)
2
g = gravitational constant (m/s )
t = time (s)
The needed time to fall the distance y can be calculated:

t=

1
2

y
⋅g

When this time is know the horizontal speed can be calculated from the following equation:

v=

x
t

The discharge can be calculated from the velocity at the end of the spillway v, the width of the
spillway L and the water level at the end of the spillway h.

Q = L⋅h⋅v
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This method will only work when:
-

There is no wind (otherwise the x distance is influenced)
The flow over the spillway is constant over the width of the spillway
The water level is not too high (the water layer falling down is then to thick to measure
the x distance correctly
The water level is not too low (the water will then cling to the dam)

This method has to be tested against measurements with the bulk injection method to see if it can
be used to get a quick estimation of the discharge.
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4

MODELLING PROCEDURES

4.1 Available data
As stated before, rainfall-runoff data is very scarce for semi arid regions. The Kiindu catchment
was selected to do (extra) measurements to better understand the rainfall-runoff relations for this
catchment (see chapter 3). This gave information about precipitation (intensity, total etc), runoff
from small plots and runoff from the entire catchment. Soil (grain size distribution, depth, and
infiltration capacity), land use (agriculture/natural/bare) and vegetation density maps were
produced. Table 4.1 gives a summary of the available data for the Kiindu catchment.
Table 4.1 Available data for the Kiindu catchment
Data
Spatial resolution
Elevation (DEM)
90x90m
Vegetation (NDVI)
250x250m
Soils (type)
1x1 km
Soils (grain size distribution)
point
Runoff generation
point
Precipitation
point
Precipitation
Water level
-

Temporal resolution
16 days
1 minute
Daily
-

Source
SRTM data
NASA/EOS
?
Measured
Measured
Measured
New Locclim
Measured

4.2 Processes influencing the rainfall-runoff relation in the Kiindu catchment
The following processes are expected to have the largest influence on the rainfall-runoff relation
of the catchment.
4.2.1 Interception
The amount of precipitation reaching the ground depends on the amount of intercepted
precipitation. This interception of precipitation occurs by vegetation on which a certain amount of
water can be stored. Interception stops when the available storage space is totally filled. The
interception capability of the vegetation depends on the leaf area index (LAI) and on the
smoothness of the leaf surface (Ward and Robinson, 2000).
The water in the interception storage is susceptible to evaporation, so the storage is also emptied
of water, creating new space and allowing extra interception. The rate of evaporation depends on
local meteorological conditions and LAI.
Thus the total amount of intercepted water depends on the fraction of vegetation cover, the
interception capability of the vegetation and the evaporation from the interception storage (Gash,
1979).
4.2.2 Infiltration and runoff generation
When the remaining part of the precipitation reaches the ground it can either infiltrate into the
ground or produce runoff. Infiltration and runoff generation are closely related since the amount of
water which can not infiltrate into the ground generates runoff which is known as Hortonian
overland flow (Horton, 1933). Tate (1996), states that this Hortonian overland flow is the main
runoff generating mechanism in (semi-)arid regions. The first amount of water that can not
infiltrate into the ground will accumulate in (small) depressions on the surface (depression
storage). Actual runoff commences when these depressions are filled.
The infiltration capacity of the ground depends on soil characteristics, such as porosity and grain
size distribution, and on the water content of the soil (Ward and Robinson, 2000). However,
Castillo et al (2003) state that antecedent soil moisture does not influence runoff response in
semi-arid regions with short precipitation events with a high intensity. Since these are the
conditions in the study area, antecedent soil moisture is not important here.
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Another important factor which controls the infiltration capacity of the soil is the formation of
crusts. The limited vegetation cover in semi arid areas leaves large parts of the soil unprotected
from raindrop impact which can cause this crusting of the soil (Wheater, unpublished). Crusting of
the soil can drastically decrease its infiltration capacity, increasing surface runoff. It was observed
in the study area that this crust was effectively removed on agricultural fields when the farmers
started to plant their crops after the first rains. At other places, which where only used for grazing,
this was not the case (Fig. 4.1 & 4.2).
According to Montgomery (1997) and RilleHisLambers et al (2001) vegetation can greatly
improve the infiltration capacity of a soil. Thus the presence of vegetation is also a very important
factor influencing the infiltration capacity of the soil.

Fig. 4.1 Removal of crust from topsoil by ploughing.

Fig. 4.2 Unused land with crust.

4.2.3 Sheet flow
The generated runoff will initially form a thin sheet of water on the surface which will be flowing as
sheet flow to nearby gullies and channels. The flow speed depends on the roughness and slope
of the soil and on the thickness of the layer of water.
It was observed during field visits that the maximum length of sheet flow was around 50 m.
According to the U.S. Soil Conservation Service (SCS) (USDA, 1986) this maximum length is
around 300 ft, which is two times higher than the observed 50 m.
4.2.4 Concentrated flow
After the initial flow of water as sheet flow, the water concentrates in small rills and gullies from
which it eventually flows to larger channels. The flow speed of the water in the gullies and
channels depends on the slope, roughness and dimensions of the bedding.
4.2.5 Infiltration and storage in the river bed
The beds of the channels in the catchment consist mainly of sand and have a high infiltration
capacity. A part of the water which enters a channel will therefore infiltrate into the channel bed.
Underneath the channel bed there is usually a layer of lower or no permeability (weathered or
fresh hard rock), so most of the infiltrated water will stay in the riverbed.
Because the infiltration capacity of the coarse sand in the river beds is very high, the amount of
infiltration depends mainly on the available space in the riverbed. This available space is
determined by the thickness and width of the riverbed and by the porosity of the material in it.
Water can move between the river bed and the river banks, which usually consist of silt and clay
with a lower permeability than the river bed.
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Water is extracted from the river bed storage by evaporation from the surface when the river runs
dry (see: 4.2.8). And by movement of the stored water in the river bed to the river banks (see:
4.2.7).
Water in the riverbed storage will flow to the lowest point, so this water will also flow downstream,
until it is obstructed by a natural barrier (rock outcrop) or a sand dam. The speed of the flow
depends on the gradient of the stored water and on the permeability of the material in the
riverbed.
4.2.6 Storage in the river banks
Water in the riverbanks is very susceptible to evapotranspiration since there is usually a relatively
large amount of vegetation present in these parts of the catchment. The amount of
evapotranspiration depends on the amount of vegetation present, the depth of the water table
and on local climatological factors (see: 4.2.9). According to Dahm (2002) and Domingo (2001),
evapotranspiration by vegetation along channels accounts for a large part of water losses from
rivers in semi-arid regions.
Water which is stored in the riverbanks can also flow back to the riverbed when the water level in
the riverbed is lower than in the river banks (see 4.2.7).
The riverbank storage might also be replenished by water which infiltrates the upslope areas.
Most of this water will evapo(transpi)rate (Kinama, 2005), but a small amount might percolate to
the deep groundwater or flow to the riverbank storage.
4.2.7 Groundwater flow
According to Neesen (2004), ephemeral rivers are well above the ground water table. The
influence of groundwater on river discharge is therefore very small. This is probably true for the
deep ground water, but there is more groundwater stored in the ground than only this deep
groundwater.
On top of the deep groundwater system there seems to be a shallow groundwater system which
only contains water during and after wet periods. The water in this system evapo(transpi)rates, is
used for irrigation and drinking water, and percolates to the deep groundwater. This shallow
groundwater system consists of the river bed and the river banks.
4.2.8 Evaporation (from open water and from stored water)
Evaporation occurs from open water surfaces in the system (sheet and concentrated flow) and
from the groundwater at shallow depths. The amount of evaporation from open water surfaces
depends on the local meteorological conditions. The amount of evaporation of underground
stored water depends on the depth of the water table, the grain size of the sediment in which the
water is stored and the potential evaporation, which depends on the local meteorological
conditions.
4.2.9 Evapotranspiration
Evapotranspiration occurs throughout the catchment. But since groundwater in the system is only
studied at in the river bed storage, this is the only part of the catchment where evapotranspiration
is important for this study. The amount of evapotranspiration of water from the channel bed
storage depends on the potential evaporation, the amount of vegetation present near the
channel, the zone of influence of the vegetation and the availability of water in the channel
storage.
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4.3 Processes described in the model for the Kiindu catchment
According to Jothityangkoon et al. (2001), the most important factors controlling the rainfall-runoff
relation in semi arid regions are the spatial distributions of soils, vegetation and climate. They
also found that routing of stream flow was important for the calculation of high flows, and that
including groundwater storage and groundwater flow was crucial for modelling base flow.
We observed that infiltration of water into the riverbed and subsequent storage of this water was
also of great importance for the amount of runoff from a certain river reach. Some of the smaller
channels, with a width of around 2 m and a bed-thickness of around 20 cm, already produced
runoff while the main channel remained dry (Fig. 4.3). When water form these smaller channels
reached the main channel, where there was still space in the river bed storage, it could easily
infiltrate and flow decreased to zero within 50 m. Runoff in the main channel occurred only after
the complete filling of the main channel storage. These observations are also described by
Wheater (unpublished).

Fig. 4.3 Traces of water (dark areas) that has been flowing from small channels to the (still dry)
main riverbed, where it has infiltrated into the riverbed.
4.3.1 Included processes
Based on observations and the above mentioned literature, we selected the following processes
to include in the model:
-

Rainfall interception
Infiltration
Runoff generation
Sheet flow
Concentrated flow
Routing of sheet and channel flows (direction and velocity)
Storage of water in riverbed and riverbanks
Groundwater flow (of stored water only)
Evaporation/Evapotranspiration (from open water and stored water)

All these processes influence each other and eventually determine the amount of runoff at the
river outlet. The interaction of these processes and the data needed to describe these processes
are given in Fig. 4.4.
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Fig. 4.4 Processes and interaction between these processes as proposed for the modelling of
rainfall-runoff.
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4.4 Modelling of the processes
Descriptions of the different processes and the possibilities to describe them mathematically are
given in the next paragraphs. A list with used symbols can be found in Appendix V.
4.4.1

Runoff generation

4.4.1.1 Interception and interception storage
For the modelling of interception of precipitation by vegetation we needed to know the fraction of
vegetation cover, the leaf area index of this vegetation, the maximum amount of storage on this
vegetation and the rate of evaporation of the intercepted precipitation.
The vegetation cover throughout the catchments was described in the first week of November
2006. However, this description didn’t cover all areas and we observed that the vegetation
responded very rapid on rainfall, effectively increasing the fraction vegetation cover and the leaf
area index. Therefore satellite images are used to cover the full area, during the whole study
period.
Wang et al (2005) found that there was a linear relation between NDVI and LAI, but that this
relation could change from year to year, depending on background NDVI. This gives the
opportunity to use satellite images (16 day mean NDVI), combined with field observations, to
estimate the size of the interception storage during the study period.
According to Putuhena (1996), Samba (2000) and Slayter (1965) the maximum amount of water
which can be stored on the vegetation which is present in semi arid catchments varies from 2 to 5
mm for areas with trees and brush. The values for agricultural fields varied between 0.2 and 2
mm, depending on crop type and crop density.
The process of interception is modelled as follows:
First the amount of space in the different interception storages is determined:

I space,t = I max − ( I t − I evap ,t )
With:

I space , t = Available interception storage (mm)

I max = Maximum interception storage (mm)
I t = Amount of intercepted precipitation already in interception storage (mm)
I evap ,t = Amount of evaporating water from interception storage per time step (mm)
Then the precipitation reaching the ground per time step is expressed as:

Peff ,t = Pt − I space ,t
With:

Peff ,t = Precipitation reaching the ground (mm)
Pt = Precipitation per time step (mm)
4.4.1.2 Infiltration and runoff generation
When the amount of precipitation in a certain time step plus the amount of water which is already
on the ground (sheet flow) is larger than the maximum amount of water which can infiltrate into
the ground at that time step, (extra) runoff is being generated.
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The infiltration capacity of different soils was measured at several locations in the study area
using an infiltrometer and was estimated from runoff plot data. These measurements are used to
estimate the infiltration capacity for all parts of the catchment.
The amount of generated runoff per time step is calculated as follows:

Rs ,t = Rs ,t −1 − Inf t + ( Peff ,agri − Inf agri ) ⋅ Fagri + ( Peff ,natural − Inf natural ) ⋅ Fnatural
With:

Rs ,t = Runoff as sheet flow at time step t
Rs ,t −1 = Runoff as sheet flow at time step t-1

Inf t = Infiltration at time step t
Peff ,agri = Effective precipitation per time step for agricultural part of cell (mm)
Peff ,natural = Effective precipitation per time step for natural vegetated part of cell (mm)
Inf agri = Infiltration per time step for agricultural part of the cell (mm)

Inf natural = Infiltration per time step for natural vegetated part of the cell (mm)
Fagri = Fraction of cell covered with agricultural land
Fnatural = Fraction of cell covered with natural vegetation
4.4.2 Sheet flow
The generated runoff will initially form a thin sheet of water on the surface which will be flowing as
sheet flow to nearby gullies and channels. The flow speed depends on the roughness and slope
of the soil and on the thickness of the layer of water. According to Rouhipour (1999) the Manning
equation (i.e. Gioia and Bombardelli, 2002) is the best simple equation to estimate the speed of
sheet flow.
The slope of the soil can be calculated from the DEM. The roughness of the soil depends on land
use and vegetation. This can be taken from field observations and satellite images. The part of
the roughness which is important for the calculation of flow speed depends in the inundation of
the roughness elements (Myers, 2002). Literature values for Manning’s n are mostly given for
channel flow (with high inundation) and are therefore usually too high for use with sheet flow
calculations. Surfaces were trees are present have high n-values for channel flow. But for sheet
flow it is more important what the roughness is of the surface between the trees. Lower values for
Manning’s n should thus be used for sheet flow. These values range from 0.03 for relatively
smooth and bare areas to 0.08 for areas with a lot of small scale vegetation (i.e. grasses, shrubs,
leafs/litter on the surface).
The flow speed of sheet flow can be described with Manning’s formula when these parameters
are known.

v = R 2 / 3 ⋅ S 1 / 2 ⋅ 1n
With:
v = flow speed (m/s)
R = hydraulic radius (m)
S = slope (m/m)
n = roughness coefficient

39

J. Jansen 2007
It was observed during field visits that the maximum length of sheet flow was around 50 m. Since
the grid size of the digital elevation model is 90 m, it was chosen to route sheet flow after the
passage of a half grid cell (45 m) to the concentrated flow.
The amount of water which has to be transferred from sheet flow to concentrated flow each time
step is calculated from the travelled distance per time step as fraction of the total distance to the
next cell. The calculated fraction of the total distance which is travelled is the same as the fraction
of the total water per cell which has to be moved to the downstream cell.

Qs ,t =

(v ⋅ dt )
⋅ Acell ⋅ hs
Ls

With:

Qs , t = amount of water flowing to next cell (m3/time step)
v = flow speed
dt = time step (s)
Ls = length of flow path to downstream cell (m)
2
Acell = area of cell (m )
hs = water level in cell (m)
4.4.3 Concentrated flow
According to the SCS (1986) two parts of concentrated flow can be distinguished, shallow
concentrated flow and channel flow. The large difference between the small rills and gullies
through which water was flowing directly following the initial sheet flow and the flow through the
main channels was also observed in the Kiindu catchment. Therefore this separation between
shallow concentrated flow and channel flow was also made in the model. This separation is
mainly important for the calculation speed of the model.
The concentrated flow can also be described by the Manning formula (i.e. Gioia and Bombardelli,
2002). This might cause routing problems (Jaber and Mohtar, 2002) but considering the relatively
small time steps of 1 minute and the relatively large grid size of 90 m, this is not expected. During
periods of high discharge the time step of 1 minute is further divided to steps of 6 seconds. This
prevents problems when the travelled distance per time step approaches the cell length.
The difference with the sheet flow is that the flow occurs only in channels/gullies instead of over
the whole width of the cell. In one grid cell there can only be one main channel, but there may be
more small gullies. This influences the calculation of the hydraulic radius for the different parts of
the flow system. The hydraulic radius now depends on the amount of channels per cell, the form
of these channels and on the amount of water in a cell.
The width of the main channel, the widths of the gullies and the number of gullies per cell have
been measured at several locations. Combining these point measurements with a flow
accumulation map gives an indication of the width and number of all the channels in all cells.
It was observed that the form of most channels was almost rectangular. When this rectangular
form is used for the calculation of the hydraulic radius, very small values are obtained when there
is only a little bit of water available in a cell since the water is spread out over the entire width of
the channel. These small values for the hydraulic radius result in very low flow velocities.
Field observation of low flow situations showed that the flowing water concentrates in small
streams which are less wide than the total width of the channel. This gives a higher hydraulic
radius and thus higher flow velocities. Considering this, a minimum flow velocity is used for
concentrated flow.
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4.4.4 Channel bed infiltration and storage
The beds of the channels in the catchment consist mainly of sand and have a high infiltration
capacity. A part of the water which enters a channel will therefore infiltrate into the bed.
Underneath the channel bed there is usually a layer of lower or no permeability (weathered or
fresh hard rock), so the infiltrated water will stay in the riverbed.
The infiltration capacity of the coarse sand in the river beds is very high, so the amount of
infiltration depends mainly on the available storage in the riverbed. This available storage is
determined by the thickness and width of the riverbed and by the porosity of the material in it.
The available storage is determined for all cells each time step. And water is transferred from
channel flow to river bed storage if there is space available and there is water flowing through the
channel.
Water which is stored in the riverbed is routed downstream using the gradient of the water level
and the measured hydraulic conductivity of the riverbed sediments (medium to coarse sand)
using the following formulae:

v u ,d = K b ⋅

Qu ,d =

(WLu − WLd )
Lu ,d

v u ,d ⋅ dt
Lu ,d

⋅ Ar ⋅ WLu ⋅ n e

With:

v u ,d = Flow velocity between cell and downstream cell (downstream cell) (m3/m/time step).

K b = Hydraulic conductivity riverbed (m/time step)
WLu = Water level in riverbed, upstream cell (m)
WLd = Water level in riverbed, downstream cell (m)
Lu ,d = Distance to downstream cell (m)
Qu ,d = Flow to downstream cell (m3/time step)
dt = Time step (s)
Ar = Area of riverbed section (m2)
n e = Effective porosity of the riverbed
Water is extracted from the river bed storage by evaporation from the surface when the river runs
dry (see: 4.4.6). And by evapotranspiration by vegetation along the channels (see: 4.4.7).
4.4.5 Riverbank storage
The banks of the river mainly consist of silt and clay with some sandy parts (Fig. 4.5 & 4.6). The
hydraulic conductivity is usually lower than in the riverbed. The riverbed and riverbanks are
connected, so water can flow between these two storage parts. The amount of water flowing
between the two parts and the direction of flow depend on the water levels in both parts, the
hydraulic conductivity of the riverbanks and the distance the water has to flow between the
riverbed and the riverbank.
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Fig. 4.5 Cross-section riverbed and riverbank upstream Kwa Ndunda (Borst and De Haas, 2006).

Fig. 4.6 Cross-section riverbed and riverbank downstream Kwa Ndunda (Borst and De Haas, 2006).
To be able to simulate the groundwater level fluctuation at different distances from the riverbed it
is necessary to divide the riverbanks in different sections, parallel to the riverbed. It was found
that a minimum of three sections was needed to simulate al the observed groundwater
fluctuations at the Kwa Ndunda dam site.
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The amount of water flowing from one section to the next can be calculated using the following
formulae:

v n ,n +1 = K n ⋅

Qn ,n +1 =

(WLn − WLn +1 )
Ln

v n ,n +1 ⋅ dt
Ln

⋅ Ar ,b ⋅ hn ⋅ n e

With:

v n ,n +1 = Flow velocity between section n and section n+1 (m3/m/time step).

K n = Hydraulic conductivity of section n (m/time step)
WLn = Water level in section n (m)
WLn +1 = Water level in section n+1 (m)
Ln = Distance of groundwater flow (m)
Qn ,n +1 = Flow from section n to section n+1 (m3/time step)
dt = Time step (s)
Ar ,b = Area of riverbed/riverbank section (m2)
hn = Water level in riverbed/riverbank section (m)
n e = Effective porosity of the riverbed/riverbank
When the water level in section n+1 is higher than the water level in section n, v and Q become
negative and there is water is transferred from section n+1 to section n.
4.4.6 Evaporation
Evaporation occurs from open water surfaces in the system (sheet, concentrated and main
channel flow) and from the groundwater at shallow depths.
Evaporation from sheet flow, concentrated flow and from the interception storage is treated as
open water evaporation. The used value for open water evaporation in the catchment was taken
from measurements using an evaporation pan and from the potential evaporation as obtained by
the New Locclim program (FAO, 2005).
Evaporation from the surface depends on the depth of the water table (Hellwig, 1973). The
relation between evaporation and depth of the water table for coarse sand is:

Eact = E pot ⋅ e ( −3.873⋅d )
With:

Eact = Actual evaporation (mm/time step)
E pot = Potential open water evaporation (mm/time step)
d = Depth of water table (m)

43

J. Jansen 2007
4.4.7 Evapotranspiration
Evapotranspiration occurs throughout the catchment. But since groundwater in the system is only
studied in the riverbed and riverbank storage, this is the only part of the catchment where
evapotranspiration is modelled.
The amount of evapotranspiration of water from the groundwater storage depends on the
potential evaporation, the amount of vegetation present near the channel, the zone of influence of
the vegetation and the availability of water.
The amount of vegetation present in the riverbed is negligible, especially in the main channel.
Evapotranspiration is therefore only modelled for the riverbank storage (which is only simulated
along the main channel) and for the area around the small channels. The area around the small
channels from where vegetation can reach the water stored in the small channel riverbed is set to
a certain distance.
Evapotranspiration per cell is then calculated using the potential evaporation, the fraction
vegetation cover of the cell and the area of the vegetation zones around the channels in the cell.
The potential evaporation is multiplied by the fraction vegetation cover to get the actual potential
evaporation for the cell. Since this value is the potential evaporation based on the whole cell, it
has to be multiplied by the fraction of the cell from which water actually evaporates.

E act = E pot ⋅ Fveg ⋅

N channel ⋅ Wveg
Wcell

With:

Eact = Actual evaporation (mm/time step)
E pot = Potential evapotranspiration by vegetation (mm/time step)

Fveg = Fraction vegetation cover

N channel = Number of channels per cell
Wveg = Width of zone from where vegetation can reach the stored water (m)
Wcell = Width of cell (m)
Evapotranspiration per riverbank section along the main channel is calculated using the potential
evaporation, the fraction vegetation cover and the area of the riverbank section.

E act = E pot ⋅ Fveg ⋅

Wbank sec tion
Wcell

With:

Eact = Actual evaporation (mm/time step)
E pot = Potential evapotranspiration by vegetation (mm/time step)

Fveg = Fraction vegetation cover

Wbank sec tion = Width riverbank section (m)
Wcell = Width of cell (m)
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4.5 Spatial and temporal resolution of the model
The spatial variation of precipitation in semi-arid areas is very large. Including this variation in a
rainfall-runoff model is very important for the calculated discharge of a catchment (Neesen,
2004). Therefore three automatic rain gauges were placed in the (relatively small) catchment.
The temporal variation of precipitation is also very large. This is especially important for the
amount of runoff which is generated by the precipitation since this is controlled by rainfall
intensity. Due to the high temporal variation of rainfall intensity it is thus very important to use
small time steps.
We selected to use time steps of 1 minute in the model, which allows the best use of the 1 minute
time step precipitation data. This time step caused some problems in the routing routine in the
model. Therefore an extra internal loop with smaller time steps (6 seconds) is used for the parts
of the model where water is routed with a relatively high velocity (channel flow).
According to Quinn (1999), the grid size of the used DEM in a hydrological model has a great
influence on the predicted flow paths. A DEM with a higher spatial resolution gives the opportunity
to derive more accurate flow paths and slopes. According to Weihua and Montgomery (1994) this
increase in accuracy is significant for grid sizes up to 10x10 m. When the grid is further refined
there is almost no extra accuracy in predicting runoff paths when working on a small catchment
scale. The only freely available DEM of the research area was a DEM based on Shuttle Radar
Topography Mission (SRTM) data (USGS, 2007) with a resolution of 90 x 90 m. The grid size of
the model is therefore also set to 90 x 90 m. This grid size might cause inaccuracies in the
predicted flow paths, so these flow paths are checked against the topographical map of the area
and GPS coordinates of the main channel and tributaries (Appendix ΙΙ C).
Only the riverbank storage routine uses smaller cells, depending on the width of the riverbank.
This width varies from around 30 m to 2 m, divided into three sections.

4.6 Modelling environment
The initial idea was to construct a model in pc-raster (Jong, 1997), based on the eurosem model
(Morgan, 1992). This model has been validated for European conditions, but Visser (2005)
successfully modified the model to simulate runoff in semi arid conditions. However, this study
was performed for a relatively small area (runoff plot and field scale).
The advantage of pc-raster is that it is a freely available GIS/modelling environment and there
was already a model available. After the first attempt to modify the model to be able to simulate
the influence of sand dams on the rainfall-runoff relation of the Kiindu catchment it was found that
the required temporal resolution caused very long calculation times. Furthermore it was found
that not all the required plots could be made. Therefore a new model was developed in the
Matlab 7.0 (The Mathworks, 2004) programming environment. This program gives more
opportunity to include all the needed processes in the model and was found to be considerably
faster at running the model. Matlab also gave more opportunity to produce the required
representation of the data and model output.
Matlab has the disadvantage that it is not a GIS program which makes it a little bit more
complicated to construct the required input files, such as a flow direction map. PC-raster is
therefore used to construct the required input maps (see 4.11).

4.7 The input files
The model requires several input files. These files consist of maps describing the different
modelling parameters throughout the catchment and time series with measured precipitation and
discharge.
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Maps:
-

DEM
Slope
Flow direction
Flow accumulation
Land cover type
Vegetation cover density
Sand dam locations
Riverbed thickness
Riverbank width
Dam locations

Time series:
-

Precipitation per minute
3
Discharge (m /s)
Groundwater levels

4.8 The needed input parameters
The model requires several input parameters. These are:
- Potential evaporation
- n-values for small and main channel flow
- minimum and maximum n-values for sheet flow
- Influence zone of vegetation on small channels
- Infiltration capacity of different land cover classes
- Hydraulic conductivity of the riverbed
- Hydraulic conductivity of the riverbanks
- Porosity of the riverbed
- Porosity of the riverbank
- Maximum interception per land cover class
- Maximum infiltration per land cover class
- Maximum number of channels
- Minimum and maximum channel width
- Natural channel thickness
- Extra channel thickness
The required input parameters and the used values can be found in Table 4.2. These values are
based on field measurements, field observations and on literature values.
Table 4.2 Input parameters and range of measured/literature values
Parameter
Value
Source
Potential evaporation
4.2 mm/d
New Locclim
K riverbank
5-25 m/d
Measurements
K riverbed
60 m/d
Measurements
Porosity riverbank
0.3-0.4
Measurements
Porosity riverbed
0.3-0.4
Measurements
n value small channels
0.05
Literature
n value main channels
0.04
Literature
n value sheet flow
0.03 – 0.10
Literature
Maximum number of channels
9
Observations
Natural channel thickness
0.1 – 1.5 m
Observations
Extra channel thickness due to dams
1m
Observations
Infiltration capacity
0.22 – 0.25 mm/min
Measurements
Channel width
0.1 – 20 m
Observations
Influence zone vegetation
5 – 30 m
Observations
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FAO, 2005
See 5.3
See 5.3
See 5.4
See 5.4
Coon, 1998
Coon, 1998
Coon, 1998
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4.9 Scenarios
The model will be run for four different scenarios to see what the effect of sand dams is on the
Kiindu catchment.
4.9.1 Scenario 1, present situation
All the input maps are based on field measurements and observation. All the functioning sand
dams are included in the model.
This scenario is used to calibrate the model using the measured and simulated discharge. The
measured and simulated groundwater levels give an extra opportunity to check the model. But
these measurements show a spatial variation at a very small scale which is not included in the
model. These measurements are therefore only used to check the simulated reaction time of the
groundwater around the dam.
4.9.2 Scenario 2, catchment without sand dams
This scenario is the same as the present situation, but then without dams. This means that flow
through the riverbed is not obstructed and that there is no extra thickness of the riverbed.
It is expected that runoff will start after less rainfall and that peaks will be higher.
4.9.3 Scenario 3, catchment with double number of sand dams
This scenario is the same as the present situation, but then with extra dams. The extra dams are
located evenly over the remaining space in such a way that the total number of dams is doubled.
It is expected that runoff will start later than in the present situation and that runoff peaks will be
lower.
4.9.4 Scenario 4, present situation, but with higher dams
This scenario has the same amount of dams at the same locations as scenario 1. The difference
is that the height of the dams is doubled (the increase in riverbed thickness is 2 meter in stead of
1 meter). This increases the total storage capacity of the system, which probably results in lower
discharge, especially during the first precipitation events.
4.10 Model sensitivity analysis
The model sensitivity to changes in model parameters will be tested by varying these parameters
and recording the changes in the different parts of the water balance and in the timing and size of
runoff events.
The influence of small variations in parameters over the catchment will also be tested by
randomly varying these parameters per grid cell.
4.11 Used input maps
The following maps where produced to use in the model. All these maps have a rectangular
90x90m grid, and have the same size and cover the same area. The model uses a map where
the study area (upstream area of Kwa Ndunda) is given to select the useful part of the other
maps. The following maps show only this area.
4.11.1 Elevation and derived maps
The DEM of the area is used to calculate several input maps for the model. PC-raster was used
to perform these calculations.
4.11.1.1 DEM
The DEM had several small sinks in it (local depressions). These had to be filled to prevent
routing problems. This operation produced the following DEM which is used for the calculation of
other input maps (Fig. 4.8).
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4.11.1.2 Slope
The slope map is derived from the DEM. The slopes at the locations of the filled depressions in
the DEM are based on the minimum possible height difference in the DEM. Therefore the
minimum value is set to 0.01 to prevent routing problems (Fig. 4.8).
4.11.1.3 Flow direction
The flow direction map was calculated from the DEM using PC-raster (Fig. 4.9). The map
consists of values ranging from 1 to 9, representing different flow directions. The numbers
representing each direction are based on the keyboard’s ‘numpad’ (Fig 4.6), with ‘5’ as the cell
from which water is flowing.
7
4
1
Fig.

8 9
5 6
2 3
4.7 Numerical coding of flow directions

4.11.1.4 Flow accumulation
The flow accumulation map is calculated by PC-raster, based on the flow direction map. This map
represents the number of upstream cells of every cell on the map (Fig. 4.9).

Fig. 4.8 Digital elevation map and slope map for the Kiindu catchment
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Fig. 4.9 Flow direction map and flow accumulation map of the Kiindu catchment
4.11.2 Channel and bank characteristics
4.11.2.1 Flow system parts
The catchment is divided into three parts of the flow system (sheet flow, small channel flow and
main channel flow) (Fig. 4.10). This division is based on field observations of location of the
transition from small channels to main channel. The flow accumulation map was used to find the
mean upstream number of cells at these transition points. The following ranges of flow
accumulation (FA) were used to calculate the flow type for all cells:
Sheet flow:
Small channel flow
Main channel flow

FA = 1
1 < FA < 20
FA => 20

4.11.2.2 Number of channels
The used grid size is 90x90 m. At this scale there is usually more than one small channel per cell.
The maximum number of channels per cell is set to 9, based on field observations. The number
of channels in all main channel cells is set to 1. The number of channels in the small channel
cells is calculated by linearly relating FA to the number of channels (Fig. 4.10). This gives the
following formula for the number of channels per small channel cell:

N channel = −

N channel ,max − 1
FAsmall ,max

+ N channel ,max

With:

N channel = Number of channels per cell
N channel ,max = Maximum number of channels per cell

FAsmall ,max = Maximum flow accumulation for small channel cells
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Fig. 4.10 Left: Parts of the flow system in the Kiindu catchment. Light gray = sheet flow; dark
gray = small channel flow; black = main channel flow. Right: Number of channels per cell
4.11.2.3 Sand dam locations and influence area
Figure 4.11 shows the locations of the sand dams in the Kiindu catchment and their zones of
influence (calculated from the DEM and using a mean increase in riverbed height of 1 m at sand
dam locations).

Fig. 4.11 Locations and influence zones of the sand dams in the Kiindu catchment
(Catchment in light gray, rivers in darker gray and sand dam locations/influence
zones in black).
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4.11.2.4 Channel width and thickness
The width of the channels is based on field observations at several points along the channels and
is interpolated using the flow accumulation map. The observed relation between FA and channel
width is given below:

Wr = −7 ⋅ 10 −6 ⋅ FA2 + 0.0226 ⋅ FA
With:

Wr = Riverbed width (m)
FA = Flow accumulation (number of upstream cells)
The thickness of the riverbed is based on the riverbed width. The observed relation depends on
the part of the flow system. The used relations are given below:

Dr ,small =

Wr + 0.2
2

Dr ,main =

Wr + 9
20

With:

Dr ,small = Thickness of riverbed in small channel cells (m)

Dr ,main = Thickness of riverbed in main channel cells (m)
Wr = Width of riverbed (m)
The used width and thickness of the riverbed is shown in Fig. 4.12.

Fig. 4.12 Channel width and thickness in the Kiindu catchment
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4.11.2.5 Riverbank width and thickness
Riverbanks are only defined along the main channel. The width of the riverbanks has a linear
relation with the width of the main channel.
The riverbank thickness is the same as the riverbed thickness (Fig. 4.13).

Fig. 4.13 Width and thickness of the riverbanks in the Kiindu catchment
4.11.2.6 Riverbed and riverbank storage
The total storage capacity of the riverbed and the riverbanks is calculated form the riverbed and
riverbank width multiplied by there thickness and porosity (Fig. 4.14). The used effective porosity
for the riverbed (sand) is 0.35 and for the riverbanks (silt, sand, clay) 0.32.

Fig. 4.14 Maximum storage capacity of riverbed and riverbanks in the Kiindu catchment
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The riverbanks are equally divided into three parts for the modelling of groundwater levels along
the channel. The hydraulic conductivity of the banks is different for each part and decreases with
increasing distance from the river (Table 4.3 & Fig. 4.15).
Table 4.3 Hydraulic conductivity of
different parts of the flow system
Name
Location
K (m/d)
Kbed
Riverbed
60
Kbank_1 Riverbank, near river
16
Kbank_2 Riverbank, middle part 12
Kbank_3 Riverbank, far from river 8

Riverbank

Riverbed

section 3 section 2 section 1

Kbank 3

Kbank 2

Riverbank

section 1 section 2 section 3

Kbank 1

K bed

Kbank 1

Kbank 2

Kbank 3

Fig. 4.15 Riverbed and riverbank sections as used in the model.
4.11.3 Land use
The model distinguishes between two kinds of land use for infiltration and interception. These are
agricultural fields and forested areas. The land use in each cell is given as fraction forested and
fraction agricultural, because the fields are usually smaller than the model cell size.
The maps with fraction forest cover and fraction agricultural cover (Fig. 4.17) are based on field
observations, a Landsat image and NDVI maps of the research area (Fig. 4.16a & 4.16b). It was
found that the NDVI values as measured at the end of the dry season showed the most similarity
with the Landsat image. This NDVI map is therefore used to calculate fraction forest and fraction
agricultural cover. The used equation which gave the best result for the fraction forest cover is
shown below. It is assumed that the remaining fractions of the cells are agricultural.

F forest

§ NDVI − NDVI min
= ¨¨
© NDVI max − NDVI min

·
¸¸
¹

2

With:

F forest = Fraction forest cover
NDVI min = Minimum NDVI value on map
NDVI max = Maximum NDVI value on map
NDVI = Map with NDVI values
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Landsat image of the Kiindu catchment

NDVI at julian day 273, 2006

m
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NDVI
Value
High : 0.630400

Low : 0.333000
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Fig. 4.16a Landsat image of the study area.

Fig. 4.17 Land use maps of the study area
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Fig. 4.16b NDVI map of the study area
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4.11.4 Roughness
The surface roughness needed for the Manning equation to model flow velocities is calculated
from NDVI and changes in NDVI during the study period. The result is a series of maps for every
16 days of the study period. Two examples are given in Fig. 4.18.
The minimum and maximum roughness for bare land and forested areas where obtained from
literature (i.e. Coon, 1998). These values are used to scale the NDVI values to roughness values.
The following formula gave good results:

n sheet ,t = 0.01 ⋅ e1.37⋅NDVI +0.03
With:

n sheet ,t = Roughness used for sheet flow modelling at time interval t
NDVI = NDVI value
Roughness for channel flow is kept constant for the whole study period.
Table 4.4 Used roughness values
Part of flow system
Roughness
Sheet flow
0.03 - 0.08
Small channels
0.04
Main channels
0.03

Fig. 4.18 Roughness as used for modelling sheet flow
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4.11.5 Rainfall zones
Only two rainfall zones can be used because of malfunctioning of one of the three rain gauges.
These zones are based on the smallest distance to one of the measuring points (nearest
neighbour). The zones are shown in figure 4.19. This figure also gives the distance from each
point to the nearest measuring station.

Fig. 4.19 Rainfall zones and distance to the nearest measuring point.
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5

RESULTS FIELD MEASUREMENTS

5.1

Precipitation

5.1.1 Manual measurements
After visiting the places where manual rain gauges were installed it seemed that at most of these
places the measurements had been continued after the study of Borst & De Haas (2006).
However it was observed, during one of the visits, that measurements were not taken every day
at all locations. Especially after long periods of drought the first precipitation was not measured,
or only after a few days, together with the rain that had fallen the next days. The exact timing of
the rain events measured is therefore uncertain, but the total amount of recorded rain should be
more or less accurate.
Considering the uncertainties in the exact timing of the manually measured precipitation data this
data can best be presented as the sum of precipitation per month (Fig. 5.1).

Precipitation (mm) .

Measured precipitation in the Kiindu catchment
600
500

Precipitation 2005

400

Precipitation 2006

300
200
100
0
1

2

3

4

5

6

7

8

9

10

11

12

Month
Fig. 5.1 Mean precipitation in the Kiindu catchment according to NewLocclim, with 95%
confidence interval and manual measurements of 2005 and 2006.
5.1.2 Automatic measurements
The automatic measurements showed that most precipitation occurred during the night and
lasted only for a couple of hours, as was also observed by Borst & De Haas (2006). During these
events very high intensities of the precipitation, up to 31.6 mm/hour, were recorded (Fig. 5.2).
These intensities are even higher when the interval is shorter. The highest intensity for a 10 min
interval was 13.8 mm/10 min and even 3.6 mm/min for a 1 minute interval (Fig. 5.3 and Fig. 5.4).

Julian day

Fig. 5.2 Precipitation intensity measured with TB Christina (1 hour interval).
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However, rainfall intensities exceeding 1.8 mm/min are only recorded for 2 minutes of the total
study period (Fig. 5.5).

Julian day

Fig. 5.3 Precipitation intensity measured with TB Christina (10 minute interval).

Fig. 5.4 Precipitation intensity measured with TB Christina (1 minute interval).
O c c u r r e n c e o f p r e c ip ita tio n o f c e r ta in in te n s ity
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Fig. 5.5 Rainfall intensity plotted against total time of occurrence
during the study period.
Unfortunately there is only one continuous data set of the automatic rain gauges due to problems
with the equipment. This continuous data set is of the TB Christina, which is fortunately the one
closest to the Kwa Ndunda dam site and the runoff plots.
The rainfall recorders at Mulango and Kangalu were clogged with insects and their remains from
10-11-06 until 16-11-06 (Julian day 314-320). Sieves were installed to prevent them from
clogging again. The data logger connected to the rain gauge at Kangalu malfunctioned from 1811-06 until the end of the measuring period.
The total amount of rainfall recorded by TB Christina in the period from 2-10 to 15-12 was 740
mm. The sum of recorded rainfall is shown in Fig 5.6. It is clear from this figure that the data from
TB Kangalu shows too many gaps due to malfunctioning to be useful. When the gap from day
314 to day 320 in the data of TB Mulango is ignored, the total amount of rainfall recorded by both
TB’s is almost the same (TB Christina 740 mm and TB Mulango 720 mm) (Fig. 5.7). Most rainfall
events are measured by al working rain gauges, and the sum of precipitation per event is usually
in the same order for every working rain gauge. However, the exact distribution of precipitation
intensity in time is not synchronous, as can be seen in Fig. 5.8.
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Fig. 5.6 Sum of measured precipitation at the three TB’s for the entire study period.
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Fig. 5.7 Sum of measured precipitation at TB Mulango and TB Christina (Julian day 321 to 349).

Fig. 5.8 Difference in measured precipitation with TB Christina and TB Mulango
.
5.2 Runoff generation
Runoff data is only available for three of the four runoff plots because one of the farmers
incidentally ploughed through one of the plots, destroing walls, gutter and the connection to the
hose. Fortunately this was the plot where no automatic recorder was placed, so the most
important data could still be gathered from the other three plots.
5.2.1 Runoff vs. Rainfall
From the recorded water levels in the collection barrels of the plots it was immediately clear that
there was a large difference in generated runoff (Fig 5.9). Runoff plot 1 showed the highest
amount of runoff, followed by runoff plot 3. The runoff collected from RP1 was on average about 6
times higher than the runoff generated from RP2 and 4 times higher than the runoff generated on
RP3.
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Fig. 5.9 Water level as recorded in the collection barrels at the runoff plots
It was also clear that the collection barrels were too small to record all the runoff generated by
runoff plot 1, and in a lesser extend runoff plot 3. In some cases this was because of the
combination of unexpectedly high amounts of rainfall and a higher than expected runoff
coefficient, in other cases it was simply impossible to reach the study area to empty the barrels in
between rainfall events.
The recorded water levels have been converted to mm runoff using the dimensions of the plots
and the collection barrels. These values could now be compared to the measured precipitation
(Fig 5.10 & Fig. 5.11; Appendix ΙΙΙ E). The runoff coefficients for each plot were determined per
runoff event using the sum of precipitation and the sum of runoff per plot. The calculated average
values and standard deviation can be found in Table 5.1.
R un off and pre c ipit atio n s u m
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Fig. 5.10 Precipitation sum and runoff sums from the runoff plots for a single runoff event.

Table 5.1. Mean runoff percentages
measured at the runoff plots
RP 1 RP 2
Average runoff (% of P) 60,7
10,7
Standard deviation
23,1
7,9
Nr of measurements
14
34
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Fig. 5.11 Runoff percentage as function of total precipitation for all
measured storm events
5.2.2 Runoff vs Rainfall intensity
The runoff data were also analysed using the precipitation and runoff intensity (values in
mm/min). As can be seen in Fig. 5.12, the maximum runoff rate (mm/min) for RP1 is much larger
than the maximum rate for RP2 and RP3. It was found that the maximum runoff rate during the
study period was about 2.3 mm/min for RP1, 0.8 mm/min for RP2 and 1.3 mm/min for RP3.
Runoff increases with both increasing maximum precipitation intensity and increasing mean
precipitation intensity (Fig. 5.13 & 5.14).
Appendix ΙΙΙ E shows more graphs of single storm events.
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Fig. 5.12 Precipitation and runoff intensity during a runoff event.
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Fig. 5.13 Runoff percentage as function of maximum precipitation intensity for all
measured storm events
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Fig. 5.14 Runoff percentage as function of mean precipitation intensity for all
measured storm events
5.2.3 Precipitation intensity threshold
When the runoff in mm/min is set out against rainfall intensity, it can be seen that the runoff plots
only produce runoff when a certain threshold in precipitation intensity is exceeded. These
minimum values in precipitation intensity differ between the plots as can be seen in Fig. 5.12.
During this rainfall event the minimum precipitation intensity before RP 1 produces runoff seems
to be between 0 and 0.2 mm/min. The minimum precipitation intensity before RP 2 and RP 3
produce runoff seems to be around 0.4 mm/min.
The ranges of mean values for the precipitation intensity threshold for the three runoff plots are
given in Table 5.2.

Table 5.2 Precipitation threshold
which has to be exceeded before
runoff occurs.
Runoff plot
Threshold (mm/min)
RP 1
0 - 0.2
RP 2
0.2 - 0.4
RP 3
0.2 - 0.3
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5.3 Infiltration
Determining the hydraulic conductivity using a double ring infiltrometer caused some difficulties
because water from scoop holes contained a lot of silt and organic matter which formed a
clogging layer on the ground in which the water should infiltrate. The usage of clean water gave
much better results, but measurements could not be done all desired location because there was
only a small quantity available.
Usable results where only obtained for runoff plot 1, runoff plot 3 and for the riverbed upstream of
Kwa Ndunda. See Table 5.3 & 5.4.

Table 5.3 Infiltrometer results for runoff plot 1
Location
RP 1
Area infiltrometer (m2)
0.0174
t (s)
V (l)
dV (m3)
dT (s)
Ksat (m/d)
0
2.0
182
1.9
0.0001
182
2.72
347
1.8
0.0001
165
3.00
517
1.7
0.0001
170
2.91
686
1.6
0.0001
169
2.93
868
1.5
0.0001
182
2.72
1046
1.4
0.0001
178
2.78
1228
1.3
0.0001
182
2.72
1399
1.2
0.0001
171
2.90
1580
1.1
0.0001
181
2.74
1763
1.0
0.0001
183
2.71
1941
0.9
0.0001
178
2.78
Average
2.81
Standard deviation
0.11
Table 5.4 Saturated hydraulic conductivity as
determined with double ring infiltrometer.
Location
Ksat (m/d)
Runoff plot 1
2.8
Runoff plot 3
8.9
River bed, upstream Kwa Ndunda
54.3

5.4

Soils, land use and vegetation

5.4.1 Soils
The soils in the Kiindu catchment show great variation in thickness, even within small areas.
Observed thicknesses varied between more than 4 meters at flat areas near the river and
(almost) 0 meter at heavily eroded slopes. The areas with a very thin soil covered only a small
part of the study area (< 1%). Vertical Electrical Soundings (VES) performed in the area showed
that the depth of the weathered basement can be up to several ten’s of meters (Hoogmoed,
2007). This weathered basement can also be very thick (up to 100 m).
The composition of the soils varies from clayey to sandy, depending on the location.
The composition of the riverbed material is relatively constant throughout the catchment, with a
median grain size of 600 micrometer. The silty/clayey crust which was found on top of the
riverbed at some locations consisted mainly of material with a median grain size of 30
micrometer. Measured effective porosity varies between 0.34 and 0.40.
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The composition of the riverbanks showed more variation, with median grain size varying from 80
to 500 micrometer. There was no relation found between upstream area and grain size.
Measured effective porosity varies between 0.28 and 0.38.
The thickness of the riverbed in the main channel varied from approximately 2 meter near the
Kwa Ndunda dam site to 0.5 meter in the more upstream reaches. The thickness of the smaller
tributaries and the most upstream part of the main channel varied between 1 and 0.2 meter. At
some locations the river flowed immediately over the basement rock (mainly just after sand dams
in upstream areas and at small channels near rock outcrops.
The maximum thickness of the riverbanks was about 4 meters, with 2 meter below and 2 meters
above the riverbed level (Fig. 5.15).

Fig. 5.15 High riverbank (approximately 3 m) along the main channel in the Kiindu catchment
5.4.2 Land use and vegetation cover
The observed land use and vegetation density showed a good correlation with the colours on the
Landsat image (Fig. 5.16; Appendices Ι G & ΙΙΙ C).
The fraction vegetation cover also showed a good correlation with NDVI maps of the end of the
dry season. The correlation becomes weaker when NDVI images of the wet season are used.
This is probably because of growing grasses on otherwise bare areas and crop growth on
agricultural fields which saturates the NDVI measurements. The mean NDVI value for the Kiindu
catchment is given in Fig. 5.17.
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Fig. 5.16 Left: Landsat image of the study area (with dam locations). Forested areas: dark green;
Dense shrubs: green; Agricultural: green/gray and gray; Bare/Urban: light gray/white. Right:
Fraction vegetation cover in the study area.

Fig. 5.17 Change in mean NDVI in the Kiindu catchment (Oct 2006 to Jan 2007)
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5.5

Water level and discharge

5.5.1 Water level
The river bed remained dry until 7-11-06 (Julian day 311) while the first rains started from 20-1006 (Julian day 294). It was observed however that some of the smaller tributaries started flowing
during rainfall events before day 311. This water flowed onto the riverbed of the Kiindu and
infiltrated into it within 50 meter. After day 311 the water level in the river responded very quickly
to rainfall, as can be seen in Fig. 5.18. The water level in the Kiindu River rose as fast as 60 to 80
cm within 30 to 60 minutes (Fig. 5.19).
These flood events were mostly of short duration and the river ran dry between storms. After the
th
16 of November (Julian day 320) the river started to flow continuously, but the water level was
only about 1 or 2 cm between storm events. The highest peaks were about 70 to 90 cm and
lasted for about 50 min per storm. This measured peak flow values correspond well with the flood
marks along the channel, such as debris which got stuck on a measuring pole (Fig. 5.20). Table
5.4 shows the total duration of flood events higher than a certain level.

Julian day

Fig. 5.18 Measured water level at the Kwa Ndunda dam site

Julian day

Fig. 5.19 Water level during two rainfall events.
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Fig. 5.20 Debris covering measuring pole at Kwa Ndunda.
Table 5.4 Total time that a certain
water level is exceeded.
Water level (cm)
Time (hour)
1
338.10
5
171.63
10
100.68
20
59.88
30
41.83
40
27.23
50
15.50
60
9.68
70
4.58
80
1.00
90
0.02
100
0.00

5.5.2 Discharge from Cipoletti
The discharge of the Kiindu River at the Kwa Ndunda dam site (Fig. 5.21) has been calculated
using the Cipoletti formula and the measured water level at the Kwa Ndunda dam site. The
3
maximum calculated discharge was about 14.2 m /s (Fig. 5.22).
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Fig. 5.21 Water flowing through the spillway at Kwa Ndunda

Julian day
Fig. 5.22. Calculated discharge at the Kwa Ndunda dam site
th

After the 16 of November (Julian day 320) the river started to flow continuously with a low flow of
about 0.08 m3/s.
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5.5.3 Discharge from bulk injection method
A total of 6 discharge measurements were done with the bulk injection method. The water level
ranged from 6 to 33 cm. Most measurements showed the passing salt wave very clearly as can
be seen in figure 5.23 and appendix ΙΙΙ A. Only one measurement with an automatic EC
measuring device showed strange results (Appendix ΙΙΙ A). This measurement was done with a
water level of 10 cm.
3

The highest measured discharge was 0.83 m /s, during a 33 cm flood event. The lowest
3
measured discharge was 0.1 m /s during a 6 cm flood event. Other measured values can be
found in Table 5.5.

Day 311 13:30, h=6cm
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Fig. 5.23 EC measurements for Bulk injection method
From these measurements of water level and discharge a Q-h relation is derived by calculating a
trend line through the measuring points (Fig. 5.24). This trend line shows a very good fit with the
2
data points (R =0.99), so it can be used for the calculation of the discharge from the measured
water level. However, this Q-h relation is only valid for water levels ranging from 0 to 33 cm (the
complete range of the small spillway). Unfortunately it was not possible to do measurements at
higher water levels, so for the calculation of discharge from water levels higher than 33 cm it is
only possible to use the Cipoletti formula.
The calculated relation between water level and discharge was:

Q = 0.0006h 2 + 0.041h
With:
3

Q = discharge in m /s
h = water level in cm
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Fig. 5.24. Q-h relation as derived from the bulk injection method and the Cipoletti formula
The calculated discharges can be seen in Table 5.5 where they are also compared with the
discharge calculated with the Cipoletti formula. It seems that the Cipoletti formula is
overestimating the discharge by about 30%.

Table 5.5 Water level and discharge (measured with salt
method, calculated with Cipoletti formula)
Day
Time
h (cm) Q salt (m3/s) Q Cipoletti (m3/s) Qs/Qc
311
11:05 20
0.30
0.47
0.63
311
11:30 15
0.20
0.31
0.64
311
13:30 6
0.10
0.08
1.24
317
9:40
10
0.11
0.17
0.66
318
17:30 33
0.83
1.00
0.83
318
17:45 31
0.69
0.91
0.76
5.5.4 Other method
Estimating discharge by measuring the travelled distance (in the longitudinal direction) of water
flowing over the Cipoletti weir, before it hits the riverbed again, seems to work quite well for low
flow situations. The estimation of discharge gets more unreliable when the discharge gets higher.

Table 5.6 Water level and
with ‘fall distance’ method).
Julian
Time
Level
Day (hh:mm) (cm)
311
11:05
20
311
11:30
15
311
13:30
6
317
9:40
10
318
17:30
33
318
17:45
31
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discharge (measured with salt method, calculated
Q salt
(m3/s)
0.3
0.2
0.1
0.11
0.83
0.69

Q ‘fall distance’ method
(m3/s)
0.31
0.18
0.11
0.09
1.22
0.53

Difference
(%)
3
-10
10
-18
47
-23
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6

RESULTS MODELLING

6.1 Calibration of the model
The purpose of the model is the simulation of discharge from the Kiindu catchment, and the
influence of sand dams on this discharge. The model is therefore calibrated using the measured
and simulated total amount of discharge, the height and width of the discharge peaks and the
water levels in the riverbed and riverbanks at the Kwa Ndunda dam site.
Scenario 1 and 1b are used to calibrate the model for the present situation.
6.1.1 Infiltration
The used infiltration capacity throughout the catchment, combined with the time that water flows
as sheet flow (which is a function of sheet flow speed and sheet flow length) controls the total
amount of water which is available for runoff. The calibrated infiltration capacity is given in table
6.1.

Table 6.1 Calibrated infiltration capacity
Land use
Infiltration capacity (mm/min)
Agricultural
0.250
Forested
0.225
6.1.2 Flow speed
Simulated flow speed influences the time delay between precipitation events and runoff and the
form of runoff peaks. High flow speeds result in a short time delay and sharp, high runoff peaks.
Lower flow speeds result in a longer delay and lower, but wider, peaks.
Flow speed was adjusted by varying Manning’s n and by using a minimum flow velocity. This
minimum flow velocity was needed because the used calculation of hydraulic radius did not
include the variation of flow width at low water heights (a flow width equal to the channel width
was assumed), which results in too low hydraulic radiuses and thus too low flow velocities during
periods of low water levels in the channels. Calibrated n-values and minimum flow velocities are
given in Table 6.2.

Table 6.2 Calibrated values for Manning’s n and minimum v.
Flow system part
Manning's n Minimum v (m/s)
Sheet flow
0.04 - 0.08
0.01
Small channel flow
0.050
0.05
Main channel flow
0.040
0.10
6.1.3 Storage
The total amount of storage and the speed with which water can infiltrate into the different parts of
the riverbed and riverbank storage determines the amount of water which is needed before actual
runoff at Kwa Ndunda occurs. The total amount of storage in the system was adjusted in such a
way that simulated channel flow at Kwa Ndunda started at the same time as was measured. The
calibrated amount of storage per part of the flow system is given in Table 6.3

Table 6.3 Calibrated storage space for different parts of the flow
system.
3
Flow system part
Storage (m ) Storage (mm)
Small channels, riverbed + riverbank
8393
0.69
Main channels, riverbed
39417
3.23
Main channels, riverbank
102930
8.43
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It was also found that the distribution of hydraulic conductivity of the riverbanks is an important
factor for the simulation of groundwater levels around the dam. Different hydraulic conductivities
were needed for different sections of the riverbanks to be able to simulate all variation in
measured groundwater levels. The calibrated hydraulic conductivity for the different riverbed and
riverbank sections are given in Table 6.4.

Table 6.4 Calibrated hydraulic conductivity
values.
Section
Hydraulic conductivity (m/d)
Riverbed
Riverbank 1
Riverbank 2
Riverbank 3

60
16
12
8

6.1.4 Evapo(transpi)ration
Evaporation and evapotranspiration are important factors controlling the decrease in the amount
of water in different storage parts in the system. Higher evapo(transpi)ration rates result in a
quicker decrease in the amount of stored water. Total evapotranspiration rates per cell were
varied by using different zones of influence along the small channel and different bank widths
along the main channels. This was especially important for the simulation of the last runoff peaks,
which were otherwise too high.

Table 6.5 Calibrated zone of influence.
Flow system part Zone of influence (m)
Small channels
8
Main channel
1.5 x channel width
It was also found that the used vegetation cover map underestimated the amount of vegetation
along the main channels in areas which were mostly used for agriculture. This is probably due to
the large cell size of the used NDVI maps (250x250 m). The mean NDVI value for a cell can than
be much lower than the value for the part of the cell just next to the river. The minimum fraction
vegetation cover for main channel cells was therefore set to 0.3.
6.1.5 Precipitation
It was found during calibration of the model that using the continuous time series of TB Christina
to fill in the gaps in the time series of TB Mulango resulted in overestimation of the discharge
peaks during these periods. When the data of TB Christina was shifted in time for about 10
minutes, much better results were obtained.
It was also found that there were two precipitation events ‘missing’ in the TB Cristina time series.
These two events were added, using two synthetic storm events, since the discharge events
caused by these two extra precipitation events also influence the water levels in the riverbed and
riverbanks. These water levels could thus only be simulated correctly when these two
precipitation events were added. The time series with the two added events is used for scenario
1b, 2, 3 and 4.
6.1.6 Main differences between the scenarios
The used settings are the same for all scenarios, except for the number of sand dams and the
added storage space by these sand dams. The number of sand dams and the storage space in
the catchment is given in Table 6.6 and Fig. 6.1.
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Table 6.6. Storage space in different parts of the flow system of the Kiindu catchment
Available storage space for different scenarios
Scenario 2

Scenario

3

Natural

Location

m

Extra space
due to dams

S torage space (m m )

3

m

Scenario 4

mm

m3

mm

0.69

8393

0.69

8393

0.69

8393

0.69

Riverbed main channels

29533

2.42

29533

2.42

29533

2.42

29533

2.42

75823

6.21

75823

6.21

75823

6.21

75823

6.21

9.31 113749

9.31

113749

9.31 113749

9.31

Riverbanks main channel

113749
0

17

34

17

Riverbed small channels

0

0.00

0

0.00

0

0.00

0

Riverbed main channels

0

0.00

9884

0.81

13484

1.10

20956

1.72

Riverbanks main channel

0

0.00

27107

2.22

36987

3.03

57477

4.71

Total dam storage

0

0.00

36991

3.03

50471

4.13

78433

6.42

9.31 150740

12.34

164220

13.44 192182

15.73

Total storage (natural + dams)

12

mm

Scenario 3

8393

Number of dams

14

m

3

Riverbed small channels

Total natural storage

16

mm

Scenario 1b

113749

0.00

Available storage space in the catchment for different scenarios
Extra storage riverbanks
Extra storage riverbed
Total natural storage

10
8
6
4
2
0

Scenario 2
Scenario 1b
Scenario 3
Fig. 6.1 Storage space in the catchment for the different scenarios

Scenario 4

6.2 Scenario 1, present situation
This scenario was used to calibrate the model for the present situation, based on measured and
simulated discharge and groundwater levels.
6.2.1 Modelled discharge
During calibration it was found that there were two peaks in measured discharge which could not
be simulated using available precipitation data. At both times there was some precipitation
measured, but not enough to produce the measured runoff. These peaks can be seen in figure
6.3. The other peaks are simulated more accurately (maximum difference in peak height is about
20%) (Fig. 6.2).
It can be seen from figure 6.2 that the storage space in the riverbeds totally fills up before there is
discharge at Kwa Ndunda. The riverbank storage fills less quickly.
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Fig. 6.2 Measured precipitation; measured and simulated discharge; simulated amount of water
in storage

Fig. 6.3 Measured and simulated discharge peaks. Peak at ~317 and 2
simulated correctly (indicated with red arrows).
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6.2.2 Water balance
The water balance for the simulation period is given in Table 6.7. It can be seen that the total
discharge from the catchment is too low. This is due to the two peaks which are not simulated
correctly.

Table 6.7 Water balance for the simulation period for scenario 1 (values in mm)
Water balance components Explanation
P
Total precipitation
Peff
Precipitation reaching the ground
Inf
Infiltrated water
Eopenwater (channels)
Evaporation from water in channels
Eopenwater (sheet)
Evaporation from water in sheet flow
Ebed (small)
Evaporation from riverbed of small channels
Ebed (main)
Evaporation from riverbed of main channels
ET (riverbanks)
Evapotranspiration from riverbanks along main channel
ET (around small channels) Evapotranspiration from area around small channels
dS (main bed)
Change in storage main riverbed
dS (main bank)
Change in storage main riverbanks
dS (small bed)
Change in storage riverbed small channels
Qsimulated
Simulated discharge
Qmeasured
Measured discharge
Q difference
Difference between measured and simulated discharge
Wberror
Error in water balance

mm
726
651
572
4.087
5.361
0.019
0.088
3.556
7.477
2.623
6.462
0.161
48.64
52.94
-4.30
0.00

6.3 Scenario 1b, present situation with extra precipitation events
Two precipitation events are added to the used precipitation time series for this scenario. This is
needed because the absence of the two discharge peaks also influences the amount of water in
the riverbed and riverbank storage. Accurate simulation of the ground water levels around the
dam is not possible without these two added peaks.
6.3.1 Modelled discharge
All peaks are now modelled more or less accurately. The maximum difference in peak height is
about 15% and all peaks are simulated (Fig. 6.4). The total simulated discharge is now almost the
same as the measured discharge as can be seen in Table. 6.8.

Fig. 6.4 Measured and simulated discharge. The two missing peaks are now also simulated.
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6.3.2 Water balance
The water balance shows the effect of the two added precipitation events. The amount of
discharge has increased, but there is almost no influence on the amount of stored water. A total
overview of the different parts of the water balance is given in Table 6.8.

Table 6.8 Water balance for the simulation period for scenario 1b (values in mm)
Water balance components Explanation
P
Total precipitation
Peff
Precipitation reaching the ground
Inf
Infiltrated water
Eopenwater (channels)
Evaporation from water in channels
Eopenwater (sheet)
Evaporation from water in sheet flow
Ebed (small)
Evaporation from riverbed of small channels
Ebed (main)
Evaporation from riverbed of main channels
ET (riverbanks)
Evapotranspiration from riverbanks along main channel
ET (around small channels) Evapotranspiration from area around small channels
dS (main bed)
Change in storage main riverbed
dS (main bank)
Change in storage main riverbanks
dS (small bed)
Change in storage riverbed small channels
Qsimulated
Simulated discharge
Qmeasured
Measured discharge
Q difference
Difference between measured and simulated discharge
Wberror
Error in water balance

mm
726
655
572
4.248
5.632
0.019
0.092
3.540
7.354
2.614
6.444
0.161
52.80
52.94
-0.14
0.00

6.3.3 Simulated ground water levels (Kwa Ndunda)
The simulated groundwater levels show a quick reaction on river discharge in the riverbed and in
the parts of the riverbank which are closest to the channel. The increase of groundwater levels
gets slower further from the channel (Fig. 6.5).

Fig. 6.5 Simulated groundwater levels near Kwa Ndunda.
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6.3.4 Simulated ground water levels (length profile)
Figures 6.6-6.10 show the simulated groundwater levels in the riverbed and riverbanks at
selected time steps during the simulation. It can be seen that runoff generated during the first
storms doesn’t reach the main channel yet since it infiltrates into the riverbed of upstream
channels (Fig. 6.6). After t = 38000 it can be seen that parts of the main channel storage fill up
with water which enters from upstream main channel cells or from tributaries (Fig. 6.7). Water
flows from the riverbed to the riverbanks in the following period. This causes an increase in
riverbank water levels and a decrease in riverbed water level (Fig. 6.8). The main riverbed
storage is totally filled after t = 44000. After this time water continuous to flow to the riverbanks,
steadily increasing the water levels there, and storing more and more water. The water level in
the riverbed is now not decreasing since it is being replenished by ongoing precipitation events.

Fig. 6.6 Longitudinal profile of riverbed (yellow) and riverbank (green) thickness and groundwater
levels (blue). The riverbed storage is drawn at its actual height; the riverbank storage is drawn
along the x-axis. Sand dams are indicated with a thick black separation, cell edges with a thin
black separation. Situation at time step 35000 (Julian day 309 7:19)

Fig. 6.7 Longitudinal profile. Situation at time step 38000 (Julian day 311 9:19)
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Fig. 6.8 Longitudinal profile. Situation at time step 43000 (Julian day 314 20:39)

Fig. 6.9 Longitudinal profile. Situation at time step 44000 (Julian day 315 13:19)

Fig. 6.10 Longitudinal profile. Situation at time step 60000 (Julian day 326 15:59)

78

The influence of sand dams on rainfall-runoff response and water availability in the semi-arid Kiindu catchment

6.3.5 Simulated water levels and amount of stored water (plan view)
The groundwater levels In all channels in the catchment rise quickly after a precipitation event
(Fig. 6.11). Water will than flow downstream as channel flow and flow through the riverbed. Water
than accumulates in the main channels. Since the riverbed just upstream of a sand dam is
relatively thick, and because water can’t flow further downstream through the riverbed at these
locations, these are the locations with the highest groundwater levels (Fig. 6.12).

Fig. 6.11 Groundwater levels and storage in main channel just after a precipitation event.

Fig. 6.12 Groundwater levels and storage in main channel after dry period between precipitation
events.
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6.4

Scenario 2, catchment without sand dams

6.4.1 Input maps
Some of the input maps had to be changed for this scenario because the absence of sand dams
influences the riverbed thickness and the effective thickness of the riverbanks. The new
thicknesses and storage capacities are given in Fig. 6.13 & 6.14.

Fig. 6.13 Calculated thickness of riverbed and riverbanks in the Kiindu
catchment without sand dams.

Fig. 6.14 Calculated maximum storage volume of riverbed and riverbanks in
the Kiindu catchment without sand dams.
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6.4.2 Simulated discharge
Simulated discharge for scenario 2 can be found in Fig. 6.15. Appendix IV B shows all peaks
separately for a better comparison with measured discharge.

Fig. 6.15 Measured and simulated discharge at Kwa Ndunda for scenario 2 (Julian day 300 to
340).
6.4.3 Water balance
Table 6.9 shows the effect of the absence of sand dam son the water balance. The main effect is
the difference in stored water in the riverbed and banks. Discharge is increased by about 3 mm.

Table 6.9 Water balance for the simulation period for scenario 2 (values in mm)
Water balance components Explanation
P
Total precipitation
Peff
Precipitation reaching the ground
Inf
Infiltrated water
Eopenwater (channels)
Evaporation from water in channels
Eopenwater (sheet)
Evaporation from water in sheet flow
Ebed (small)
Evaporation from riverbed of small channels
Ebed (main)
Evaporation from riverbed of main channels
ET (riverbanks)
Evapotranspiration from riverbanks along main channel
ET (around small channels) Evapotranspiration from area around small channels
dS (main bed)
Change in storage main riverbed
dS (main bank)
Change in storage main riverbanks
dS (small bed)
Change in storage riverbed small channels
Qsimulated
Simulated discharge
Qmeasured
Measured discharge
Q difference
Difference between measured and simulated discharge
Wberror
Error in water balance

6.5

mm
726
655
572
4.180
5.632
0.019
0.102
3.536
7.351
1.926
4.122
0.161
55.81
52.94
2.87
0.06

Scenario 3, catchment with double amount of sand dams

6.5.1 Input maps
Some of the input maps had to be changed for this scenario because the double amount of sand
dams influences the riverbed thickness and the effective thickness of the riverbanks. The extra
locations of sand dams and the new thicknesses and storage capacities are given in Fig. 6.16 &
6.17.
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Fig. 6.16 Kiindu catchment with double amount of sand dams
(locations and influenced cells).

Fig. 6.17 Calculated thickness of riverbed and riverbanks in
the Kiindu catchment with a double amount of dams.

Fig. 6.18 Calculated maximum storage volume of riverbed and
riverbanks in the Kiindu catchment with a double amount of
dams.
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6.5.2 Simulated discharge
Simulated discharge for scenario 3 can be found in Fig. 6.19. Appendix IV B shows all peaks
separately for a better comparison with measured discharge.

Fig. 6.19 Measured and simulated discharge for scenario 3 (Julian day 300 – 340).
6.5.3 Water balance
The extra amount of water in storage increases and the total amount of runoff decreases. A total
overview of the different parts of the water balance is given in Table 6.10.

Table 6.10 Water balance for the simulation period for scenario 3 (values in mm)
Water balance components Explanation
P
Total precipitation
Peff
Precipitation reaching the ground
Inf
Infiltrated water
Eopenwater (channels)
Evaporation from water in channels
Eopenwater (sheet)
Evaporation from water in sheet flow
Ebed (small)
Evaporation from riverbed of small channels
Ebed (main)
Evaporation from riverbed of main channels
ET (riverbanks)
Evapotranspiration from riverbanks along main channel
ET (around small channels) Evapotranspiration from area around small channels
dS (main bed)
Change in storage main riverbed
dS (main bank)
Change in storage main riverbanks
dS (small bed)
Change in storage riverbed small channels
Qsimulated
Simulated discharge
Qmeasured
Measured discharge
Q difference
Difference between measured and simulated discharge
Wberror
Error in water balance

mm
726
655
572
4.217
5.632
0.019
0.089
3.530
7.355
2.895
7.276
0.161
51.72
52.94
-1.21
0.00

6.6 Scenario 4, present situation, but with higher dams
The increase in riverbed thickness is doubled in this scenario. This results in a higher total
storage capacity of the system. The sand dams will also have an increased effect on upstream
cells (Fig. 6.20).
6.6.1 Input maps
The new riverbed and riverbank thicknesses as well as the new storage capacities are given in
Fig. 6.21 & 6.22. The increased upstream influence of the dams can be seen in Fig. 6.20.
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Fig. 6.20 Location of sand dams and new zone of influence (due
to higher dams).

Fig. 6.21 New riverbed and riverbank thicknesses (due to higher dams).

Fig. 6.22 New storage capacity in riverbed and riverbanks (due to higher
dams).
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6.6.2 Simulated discharge
Simulated discharge for scenarios 4 can be found in Fig. 6.23. Appendix IV B shows all peaks
separately for a better comparison with measured discharge.

Fig. 6.23 Measured and simulated discharge for scenario 4 (Julian day 310 – 340).
6.6.3 Water balance
The extra amount of water in storage increases and the total amount of runoff decreases. A total
overview of the different parts of the water balance is given in Table 6.11.

Table 6.11 Water balance for the simulation period for scenario 4 (values in mm)
Water balance components Explanation
P
Total precipitation
Peff
Precipitation reaching the ground
Inf
Infiltrated water
Eopenwater (channels)
Evaporation from water in channels
Eopenwater (sheet)
Evaporation from water in sheet flow
Ebed (small)
Evaporation from riverbed of small channels
Ebed (main)
Evaporation from riverbed of main channels
ET (riverbanks)
Evapotranspiration from riverbanks along main channel
ET (around small channels) Evapotranspiration from area around small channels
dS (main bed)
Change in storage main riverbed
dS (main bank)
Change in storage main riverbanks
dS (small bed)
Change in storage riverbed small channels
Qsimulated
Simulated discharge
Qmeasured
Measured discharge
Q difference
Difference between measured and simulated discharge
Wberror
Error in water balance

mm
726
655
572
4.460
5.632
0.019
0.087
3.517
7.357
3.444
8.930
0.161
49.29
52.94
-3.65
0.00
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7
7.1

DISCUSSION FIELD MEASUREMENTS
Precipitation

7.1.1 Manual measurements
The manual measurements are sometimes not done at the right time which is a source of error in
the timing of precipitation events. However, the sum of these measurements corresponds well
with the precipitation sum as measured with the automatic rain gauges. This data can therefore
be used for the water balance of the catchment, but not for modelling rainfall-runoff in time.
The variation in the measured precipitation amounts is probably a combination of measuring
errors and the actual variation in precipitation amounts.
7.1.2 Automatic measurements
Unfortunately only one of the three used automatic rain gauges produced a continuous time
series of precipitation. This is especially so since it can be seen in the parts of the time series
which have been recorded that the total amounts of precipitation during the study period are
almost the same for all locations, but timing and intensity of individual events is sometimes
significantly different. This is very important when the obtained data is used for hydrological
models with a high temporal resolution.
7.1.3 Total precipitation
The total amount of precipitation is estimated using data from TB Christina, combined with the
available parts of TB Mulango and TB Kangalu. The estimated total amount was 726 mm. This is
about 38 percent more than the normal amount of precipitation in this period (524 mm). Figure
7.1 shows the combined precipitation datasets for the Kiindu catchment as obtained during this
study and by Borst & De Haas (2006). The figure also shows the mean monthly precipitation and
95% confidence interval according to the New Locclim program. It can be concluded from this
data that the study period in 2005 was very dry while the amount of precipitation during the 2006
study was extremely high.
Mean and measured precipitation in the Kiindu catchment

P (mm/month)

500
400

Mean precipitation
Measurements 2005

300

Measurements 2006

200
100
0
1

2

3
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Month
Fig. 7.1 Mean precipitation in the Kiindu catchment according to NewLocclim, with 95%
confidence interval and manual measurements of 2005 and 2006.

7.2 Runoff generation
From the runoff plot data it is immediately clear that there are large differences in amount of
generated runoff from different surfaces in the Kiindu catchment. It is thought that this difference
is mainly controlled by different infiltration capacities of the soils at the different plots. Interception
might also play a role, but since precipitation intensity is usually very high, it is expected that the
influence is limited.
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Unfortunately it was found after the first rains that runoff plot one was located on one of the very
small parts of the study area which was not used for agriculture. This meant that it was not
ploughed, so the infiltration capacity of the soil was not increased. Since this is only the case in a
very small part of the catchment, it seems that these measurements are not very useful for the
present situation. They might be used for studying the influence of ploughing and crust removing
in the catchment.
Runoff plot 4 was destroyed by a farmer who accidentally ploughed trough the walls and gutter,
which leaves only runoff plot 2 and 3. The difference in generated runoff between these two plots
is relatively small. The mean runoff percentage of runoff plot 2 and 3 is 10.7 and 14.6
respectively. This difference depends probably on the difference is soil depth and composition,
land use and on the amount of vegetation which is present. The soil at runoff plot 2 is a relatively
shallow layer on top of weathered hard rock, while the soil at runoff plot 3 is relatively deep. The
land use of the two plots is also different. Plot 2 is covered with natural vegetation, while plot 3 is
used as agricultural land. This means that plot 3 is ploughed, increasing infiltration capacity.
Vegetation cover, which is highest at plot 2, can intercept precipitation. Furthermore it can
increase the infiltration capacity of the soil by forming macro pores along (old) roots (Ward and
Robison, 2000). These macro pores are removed at plot 3 when it is ploughed.
Mean runoff coefficients are given in Table 7.1. These coefficients are thought to be changing
throughout the seasons, but since the study period covered only a part of one growing season,
and because the runoff coefficient also depends on the intensity and duration of precipitation,
which was also different throughout the study period, only mean values can be given for each
plot.
These runoff coefficients combine the effect of infiltration capacity, evaporation and interception.
Infiltration rates can therefore be only estimated from them. This was done based on the
maximum intensity of precipitation while there was no runoff measured from the runoff plots. A
comparison between these estimated values and literature values is given in table 7.1.

Table 7.1 Estimated maximum infiltration
capacity of the soils at the runoff plots.
Runoff plot
Runoff coefficient
RP 1
61
RP 2
11
RP 3
15

7.3 Infiltration capacity
The measurements of vertical hydraulic conductivity with the ringinfiltrometer were influenced by
silt and clay in the used water. However, the obtained results correspond fairly well with literature
values when filtered water was used (table 7.2).
Table 7.2 Measured hydraulic conductivity and range of literature values.
Location Soil type
Measured K-value (m/d) Literature value range (m/d)
Riverbed Medium/Coarse sand
54.3
1 - 500
RP 1
Silt, crusted
2.8
0.0001 - 2
RP 3
Silt, ploughed
8.9
0.02 - 10
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7.4

Soils, land use and vegetation cover

7.4.1 Soils
The soils throughout the study area are only described by occurrence of mean grain size and soil
depth. This has been mainly done along the main river channels. It is therefore hard to
extrapolate the results over the entire catchment. On the other hand, these measurements give
useful information about thickness and composition of the main riverbed and its banks which can
be used for hydrological catchment modelling purposes since these are the areas where most
usable water is stored in the system.
7.4.2 Land use and vegetation cover
The land use and vegetation cover map which were produced from a Landsat image are probably
the best since this image has a higher resolution than the used NDVI images (15x15 m vs.
250x250 m). The Landsat image corresponds very well with observations along the main channel
(Appendix ΙΙΙ C). The NDVI images can be used to calculate the seasonal change in vegetation
cover, which is important for evapotranspiration modelling.
The change in NDVI shows the same course as the growing seasons according to New Locclim
(Fig. 5.17 & 7.2). Appendix ΙΙΙ B shows the changes in NDVI throughout the catchment during the
study period.
These changes in NDVI can also be seen by looking at the photos of the runoff plots (Appendix
ΙΙΙ D).

Fig. 7.2 Growing seasons in the Kiindu catchment according to New Locclim

7.5

Water level and discharge

7.5.1 Water level
The concrete box in which the divers for measuring the water level of the river where installed
was sealed of with a lid with a filter in it to prevent clogging of the system by silts and clay.
Nonetheless, there was some clay and silt found in the box during read out of the device. This
might have caused some minor errors in the measured water level.
Furthermore it was found that measurements of the water level at very low stages showed some
small fluctuations (about 1 cm).
7.5.2 Discharge
The discharge as calculated using the Cipoletti formula, for the first 33 cm, was about 30 percent
higher than the discharge calculated with the bulk injection method. This might be because of
errors in the bulk injection measurements, but this seems unlikely since the derived Q-h relation
corresponds almost perfect with the measurements. Another source of error might be the riverbed
itself, which is not perfect for discharge measurements using a weir. The main difference with the
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perfect situation is that the riverbed is equal in height with the lowest part of the weir, while this
should be lower. A lower riverbed creates a so called stilling pond behind the dam, reducing flow
speeds, so that the flow speed of the upstream water has no direct influence on the flow speed of
the water flowing through the spillway. This would however result in an underestimation of the
discharge. Another influence of this stilling pond is that it reduces friction between the flowing
water and the riverbed. This results in an overestimation of the discharge, so it is thought that this
has the greatest influence.
The comparison between discharge measured with the bulk injection method and discharge
calculated from the Cipoletti formula could not be made for higher water levels since there are no
bulk injection method measurements for these higher water levels. Extrapolation of the relation
between the found Q-h relation with the bulk injection method and the Cipoletti formula seems not
to be possible since the width of the Cipoletti changes at 33 cm from 2.85 m to 15.40 m.
However, it is expected that the overestimation of discharge by the Cipoletti formula is smaller for
these higher stages since the existence of a lower part in the middle of the spillway reduces
friction at 33 cm height, which would otherwise be the base of the Cipoletti (with a higher friction).
Actual flow velocities might thus be higher in this part than when there was no small spillway
underneath the larger one. Furthermore it is expected that the higher water levels decrease the
influence of the elevated riverbed behind the dam.
Considering this, the total discharge is calculated using the Q-h relation found with the bulk
injection method for the first 33 cm, combined with the Cipoletti formula for higher water levels.
The calculated discharge can be seen in Fig. 7.4. Since there might be small measuring errors in
the used water level, the discharge is also calculated for water levels which are 1 or 2 cm higher
or lower than the measured values. Total discharge during the study period, including higher and
lower water levels, is given in Table 7.3.

Fig. 7.3 Calculated discharge using Q-h relation as obtained for water levels from 0 to 33 cm and
the Cipoletti formula for water levels higher than 33 cm.
Table 7.3 Influence of measured
water level on calculated discharge
dWL (cm)
Q (mm)
-2
45.9
-1
49.2
0
52.9
1
57.0
2
61.4

7.6 Runoff coefficient for the Kiindu catchment
The runoff coefficient for the Kiindu catchment can be calculated using the total amount of
measured precipitation and the total calculated discharge. This gives a runoff coefficient for the
entire study period of 0.08. The observed value might differ from the actual runoff coefficients
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since there was probably also precipitation after the study period and the river also kept flowing.
Figure 7.5 gives the change in calculated runoff coefficient when an increasingly longer period is
looked at (starting at the beginning of the study period). It can be seen from this figure that the
first precipitation produced (almost) no runoff, which results in a low runoff coefficient. During the
period with the most intense precipitation events this runoff coefficient increases up to 0.09.
When the number and intensity of precipitation events decreases at the end of the study period,
the runoff coefficient also decreases to about 0.07.
When an uncertainty of 1 cm in the water level measurements is included, the runoff coefficient
for the entire study period varies from 0.068 to 0.079 (Table 7.4).

Fig. 7.4 Change in runoff coefficient during the study period.
Table 7.4 Variation in runoff coefficient
due to errors in water level
measurements.
dWL (cm) Q (mm) P (mm)
RC
-1
49.2
726
0.068
0
52.9
726
0.073
1
57.0
726
0.079
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8

DISCUSSION MODELLING

8.1 Model fit for present situation
The model was calibrated in such a way that the total amount of discharge, the shape of
individual discharge peaks and the groundwater levels near Kwa Ndunda matched the measured
values as good as possible. Two extra precipitation events had to be introduced to be able to
simulate all discharge peaks. These two events where apparently not measured by the rain
gauges. This was probably because only one of the three rain gauges was working during these
events. Scenario 1b includes these two extra events and was used for the final calibration of the
model. The precipitation time series with the two added events is also used as input for the other
scenarios.
8.1.1 Discharge at Kwa Ndunda
The calibrated model (using scenario 1b) simulates the measured height and form of the
discharge peaks reasonably well (Fig. 8.1 & 8.2). Appendix IV A shows all discharge peaks and
cumulative discharge per peak separately
.
As can be seen in Fig. 8.3, the simulated height of the discharge peaks as well as the total
simulated discharge per discharge peak lies within about 20% of the measured values.

3

6
5

2

4

7

1

Fig. 8.1 Measured and simulated discharge for scenario 1b (Julian day 315 – 322), with
numbered peaks.

9

8
10

Fig. 8.2 Measured and simulated discharge for scenario 1b (Julian day 325 – 350), with
numbered peaks.
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Measured and simulated total discharge per discharge peak

Measured and simulated total discharge per discharge peak
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Fig. 8.3 a) Measured and simulated total discharge per peak. b) Measured and simulated
discharge sum per peak. (Peaks are numbered according to Fig. 8.1 & Fig. 8.2).
8.1.2 Discharge in other parts of the study area
Discharge was only measured at the Kwa Ndunda dam site, so this is the only location where
simulated discharge can really be compared with measured discharge. However, there are some
observations of discharge from tributaries near Kwa Ndunda. It was observed that these
tributaries produced runoff around Julian day 310 and 311. This is also simulated by the model,
as can be seen in Fig. 8.4. Fig. 8.5 shows the longitudinal profile of the riverbed and banks
upstream Kwa Ndunda. From here it can also be seen that there are several parts in the main
channel where there has been inflow of water from tributaries.

Fig. 8.4 Simulated discharge at small tributary just upstream Kwa Ndunda and at Kwa Ndunda
itself.

Fig. 8.5 Simulated water levels in the riverbed and riverbanks along a section upstream Kwa
Ndunda at Julian day 311 9:19.
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8.1.3 Total discharge
The simulated total discharge corresponds well with the measured total discharge (Fig. 8.6).
There is a small dissimilarity however in the last part of the simulation period. The discharge peak
just before Julian day 340 is overestimated by the model. This overestimation is compensated by
underestimation of the following period of low flow (Julian day 340 – 350). This low flow is
probably base flow, consisting of a part of the water which has infiltrated in the upslope areas and
flows slowly towards the river. This groundwater flow is not included in the model, so the period of
base flow can not be simulated. The overestimation of the preceding discharge peak is
introduced by calibrating the model to simulate the accurate total amount of discharge.
The importance of this base flow has also been found by the groundwater modelling work done
by Hoogmoed (2007).

Base flow

Fig. 8.6 Discharge sum as measured and simulated for scenario 1b.
8.1.4 Groundwater levels near Kwa Ndunda
Detailed modelling of groundwater levels in the riverbanks was not included in the model.
However, the division of the riverbanks into three sections (parallel to the river), to which different
hydraulic conductivities can be assigned, gives the opportunity to simulate most variation in
groundwater level time series. This is shown in Fig. 8.7 & 8.8 where measured groundwater
levels are added to the graph with simulated groundwater levels. The locations of the
piezometers can be found in Appendix II B.
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Fig. 8.7 Measured and simulated groundwater levels upstream Kwa Ndunda during the study
period.

Fig. 8.8 Measured and simulated groundwater levels downstream Kwa Ndunda during the study
period.
Borst and De Haas (2006) obtained more continuous groundwater level data for the wet season
in October - December 2005. The variation in measured water levels closely resembles the
variation in simulated water levels in the different riverbed and riverbank sections. The graphs in
Fig. 8.9 resemble the simulated groundwater levels in the riverbed (p06, blue) and the third
section of the riverbank (p09, red brown). The graphs in Fig. 8.10 resemble the simulated
groundwater levels in the first and second section of the riverbank.
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Fig. 8.9 Measured groundwater levels upstream Kwa Ndunda in 2005 (Borst &
De Haas, 2006).

Fig. 8.10 Measured groundwater levels downstream Kwa Ndunda in 2005
(Borst & De Haas, 2006).
8.2 Model fit for dry period
The initial storage of groundwater in the model is set to zero for all cells. This has been done
because the measured groundwater levels lay only a few centimetres above the base of the
piezometers and scoop holes. The model has been calibrated to simulate discharge and
groundwater levels during the (wet) study period. However, when all processes and parameters
included in the model are right, it should also be possible to simulate groundwater levels during
the following dry season. To see if this is true, and to see if simulated groundwater levels at the
end of the dry season approach zero, the model has been run for an extended period of 150 days
(the length of the long dry season from April to September). During this period there was no
additional rainfall. The groundwater storage is emptied by evapo(transpi)ration and water use.
One run was done with only evapo(transpi)ration as depletion mechanism, and one with added
3
water use by people. The water use was set to 8 m /day per dam, according to the findings of
Borst and De Haas (2006).
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The groundwater levels just upstream Kwa Ndunda, for a model run without water use by people,
are given in Fig. 8.11. It can be seen that there is still about 1 m of groundwater after the long dry
period.
The total amount of water in the different parts of the groundwater storage, for the run without
water use, is shown in Fig. 8.12. The small channel storage is totally empty just after the wet
period. The total amount of water stored in the riverbed and riverbanks of the main channel
decreases steadily, but there is still some water in it after the dry season. The groundwater levels
at Kwa Ndunda are lower than in the model run without water use (about 0.5 m), but there is still
some water available after the long dry period (Fig. 8.13).
The total amount of water which is extracted from the riverbanks along the main channel is about
10.9 mm for both runs. The total amount of water extracted by water use is only 0.4 mm.
Evapotranspiration by vegetation on the riverbanks is thus the main depletion mechanism, which
is consistent with the findings of Domingo et al. (2001) and Dahm et al. (2002).
The model run with extraction of water still overestimates the amount of water which is available
at the end of the dry season. This difference can be explained by an underestimation of water use
and/or evapo(transpi)ration. Figure 8.14 shows that the water levels behind Kwa Ndunda
3
approach zero when the water use is much higher (in this case 20 m /day/dam). However, it is
not expected that the water use is this high. Evapotranspiration is not expected to be
underestimated since a relatively high vegetation cover is used for the riverbanks and
evapotranspiration is set to the maximum for this vegetation. This might even lead to
overestimation of evapotranspiration at the end of the dry season when the groundwater level
might be so low that it can’t be reached by the smaller vegetation types.
Another explanation can be that leakage under and around the dam is not included in the model.
According to Hoogmoed (2007), this is an important factor controlling the groundwater levels
around the Kwa Ndunda sand dam. When leakage is possible, water can flow to downstream
riverbank and riverbed cells from where it can evapo(transpi)rate. This decreases the water level
behind dams and increases the total amount of cells from which water is evapo(transpi)rating.
This would increase the total amount of evapo(transpi)rated water, effectively decreasing the total
amount of water in storage.
When leakage is added to the model, the water levels behind Kwa Ndunda decrease much
quicker (Fig. 8.14). This is even so when the water use is set to zero. The total amount of
evapo(transpi)rated water (from the riverbanks) increases by 0.3 mm to 11.2 mm.

Fig. 8.11 Simulated groundwater levels near Kwa Ndunda.
No leakage and no extraction of water.
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Fig. 8.12 Used precipitation, simulated discharge and total amount of water in storage for the
study period followed by a period of 150 dry days. Maximum extraction of water is 8 m3/day. No
leakage.

Fig. 8.13 Simulated groundwater levels near Kwa Ndunda; Left: Maximum extraction of water is
3
3
8 m /day; Right: Maximum extraction of water is 20 m /day. No leakage
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Fig. 8.14 Simulated groundwater levels near Kwa Ndunda; Left: Maximum extraction of water is
3
3
8 m /day; Right: Maximum extraction of water is 0 m /day. With leakage.
8.3 Water availability during the dry season
Water availability at Kwa Ndunda during the dry season, for two rates of water use and using
scenario 1b (present situation), scenario 2 (no dams) and scenario 1b with added leakage is
given in Fig. 8.15. The graph shows how long water is available at the specified amount per day.
After this period, it shows the amount of water which can still be extracted per day. It can be seen
3
that a water use of 8 m /day can be sustained for only 75 days when there is no dam present.
When the water use is as high as 20 m3/day, this period is only 30 days. Water can still be
3
extracted after these periods, but at a much lower rate (only 1 m /day after a 100 day period).
When leakage is neglected, the presence of the Kwa Ndunda dam makes it possible to extract 8
3
3
m /day during the whole dry season. When the water use is set to 20 m /day, this period is about
120 days.
Including leakage in the model decreases the period in which there is enough water available to
3
sustain an extraction of 8 m /day to about 140 days. After this period water can be extracted at a
3
rate of about 3 m3/day, but this amount decreases in time to about 1 m /day.
Actual availability of water might be higher due to inflow of water which has infiltrated in the
upstream area. On the other hand, actual availability might also be lower due to percolation of
stored water deeper into the ground. Both processes are not included in the model, which makes
it difficult to say what the importance of these processes is for the availability of water. However,
3
the model run which includes leakage and an extraction rate of 8 m /dam/day, results in an
availability period of 140 days. This is consistent with estimated water use and measured water
availability.

Fig. 8.15 Extractable water at Kwa Ndunda. Extraction at set rate as long as possible, then at
maximum possible rate.
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8.4

Differences between scenarios

8.4.1 Discharge peaks
The differences in simulated discharge between the scenarios can mainly be seen in the first two
discharge peaks, as can be seen in Fig. 8.16 & 8.17 and Appendix IV B. This is because the main
difference between the scenarios is the amount of storage space. This storage is the amount of
water which is abstracted from initial channel flow, controlling the amount of produced runoff
which is needed before surface water starts flowing at Kwa Ndunda.
Scenario 4 has the largest storage, but even this is (almost) totally filled after Julian day 316. The
difference in discharge after this day is negligible, as can be seen in Appendix IV B. The only
remaining difference between the scenarios is the amount of stored water in the system.

Fig. 8.16 Difference in simulated first discharge peak for all scenarios.

Fig. 8.17 Difference in simulated second discharge peak for all scenarios.
8.4.2 Total discharge
As said before, the difference in total discharge for the used scenarios depends mainly on the
difference in simulated discharge for the first two discharge peaks. The total difference can be
seen in Fig. 8.18. Values can be found in 8.3.4.
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Fig. 8.18 Simulated and measured cumulative discharge during the study period.
8.4.3 Ground water level near Kwa Ndunda
The simulated groundwater levels near Kwa Ndunda are mainly influenced by the extra thickness
of the riverbed due to the dam. This extra thickness determines the maximum groundwater level
behind the dam. The construction of extra dams in the catchment, as is simulated in scenario 3,
doesn’t influence the groundwater levels at Kwa Ndunda (Fig. 8.19).

Fig. 8.19 Groundwater levels near Kwa Ndunda as simulated for the different scenarios.
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8.4.4 Water balance different scenarios
The total water balances for the study period for the different scenarios are given in Table 8.1.
The main differences are the amounts of stored water in the main riverbed and riverbanks and
the total amount of discharge. These most important factors are expressed as percentage
difference with the ‘no dams’ scenario (scenario 2) in Table 8.2 and Fig. 8.20 - 8.23.

Table 8.1 Water balance for the five used scenarios.
Scenario
Water balance components
P
P effective
Infiltration
E open water (channels)
E open water (sheet)
E riverbed (small)
E riverbed (main)
ET (riverbanks)
ET (around small channels)
Storage change (main bed)
Storage change (main bank)
Storage change (small bed)
Q simulated
Q measured

1 (present) 1b (Present) 2 (No dams) 3 (Dams x 2) 4 (Double height)
726
726
726
726
726
651
655
655
655
655
572
572
572
572
572
4.087
4.248
4.180
4.217
4.460
5.361
5.632
5.632
5.632
5.632
0.019
0.019
0.019
0.019
0.019
0.088
0.092
0.102
0.089
0.087
3.556
3.540
3.536
3.530
3.517
7.477
7.354
7.351
7.355
7.357
2.623
2.614
1.926
2.895
3.444
6.462
6.444
4.122
7.276
8.930
0.161
0.161
0.161
0.161
0.161
48.64
52.80
55.81
51.72
49.29
52.94
52.94
52.94
52.94
52.94

Table 8.2 Simulated influence of sand dams on total storage, total runoff and runoff coefficient.
Scenario
Simulated discharge (mm)
Total storage capacity (mm)
Difference in storage capacity (mm)
Difference in storage capacity (%)
Difference in discharge (mm)
Difference in discharge (%)
Runoff coefficient (absolute)
Runoff coefficient (% difference)

2 (no dams) 1b (present) 3 (dams x 2) 4 (double height)
55.81
52.80
51.72
49.29
9.31
12.34
13.44
15.73
0.00
3.03
4.13
6.42
0.00
24.55
30.73
40.81
0.00
-3.01
-4.09
-6.52
0.00
-5.70
-7.91
-13.23
0.077
0.073
0.071
0.068
0.00
-5.39
-7.33
-11.68

As can be seen in Table 8.2, the modelled influence of the sand dams in the present situation is a
reduction in runoff of about 6% due to an increase in storage capacity of 24%. The reduction in
runoff almost equals the increase in storage capacity. This also applies for the other scenarios. A
negligible difference between increase in storage capacity and decrease in total runoff is caused
by small changes in the amount of evapo(transpi)ration due to differences in simulated
groundwater depth.
The decrease in discharge and increase in storage capacity are larger when the dam height is
doubled (scenario 4) than when the number of dams is doubled (scenario 3). This is probably due
to the fact that the existing dams are placed on the most favourable locations, leaving mostly
upstream locations in small channel reaches for extra dams. When the same number of dams is
placed at these locations, the total amount of extra storage is less than doubled. When the dam
height of the existing dams is doubled, the extra storage capacity is more than doubled.
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However, doubling of the dam height is probably not a very realistic option. Higher dams cause
an increased difference in water level which increases the amount of water leaking under and
around the dam. This increased leakage flow will increase the change that the dam itself or the
riverbanks will collapse due to undermining by this increased water flow.
Many existing fields along the channel would also be lower than the new spillway level. This
would mean that they would be flooded and eventually covered under sand.
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Fig. 8.21 Difference in discharge.
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Fig. 8.20 Difference in storage capacity.
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Fig. 8.22 Difference in runoff coefficient.
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Fig. 8.23 Runoff coefficient for the scenarios.

8.5 Sensitivity analysis
The sensitivity of the model to the changes in used parameters was obtained by running the
calibrated model, using scenario 1b, several times for each parameter. This parameter was then
multiplied by a multiplication factor varying from 0.1 to 10. The differences in simulated discharge
are given in the next figures, which have been sorted by sensitivity (Fig. 8.24-8.40).
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Fig. 8.24 Influence of precipitation intensity.
flow.
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8.5.1 High influence
It is clear from the sensitivity analysis that the parameters which have the largest influence on
simulated discharge are the precipitation intensity, minimum sheet flow speed and infiltration
capacity. These are also the main parameters controlling the amount of water which becomes
available as runoff. The precipitation intensity and infiltration capacity control the amount of water
which is added to the surface water each time step. The speed of sheet flow determines the time
available for water to infiltrate.
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Fig. 8.25 Influence of minimum speed sheet
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Fig. 8.26 Influence of infiltration capacity (per land use).
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Fig. 8.27 Influence of infiltration capacity (total)
8.5.2 Moderate influence
After these parameters there is a whole set of parameters which have a less profound influence
on total simulated discharge. These parameters only cause a significant difference when they are
changed by a considerable factor, which is in most cases unrealistic. Most of these parameters
influence the amount of storage space in the catchment, or the way in which this storage space is
filled. These parameters are:
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Fig. 8.28 Influence of channel width.
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Fig. 8.29 Influence of riverbed thickness.
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Fig. 8.30 Influence of dam height.
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Nr of channels per cell (small channel part)
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Fig. 8.32 Influence of nr of channels per cell.
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Fig. 8.33 Influence of bank width.

8.5.3 Negligible influence
Some of the parameters have almost no effect on the total amount of simulated discharge, even
when they are changed by a large factor. These are: Potential evaporation, interception, hydraulic
conductivity of the riverbed, minimum flow speed in channels and Manning’s n for channels.
Potential evaporation is nevertheless important for simulations including dry periods (see 8.2).
And the minimum flow speed in channels and Manning’s n for channels (which partly determines
the flow speed) do influence the form of the discharge peaks. Higher flow velocities cause
steeper and higher discharge peaks. Interception seems to be the only parameter which has no
use for simulating this flow system. Realistic values for the interception capacity are always
negligible compared to the high amounts of precipitation which falls with high intensity.
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Fig. 8.35 Influence of potential evaporation.
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Fig. 8.34 Influence of interception.
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Fig. 8.36 Influence of K riverbanks.
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Fig. 8.37 Influence of K riverbed.
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8.5.4 Spatial variation in parameters
The parameters which have the highest influence on simulated discharge can also vary
throughout the catchment. The influence of this spatial variation has been tested by randomly
varying these parameters throughout the catchment for several model runs. This has been done
for precipitation intensities and for infiltration capacities (Fig. 8.40 & 8.41). The influence of
spatially randomized precipitation seems to have a slightly larger effect than randomized
infiltration capacities. But both effects are relatively small. The standard deviations are given in
Table 8.3 & 8.4.
P randomized (+/- 5%)

P randomized (+/- 10%)
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Fig. 8.40 Precipitation +/- 5 % randomized.
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Fig. 8.41 Precipitation +/- 10 % randomized.

Table 8.3 Influence of spatially
randomized precipitation.
P Random
5%
10%
Mean
52.75
52.78
Minimum
52.52
52.29
Maximum
53.11
53.38
Standard deviation
0.15
0.31
Infiltration randomized (+/- 10%)
Total discharge (mm)

Total discharge (mm)

Infiltration randomized (+/- 5%)
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Fig. 8.42 Infiltration +/- 5 % randomized.
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Fig. 8.43 Infiltration +/- 10 % randomized.

Table 8.4 Influence of spatially
randomized infiltration capacity.
Infiltration Random
Mean
Minimum
Maximum
Standard deviation

5%
52.90
52.73
53.19
0.14

10%
53.20
53.00
53.56
0.18

8.5.5 Time shift in precipitation
The precipitation time series for TB Mulango consisted partly of data from TB Christina which was
shifted in time by 10 minutes. To see what the effects of shifts in time are on the simulated
discharge, the model was run using different time shifts. Parts of the TB Mulango time series
where shifted in time by this time shift value.
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As can be seen in Fig. 8.44, these time shifts only have a small influence on the total amount of
runoff. Only when discharge peaks from the TB Mulango area are separated in time from
discharge peaks from the TB Christina area, there are some small differences in total simulated
runoff. These are probably caused by the increase in time that water is flowing in the downstream
areas, increasing evaporation from these areas.
As, indicated before, shifting the two used precipitation time series in time does cause large
differences in peak height. A small shift in time between TB Mulango and TB Christina leads to
overlapping discharge peaks from the two areas, creating one narrow and high peak. When the
time shift increases, the two peaks are less and less overlapping, first creating a lower and wider
peak and eventually creating two separate peaks.
Timeshift between P Christina and P Mulango
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Fig. 8.44 Influence of time shift in precipitation.
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9
9.1

CONCLUSIONS
Measuring

9.1.1 Precipitation
The measured precipitation in the Kiindu catchment shows a high spatial and temporal variability.
Most precipitation falls during the night, usually in short periods of time. Precipitation intensity can
be as high as 2.5 mm/min. Unfortunately only one continuous time series was obtained from the
three used rain gauges (TB Christina). From the parts of the time series which do overlap, it can
be concluded that precipitation at the three rain gauges shows differences in timing and intensity,
but total precipitation is nearly the same. The total amount of recorded precipitation (for the study
period from October 1 to December 15, 2006) with TB Christina is about 730 mm. This is
relatively high when compared to the mean amount of precipitation for this period, which was
about 590 mm, with a standard deviation of 138 mm, according to New Locclim.
9.1.2 Runoff generation
Runoff is mainly generated by high intensity precipitation events, when the intensity of the
precipitation exceeds the infiltration capacity of the soil (Hortonian overland flow). The measured
runoff coefficients for the three used runoff plots range from 60% for a bare, highly crusted and
unused area to 10% for an area with a dense vegetation cover. The runoff plot in an agricultural
field had a runoff coefficient of 15%.
Infiltration capacity as measured at the runoff plot sites ranges from about 0 to 0.4 mm/min. The
lowest values are found in areas with a crusted top soil, which are not used for agriculture and
which are not covered by vegetation. Agricultural land and areas covered with relatively dense
vegetation have the highest infiltration capacities, ranging from 0.2 to 0.4 mm/min. These areas
with relatively high infiltration capacities are representative for the major part of the study area.
9.1.3 Soils land use and vegetation cover
The soils in the study area show a high variability in both composition and thickness. The riverbed
usually consists of medium to coarse sand with a median grain size of about 600 µm and has a
thickness varying from 0.2 m at upstream areas to 2.5 m at sand dam locations. At some
locations there are clay lenses present of about 5 to 10 cm thickness. Measured hydraulic
conductivity of the riverbed is about 55 m/d. Riverbed porosity varies from 0.34 to 0.40. The
riverbanks consist of sandy to clayey parts, underlain by weathered basement rocks. The
sediment layer reaches usually to about the same depth as the riverbed. Measured hydraulic
conductivity varies from 10 to 2 m/d. Effective porosity of the riverbanks is about 0.28 to 0.38.
2

2

The study area is divided in small plots, ranging from about 20 m to 1000 m . This makes it
difficult to obtain land use and vegetation cover for each plot from satellite images. The best
results where obtained by using a Landsat image, combined with an NDVI map of the end of the
dry season. Agricultural fields cover the largest part of the study area (73%), followed by areas
with forest or dense bushes (27%). Bare, unused land covers less than 1% of the study area.
9.1.4 Water level and discharge
Discharge as calculated from measured water level by the Cipoletti formula, for the range of 0 to
33 cm, was about 30% higher than discharge calculated with the bulk injection method. Bulk
injection method measurements were not done at higher water levels, but the overestimation of
discharge by the Cipoletti formula is expected to be lower at higher water levels.
The first precipitation events only produce runoff at small tributaries and the water level in the
riverbed near Kwa Ndunda stays very low, but after Julian day 311 the water level in the riverbed
rises quickly and there is also runoff at the Kwa Ndunda dam site. The maximum water level
measured at Kwa Ndunda was about 90 cm, corresponding with a discharge of about 14 m3/s.
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3

The total measured runoff during the study period was 6.46 x 10 m , corresponding with 52.9
mm.
9.1.5 Runoff coefficient
Combining the measured precipitation and runoff gives a runoff coefficient of 0.073.

9.2

Modelling

9.2.1 Model fit
The availability of only one continuous precipitation time series (TB Christina) caused some
problems with the modelling of the height of discharge peaks. These problems were overcome by
filling in the gaps of TB Mulango by using the time series of TB Christina with a time shift of about
10 minutes. Another problem was that two precipitation events were apparently missed by the
rain gauge. To prevent problems with simulated groundwater levels, two synthetic precipitation
events were added.
The calibrated model, using this extended precipitation time series, was able to simulate all
discharge peaks with a maximum difference in peak height of about 20%. The total amount of
simulated runoff differed only 0.3% from the measured runoff of 52.9 mm.
3

Measured base flow of about 0.01 m /s during a period with a high number of precipitation events
(Julian day 318-322) and at the end of the study period (Julian day 345-350) is not simulated by
the model. This is because routing of upslope infiltrated precipitation is not included in the model.
The influence of this exclusion is thought to be relatively small since most of the infiltrated water
will evapo(transpi)rate.
Simulated groundwater levels near Kwa Ndunda show the same variation as measured
groundwater levels. Water levels in the riverbed and in the riverbanks near the river show a very
quick response on precipitation events. Water levels in the riverbanks respond less quickly further
from the riverbed.
When the simulation time is extended with a dry period of 150 days (which is about the length of
the long dry season), it is needed to include leakage around the dams in the model to be able to
simulate groundwater levels corresponding with measured values.
9.2.2 Influence of sand dams
The influence of sand dams in the study area on total runoff seems to be directly related with the
added amount of storage space. Simulated runoff is for all scenarios enough to fill the extra
storage created by sand dams. Total runoff is therefore the amount of runoff as modelled for the
‘no dams’ scenario, minus the added amount of storage space. Minor deviations are caused by
small changes in evapo(transpi)ration. Total storage capacity, simulated runoff and runoff
coefficients, as well as their deviation from the situation without sand dams, can be found in Fig.
9.1.

Fig. 9.1 Influence of sand dams on storage capacity and runoff.
The influence of the sand dams in the present situation is an increase in storage capacity of 3
mm (33%), resulting in a decrease in runoff of 3 mm (5%). The influence on runoff of a double
amount of dams or dams with a double height is 4 mm (7%) and 6.5 mm (12%) respectively. The
influence of a double amount of dams is lower than doubling the dam height of existing dams
because the available space for extra sand dams in the study area is mostly located in upstream
areas or relatively small tributaries. The added storage capacity per dam is therefore relatively
110
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low. Doubling the dam height can even more than double the storage capacity of a dam since not
only the riverbed thickness is increased, but upstream effects will also increase. However, most
dams are already built up to bank height, so increasing dam heights further is not very realistic.
The increased amount of stored water due to sand dams increases the length of the period that
there is water available in this storage. The period that there is enough water available at the Kwa
3
Ndunda dam to sustain a water use of 8 m /day is about 140 days. Without the dam this would
only be 75 days.
It was also found that evapotranspiration by vegetation along the main channel is far more
important for the amount of available water than water use (at its present rate of 8 m3/dam/day).
The total amount of water which is lost to evapotranspiration during the dry season is about 11
mm, while water use only accounts for 0.4 mm.
9.2.3 Sensitivity analysis
Precipitation intensity, infiltration capacity and the time that water flows as sheet flow, during
which it can infiltrate, are the most important parameters controlling the total amount of water
available for runoff. Spatial variation of precipitation and infiltration capacity increases variation in
modelled runoff, but has a negligible influence (standard deviation is about 0.2 mm when a spatial
variation of 10% is used). However, the model is very sensitive to variation in these parameters
when the value for the whole catchment is increased or decreased. Precipitation intensity is by far
the most sensitive parameter, with a difference in runoff of about 40% due to a change in intensity
of 10%. The change in modelled runoff for a change in infiltration capacity of 10 % is about 20%.
Peak height and width are controlled by factors influencing flow speed, such as Manning’s n for
channel flow and channel geometry. High flow velocities result in sharp, high peaks while low flow
velocities result in lower and wider peaks. The total modelled runoff is not very sensitive to these
parameters when realistic values are used.
Parameters controlling the amount of available storage space determine the total amount of water
which is abstracted from initial channel flow. The sensitivity to these parameters is low when
realistic values are used.
9.2.4 Limitations of the model
The used model does not simulate what happens with upslope infiltrated water. This water is
probably the source of measured base flow during the study period. Since this base flow might be
an important factor controlling the amount of available water during first part of the dry season, it
is difficult to say how good the model works for dry period simulations.
Another important limitation is the high sensitivity of the model to precipitation intensity and
infiltration capacity while these are the parameters which are the most difficult to measure since
they show a high spatial variation. Infiltration could only be estimated from two runoff plots and
only one continuous precipitation time series was obtained. The high spatial variation of these
parameters makes it difficult to extrapolate the measured values over the entire study area.
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10 RECOMMENDATIONS
The measuring period for this research was relatively short. It would be better if the model was
calibrated using a time series of several years, including dry periods. Discharge and precipitation
measurements should therefore continue.
The sensitivity analysis of the model showed that the most important parameters for the model
are precipitation intensity and infiltration capacity of the soil. Only one continuous time series of
precipitation was obtained during the research period and only two runoff plots gave useful
results for infiltration capacity. These parameters should be measured at more locations to
increase model accuracy.
Furthermore it would be interesting to see what the difference in runoff from different parts of the
catchment is. This could be measured by measuring discharge at more than one location. This
would also give the opportunity to check the used infiltration rates for different land use better
since the upper part of the catchment has a considerable higher fraction of forest cover than the
lower part. Infiltration rates could now only be checked by comparing the total amount of
generated runoff (by precipitation exceeding the infiltration capacity) with total measured runoff.
For this study it was only possible to measure rainfall-runoff relations for the catchment with sand
dams. The actual influence of these dams could only be modelled. Measurements of
precipitation, runoff and groundwater levels in a catchment before, during and after sand dam
construction and maturing would be very valuable to check the accuracy of the modelled
influence of sand dams.
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