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Abstract

Meijer, E.C., E.P. Querner and H. Boesveld, 2013. /mpact of farm dams on river flows, A case stuady in the Limpopo River basin,
Southern Africa. Wageningen, Alterra, Alterra report 2394. 62 pp.; 26 fig.; 13 tab.; 40 ref.

The study analysed the impact of a farm dam on the river flow in the Limpopo River basin. Two methods are used to calculate the
water inflow: one uses the runoff component from the catchment water balance; the other uses the drainage output of the
SIMFLOW model. The impact on the flow in a sub-catchment with and without the presence of a farm dam, has been analysed.
Different farm dam storage capacities and infiltration rates of the soil were considered. In general, the change in natural flow is
decreasing when the farm dam capacity becomes higher. On the other hand, the Remaining Natural Flow is increasing when the
catchment area becomes larger. The Crop Water Availability was expressed as the relative difference between the crop water
requirements and the amount of water supplied by precipitation and irrigation from the farm dam. For a given storage capacity of
the farm dam the change in natural flow is calculated when the farm dam covers 90% of the potential evapotranspiration of maize.
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Summary

The Limpopo River basin is an area where the livelihood of the rural population is mainly based on rain-fed
agriculture. Also in the river basin there are problems with water scarcity and therefore an unreliable food
production, especially in dryer areas like the northwest part of the basin. Water harvesting could be a method
to cope with these problems. On the other hand, water harvesting methods can cause unplanned impacts.
Reported impacts vary considerably between different water harvesting techniques, locations, climatic
regimes, seasons, and socio-economic contexts (Andersson et al., 2011). In the study carried out, the focus
was on the impact of a farm dam as water harvesting method in a small catchment in the Limpopo River basin.

Farm dams generally capture water before it reaches the waterway. As farm dams are the first to capture the
water, they reduce the flow in the smaller streams and rivers. In such a way it impacts on the amount of water
available for downstream water users and environmental deterioration. The greatest impact of a farm dam
occurs immediately downstream of the impoundment, and this impact progressively reduces as the intervening
catchment area downstream of the dam increases. In most cases, the impact of one individual dam is
relatively small, the cumulative impact of farm dams on stream flows can be significant. The larger the volume
of the farm dams in a catchment the greater the impact might be.

The study analysed the impact of a farm dam in a small catchment situated in the Limpopo River basin on river
flows downstream of such a dam. Further output is the amount of irrigation water used from the dam. The
analysis might lead to more insight in the effects of a farm dam on small catchment scale and might contribute
to future studies on basin scale. It was beyond the scope of the study to examine socio-economic factors.

To analyse the impact of a farm dam on the river flow downstream in the Limpopo River basin (Southern
Africa), two methods were proposed and some scenarios were formulated. The method differs in the
calculation procedure of the water inflow into the farm dam and the scenario’s considered different infiltration
capacities of the soil. Method A makes use of the runoff component, as a very simple approach, from the
catchment water balance to calculate the water inflow. Method B uses the drainage output of the SIMFLOW
model (Querner et al., 2000). The entire calculation procedure was carried out in an Excel sheet in such a way
that farm dam capacities could be changed and different meteorological data can be used.

Two parameters were defined to express the change in river flow caused by the storage dam and the available
water for the crop by precipitation and irrigation. The Remaining Natural Flow (RNF) is the relative difference
between the flow entering the storage dam and the downstream river. This parameter expresses the impact of
a farm in the study area. The Crop Water Availability (CWA) is the relative difference between the crop water
requirements and the amount of water supplied by precipitation and irrigation from the farm dam. The impact
on the RNF is analysed for different farm dam capacities and infiltration capacities of the soil. In general, the
RNF is decreasing when the farm dam capacity becomes higher. This is also the case when the infiltration rate
becomes higher. As an example Figure 19 shows the modelling results for a catchment of 10 ha. On the other
hand, the RNF is increasing when the upstream catchment area of the farm dam becomes larger. The Crop
Water Availability (CWA) is used to determine the farm dam capacity where the RNF covers 90% of the water
needs of the crop (potential evapotranspiration).

The impact of a farm dam on the river flow downstream strongly depends on the local situation, e.g. the size
of the catchment area, farm dam capacity (volume), soil type, infiltration rate of the soil, meteorological
conditions, land use and crop water requirements. The study analysed a catchment area of 10 and 20 ha in
the Shashe sub-basin with natural vegetation and deciduous forest, the soil is fine textured (clay). The farm
dam is used to irrigate a maize field of one ha and the dam capacities range from O to 10.000 m®.
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1 Introduction

1.1 Background of the research

The Food and Agriculture Organization (FAO) estimates that the food production has to increase with 70% by
2050 in order to meet the growing global demand for food. Particular in sub-Saharan Africa (SSA) it is
necessary to increase food production due to high levels of undernourishment, rapid population growth and a
considerable degree of water stress (FAO, 2009). The increased food demand could be met by increasing the
production level of the low-yield farmers up to 80% of that which high-yield farmers obtain from equivalent
fields. The biggest potential to increase yields are in rain-fed areas where a lot of the poorest rural people of
the world live. A key to increase these yields is water management (CAWMA, 2007), because there is no
hydrological limitation in SSA to double the staple crop production of the smallholder rain-fed agriculture
through better soil and water management techniques (Rockstrom et al., 2002).

Since the 1970s and 1980s, water harvesting (WH) has received great attention in SSA as a possibility to
increase food production. The semi-arid climate with long periods of droughts and rainfall that is spatially and
temporally variable, leads to scarce water resources and subsequently to low agricultural yields which threaten
a reliable food production in the majority of SSA (Pachpute et al., 2009).

Most rainfall events occur as a storm with high rainfall intensity. These storm events cause a lot of runoff,
which can be harvested using a farm dam. The excess water can be stored and used in dryer periods, leading
to more water available (Kahinda et al., 2007). The harvested water can be used for irrigation, livestock, and
domestic water use and can be applied to groundwater. Field scale studies generally indicate that WH has
substantial potential to increase crop yields (Vohland and Barry, 2009). A more reliable food production could
be a result. However, a number of WH projects in the SSA do not succeed in combining the technical efficiency
with low cost and acceptability to the local farmers. This is partly due to the lack of technical knowledge and to
an inappropriate approach with regard to the socio-economic conditions (FAO, 1991).

1.2 Problem description

The Limpopo River basin (LRb) is an area in the SSA where the livelihoods of the rural population are mainly
based on rainfed agriculture. However, the basin faces problems with water scarcity and an unreliable food
production, especially is very dry areas like the north-west part of the LRb (LBPTC, 2010).

WH could be a method to cope with these problems.

On the other hand, WH methods can cause unplanned impacts. Reported impacts vary considerably between
different WH techniques, locations, climatic regimes, seasons and socio-economic contexts (Andersson et al.,
2011). In this study, the focus will be on the impact of a farm dam as WH method in a small catchment in the
north-west part of the LRb. Examples of the impact of a farm dam are inequitable water sharing between
upstream and downstream users (Batchelor, 2002) and alterations in river flow regimes (Andersson et al.,
2011).

Farm dams generally capture water before it reaches the waterway. As farm dams are the first to capture the
water, they reduce the flow in creeks and rivers and impacts on the amount of water available for downstream
water users and the environment. The greatest impact of a farm dam occurs immediately downstream of the
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impoundment, and this impact progressively reduces as the intervening catchment area below the dam
increases (Nathan and Lowe, 2012).

In most cases, the impact of one individual dam is relatively small, the cumulative impact of farm dams on
stream flows can be significant. The larger the volume of the farm dams in a catchment the greater the impact
might be. This study will analyse the impact of a farm dam on the river flow downstream in a small catchment
of the LRb. The analysis might lead to more insight in the effects of a farm dam on small catchment scale and
might contribute to future studies on basin scale.

Socio-economic factors, like the attitude of the farmers towards new agricultural practices, the farming system
of the community, the financial capabilities of the farmers, the cultural behaviour, religious believes, land
tenure and property rights of the communities can also influence the impact and effectiveness of a farm dam
(Prinz and Singh, 2000). It is beyond the scope of this study to examine the socio-economic factors.

1.3 Goal of the research

The goal of the research is to analyse the impact of a farm dam on the river flow downstream in a small
catchment in the LRb, South Africa. This goal will be reached by the following objectives:
1. Use an existing hydrological model and an Exceltool to model the impact of a farm dam in a sub-basin
in the LRb.
2. Evaluate the impact of a farm dam on the river flow in a sub-basin, using the output of the model.

The acquired knowledge in the research can be used in regional studies that make use of hydrological models,
like SIMGRO.

1.4 Research questions

In order to reach the goal of the research, research questions are formulated that need to be answered during
the research project. Answers on these questions will ensure that the goal will be reached.

The following main research question is derived from the goal of the research:
What is the impact of a farm dam on the river flow downstream in a sub-basin in the LRb, South Africa?

To answer the main research question the following sub-questions are created:
1. How can the impact of a farm dam on the river flow downstream be analysed?
Which methods can be used to calculate the runoff in the catchment?
What is the effect of the infiltration rate of the soil on the runoff?
What will be the impact of a farm dam on the river flow downstream?
What is the difference between the results of both calculation methods for the water inflow parameter?
What is the influence of the farm dam capacity on the impact of a farm dam?
At which farm capacity are the crop water needs covered?

NGO A WD

15 Outline of the report
The content of this report is structured in seven chapters. Chapter 1 gives an introduction of the study area

and address the water challenge they face in the Limpopo River basin. WH has been proposed as a possible
way of increasing water productivity and availability. The goal of the research, quantifying the impact of WH on
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the river flow and water availability for agriculture in a sub-basin in the LRb, is presented and the underlying
research questions to achieve this goal are discussed. Chapter 2 includes the literature review and gives
background information of the LRb. WH definitions and the classifications are briefly discussed. The next
chapter discusses the site selection approach of the study area and includes a description of the study area.
The materials and methods are discussed in Chapter 4. First, the farm dam dimensions are presented followed
by a description of the farm dam water balance equation and the derivation of its components. The approach
of the research analysis is discussed in the last part. Chapter 5 gives an overview of the results of the
analysis, with the catchment areas of 10 and 20 ha separately discussed. Chapter 6 and 7 includes the
discussion and conclusion, respectively.
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2 Literature review

2.1 Background of the Limpopo River basin
2.1.1 Geography

The Limpopo River basin is located on the Southern Africa continent, covering portions of Mozambique (20%),
Zimbabwe (15%), Botswana (20%) and South Africa (45%) (Figure 1). The population is estimated at 14 million
people (CGIAR, 15-3-2012). The LRb has an area of about 413,000 km? and is divided in 27 sub-basins. The
Limpopo River consists of 24 individual tributaries, with the Elephants River as main tributary. Plateaus,
interspersed and interrupted by medium gradient mountains, deeply incised valleys and low-gradient hills are
dominant landforms of the basin (FAO, 2004). The distribution of high elevation land has big effect on the
precipitation patterns in the LRb (RAK, 2012). The main land use in the basin is grassland, savannah and shrub
land (68%); cropland covers about 26%, of which only 1% is irrigated. Wetlands cover 3% and the remaining
area is forest and urban areas (LBPTC, 2010).
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Figure 1

The Limpopo River basin, is situated partly in Mozambique, South Africa, Zimbabwe and Botswana.

2.1.2 Climate and weather

Large parts of the LRb are semi-arid or arid. The average rainfall of the basin is 530 mm per year, ranging

from 200 to 1200 mm/y. The mountainous areas in South Africa receive highest rainfall, while along the
Limpopo River between Zimbabwe and South Africa the lowest rainfall can be found. Rainfall is seasonal and
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occurs mainly (95%) in the summer months, from October to March with peaks in January. The temperature in
the LRb shows a seasonal cycle as well, with highest temperatures during the summer months and lowest
temperatures during the winter months. The mean maximum temperature generally varies from 30 to 34 °C
during summer to 22 to 26 °C in winter. Droughts are frequent, but floods also occur because of the short and
intense rainfall in the rainy season (LBPTC, 2010). Evapotranspiration is relatively high compared to the
rainfall, varying from 1000 mm/y in the southern part of the basin to 2000 mm/y in the north (RAK, 2012).
There is an overall net moisture loss across the basin (FAO, 2004).

2.1.3 Hydrology

The LRb is located in a region where water resources are under huge pressure from the environment, and
water is seen as a limiting factor in development in the region (CGIAR, 2003). The water resources of the basin
are shared by the four countries and supports economic activities.

Extensive rainfed agriculture with low input levels is perhaps one of the most important economic activities,
because a large portion of the rural population depends on it for their livelihoods (RAK, 2012). The largest
water source for development schemes in the LRb is surface water (LBPTC, 2010). More than 50% of the total
water use in the basin is used for irrigated agriculture, followed by urban water supply with 30%. Irrigation is
mostly found in South Africa, but Zimbabwe and Mozambique also have large irrigated areas. Irrigation mainly
relies on stored water in numerous dams across the basin (RAK, 2012).

Groundwater is used extensively supplying a large percentage of water for irrigation and rural water supply
schemes (FAO, 2004). It is especially used in rural areas that have no access to surface water and by the
mining industry (CGIAR, 2003).

2.2 Water harvesting definition and classification

WH is a low-cost method which alters the partitioning of precipitation into less surface runoff and more soil
moisture; and utilizing more of the soil moisture into crop transpiration and less to soil evaporation (Andersson
et al., 2011). WH may be defined as 'the process of concentrating precipitation through runoff and storing it
for beneficial use' (Oweis and Hachum, 2006).

WH techniques are grouped under two terms: WH techniques which harvest runoff from roofs or ground
surfaces fall under the term rainwater harvesting (RWH), while all systems which collect discharges from
watercourses are grouped under the term floodwater harvesting (FAO, 1991). RWH includes three
components: a watershed area to produce runoff, a storage facility (soil profile, surface reservoirs or
groundwater aquifers), and a target area for beneficial use of the water (agriculture, domestic or industry)
(Rockstrom et al., 2007).

Water harvesting can be classified in several ways; most are based on the runoff generation process, size of
the catchment and storage type (Figure 2). In-situ WH aims at conserving the rainfall where it falls in the
cropped area or pasture (Ngigi, 2003), while external WH refers to systems that concentrate runoff from
uncultivated areas onto the fields (Rockstrom, 2000). WH practices are further defined by storage strategies:
direct runoff concentration in the soil profile and collection and storage of water in storage structures (Fox and
Rockstrom, 2000), like check dams, farm ponds and harvesting bunds (Singh et al., 2008). Size of the
catchment includes two categories, the macro and micro catchments. Macro catchments WH use a long-slope
technique, whereas micro catchments WH use a short-slope catchment technique (FAO, 1991). A practical
classification of a number of WH techniques and their characteristics is shown in Figure 3.
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Figure 2

Three components of a rain water harvesting solution.
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The analysis focuses on the impact of a farm dam on the river flow in a small catchment in the north-west part
of the LRb. The word dam in this report refers to the reservoir itself, rather than just the water-retaining wall. It
is a small dam; the wall is made from earth. On suitable sites, these dams are effective and economical and
are probably the most common man-made storage type (Hudson, 1987).
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3 Study area

This section describes the selection procedure of the study area and gives a short description of the study
area and its main characteristics.

3.1 Site selection

The site selection approach is mainly based on two criteria. One is the indication of northwest part of the LRB
as a very dry area with water scarce resources (LBPTC, 2010). The soil textural class is also used as selection
criterion for the study area, being an important factor in the selection of a suitable site for a farm dam. Clay
soils are the best soils for water storage reservoirs because they have high water holding capacity, high water
retention capacity and they allow relatively low seepage and percolation rates (Mbilinyi et al., 2005). Soils with
high infiltration rates are not suitable. Therefore, areas with the soil textural class clay are the most suitable for
farm dams.

The study area is selected with the help of the geographic information system ArcGIS10 and a SOTER-
database with soil textural class information. The hydrological map of the sub basins from the LRb is used to
identify the borders of the basins and the north-west part of the LRb. The hydrological map is obtained from
HydroSHEDS data (Hydrological data and maps based on Shuttle Elevation Derivatives and multiple Scales).
HydroSHEDS is a mapping product that provides hydrographic information for regional and global-scale
applications in a consistent format. It is based on high-resolution elevation data obtained during a Space
Shuttle flight for NASA's Shuttle Radar Topography Mission (SRTM) (USGS, 2011). HydroSHEDS vector and
raster datasets include: stream networks, watershed boundaries, drainage directions, and ancillary data layers
such as flow accumulations, distances, and river topology information (Samuels and Amstutz, 2009). The
stream networks and sub basins of the LRb are delineated (Figure 4) using the Digital Elevation Model (DEM) of
the Limpopo.

037575 150 225 300
T — — o meters

Figure 4
The Limpopo basin with its streams and sub basins as derived from the DEM (USGS, 2011).
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A World Sails and Terrain Digital Database (SOTER) provided the soil data of the study area. SOTERSAF is
used, the SOTER database for Southern Africa (FAO and ISRIC, 2003). The SOTERSAF database uses the
textural classes following the criteria of FAO (1988) and CEC (1985). PSCL in the table of the SOTER-database
includes the soil textural classes. The abbreviations that are used are in Table 1. For a more detailed
description of the database, see Batjes (2004).

Table 1
Abbreviations soll textural classes of the SOTER-database.

Abbreviation Textural class (PSCL)

coarse

medium

medium fine

fine

very fine

Class not unique

(two or more of the above classes are
present)

H<TINZO

The soil textural classes are based on the relative proportions of clay, sand and silt. The original soil texture
triangle and the soil texture triangle with the classes of the SOTER-database can be found in Figure 5 and Figure
6 respectively.
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Figure 5
Soil texture triangle.
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Figure 6
Soil texture triangle with classes from SOTER-database.

The textural class clay is most suitable for the selection of the study area (Mbilinyi et al., 2005). This
corresponds with the soil textural classes fine and very fine (F and V). Using ArcMap of the LRb with its
streams, sub basins and the dataset of SOTER with the soil textural classes, a study site is selected.
All polygons in the LRb that have a F or V for PSCL in the SOTER-database are shown in Figure 7.

N
‘ ) I Fohygon with soil 1esdure F or V]
Sad polygon S-Africa

01628325 650 975 1300
L= Kilometers

Figure 7
Selected polygons with suitable soil texture fine or very fine (FAO and ISRIC, 2003).
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Next step was to add the layer from LRb with its streams and sub basins and determine suitable sites in the
northwest part. The selected region is marked with a yellow arrow in Figure 8.
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Figure 8
Selected suitable region in the north west part of the Limpopo River basin

The meteorological data (precipitation, evaporation etc.) required for the analysis of farm dams is provided by
the EU WATCH project (Weedon et al., 2010; Wanders et al., 2010). The meteorological data from 1981 to
2001 has a resolution of 45 x 45 km and covers the entire LRb, as shown in Figure 9. From the
meteorological regions, one is chosen which lies in the selected region of Figure 8.

It resulted in the selection of meteorological region 211, with the soil textural class fine. The selected number
211 is outlined in a red rectangle in Figure 9.
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Figure 9
Selected study area: meteorological region 211.

3.2 Description of the meteorology
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The selected study area is situated in the Shashe sub basin in Botswana as shown in Figure 10.

Figure 10
Location of Shashe sub basin in the Limpopo River basin.
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Over a period of 20 years from 1981 to 2001, the average annual precipitation is 741 mm, while the average
amount of the reference evapotranspiration is 1515 mm/y.

Figure 11 shows the seasonal variation in the amount of precipitation and reference evapotranspiration ETo,
with the rainy period from October to March. The distribution of the annual precipitation is shown in Figure 12,
the meteorological data indicate that the precipitation falls within a couple of months, making the area suitable
for WH. The average annual temperature over period 1981-2001 is 21.8 °C (Figure 13).
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Figure 11
Distribution of the mean monthly precipitation and reference evapotranspiration (ET0) (1981-2001).
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Figure 12
Distribution of the annual precipitation (1981-2001).
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Figure 13
Distribution of the mean monthly temperature (1981-2001).

The elevation of the study area varies between 1000 and 1100 m. The study area is primarily covered with
cultivated land, grassland and savanna (RAK, 2012). Luvisols (soils with a clay-enriched subsoil) are dominant
in the study area (FAO, 2004).
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4 Materials and methods

With input data from different sources and a number of assumptions, four scenarios of a farm dam water
balance in a small catchment area of the Shashe sub basin in Botswana are created. The assumptions where
the scenarios are based on, are listed in Appendix 10. The water balances are developed with a monthly time
step, from January 1997 up to and including December 2001. This is the most recent period of five years out
of the 20-year available data.

Four different scenarios will be considered, they differentiate in the method to calculate the hydrology and in
the levels for the infiltration rate. Table 2 gives an overview of the different scenarios.

Scenario A makes use of a catchment water balance equation (Equation 10) to calculate the water inflow. This
scenario is based on a simple approach using excel to calculate the water inflow. Scenario B, C and D use the
SIMFLOW model (described in 4.3.3) and Equation 15 to calculate the water inflow. These scenarios are based
on a more elaborated approach, because they are based on the hydrological model SIMFLOW. The difference
between scenario B, C and D is the infiltration rate of the soil, being 40, 50 and 60 mm/d respectively, giving
different amounts of surface runoff. A detailed description of both calculation methods is given in paragraph
4.3.2.

Table 2
Overview of the four scenarios defined to estimate the inflow of the storage dam and the variable infiltration rate of the soll.

Scenario Method to calculate inflow parameter Infiltration rate soil

Catchment water SIMFLOW; equation 15 (mm/d)
balance; equation 11

A X -

B 40
C 50
D 60

Two surface areas of the upstream catchment are compared for every scenario: 10 and 20 ha. These values
are chosen because a small catchment generally has a surface area between 10 and 40 ha (Agrilnfo, 2011).

First, a description of the farm dam dimensions used in the analysis is given. The farm dam water balance
equation is discussed in the next paragraph and the adjustments in the equation for both calculation methods
of the water inflow parameter are explained. The derivation of the components of the farm dam water balance
equation follows and the approach of the data analysis is clarified in the last paragraph of this chapter.

4.1 Farm dam dimensions

The farm dam dimensions are not fixed and can be altered to analyse different scenarios. The dead storage of
the farm dam is the capacity of the dam that is below the minimum operating level and cannot be supplied
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(under normal circumstances) (AWR, 2005). In this case, the volume of the farm dam is completely available
for users and does not include the dead storage.

Small dams are typically between the 1,000 and 10,000 m?® in size and are rarely larger than this (Meigh,
1995). Six different capacities of the farm dam are chosen to analyse the impact of a farm dam on the river
flow downstream. The storage capacities are 0 (no dam), 1,125, 3,200, 5,625 and 9,900 m? and lie between
the typical ranges. The depth of each of these farm dams is chosen in such a way, that the depth is realistic
for its corresponding capacity.

The surface area of the farm dam is calculated using Equation 1:

A=C/D*13 (1)
Where,
Ad surface area of the dam (m?)
C storage capacity of the dam (m?)
D depth of the dam (m)

In Equation (1) the value 1.3 is a correction factor. The farm dam is not a rectangular container with straight
sides, but has more sloping sides. There is a need for a correction factor to take this into account when
calculating the surface area of the farm dam. In this case, the value of 1.3 is used to correct for the slopes of
the farm dam. The capacity, depth and corresponding surface area of each farm dam are shown in Table 3.

Table 3
Farm dam dimensions used in the analysis of scenarios A-D.

Capacity Depth Surface area
(m3) (m) (m?)

0 - B

1125 1.5 975
3200 2.0 2080
5625 2.5 2925
9900 3.0 4290

The initial water volume of the farm dam at the beginning of the calculation period is assumed at full capacity.
The reason for this is that in January generally high rainfall events occur (Figure 15), which results in a dam at
full capacity.

4.2 Farm dam water balance equation

The computation of the farm dam water balance is made on the basis of the water accounting principle, which
considers all water inflows, outflows and storage in the reservoir. As shown schematically in Figure 14, the
inflow components are water inflow from the upstream catchment area (W), precipitation on the farm dam
surface (Pd) and groundwater inflow to the farm dam (Gin). The outflow components are evaporation from the
farm dam (Ed), groundwater outflow (Gout) and water extraction for irrigation (IRR). The storage of the farm
dam (S) is a result of the difference between all inflow and outflow from the farm dam. When the storage of the
farm dam exceeds its maximum capacity (C), the excess water will flow directly to the downstream sub-
catchment. This excess water is defined as the overflow of the farm dam (0).
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The general equation of the farm dam water balance is read as:

S = Pd + WI + Gin — Ed — Gout — IRR — O (2)
Where,
S Farm dam water storage
Pd Precipitation falling directly on the dam surface
Wi Water inflow from the upstream area
Gin Groundwater inflow
Ed Evaporation from the farm dam surface
Gout  Groundwater outflow
IRR Extraction for irrigation
0 Overflow of the farm dam

All parameters have the unit m®/month.

Precipitation (Pd) Evaporation (Ed)

Extraction for irrigation (IRR)

Water inflow (WI) < Overflow (O) =
S /_\ Reduction of
\ Natural Flow

Groundwater inflow (Gin) —
—> —>

Groundwater outflow (Gout)

\

Figure 14
Components of the farm dam water balance.

The water balance of the farm dam computes the volume of water in the dam at the end of each time step. It
also computes the volume of overflow that will flow directly to the downstream sub-catchment.
The overflow that will flow directly to the downstream sub-catchment is calculated with Equation 3.

0 = Pd + WI + Gin — Ed — Gout — IRR — S (3)

Where, the definitions of the parameters are as given in Equation 2.

4.2.1 Farm dam water balance equation of scenario A

Scenario A is based on the assumption that the farm dam is located on a clayey soil, with low seepage rates.
Owing to this fact the groundwater inflow and groundwater outflow components were considered negligible
and taken out from the farm dam water balance equation. Equation 2 is rearranged to:

S=Pd+WI—Ed—-IRR-0 (4)

Where, the definitions of the parameters are as given in 2.
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The water inflow from the upstream area (WI) is calculated with the catchment water balance equation (see for
a detailed description paragraph 4.3.2. The catchment water balance equation calculates the runoff in the
catchment upstream of the farm dam (R), representing WI of the farm dam water balance equation. The farm
dam water balance equation for scenario A is read as:

S=Pd+R—-—Ed—IRR-0 (5)

Where, the definitions of the parameters are as given in 2 and R is the runoff in the upstream catchment
(m3/month).
Equation 3 in case of scenario A becomes:

O=Pd+R—Ed—IRR—-S (6)

4.2.2 Farm dam water balance equation of scenario B, C and D

Scenario B, C and D are based on the SIMFLOW model (see Paragraph 4.3.3 for a description). SIMFLOW
calculates the interaction between the groundwater and surface water. The output of the model is the removal
of surface and sub-surface water in the upstream catchment of the farm dam and is called drainage (Dc). This
drainage represents Wl in the farm dam water balance equation. The groundwater inflow and groundwater
outflow components are covered by the drainage component and taken out from the farm dam water balance
equation. Equation 2 is rearranged to:

S=Pd+Dc—Ed—IRR -0 (7)

Where, the definitions of the parameters are as given in equation 2 and Dc is the drainage in the upstream
catchment (m3/month). Equation 3 in case of scenario B, C and D becomes:

O=Pd+Dc—Ed—IRR-S (8)
4.3 Derivation of the farm dam water balance components
43.1 Precipitation component

The meteorological data are derived from the WATCH forcing data (Weedon et al., 2010 and Wanders et al.,
2010). The data covers a period of 20 years from 1981 to 2001. Precipitation is given in mm/d for 306
meteorological stations. The analysis only uses precipitation data from station 211 from a period of five years:
1 January 1997 up to and including 31 December 2001. Figure 15 indicates the difference between the mean
monthly precipitation from the period of 20 year (1981-2001) and the period of five years (1997-2001).
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Figure 15
Comparison mean monthly precipitation.: 1981-2001 with 1997-2001.

The rainfall pattern in both periods is similar, with the rainy period from October to March. However, the study
period is relatively wet compared to the whole data range/period. The mean annual precipitation from the 5-
year period is 28% higher compared to the mean annual precipitation from the 20-year period.

To calculate the precipitation falling directly on the dam surface in m®/month, the daily values of the
precipitation are summed per month to obtain the total precipitation per month for the period of five years.
Then, these values are divided by 1,000 to obtain the unit m/month. The following equation is used to
calculate the precipitation falling directly on the dam surface:

P

Pd = —xAd 9)
Where,
Pd Precipitation falling directly on the dam surface (m®/month)
P Precipitation (m/month)
Ad area of the dam surface (m?)

The area of the dam surface is variable and discussed in Paragraph 4.1.
With Equation 9 the precipitation falling directly on the variable dam surface in m3 for each month in the study
period of five years are calculated for every scenario.

4.3.2 Water inflow component for scenario A: runoff

Catchment water balance equation

Scenario A is based on the catchment water balance to calculate the water inflow component of the farm dam
water balance. The catchment water balance allows to study hydrological processes taking place in a
catchment area and to determine unknown parameters, based on known ones. The catchment water balance
is based on water accounting principles in which water flows into the catchment, leaving the catchment and
change in storage (as groundwater and as water in soil, ponds, dams and vegetation) for the period
considered are taken into account.
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Assuming that the boundary of the surface water catchment coincide with that of the groundwater, the
catchment water balance is formulated as:

AS = Pc —ETa—R (10)
Where,

AS Change in groundwater and soil moisture storage for the time considered

Pc Precipitation falling on the catchment

Eta Actual evapotranspiration from the catchment

R Runoff in the catchment

The change in water storage on water balance includes e.g. infiltration and percolation and drainage
components. The change in water storage depends on the period of time over which the water balance is
computed. It can be significant when considered for a period of a day, a week or a month, but on annual basis
it is likely to be small in relation to the total water balance components and assumed to be zero. The equation
of the upstream catchment water balance on annual basis is therefore reduced to:

R =Pc—ETa (11)

Where, the definitions of the parameters are as given in Equation 10.

Precipitation (Pc)
Evapotranspiration (ETa)

Infiltration

~

Percolation| ~~~~__
~-Ro5

Runoff (R)

Unsaturated zgn

DrairLa@/

Saturated zone

Figure 16
Components of the catchment water balance

Precipitation component
The precipitation data described in Paragraph 4.3.1 is used to calculate Pc of Equation 12.
To calculate the precipitation for the upstream catchment area in m3/month, the daily values of the
precipitation are summed per month to obtain the total precipitation per month for the period of five years.
Then, these values are divided by 1,000 to obtain the unit m/month. The following equation is used to
calculate the precipitation on the upstream catchment:

P

Pc =—+x Ac (12)
1000
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Where,

Pc Precipitation on the catchment (m®/month)
P Precipitation (m/month)
c area of the catchment (m?)

With this equation the precipitation in the upstream catchment in m? for each month in the study period of five
years is calculated.

Evapotranspiration component

Besides the precipitation on the catchment, the evapotranspiration from the catchment is needed to calculate
the runoff. The evapotranspiration depends on the vegetation growing in the catchment.

The upstream catchment of the farm dam is not for agricultural use, but is a natural area.

The land use of the catchment area in percentage of the total catchment area is defined as shown in Table 4.

Table 4
Land use in percentage of the total study area

Land use % of total area
Natural area 85
Agriculture 0
Deciduous forest 15
Pine forest 0

Besides the evapotranspiration of grassland (ETo), that of deciduous forest (ETdeci) is needed to calculate the
evapotranspiration in the catchment area. The evapotranspiration is calculated using the evapotranspiration
data described in Paragraph 4.3.4. The daily values of ETo are summed per month to obtain the total ETo per
month in the study period of five years. Then, these values are divided by 1,000 to obtain the unit m/month.
From the WATCH forcing data the evapotranspiration of deciduous forest (ETdeci) has been calculated. These
values are also summed per month for the study period and divided by 1,000 to obtain the unit m/month.

The total evapotranspiration in the catchment per month (ETcatchment) is calculated with Equation 13:

ETcatchment = (ETo = 0.85) + ETdeci * 0.15) (13)

To calculate the total evapotranspiration in the upstream catchment area in m3/month, the following equation
is used:

ETcatchment, tot = ETcatchment * Ac (14)
Where,
ETcatchment,tot total evapotranspiration in the catchment (m*/month)
ETcatchment evapotranspiration in the catchment (m/month)
Ac area of the catchment (m?)

With Equation 14, the total evapotranspiration rates of the upstream catchment in m® for each month in the
study period of five years is calculated. The calculated precipitation and evapotranspiration in m3/month can
be used as input for Equation 11 to calculate the water inflow parameter of the farm dam water balance
equation.

Alterra report 2394 31



4.3.3 Scenario B, C and D: Drainage component

The SIMFLOW model is used to calculate the drainage to the farm dam, representing the water inflow (W)
parameter of Equation 2. The goal is to get an estimation of the amount of water that flows into the farm dam
from the upstream catchment and compare this with the results of the method using the catchment water
balance. This paragraph contains a brief description of the model, followed up by a delineation of the input
data and the drainage component of the farm dam water balance.

Description of SIMFLOW

SIMFLOW is a one-dimensional model that covers the component of the unsaturated zone in the SIMGRO model
(Querner and Van Bakel, 1989). In SIMFLOW, the interaction between groundwater and surface water is of
interest, as shown in Figure 17. The time step of the model is one day.

Two reservoirs represent the unsaturated zone, one for the root zone and one for the underlying subsoil. The
subsoil is the soil profile between the root zone and the water table. The depth and the soil moisture
characteristics of the soil determine the moisture storage of the root zone. Precipitation, irrigation,
evapotranspiration, capillary rise and percolation cause replenishment or subtraction out of this system. When
the equilibrium moisture storage for the root zone is exceeded, the excess water will percolate to the subsoil.
This is groundwater recharge to the saturated zone. If the moisture storage in the root zone is less than the
equilibrium soil moisture storage, capillary rise will occur: the water will flow upwards from the saturated zone.
The water flow in the unsaturated zone is pseudo stationary, that is to say, by a sequence of stationary
situations.

The height of the phreatic surface is calculated from the water balance of the subsoil below the root zone,
using a storage coefficient that is dependent on the depth to the groundwater.

The unsaturated zone is modelled one-dimensionally per sub region and land use type. Evapotranspiration is a
function of the crop and moisture content in the root zone. The measured values for net precipitation and
potential evapotranspiration for a reference crop and woodland are used as input. The potential
evapotranspiration for other crops or vegetation types are derived in the model from the values for the
reference crop by converting with known crop factors.

The saturated zone has interactions with the unsaturated zone and the surface water, while there may be
leakage or seepage over the lower boundary. Watercourses affect the interaction between the surface water
and groundwater. There are three types of drainage systems to calculate the interaction between the
groundwater and surface water: trenches/furrows, ditches/drains (tertiary system) and larger watercourses
(secondary system). It is assumed that these subsystems are distributed evenly over a sub region. The surface
water within the area of interest is modelled with one surface water level. The surface water level can differ in
time, like during wet and dry periods. The model takes into account the absence of water supply from the
surface water towards the groundwater system (meaning no infiltration is possible).

The interaction between surface and groundwater is calculated for each drainage system, using a drainage
resistance and the difference in level between groundwater and surface water (Ernst, 1978).
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Figure 17
One-dimensional mode! SIMFLOW (unsaturated and saturated zone with drainage systems)

Input data

The SIMFLOW model is from origin developed for Dutch hydrological conditions. The calculations of the model
are based on the growing seasons of the Netherlands.

The meteorological data used in this analysis is shifted in such a way that the season on the southern
hemisphere coincide with the one in the Netherlands. Therefore meteorological data is shifted half a year in
order to correspond with the growing season of the model.

The meteorological data are derived from the WATCH forcing data (Weedon et al., 2010 and Wanders et al.,
2010) (see Paragraph 4.3.1).

Using SIMFLOW, calculations are being performed for three scenarios with different infiltration capacities. The
input data for the model are summarized in Table 5. The ground level is set at 0.00 m and there is no
infiltration from the surface water towards the groundwater system. The soil type is defined as clay on sand.
The seepage is assumed as a function of the groundwater level, and given in Table 6, based on expert
judgement.
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Table 5

Data used in calculations with the SIMFLOW model.

Description
Land use % of total area Rooting depth (m)
Natural area 85 0.4
Agriculture 0 0.35
Deciduous forest 15 1.0
Pine forest 0 1.0
Summer level (m -GL) 4,0
Winter level (m -GL) 4,0
Drainage resistance (d)
Secondary 3000
Tertiary 9999
Depth ditches (m)
Secondary 4.0
Tertiary 0.5

Table 6

Seepage as function of the groundwater level (upward flow,/seepage is positive, downward flow is negative).

H* (m -GL) 0.0

0.5 1.0 15

3.0 4.0

5.0

Flux (mm) -1.5

-1.3 -1.2 -1.0

0.3 0.0

0.5

Three scenarios make use of SIMFLOW to calculate the drainage in the catchment in which the infiltration rate
of the soil is ranging from 40 to 60 mm/d. Table 7 gives an overview of the scenarios and their infiltration

capacities.

Table 7

Infiltration rate soil per scenatio.

Scenario Infiltration rate (mm/d)
B 40
C 50

60

Drainage component

The output of SIMFLOW is the drainage in mm/d from a catchment of one ha for the defined calculation period.
Because the study area covers an area of 10 or 20 ha, the output of SIMFLOW will be multiplied with 10 or 20.
The drainage represents the removal of surface and sub-surface water in the catchment.

This drainage corresponds with the water inflow (WI) parameter of the farm dam water balance equation.

The daily values of the drainage are summed per month to obtain the total drainage per month for the study
period of five years. Then, these values are divided by 1,000 to obtain the unit m/month. The following
equation is used to calculate the drainage in m3*/month:
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Dc=—xAc (15)

~ 1000

Where,

Dc Drainage in the catchment (m®/month)
D Drainage (m/month)

Ac Surface area of the catchment (m?)

With Equation 15 the drainage in the upstream catchment in m® for each month in the study period of five
years is calculated for the three scenarios. The drainage in the catchment is used to calculate the water inflow
(WI) parameter of the farm dam water balance equation.

4.3.4 Evaporation

The evaporation data are derived from the same database (WATCH forcing data (Weedon et al., 2010 and
Wanders et al., 2010)) as the precipitation data and it includes the reference evapotranspiration in mm/d in the
20-year period. The reference evapotranspiration is the evapotranspiration of the reference surface and is
denoted as ETo. The reference surface is a hypothetical grass reference crop with specific characteristics
(Allen et al., 1998). Figure 18 indicates the difference between the mean monthly ETo in the period of 20 year
(1981-2001) and the period of five years (1997-2001).

160 +
140

120

100 B Evapotranspiration

1981-2001

Evapotranspiration
1997-2001

Month

Figure 18
Comparison mean monthly ETo: 1981-2001 with 1997-2001.

The pattern in the mean monthly evapotranspiration in both periods is similar. The mean annual ETo in the five-
year period is 7.5% lower compared to the mean annual ETo in the 20-year period.

Evaporation rates will influence how full the dam is and consequently the available water. The volume of
evaporation from the farm dam will depend on the rate of evaporation in the region and the surface area of the
farm dam. First, the daily values of ETo are summed per month to obtain the total ETo per month in the study
period of five years. Then, these values are divided by 1000 to obtain the unit m/month. The evaporation rate
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of the reference grass crop is now calculated. The conversion factor of 1.25 is used to calculate the
evaporation rate of open water (Allen et al., 1998), see Equation 16.

ETp, open water = ETo * 1.25 (16)
Where,
ETp,open water evaporation rate of open water (m/month)
ETo reference evapotranspiration (m/month)
1,25 conversion factor ()

To obtain the evaporation rate of the dam surface, the following equation is used:

Ed = ETp, open water * Ad (17)
Where,
Ed evaporation of the dam surface (m*/month)
ETp, open water evaporation rate of open water (m/month)
Ad surface area of the farm dam (m?)

With Equation 17 the evaporation rates of the variable dam surfaces in m® for each month in the study period
of five years is calculated for every scenario and are used as input for the farm dam water balance equation.

4.3.5 Extraction for irrigation

In Botswana, the main subsistence crops are sorghum, maize, millet, beans, other pulses and oilseeds. These
crops form an important source of food and income for many people (FAO, 2004). Maize is selected as
agricultural crop to calculate the irrigation water needs and are calculated following the guidelines for irrigation
water needs (FAO, 1986). The surface area of the maize field is set at 1 ha.

First, the potential crop evapotranspiration is calculated. The relationship between the ETo and the crop
actually grown is given by the crop factor Kc, as shown in Equation 18:

ETcrop = ETo = Kc (18)
Where,
ETcrop potential crop evapotranspiration (mm/month)
ETo reference evapotranspiration (mm/month)
Kc crop factor

To determine the crop factor Kc for maize, it is necessary to know the total length of the growing season and
the lengths of the various growth stages.

The total growing period for maize is assumed as 180 days and the sowing date is 1 October. The duration of
the various growth stages and their corresponding Kc values are shown in Table 8 (FAO, 1986).
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Table 8
Number of days and crop factor (Kc) per crop development stage of maize.

Crop dev. Stage Number of days per Kc per
stage stage
Initial stage 30 0.4
Crop dev. Stage 50 0.8
Mid-season stage 60 1.15
Late season stage 40 0.7

Using Table 8, the Kc factor for each month that maize is growing is calculated (all months assumed to have
30 days). The result is shown in Table 9.

Table 9
Calculated crop factors (Kc) of maize per month in growing period.

Month Kc

Oct. 0.40
Nov. 0.80
Dec. 0.92
Jan. 1.15
Feb. 1.33
March 0.70

With these crop factors, the potential crop evaporation for each month of the five year period can be
calculated with Equation 18.

Next step is to determine the irrigation water needs. Part of the crop water need is supplied by precipitation
and the remaining part will be supplied by irrigation from water out of the farm dam. In such cases, the
irrigation water need (IN) is the difference between the potential crop water need (ETcrop) and part of the
precipitation that is effectively used by the plants (Pe) divided by the Water Use Efficiency (WUE, in %). In
formula:

IN = ETcrop—Pe (1 9)
WUE /100

The effective precipitation (Pe) is the total amount of rainwater useful for meeting the water need of the crops.
The manual uses two equations to estimate the fraction of the total precipitation that is used effectively:

Pe=08%*P —25 (if P> 75 mm/month) (20)
Pe=0.6*p—10 (if P < 75 mm/month) (20)
Where,
Pe effective precipitation (mm/month)
P precipitation (mm/month)

The effective precipitation for each month of the five year study period is calculated using these formulae.
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The Water Use Efficiency (WUE) is the part of the diverted water into the field effectively used by the plants.
The value of the WUE depends on the local situation, and water losses are in the order of 20-40% (based on
Wolters, 1992). In this situation, the assumption is that the water losses are 30% and the WUE is 70%.

The irrigation water needs (IRR) can now be calculated. To obtain the IRR in m®/month, Equation 21 is used.

IRR = s Am 21)
Where,
IRR Irrigation water needs (m*/month)
IN irrigation water need (mm/month)
Am surface area of the maize field (m?)

With this equation the irrigation water needs in m® for each month in the study period of five year is calculated
for every scenario, representing the extraction for irrigation of the farm dam water balance equation.

4.4 Description of the analysis

The goal of the research is to analyse the impact of farm dams on the river flow downstream. This paragraph
describes which method is used to analyse this impact.

441 Analysis

The impact of a farm dam with capacities ranging from O (no farm dam) to 9900 m? will be compared for
catchments with a surface area of 10 and 20 ha. For each scenario, the RNF (the overflow from the farm dam)
and CWA are calculated for the study period and plotted in a graph.

An Crop Water Availability (CWA) of 90% is defined as sufficient for maize crops. The point where the CWA is
90% and the corresponding capacity of the farm dam will be determined by reading from the graphs (e.g. see
Figure 19). The Remaining Natural Flow (RNF) at this capacity will also be determined and compared for the
different scenarios. The farm dam capacity at this point represents the capacity at which the dam can meet
the irrigation water needs of maize. A larger farm dam capacity could lead to more water storage (which would
not be used for irrigation), but a lower, resulting in less water available downstream. Because of the
inaccuracy, the RNF at the point where the CWA is 90% is rounded to the nearest 5 per cent and the farm dam
capacity at this point to the nearest 200 m®.

The three scenarios based on SIMFLOW will also be compared, looking to the effect of the infiltration rate of
the soil on the RNF and CWA.

These three scenarios will also be compared with Scenario A, which makes use of Equation 11 to calculate the
Water Inflow in the catchment. The influence of the calculation method on the RNF and CWA will be analysed.

4.4.2 Remaining Natural Flow
The RNF is used to calculate the impact of a farm dam on the amount of water that will flow directly to the

downstream sub-catchment. It represents the overflow of the farm dam in percentage of the flow to the
downstream sub-catchment when no dam would be present.
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Overflow of a farm dam will occur when the storage of the farm dam exceeds its capacity and the excess
water will flow to the downstream sub-catchment. The capacity of the farm dam determines the amount of
overflow.

The flow to the downstream catchment when no farm dam would be present is the reference situation.
The total runoff (in case of scenario A, using equation 11) or the total drainage (in case of scenario B,C and D,

using equation 15) of the study area represents this reference flow.

The following equation is used to calculate the RNF in case of Scenario A:

Remaining Natural Flow = % * 100% (22)
Where,
0 Overflow of the farm dam (m°/month)
R Runoff in the catchment (m®/month)

To calculate the RNF in case of scenario B, C and D, Equation 22 is rearranged to:

Remaining Natural Flow = D% * 100% (23)
Where,
0 Overflow of the farm dam (m®/month)
Dc Drainage in the catchment (m®/month)

Percentages of RNF are calculated per month and averaged over the study period of five years for the
different farm dam capacities and surface areas of the catchment.

443 Crop Water Availability

To analyse whether the irrigation farm dam can meet the irrigation water needs of the crops, the relative
difference between the crop water requirements and the amount of water supplied by precipitation and
irrigation from the farm dam. This relationship is called the CWA; calculated using equation 29. The CWA
shows the extent to which the farm dam in combination with the precipitation can meet the crop water
requirements.

The potential evapotranspiration of the maize crop is the amount of evapotranspiration that would occur when
sufficient water sources are available. In this study, the actual water supply is the actual amount of water
delivered to the atmosphere by evaporation (interception included) and transpiration. The actual water supply
of the crop is determined by the amount of water supplied to the crop by precipitation and irrigation. The
actual water supply in this analysis is the sum of the water supplied by precipitation and irrigation to the maize
field of 1 ha. The CWA of the maize crop is calculated for the two catchment area surfaces and a farm dam
with different capacities, ranging from 0 (no dam) to 9,900 m?.

To calculate the CWA, the crop evapotranspiration of Equation 18 is first converted to obtain the potential crop
evapotranspiration in m3/month. Based on a surface area of 1 hectare of maize, the potential crop
evapotranspiration in m®/month is calculated with Equation 24:

— ETcrop * Am (24)
1000

ETp
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Where,

ETp Potential evapotranspiration maize (m3/month)
ETcrop Crop evapotranspiration (mm/month)
Am Surface area of the maize field (m?)

The amount of water supplied by precipitation is called ‘Rainfed'. It is the potential evapotranspiration (ETp)
minus the irrigation water need (IRR):

Rainfed = ETp — IRR (if ETp > 0) (25)
Where,
ETp Potential evapotranspiration maize (m3/month)
IRR Irrigation water need (m3/month)

The amount of water available in the farm dam and which can be supplied for irrigation, is called ‘Irrigation’:

Irrigation = IRR (if S > IRR and ETp > 0)

Irrigation = S (if S < IRR and ETp > 0) (26)
Where,
IRR Irrigation water need (m®/month)
S Farm dam storage (m?/month)

ETp Potential evapotranspiration maize (m3/month)
This leads to the equation for the actual water supply (AWS):

AWS = Rainfed + Irrigation (27)
This can be written as:

AWS = ETp — IRR + IRR (if S > IRR and ETp > 0)
AWS = ETp — IRR + S (if S < IRR and ETp > 0) (28)

Where,

AWS  Actual water supply of maize (m3/month)

ETp Potential evapotranspiration maize (m3/month)

IRR Irrigation water need (m3/month)

S Farm dam storage (m?/month)

The relation between the actual water supply and the potential evapotranspiration of maize is used to analyse
the CWA.

The following equation is used to calculate the CWA:

Crop Water Availibility = :TW: * 100% (29)

Where, the definitions of the parameters are as given in Equation 27 and 28.

The CWA when no dam would be present (0 m?), is the amount of water only supplied by precipitation in
percentage of the potential crop evapotranspiration, and calculated with equation 30:

Crop Water Availibility,no dam = 2222 100% (30)
ETp
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The CWA is calculated per month and averaged over the study period of five years for the different farm dam
capacities and surface areas of the catchment.

On the basis of Equation 23 and 29, the different components of the water balance are estimated. The entire

calculation procedure was carried out in an Excel sheet in such a way that farm dam capacities could be
changed and different meteorological data can be used. In Chapter 5 the results of the analysis are shown.
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5 Results

This chapter describes the results of the analysis. The CWA and the RNF are calculated for the four different
farm dam capacities of each scenario, using the approach described in Paragraph 4.4. First, an overview of
the CWA and the RNF for a catchment area of 10 ha, followed by an overview for a catchment area of 20 ha.

5.1 Catchment area 10 ha

Table 10 gives an overview of the calculated CWA and RNF for the different storage capacities of one farm
dam and for each of the four scenarios. The catchment upstream of the dam has an area of 10 ha.

Table 10
The CWA and RINF for diifferent farm dam capacities and for each of the scenarios. The upstream catchment is 10 ha (Scenario A
uses equation (11) and Scenario B-D uses results from the SIMFLOW modéel).

Farm dam CWA (%) for scenario RNF (%) for scenario
capacity (m?)

B c D A B (& D
0 53 53 53 53 100 100 100 100
1050 67 89 88 88 84 79 78 78
3200 71 99 97 97 81 75 73 72
5625 8 100 100 100 77 72 70 69
9900 90 100 100 100 72 67 65 64

The CWA gives the percentage of the potential evapotranspiration of the maize field, in this case 53% (point
where CWA crosses y-axes). When water is used from the farm dam, the CWA increases as shown in Figure
19: the value increases to 90% for a farm dam of 9900 m? (Table 10). For a farm dam capacity is 0 m® (no
dam), the RNF Is 100%, meaning no change in river flow. For an increasing capacity of the farm dam the river
flow is reduced to 72% (Table 10). The results are plotted in graphs for each scenario and shown in Figure 19
-22.
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Figure 19
RNF and CWA for different farm dam capacities in case of Scenario A: catchment area = 10 ha.
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Figure 20
RNF and CWA for different farm dam capacities in case of Scenario B: catchment area = 10 ha, infiltration rate = 40 mm/a.
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Figure 21
RIF and CWA for different farm dam capacities in case of Scenario C: catchment area = 10 ha, infiltration rate = 50 mmy/d.
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Figure 22
RINF and CWA for different farm dam capacities in case of scenario D. catchment area = 10 ha, infiftration rate = 60 mm/d.

The general trend in the graphs of Figure 19 up to 22 is that the RNF becomes lower with an increasing farm
dam capacity. On the other hand, the CWA becomes higher with an increasing farm dam capacity.

The CWA at the point where the capacity of the farm dams is 0 m® (no dam present) is the percentage of the
potential evapotranspiration of the maize field only supplied by precipitation. This point is for all scenarios the
same and calculated at 53% using Equation 30. This is the point in all graphs where the CWA crosses the y-
axes.

The RNF at the point where the capacity of the farm dam is 0 m® (no dam present) is 100%. There is no

overflow from the dam and all the runoff (scenario A) or drainage (scenario B, C and D) from the catchment
flows to the downstream sub catchment.
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The calculated RNF values of scenario A are at every point higher than the RNF of the other scenarios. The
RNF values from scenario D are lower than that of Scenario C and the RNF value of Scenario B is the highest.
The CWA values of scenario A are at every point lower than the CWA values of the other scenarios. The CWA
values of scenario B are highest and that of scenario C and D are about the same. Table 11 gives information
on the farm dam capacity and the RNF at the point where the CWA is 90% for a catchment area of 10 ha.

Table 11
Farm dam capacity and RNF when the CWA is 90% (catchment area is 10 ha).

Scenario Farm dam capacity RNF (%)* *
(m3)*

A 9900 70

B 1200 80

C 1400 75

D 1400 75

*Farm dam capacity (m3) is rounded to nearest 200 m3
**RNF (%) is rounded to nearest 5 per cent

The farm dam capacity at the point where the CWA is rounded off at 9,900 m®. The RNF at this point is
rounded off at 70 per cent. In case of scenario B, the farm dam capacity when the CWA is 90% is rounded off
at 1,200 m®. The corresponding RNF becomes 80%. The farm dam capacity for both of scenario C and D is
rounded off at 1,400 m®for an CWA of 90%. Both RNF values are rounded off at 75%.

5.2 Catchment area 20 ha

Table 12 gives an overview of the calculated CWA and RNF for the different farm dam capacities for a
catchment area of 20 ha.

Table 12
CWA and RINF for diifferent farm dam capacities (catchment area is 20 ha).

Farm dam CWA (%) for scenario RNF (%) for scenario
capacity (m?)

C D A B C D
0 53 53 53 53 100 100 100 100
1050 68 98 98 98 86 89 89 88
3200 72 100 100 100 84 87 87 86
5625 81 100 100 100 82 86 85 85
9900 90 100 100 100 80 83 82 82

The results are plotted in graphs for each scenario and shown below (Figure 23 - 26).
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Figure 23

RINF and CWA for different farm dam capacities in case of Scenario A: catchment area = 20 ha.
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Figure 24
RINF and CWA for different farm dam capacities in case of Scenario B: catchment area = 20 ha, infiltration rate = 40 mm/d.
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Figure 25
RNF and CWA for different farm dam capacities in case of Scenario C: catchment area = 20 ha, infiltration rate = 50 mmy/d.
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Figure 26
RNF and CWA for different farm dam capacities in case of Scenario D: catchment area = 20 ha, infiltration rate = 60 mmy/d.

The general trend in Figures 23-26 is that the RNF becomes lower with an increasing farm dam capacity. On
the other hand, the CWA becomes higher with an increasing farm dam capacity. In the situation of rain fed
irrigation (no dam present) the CWA gives the percentage of the potential evapotranspiration of the maize field.
This point is for all scenarios the same and calculated at 53% using Equation 30. This is the point in all graphs
where the CWA crosses the y-axes.

No reduction in the natural flow takes place when no dam is present, and thus the RNF is then considered to
be 100%. All the runoff from the catchment flows to the downstream sub catchment.

The calculated RNF values of Scenario A are at every point lower than the RNF of the other scenarios. The RNF
values from Scenario B are highest, than that of scenario C and D. The CWA values of Scenario A are at every
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point lower than the CWA values of the other scenarios. The CWA values of Scenario B, C and D are the same.
Table 13 gives information on the farm dam capacity and the RNF when the CWA is 90% (catchment area is 20

ha).

Table 13

Farm dam capacity and RNF when the CWA is 90% (catchment area is 20 ha).

Scenario  Capacity farm dam (m3) RNF (%) **

A 9900
B 800
C 800
D 800

80
90

90
90

*Farm dam capacity (m3) is rounded off to nearest 200 m3

**RNF (%) is rounded off to nearest 5%

The farm dam capacity at the point where the CWA is 90% in case of Scenario A is the maximum farm dam
capacity analysed: 9,900 m®. The RNF at this point is rounded off at 80%. The farm dam capacity for all

scenarios B, C and D are rounded off at 800 m3at the point where the CWA is 90%. All RNF values at this point

are rounded off at 90%.
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6 Discussion

The goal of the study is to analyse the impact of farm dams on the river flow downstream in the LRb. The
impact of a farm dam with capacities ranging from 0 (no farm dam) to 9,900 m® were compared for
catchments with an area of 10 and 20 ha. Four different scenarios for the LRb were considered. They
differentiate in the calculation method of the hydrology and in the infiltration rate of the soil. One scenario
makes use of the catchment water balance, the other three scenarios make use of the SIMFLOW model to
calculate the water inflow component of the farm dam. The scenarios using SIMFLOW differ in the value for the
infiltration rate of the soll.

This Chapter first discusses the results related to the RNF. Then results related to the CWA and the point
where the CWA is 90% are given. The last paragraph discusses the possible influence of the assumptions
made on the results. Important to note is that the results of the analysis are really dependent on the local
situation and cannot be generalized.

6.1 Results Remaining Natural Flow

The RNF is used to analyse the impact of a farm dam on the river flow downstream. The reference situation
considers a catchment area with no farm dam present. The other situation considers a catchment area (10 or
20 ha) including a farm dam with different capacities used for irrigation of a maize field of 1 ha.

The relative difference between the flow to the downstream sub-catchment with and without the presence of a
farm dam for all scenarios is calculated for the different farm dam capacities and is called the RNF. The
general trend in the RNF that it becomes lower with increasing farm dam capacities, is due to more water
storage in a farm dam larger in size. This results in a reduced overflow to the downstream sub-catchment. This
effect is up to the point where the amount of water inflow (runoff and precipitation) is lower than the maximum
capacity of the farm dam. At this point, the RNF reaches its minimum and will be a straight line at larger
capacities. None of the scenarios reach this point that is larger than the maximum analysed capacity of 9,900
m®. The point will (probably) be reached at much larger farm dam capacities.

Scenario A that uses the runoff in the catchment to calculate the water inflow of the farm dam has higher RNF
values than the other scenarios. This means that the overflow from the farm dam in scenario A is lower than
the overflow of the farm dam in the other scenarios. A reason for this could be that the runoff is calculated
using the catchment water balance equation (simple approach) and is mainly based on the amount of
precipitation and evaporation. When the precipitation is O in one month, there is also no runoff in that month
resulting in no additional water flow to the dam and a no overflow to the downstream sub-catchment. Using
SIMFLOW, in the same month, there is drainage to the farm dam and more overflow to the downstream sub-
catchment, even if there is no precipitation. This is probably because SIMFLOW does take into account the
storage in the groundwater system.

Scenario B, C and D use SIMFLOW to calculate the drainage in the catchment that represents the water inflow
parameter of the farm dam. Scenario B had the lowest infiltration rate: 40 mm/d. Scenario B and C use an
infiltration rate of 50 and 60 mm/d respectively.

The calculated RNF is lower when the infiltration rate of the soil is higher. This is caused by the fact that there
will be less runoff with a higher infiltration rate, because more water can infiltrate into the soil. It results in a
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smaller amount of drainage to the farm dam, leading to a smaller volume of water in the farm dam and a lower
amount of overflow to the downstream sub-catchment.

The size of the catchment area has a positive effect on the RNF in all scenarios. A larger catchment area leads
to more runoff and drainage to the farm dam, resulting in a higher volume of water in the farm dam and a
higher amount of overflow to the downstream sub-catchment (and a higher RNF).

6.2 Results Crop Water Availability

The CWA is used to analyse at which capacity the farm dam meet the crop water requirements. The CWA is
defined as relative difference between the crop water requirements and the amount of water supplied by
precipitation and irrigation from the farm dam with different capacities.

The CWA at the point where the farm dam capacity is 0 m®, is calculated at 53%. The crop will only be supplied
by precipitation and this covers 53% of the potential evapotranspiration of maize. This is the point in all graphs
where the CWA crosses the y-axes.

The general trend in the CWA is that it becomes higher with increasing farm dam capacities. This is due to
more water storage in a farm dam with larger capacities, resulting in more water available for irrigation. This
effect is up to the point where the water storage in the farm dam is higher than the irrigation water needs of
the crop. A larger farm dam capacity will no longer increase the CWA. The CWA will be a straight line at 100%
at higher farm dam capacities.

The scenarios using SIMFLOW to calculate the water inflow component of the farm dam all reach this point of
100% for the CWA. Scenario A does reach this point with the maximum analysed capacity of 9,900 m3. This
point will (probably) be reached at higher farm dam capacities.

Scenario A that uses the runoff in the catchment to calculate the water inflow parameter of the farm dam has
lower CWA values than the other scenarios. This means that the water availability in the farm dam for irrigation
is lower than in the other scenarios. A reason for this could be the calculation method of the water inflow
parameter and is already described in Paragraph 6.1.

Scenario B, C and D use SIMFLOW to calculate the drainage in the catchment that represents the water inflow
parameter of the farm dam. Scenario B had the lowest infiltration rate: 40 mm/d. Scenario B and C use an
infiltration rate of 50 and 60 mm/d respectively. The calculated CWA is lower when the infiltration rate of the
soil is higher. The difference between the scenarios is rather small. The effect of a higher infiltration rate is
that there will be less runoff, because more water can infiltrate into the soil. It results in a smaller amount of
drainage to the farm dam, leading to a smaller volume of water in the farm dam and less water available for
irrigation.

The size of the catchment area has a positive effect on the CWA in all scenarios. A larger catchment area
leads to more runoff and drainage to the farm dam, resulting in a higher volume of water in the farm dam and
a higher amount of water available for irrigation (and a higher CWA). A CWA of 90% is defined as sufficient for
maize. The RNF and farm dam capacity at this point are determined for each scenario. The determined farm
dam capacity at this point is sufficient to meet most of the crop water requirements.

A larger capacity than at this point could result in a higher CWA, but also in a lower RNF. The higher CWA is
assumed to have no impact on the crop growth and yield. In this case, a larger capacity is considered negative
on the flow to the downstream sub-catchment.
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The farm dam capacities and RNF values are determined from the graphs and therefore rounded to the
nearest 200 m® and 5 per cent, respectively. Therefore, the farm dam capacities and RNF values for an CWA
of 90% are estimations, and cannot be considered as hard figures.

In case of a catchment area of 10 ha and scenario A, the farm dam capacity must be at least 9900 m? to
meet the crop water requirements. The corresponding RNF is 70%, meaning 70% of the water that will flow to
the downstream sub-catchment in case of the absence of a farm dam (reference situation) flows to the
downstream sub-catchment in this situation. In case of a catchment area of 10 ha and Scenario B, the farm
dam capacity must be at least 1200 m® to meet the crop water requirements. The corresponding RNF is 80%.
In case of scenario C and D, the farm dam capacities must be at least 1400 m?, the corresponding RNF is
75%.

In case of a catchment area of 20 ha and scenario A, the farm dam capacity must be at least 9,900 m® to
meet the crop water requirements, the corresponding RNF is 80%.

In case of a catchment area of 20 ha and Scenario B, C and D, the farm dam capacity must be at least 800
m? to meet the crop water requirements, the corresponding RNF is 90%.

The influence of the catchment area on the RNF values of the scenarios is already explained in Paragraph 6.1.
The reason why the Farm dam capacities in case of a catchment area of 10 ha must be higher than with a
catchment area of 20 ha is that the water inflow parameter of the farm dam is higher when the catchment area
is larger. A larger catchment area results in more runoff or drainage to the farm dam, reaching with lower farm
dam capacities the point where the CWA is 90%. The RNF is also higher in a larger catchment area, because
of the same reason.

6.3 Possible influence of assumptions on the results

The possible influence of the assumptions made in the analysis on the results is shortly discussed for each
assumption. The assumption will be stated, followed by the description of the possible influence.

¢ The site selection procedure of the study area is based on the geographical location and the soil
textural class.

The geographical location of the study area is the north-west part of the LRB. The north-west part of the LRb is
identified as a region that is in need of water harvesting methods. The soil textural class fine is used to select
a region within this north-west part, because these soils are most suitable for farm dams.
Using this selection procedure, there were several potential meteorological regions to be selected. One of
these is randomly selected. When another meteorological region would be chosen, the specific values of the
RNF and CWA would be different, but the general trend in both, using the different scenarios, would be the
same.

e The study area is a small catchment of 10 or 20 ha, there is 1 ha of irrigated maize field and the
remaining area is natural. The land use of the upstream catchment is assumed to consist of natural
area (85%), and deciduous forest (15%).
The influence of the size of the catchment area is already discussed in Paragraph 6.1 and 6.2.
In this study, maize is chosen as crop to be irrigated. Another crop choice would lead to different values for
the extraction for irrigation parameter of the farm dam water balance and to different results. It depends on
the crop type what will be the influence. The land use of the upstream catchment of the farm dam has
influence on the evaporation parameter of the farm dam water balance and consequently on the results.
It depends on the land use what would be the effect.
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e The groundwater inflow and groundwater outflow components from the farm dam water balance of
scenario A are considered negligible.
These components are considered negligible in scenario A, because there is no information available on these
components for the study area. Besides this, literature also considers these components as negligible. The
influence of these components on the results is unknown and must be investigated when needed.

e The change in groundwater storage is likely to be small in relation to the total catchment water balance
components and assumed to be zero.
This assumption is made in scenario A and is based on literature. There is no information available for the
study area on the change in groundwater storage and must be investigated when needed.

e The drainage component of the SIMFLOW model represents the inflow parameter of the farm dam
water balance equation in case of scenario B, C and D.

Scenario B, C and D make use of the drainage output of the SIMFLOW model to calculate the water inflow
parameter of the farm dam water balance equation. The drainage in the upstream catchment of the farm dam
is calculated with SIMFLOW. SIMFLOW calculates the interaction between the groundwater and surface water.
It is a more elaborated method to calculate the water inflow parameter, compared to scenario A. The
SIMFLOW model is originally developed for the hydrological situation in the Netherlands. Whether the output of
the model is representative for the study area is not analysed. Field measurements in the study area are
needed to validate the model for the study area.

¢ The groundwater level considered in SIMFLOW is estimated at initial condition 4 m below ground level.

The drainage resistance of the secondary system and tertiary system is assumed to be 3,000

days and 9,999 days respectively, the depth of the ditches is 4.0 m and 0.5 m respectively
The groundwater level will influence the interaction between groundwater and surface water as calculated with
SIMFLOW. The initial groundwater level is assumed to be 4 m below ground level based on expert judgement.
The effect of the groundwater level on the results is not analysed and need to be investigated when needed.
The drainage resistances are standard for the model. The depth of the ditches is related to the groundwater
level and based on expert judgement. The effect of the drainage resistance and depth of the ditches is not
analysed and need to be investigated when needed.

o The farm dam capacities are assumed between 1,000 and 10,000 m® and at O (no dam), 1125, 3,200,
5,625 and 9,900 m°. The depth of the farm dam is representative for the capacity.

The range in farm dam capacities is based on literature. The five farm dam capacities are chosen within the
range. The corresponding depths are based on expert judgement. For each of these capacities, the RNF and
CWA are calculated. The values of the RNF and CWA for intermediate capacities are interpolated.

The depth of the farm dam is of real importance for the results. It has influence on the evaporation from the
dam surface: a lower depth with the same capacity will result in higher evaporation rates from the farm dam.
The exact effect of the depth is not analysed and further research is required when needing this information.

e The Water Use Efficiency (WUE) is assumed to be 70%.
Based on literature, the WUE used in the analysis is 70%. The amount of water losses depends on the local
situation and is between the 20 and 40%. 30% is chosen as intermediate value. A lower WUE (more losses)
would lead to higher values of the extraction for irrigation parameter of the farm dam water balance. The RNF
and the CWA will be lower.
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Conclusion

The goal of the research is to quantify the impact of a farm dam on the river flow downstream in a small
catchment in the Limpopo River basin, South Africa. A scenario analysis was carried out to determine farm
dam capacities in relation to rainfall data and crop water requirements. The entire calculation procedure was
carried out in an Excel sheet in such a way that farm dam capacities could be changed and different
meteorological data can be used.

Four scenarios of the farm dam water balance are considered using meteorological data of the Shashe sub-
basin in the LRb for a period of five years from January 1997 to December 2001. The catchment areas that
are analysed are 10 and 20 ha and the farm dam capacities range from 0 to 9,900 m®. The scenarios
differentiate in the method to calculate the water inflow parameter of the farm dam water balance and the
levels for the infiltration rate. Scenario A makes use of the catchment water balance to calculate the runoff
parameter that represents the water inflow parameter. Scenario B, C and D make use of the SIMFLOW model
to calculate the drainage that represents the water inflow parameter. The difference between scenario B, C
and D is the infiltration rate of the soil, being 40, 50 and 60 mm/d respectively.

To give answer on the general research question, the RNF used to analyse the impact of a farm dam on the
river flow downstream. The river flow downstream will decrease as a result of the farm dam, but the exact
amount of reduction strongly depends on the local situation. The impact of a farm dam depends on, among
other, the size of the catchment area, farm dam capacity and depth, soil type, infiltration rate of the soil,
meteorology, land use and crop water requirements. An increase in the size of the catchment area results in a
higher river flow downstream than with smaller catchment sizes. The storage capacity of a farm dam has a
negative effect on the river flow downstream, as it will decrease with increasing storage capacities.

The same applies for the infiltration rate of the soil. With higher infiltration capacities, the RNF and river flow
downstream will decrease. Using the runoff from the catchment water balance equation instead of, ceteris
paribus, the drainage output of the SIMFLOW model, it will result in a lower RNF.

The CWA is used to determine the farm dam capacity and RNF at the point where the farm dam covers 90% of
the potential evapotranspiration of maize. The farm dam capacity of scenario A must be at least 9,900 m? for
both catchment areas. The RNF for catchment areas of 10 and 20 ha are 70% and 80%, respectively. The
farm dam capacity of scenario B must be at least 1200 m® with a RNF of 80% to reach the 90% in case of a
catchment area of 10 ha. The farm dam capacities of scenario C and D are 1400 m? with a RNF of 75%. In
case of 20 ha, all three scenarios have the same value for the farm dam capacity: 800 m®. The corresponding
RNF is 90%.
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Appendix 1 Assumptions made in the analysis

Below a list is given a list of the assumptions made in this study.

¢ The site selection procedure of the study area is based on the geographical location and the soil textural
class.

¢ The meteorological data used from region 211 is representative for dry areas in the LRb.

e There is no farm dam present in the upstream catchment.

¢ The farm dam capacities with corresponding depths and the correction factor of 1.3 from equation 1 are
determined based on expert judgement.

e The study area is a small catchment of 10 or 20 ha, there is 1 ha of irrigated maize field and the remaining
area is nature. The land use of the upstream catchment is assumed to consist of grassland (75%), maize
(not irrigated, 10%) and deciduous forest (15%) .

e The groundwater inflow and groundwater outflow components from the farm dam water balance of
scenario A are considered negligible.

e The change in water storage is likely to be small in relation to the total catchment water balance
components and assumed to be zero.

¢ The runoff component from the catchment water balance equation represents the inflow parameter of the
farm dam water balance equation in case of scenario A.

e The drainage component represents the inflow parameter of the farm dam water balance equation in case
of scenario B, C and D.

¢ The soil type of the catchment used in SIMFLOW is defined as clay on sand.

e The groundwater level considered in SIMFLOW is estimated at 4 m below ground level.

e The seepage rates as function of the groundwater were based on expert judgement.

¢ The drainage resistance of the secondary system and tertiary system is assumed to be 3,000 days and
9,999 days respectively, the depth of the ditches is 4.0 m and 0.5 m respectively

¢ The infiltration capacities are variable and defined at 40, 50 and 60 mm/d.

o The farm dam capacities are assumed between 1,000 and 10,000 m? and are chosen at O (no dam),
1,125, 3,200, 5,625 and 9,900 m®.

¢ The depth of the farm dam is representative for the capacity.

e The main crop is maize and the extraction for irrigation is calculated using the Kc factors, crop
development stages, sowing date and calculation method according to the guidelines for irrigation water
needs (FAO, 1986).

e The Water Use Efficiency (WUE) is assumed to be 70%.

e The RNF is used to analyse the impact of the farm dam on the river flow in the downstream sub-catchment.

The CWA is used to analyse at which farm dam capacity the dam can meet the irrigation water needs of maiz
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