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Abstract: Botswana experiences a water stressed situation due to the climate and a continuously
increasing water demand. Managed Aquifer Recharge (MAR) is considered, among other measures,
to improve the situation. To evaluate the possibility for increased water supply security, a probabilistic
and dynamic water supply security model was developed. Statistically generated time series of
source water availability are used in combination with the dynamic storages in dams and aquifers,
and the possible supply is compared with the demand to simulate the magnitude and probability of
water supply shortages. The model simulates the system and possible mitigation measures from 2013
to 2035 (23 years), using one-month time steps. The original system is not able to meet the demand,
and the estimated volumetric supply reliability in the year 2035 is 0.51. An additional surface water
dam (now implemented) will increase the reliability to 0.88 but there will still be a significant water
shortage problem. Implementing large-scale MAR can further improve the reliability to at least 0.95.
System properties limiting the effect of MAR are identified using the model and show how to further
improve the effect of MAR. The case study results illustrate the importance and benefit of using an
integrated approach, including time-dependence and future scenarios, when evaluating the need and
potential of MAR.

Keywords: water supply security model; risk assessment; decision support; dynamic; probabilistic;
managed aquifer recharge; integrated water resource management

1. Introduction

Access to potable water is essential to human health and economic development. Water scarcity
and drought are, however, major challenges on all continents [1] and must thus be managed to enable
safe and secure access to clean water. Climate change, increased water demand and other factors
will increase the problem of water scarcity, making this a key issue to reach the UN Sustainable
Development Goals [2]. This calls for integrated water resources management, including measures to
avoid water losses, the efficient use of water, the introduction of water saving technologies, as well as
of water re-use and recycling.

Botswana is an example where the hydrological conditions and a continuously increasing water
demand result in a water stressed situation. The arid to semi-arid climate provides a situation with low
rainfall and high rates of potential evapotranspiration, resulting in low rates of surface runoff and low
rates of natural groundwater recharge. To enable a reliable, safe, and sustainable water supply, it is
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widely accepted that a systems approach is needed, encompassing several water resources as well as
technical and other mitigation measures. Managed Aquifer Recharge (MAR) to enhance groundwater
recharge and store surface water (e.g., natural water, urban storm water, treated sewage, or desalinated
water) [3,4] has, in several international studies, been pointed out as an important measure to mitigate
water drought and scarcity situations [5–7]. MAR has also been identified as a possible measure to be
implemented in Botswana [8,9]. However, to properly evaluate if MAR is a suitable option and the
benefits it may provide, a holistic system analysis considering both current and future conditions is
needed. Not only the potential storage and other aquifer specific properties should be determined,
but also the reliability and access to water over time must be analysed in detail, considering risks and
variations in water demand and supply. Hence, a risk-based approach is needed to provide decision
support on water supply security and the effect of MAR. Water security is defined in different ways in
the literature [10–12] but typically includes the water quantity aspect, which is the focus of this paper.

Different methods for selecting suitable sites for MAR exist and are typically based on GIS [13–15].
When designing the final MAR scheme and determining operational strategies etc., a detailed
groundwater model is commonly used [16]. No generically accepted method exists, however, for
assessing the overall effect of MAR on the water supply security. Several examples exist where system
dynamic modelling [17] has been used to analyse the conjunctive use of surface water and groundwater.
This approach is common when evaluating policy options [18,19] but examples including aquifer
storage and recover exist [20]. Another type of modelling approach was applied by Clark et al. [21] to
analyse the reliability of water supply from stormwater harvesting and MAR. A model combining
stormwater hydrology with subsurface storage and demand was used and repeated simulations were
performed to estimate the volumetric reliability. Gao et al. [22] analysed the reliability of an urban
water supply using Monte Carlo analysis to model variations in surface water availability. Aquifer
injection and banking was analysed with the aim to identify the most cost-effective way to meet
specified criteria for supply reliability. These examples show the importance of creating models that
include the entire system to be analysed and to compare the possible supply and water demand so that
mitigation measures’ effect on water security can be estimated.

An integrated and holistic approach is important to avoid overlooking interactions between
subsystems and events, and to minimise the sub-optimisation of mitigation measures [23]. The
importance of considering the entire supply system when assessing drinking water risks is emphasised
by, for example, the World Health Organization (WHO) as part of a framework including Water Safety
Plans (WSPs) [24]. A WSP is typically focused on water quality but the integrated approach is equally
applicable to water supply security.

In this paper, a Water Supply Security Model (WSSM) is presented and applied to assess risks
in the main drinking water supply in Botswana and to evaluate and provide decision support on
the potential effects of MAR. The overall aim of the work was to enable a holistic assessment of the
potential for using large-scale MAR to improve the water supply security in Botswana. The specific
objectives were to (i) develop a comprehensive and dynamic water balance model, (ii) simulate and
show the predicted water shortage over time, and (iii) model the potential of alternative mitigation
measures and identify limiting factors.

2. Study Area

Botswana is located in south-central Africa and occupies an area of approximately 582,000 km2.
The total population of the nation is a little over 2 million, making Botswana one of the most sparsely
populated countries in the world. The country is predominantly flat with some parts having a slightly
rolling landscape. Botswana is dominated by the Kalahari Desert, covering about 70% of the total
area. The north-east part of Botswana has an annual precipitation of about 600 mm, whereas the drier
south-west receives, on average, only 200 mm per year. Due to the arid to semi-arid climate, potential
evapotranspiration rates exceed the total rainfall at all times of the year [8]. There are no perennial
streams originating in Botswana. It is estimated that the mean annual rates of surface runoff do not
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exceed 50 mm anywhere except in small steep rocky catchments. The annual recharge to aquifers
from rainfall reaches a maximum of about 40 mm in small areas in the Chobe District in the north.
For most of the Kalahari region, the natural groundwater recharge is less than 1 mm/year [8]. The
largest groundwater resources are in the Kalahari sediments (including the Okavango Delta), the Ntane
Sandstone, the Ecca Sandstones, and the Damaran and Ghanzi rock formations.

In eastern and southern Botswana, with its relatively high density of population and substantial
water demand, several surface water dams have been constructed to collect and store ephemeral river
flow. The largest dams are the Shashe, Dikgatlhong, Letsibogo, and Gaborone dams. The storages of
the dams are very variable due to the highly seasonal, occasional, and variable river flows. In addition,
the need to store water for drought periods and the flat topography in most areas result in large losses
of water to evaporation from these dams. The surface water dams in eastern Botswana have been
connected through a nearly 400-km long pipeline transfer system denoted the North–South Carrier
(NSC), providing possibilities to transfer water to urban centres.

The NSC water supply system is the focus of this study and the included demand centres, surface
water dams, aquifers and additional components are shown in Figure 1. The study was performed in
the year 2013 and the descriptions of the system, planned measures, etc., are thus based on the situation
at that time. The Dikgatlhong Dam was being constructed when the study was performed and thus
included in one of the modelled scenarios to represent the coming system structure. In addition to the
surface water dams, a few groundwater wellfields are connected or are planned to be connected to
demand centres supplied with water from the NSC, e.g., Palla Road, Chepete, Masama, Makhujwane,
Malotwane, and Palapye Wellfields.
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Figure 1. Schematic illustration of the water supply system linked to the North–South Carrier (NSC),
according to the situation when the study was performed in the year 2013.

Due to the highly variable storage in surface water dams, the groundwater aquifers have a
potential to support the NSC demand centres during drought periods. Because of the very limited
natural recharge to these aquifers, their long-term sustainable capacity could be improved by managed
recharge with surface water. Managed recharge (injection) with collected and treated surface water
from dams may also reduce the total loss of water to evaporation. The focus of the case study is thus to
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evaluate the possibility and effects on the water supply security of MAR scenarios including the Palla
Road/Chepete and Masama/Makhujwane Wellfields.

3. Materials and Methods

3.1. Water Supply Security Model (WSSM)

The WSSM is a dynamic water balance model where statistically generated time series of the
availability of source water are used, together with dynamic storages in dams and aquifers, as well
as water demands, to simulate the magnitude and probability of water supply shortages. Models
have been previously developed for the water supply in Botswana but they have not considered MAR
scenarios [8]. The WSSM is developed as a spreadsheet model in Excel since one of the goals of this
study was to provide an easily accessible model that can be run without expert knowledge. To enable
statistical analysis considering uncertainties in input data and results, an add-in software (Oracle
®Crystal Ball) is used to run Monte Carlo simulations.

The WSSM simulates the NSC system and connected components from 2013 to 2035 (23 years). The
period is selected to match water demand forecast in the National Water Master Plan Review [8]. The
simulations are performed with a time step of one month and for each month the demand, the available
storage in dams and aquifers, as well as treatment capacities, water losses, etc., are considered.

The schematic illustration in Figure 2 shows the parameters considered in the model and the link
to the model components. Based on historical data on inflow to the dams (see Section 3.2), a set of
possible time series are generated and used to sample from when running the model. The generated
time series consider the correlation between the dams and each generated data set includes all five
dams. The annual inflow data is transformed into monthly data based on the closest historical annual
inflow and the monthly distribution that year. Since the dams are spatially correlated, the historical
data for the Gaborone Dam is used when transforming the simulated annual data for the Bokaa and
Gaborone Dams. In the same way, the historical data for the Dikgatlhong Dam is used for the Letsibogo,
Shashe, and Dikgatlhong dams.

For each dam, water balance calculations are performed for each month, considering initial storage,
inflow, abstraction, evaporation, seepage, spill over, and additional parameters presented in Figure 2.
The input data is based on [8] and information from personnel at the Water Utility Corporation (WUC)
and the Department of Water Affairs (DWA). The evaporation is calculated based on the area–storage
relationship and data from previous studies in the area [8,25]. Key inputs for modelling the dams in
the WSSM are presented in Table 1.

Table 1. Storage properties and environmental flows for the dams included in the Water Supply
Security Model (WSSM).

Dam Property Gaborone Bokaa Letsibogo Dikgatlhong Shashe

Maximum storage (Mm3) 140.59 18.20 108.00 397.60 75.05
Minimum operational storage (% of

max storage) 15 3 5 4 15

Initial storage, 1 Jan 2013 (Mm3) 49.65 7.08 31.00 198.80 59.62
Seepage (L/s) 0.0 0.0 0.0 30.0 0.8

Environmental flow, Feb; Nov 0; 0 * 0; 0 * 2.49; 0.49 ** 5; 5 * 0; 0 *
Loss due to sedimentation

(Mm3/year) 0.22 0.04 0.35 0.70 0.61

* %; ** Mm3, provided inflow > 0.
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The water balance calculations for MAR wellfields are performed considering initial storage,
natural recharge, inflow, injection, outflow, and abstraction. Necessary input data for the aquifers
are based on [26–29], and the key figures used in the scenarios modelled here (see Section 3.3) are
presented in Table 2. The wellfields are recharged by injecting water if the maximum storage is not
reached and provided that water is available in the dams and is at a capacity to abstract, treat, transfer,
and inject the water. A critical dam storage level (20%) was defined by the WUC and DWA and is used
as an operational rule in the model stating that water for injection may only be abstracted when the
dam storage is above this level. The abstraction of water from the MAR wellfields starts when the
water demand cannot be met by the supply of treated surface water and the non-MAR wellfields. The
abstraction is only limited by the abstraction rate and capacity to treat and distribute the water.

Table 2. Input data on Managed Aquifer Recharge (MAR) wellfields to the WSSM.

Wellfield Property Palla Road/Chepete Masama/Makhujuwane

Maximum active storage 42.8 40.0
Initial storage (Mm3) 40.5 40.0
Natural groundwater

recharge (m3/d) 12,383 3379

Groundwater inflow (m3/d) 0 0

Groundwater outflow (m3/d)
7600–12,000 (function of

active storage) 0–3600 (function of active storage)

Maximum abstraction and
injection rates (m3/d) 21,342 37,734

For the wellfields not considered relevant for MAR, an estimated sustainable yield is used as a
maximum abstraction rate to not cause groundwater mining. The sustainable yield is estimated on an
annual basis and defined in the model as a monthly maximum abstraction that may not be exceeded.
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The total sustainable yield for the non-MAR wellfields is 7.2 Mm3, and 11.7 Mm3 when also including
the Masama/Makhujuwane and Palla Road/Chepete Wellfields as non-MAR wellfields.

The water demand forecast from [8] is used to determine how much water must be abstracted
from the dams and wellfields. The estimated change in water demand is based on a population forecast
and an increase in specific water demand, including assumptions of changes from standpipe to yard
and yard to house connections. The assumed industrial, commercial, and institutional annual growth
rate is 3%. Unaccounted-for water, including technical losses and non-technical losses (unmetered
consumption and illegal connections), is also considered in the forecast. Since the reported water
consumption in 2012 was 4 Mm3/year lower than the forecast for the same year, the original demand
forecast was reduced by this volume. The total annual demand for the demand centres included in the
WSSM is 81 Mm3 in 2013 and 148 Mm3 in 2035.

In addition to the capacities and other parameters presented above, a set of operational rules are
used to determine, for example, when different sources are used and to what demand centres and
the extent to which water is supplied. In all calculation steps, available abstraction rates, treatment
capacities, water losses during treatment etc., are considered. The model is thus not used to optimize
the supply from different sources but to estimate the performance based on the actual operational rules
used to manage the system. The schematic illustration in Figure 1 shows how the different components
of the system are connected and how water can be transferred. The actual supplied amount of water is
compared with the demand for each demand centre and possible shortage etc., is calculated in each
time step.

3.2. Dam Inflow Time Series

The time series of monthly inflows to the five dams (Gaborone, Bokaa, Letsibogo, Dikgatlhong
and Shashe) are available based on measurements and hydrological modelling for the 80-year period
of 1925 to 2004 [8] (vol. 11). The dams are grouped based on their spatial correlation and the annual
inflows are presented in Figure 3. An analysis of the annual inflows is made to generate 96,000
future annual inflow time series (23 years) that are used to sample from when running the WSSM.
This five-dimensional time series is modelled as a first-order stationary Gaussian Auto-Regressive,
AR(1) sequence:

yt − µ = Φ(yt−1 − µ) + εt (1)

where the column vector yt is the annual inflow and t = −79, −78, . . . , 0 (t = 0 corresponds to year
2004). The column vectors µ and εt denote the long-time yearly mean and white noise, respectively,
the latter with covariance matrix Σ. To carry out a standard least squares (LS) estimation, the model is
rewritten as follows:

yt = Φyt−1 + b + εt (2)

where b = (I −Φ)µ (I denotes the identity). The model parameters Φ, b, and Σ are estimated by the
method of least squares. Φ is a 5 by 5 coefficient matrix and y, b and εt are 5-dimensional column
vectors. Also estimated is the spatial covariance matrix:

γ = E(yt − µ)(yt − µ)
′ (3)

where the prime ′ denotes transpose. Future dam inflow values y1, y2, . . . , y23 are then repeatedly
simulated from the estimated model, taking the uncertainty of the LS estimates into account.
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Figure 3. Historic inflow time series (80 years, 1925–2004) for the dam sites: (a) Letsibogo, Dikgatlhong
and Shashe; (b) Gaborone and Bokaa [8].

3.3. Scenarios

The system included in the analysis and implemented in the WSSM includes: 6 surface water
dams, 8 wellfields, 7 water works, and 18 demand centres. In addition to five dams previously
presented, the Molatedi Dam in South Africa is also included in the model. A constant supply (80% of
the maximum agreed transfer) from the dam is assumed since no historical time series are available.
The same assumption has previously been used when evaluating the supply system [8]. The selection
of wellfields for MAR scenarios was based on [9,26–33] and workshops including representatives from
the DWA, WUC, and the authors. Several scenarios including MAR and non-MAR wellfields are
possible, but we here focus on the three scenarios listed below as a basis for evaluating the potential
of using large scale MAR in Botswana. The system structure in 2013 (Scenario A), i.e., when the
study was performed, is used as a reference to illustrate the need and potential effects of mitigation
measures (Scenarios B and C) on the water supply security. As mentioned above, the Dikgatlhong
Dam was under construction when the study was performed and is now in operation. Hence, the
dam is included in Scenario B and combined with MAR in Scenario C. The purpose is not to evaluate
MAR as an alternative measure to the Dikgatlhong Dam but to see how MAR can further improve the
system. To facilitate a relative comparison of the mitigation measures, i.e., the Dikgatlhong Dam and
the MAR wellfields, they are included from the start of the simulated period (i.e., year 1).

A. Current system (as in year 2013)
B. Current system + Dikgatlhong Dam (implemented after the study)
C. Current system + Dikgatlhong Dam + Palla Road/Chepete Wellfields MAR + Masama/

Makhujwane Wellfields MAR
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4. Results

The results from the WSSM show that the supply system in Scenario A is clearly insufficient
to meet the water demand within the simulated period of 23 years. Water shortage is likely to be a
problem early in the simulated period and is expected in around 70% (mean value) of the months for
most demand centres. Given a month with water shortage, the deficit varies between c. 20–60% of the
demand. The water supply security can be assessed based on the volumetric reliability, i.e., the volume
of water supplied divided by the demand in a given year. The results are presented in Figure 4 and
show that the reliability is dramatically reduced for Scenario A over the simulated period. There is
no reliability target level defined in Botswana but at the end of the simulated period the level is only
0.51 (mean value). As a comparison, case studies in Australia [21,22] have applied a 0.995 volumetric
reliability target for potable supplies and a 0.95 target level for non-potable use.
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Figure 4. Annual volumetric reliability (mean value) of the supply to Great Gaborone over the simulated
period (23 years).

In Figure 5, the expected (mean) probability of annual water shortage of different magnitudes is
presented for Gaborone and the demand centres connected to the capital city, here referred to as Great
Gaborone. The results are similar for most of the demand centres, and, for evaluating the potential
effect of MAR, we focus on Great Gaborone. The total demand for Great Gaborone will increase over
the analysed period from 44.8 (year 2013) to 82.4 Mm3/year (year 2035). The water demand for Great
Gaborone constitutes 62% of the total demand in the NSC system.

The connection of the Dikgatlhong Dam to the NSC and the related system upgrades (Scenario
B) will have a large positive effect on the supply security, see Figure 6, and reduce the expected total
water shortage (summed over the 23 years) by approximately 90%. The supply reliability will increase
(Figure 4) and be >0.99 for approximately 10 years. However, in 2035, the reliability is estimated to be
0.88 and the results thus show that there still will be a significant risk for water shortage for Great
Gaborone during the late part of the simulation period.
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Figure 5. Expected probability of annual water shortages of different magnitudes in Great Gaborone
for each year in Scenario A.
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Figure 6. Expected probability of annual water shortages of different magnitudes in Great Gaborone
for each year in Scenario B, including the Dikgatlhong Dam.

In Figure 7, the results are presented for Scenario C, i.e., including the MAR wellfields. The
probability of shortage is further reduced compared to Scenario B. For example, the probability of
having a 10% (8 Mm3) water shortage in Great Gaborone in 2035 is reduced from 40% (Scenario B) to
10%. For Scenario C, the supply reliability is >0.99 in approximately 15 years and is estimated to be 0.95
in 2035. The effects of implementing MAR are, however, limited due to the capacity of different system
components. As an example, Figure 8 shows what limiting the injection of water from the dams at the
Palla Road Wellfield. Injection is expected to be needed in 41% of the months. In 34% of these months,
injection up to the full storage or maximum injection rate is obtained. However, the dam storage
(abstraction of water for injection only allowed if dam storage is >20%), the abstraction rate from dams,
and the capacity of the treatment plants (only treated water is injected) are limiting the injection in
45%, 17%, and 4% of the cases, respectively. If the most critical technical system properties causing the
limitations are eliminated, the positive effects of MAR in Scenario C further increase. For example, the
supply reliability in 2035 will increase to 0.97 and the probability of an annual water deficit of 2 Mm3

(2.5% of the demand) will reduce from 32% to 10%. This effect can be obtained without any substantial
risk of mining the wellfields. The maximum active storage for the Masama/Makhujwane and Palla
Road/Chepete Wellfields are 40 and 42.8 Mm3, respectively (Table 2). The probability of having full
storage at the end of the simulated period is 0.8 for both wellfields in Scenario C when the key limiting
factors have been eliminated. If the limitations are included, the probability of full storage is 0.2 and
0.5, respectively.
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Provided that no water is abstracted and the maximum injection can be applied, it would
take 5–6 years to recharge the MAR wellfield from 0 Mm3 to full storage. If dependent on natural
groundwater recharge only, the wellfields will only be recharged up to approximate half of the
maximum storage after the simulated 23 years.

5. Discussion and Conclusions.

The performed case study addresses the possible effects of implementing MAR in the NSC system
in Botswana. It is concluded that the NSC system including the Dikgatlhong Dam (Scenario B) but
without MAR is not likely to be able to provide a safe water supply over the entire time period. When
the water demand increases, the reliability of the system is reduced. Implementing MAR at the Palla
Road/Chepete and Masama/Makhujwane Wellfields (Scenario C) will further improve the system,
although not eliminate the risk of future water shortage. However, implementation of MAR may be of
great importance in managing the water supply situation in eastern Botswana.

By including the Dikgatlhong Dam in the system (Scenario B), an additional water source is added
and the potential volume of water that may be accessible is increased. Due to the spatial correlation
between the dams, periods of no or limited inflow may affect several dams at the same time and
thus cause a severe water shortage. By including the MAR wellfields, we add components that are
dependent on the surface water dams to be recharged but the water stored in the aquifers can be used
independently of the dams. The latter part is one of the key reasons for the increased reliability in
Scenario C. The results show that over time there is enough water in the dams to be able to recharge
the MAR wellfields. However, the possibility to inject water is partly limited in Scenario C due to both
the capacity of the system components and access to the surface water. If these limitations are reduced
or eliminated, the positive effect of implementing MAR will further increase.

The non-MAR wellfields are operated using the estimated sustainable yields as a maximum
monthly abstraction rate. If this criterion would have been defined on an annual basis and allowed a
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varying abstraction over the year, it is possible that some smaller shortage events could have been
avoided. Another criterion for sustainable yield could be implemented into the WSSM but would,
however, not have a significant effect on the more severe shortage events. By allowing the same
abstraction rates for the Palla Road/Chepete and Masama/Makhujwane Wellfields, as in Scenario C,
but without MAR, the system would improve but only for a limited time. Due to the limited natural
groundwater recharge, the aquifers would gradually be emptied. MAR is thus needed in order to
provide for a long-term sustainable solution.

The results from the modelled scenarios do not show any cases where the implementation of
MAR reduces the supply system security in Botswana. This could be the case if, for example, there are
large losses of water or the abstraction rate is too low compared to the surface water dams.

The developed WSSM enables a thorough analysis and evaluation of the original system as well
as the effect of both MAR implementation and other system changes. A key advantage of the model is
the ability to not only model the possible enhanced groundwater recharge over time but to compare
the possible supply and demand for all system components. The predicted water shortage over time
in combination with dam and groundwater levels provides a comprehensive picture of the system
performance. This makes it possible to evaluate system reliability with consideration to the entire
system and compare MAR scenarios with other possible measures to avoid the sub-optimisation of
risk mitigation measures.

Furthermore, system properties limiting the effects of MAR can be identified as shown in the case
study. This result can guide further analysis and improvements to enhance the effect of implementing
MAR. Hence, the WSSM can provide results to support decisions on both larger system changes and
minor upgrading to improve water supply security.

The main conclusions of this study are:

• The developed WSSM is a comprehensive and dynamic water balance model that enables
a thorough analysis of recharge and abstraction from MAR wellfields as well as the overall
system reliability.

• The case study application demonstrates the practical applicability of the model and shows that
useful decision support is provided.

• Future development of the WSSM approach will include consideration to climate change in dam
inflow data and other relevant system parameters.

• The WSSM provides added value by enabling an integrated approach, including time-dependence
and future scenarios, when evaluating the need and potential of implementing MAR.
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