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Abstract

Simulation and evaluation study of the three Water Supply Reservoirs in the Not-
wane Catchment was undertaken using a hybrid modelling approach linking the re-
servoir simulation model (HEC-ResSim) model and a reservoir reliability analysis
(RRA) model. It was used to understand the management challenges and operation
aspects facing the recent failure and declining water supply from three reservoirs in
Gaborone and the surrounding areas, a typical arid and urbanized environment
where current and future water supply reliability is challenged by both climate and
anthropologic factors. The model was analysed for a calibration period of ten years
(1993-2002), and verification period of eight years (2003-2010) and then simula-
tion period of 40 years (2011-2050). The simulation period up to the year 2050 was
considered to include the year 2035, which is the planning horizon of the National
Water Master Plan. The model calibration and verification results are satisfactorily
accepted for the fit of the daily water levels. The values of R* and the Nash-Sutcliffe
model efficiency criteria for the calibration period, are 0.81/60%, 0.62/27% and
0.54/39% for the Bokaa dam, Gaborone dam and Nnywane dam, respectively. Var-
ious scenarios were considered to determine the plausible sources of uncertainty
and challenge for operation and management of the water supply reservoirs consi-
dering: population and urbanization, sedimentation, seepage, climate change, op-
erational aspects, among others. From the RRA model, it was found that Gaborone
dam, which is the largest of the three dams has lower resilience, lower reliability
and higher vulnerability associated with increasing population pressures, urbani-
sation and climatic factors. Climate change, sedimentation, seepage, operational
rules, contributing to the operation and management of the dams could have acce-
lerated the drying up of the reservoirs and the prevailing water supply situation,
which might continue to be the future possible challenges of water supply in the

area.
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1. Introduction

Surface water resources are the main source of water supply for urban areas in Botswa-
na. Around 34 percent of the total water supply is from surface water, whereas the re-
mainder (66 percent) is from groundwater [1]. However, surface water accounts for 90
percent of the total supply of water in urban areas such as Gaborone, Lobatse, Francis-
town, and Selibe-Phikwe. According to Central Statistics Office [1], water from reser-
voirs and rivers yields about one-third to national water consumption.

Reservoirs are one of the most valuable tools for integrated water resource develop-
ment and management. However, their operation and management are still a challenge
for integrated water resource development and management. With the increasing pop-
ulation, climate change and rapid development of the economies, the function and op-
eration of reservoirs has become more and more important to help meet society’s
energy and water requirements [2].

The water supply system of the Capital city of Botswana, Gaborone and its sur-
rounding villages which heavily depend on the reservoirs found in the Notwanecatch-
ment is a case in point. In recent years, the dam levels reached water levels which could
not cope with the water demand causing water shortages and emergency situations to
offset the water crisis. This was because of possibly a combination of human, climatic
and operational factors.

The aim of this study was to analyze the possible impact of various aspects of human
activities on water resources in the Notwane subbasin. Most of them are directly related
to the catchment itself, as e.g. significant increase in population, urbanization and water
demand in recent decades, and construction of a number of storage reservoirs changing
the temporal pattern of river flow. Some may be, however, a result of climate change,
seepage from the dams, loss of live storage of dams due to sedimentation, and opera-
tional patterns, among others.

We have employed a hybrid modelling approach linking the calibrated reservoir si-
mulation model (HEC-ResSim) model and a reservoir reliability analysis (RRA) model
to understand the current state of affairs in the water supply situation and the future
resilience of the water supply reservoirs., This research centers on contributing to the
management and operation of the Gaborone, Bokaa and Nnywane dams by coming up
with a fitting mechanism to augment and enhance the overall management of the re-
servoirs through the use of a simple simulation model (HEC-ResSim) to simulate dif-
ferent scenarios and its evaluation using reservoir reliability analysis (RRA) model. The
later model undertakes model reliability, resilience and vulnerability analysis of the re-

servoirs studied.
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A wide variety of analysis techniques including simulation and optimization algo-
rithms have been developed over the last few decades to study water resources systems
[3] [4] [5]. Simulations describe the movement of water through a system while opti-
mization programs search for an optimal operating policy to achieve a specific given
objective. According to [6], in discussing large, multi-reservoir systems, the distinction
between simulation and optimization modeling is often concealed and obscure because
optimization models usually involve simulation models in verifying and testing pro-
posed operating policies. Simulation modeling offers a useful platform for explicitly test-
ing specific possibilities for intergratively operating reservoirs and is the focus of further
discussion. Simulation models use inflows (hydrology), operations (decision rules), and
mass balance basin accounting (connectivity) to represent the hydrologic behavior of a
reservoir system.

System performance is quantified by selecting indicators based on system flow
and/or storage whichever that the modeler feels best characterizes the key aspects and
objectives of the system. In order to carry out simulation analysis, the performance is
computed using selected indicators for a base case representing the system’s existing
hydrologic behavior. Next, the modeler develops a series of alternative system behaviors
by changing reservoir storage allocations, operating rules, demand/abstraction levels,
and/or hydrology and many others after which he/she computes performance for these
hypothesized alternatives. Lastly, the modeler compares the base case performance to
that of the developed alternatives. The majority of the simulation procedure involves

formulating alternatives to test, evaluate, analyze and explicitly modeling them.

2. The Study Area

The Notwane River sub-basin/catchment is located in south eastern Botswana bounded
by latitude of 23°S and 25°S and longitude 25°E and 27°E encapsulating an area of
about 18,263 km?* (Figure 1). The Notwane sub catchment is part of the greater Lim-
popo Basin, which has Botswana, Mozambique, South Africa and Zimbabwe as the ri-
parian states.

The catchment has many dams of which most are small farm dams for livestock wa-
tering and irrigation projects. The larger dams of Gaborone, Bokaa and Nnywane are
managed by WUC for water supply purposes to the greater Gaborone area. Their cha-
racteristics are in Table 1. Greater Gaborone area comprises Gaborone, Lobatse, Mo-

goditshane, Tlokweng, Ramotswa and Mochudi.

3. Method and Data

3.1. HEC-ResSim Simulation Software

The US Army Corps of Engineers (USACE) has also developed numerous reservoir si-
mulation tools including HEC-3 [8], HEC-5 [9], HEC-ResSim 2.0 [10], and most re-
cently, HEC-ResSim 3.0 and 3.1 [11] [12]. HEC-ResSim in particular has been success-
fully implemented for the analysis of multiple reservoir systems throughout the US
and the world [13]. It was designed by the Hydrologic Engineering Center (HEC) of the
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Figure 1. Summary of the hybrid HEC-ResSim and RRA model framework.

Table 1. Dams in the Notwane catchment and their parameters [7].

Dam Parameters Gaborone Dam Bokaa Dam Nnywane Dam
Dam Type Earthcore Fill Earthcore Fill Earthcore Fill
River dammed Notwane Metsimotlhabe Nnywane
Year Constructed 1963, raised 1984 1993 1970
Full Supply Level (FSL) EL 998 masl EL 954 masl EL 1135 masl
Spillway Length 272 m 690 m 80 m
Catchment Area 4300 km? 3570 km? 238 km?
Active Storage 141.5 MCM 18.82 MCM 2.3 MCM
Surface Area (FSL) 19 km? 6.6 km? 1.65 km?
Dead storage 3.71 MCM 0.25 MCM 0.002 MCM

Area supplied

% contribution to area
supplied

Greater Gaborone

56%

Greater Gaborone Greater Gaborone

25% 10%
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US. Army Corps of Engineers specifically for aiding in decision-making processes for
reservoir operations and planning [12]. The program has been upgraded over time to
allow users to have additional operational parameters and access output results in more
intuitive formats. ResSim employs a GUI to allow point-and-click model construction
and can function on multiple user-defined time steps.

HEC-ResSim uses a rule-based approach to govern reservoir release and hydropower
generation. The model is purely descriptive, that is it does not have optimization capa-
bilities. Res-Sim uses the HEC Data Storage System (HEC-DSS) for entry, storage and
retrieval of input and output time-series data in the model. ResSim has three main
modules which are the Watershed Setup, Reservoir Network and Simulation (Figure
1). Each module has a specific purpose and associated set of functions which are ac-
cessible by menus, toolbars and schematic elements.

The summary of the hybrid HEC-ResSim and RRA model framework is given in
Figure 2.

The development of the reservoir network is the second most important task in
building up of the model. This is where junctions, reaches and reservoirs of the wa-
tershed are established. It is made up of two major highly inter-related components,
which are namely the physical and operational parts of the model (Figure 1). The
physical part includes the dam and other accessory components of a dam structure like
the spillways, hydropower plants, outlet groups, storage-area-elevation relationship,
evaporation and seepage [12]. The operational part comprises reservoir release rules

and reservoir storage zones. The operational data symbolizes the goals and constraints

23°S
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Figure 2. Study area showing dams and rivers in the Notwane catchment with watershed setup
module of HEC-ResSim.
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that guide the release decision process.
The simulation model isolates the output analysis from the model development
process. After the catchment and reservoir network together with alternatives are set

up, computations are performed and results are viewed in the simulation module.

3.2. RRA Model

Water resource systems show a high level of complexity, hence measuring their perfor-
mance is not straight forward. This complexity makes it a challenge to come up with in-
dices or indicators to evaluate water resources performance. Generally, failures in the op-
eration of a reservoir has many aspects including its extent, number and severity. Relia-
bility, resilience and vulnerability indices (RRVs) were proposed [13]. Reliability (Table
2) is a metric that measures the proportion of time the reservoir can meet the stipulated
demands while resilience (Table 2) indicates how quickly a system recovers after failure.
A good system rapidly returns to a satisfactory state after failure. Vulnerability measures
severity of failure if and when it occurs (Table 2). Usually, these indices are computed
using daily, monthly or annual data from the reservoir system. In the recent past attempts
have been to quantitavely represent sustainability of water resource managements by the
composite indices made up of the combination of the three indices (RRV) [14] [15]. An
integrated risk index namely the drought risk index (DRI), is given as a linear weighted
function of reliability and resiliency and vulnerability [15] (Equation (1)).

DRI = £, (1-Rel )+ 3, (1—Res) + 3, (1-Vul) (1)

where Rel is reliability; Res is resilience and Vu/is vulnerability and g, + f, + 5, =1.
B B, and B, are weights and no guidelines are available to select the weights. The DR/
ranges from 0 - 1 with 1 indicating serious water shortage. The sustainability index
(8UI) proposed by [14] is given as follows:

1
3

SUI =| Rel x Resx(1-Vul)] )

SUI values vary from 0 - 1 and the value closer to 1 means the condition of water
shortage is less serious. The SUTI equation above (Equation (2)) means that if one of

the performance criteria is zero, the sustainability will be zero also there is implicit

Table 2. Soil types and their seepage rates [22].

Natural soil type Seepage water losses (in mm/day)

Sand 25.00 - 250

Sandy loam 13.00 - 76
Loam 8.00 - 20

Clayey loam 2.50 - 15

Loamy clay 0.25-5

Loamy clay 0.25-5
Clay 1.25-10
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weighting because the index gives added weight to the criteria with the worst perfor-
mance. In this study RRA model is applied and includes reliability, resilience and vul-
nerability. The results from the HEC-ResSim model were analyzed through the RRA
model using Microsoft excel tool.

First a criterion, C, is defined for each dam, where an unsatisfactory condition occurs
when a certain target demand is not met. The simulated time series of parameter of in-
terest such as dams release/regulated outflow in our case is used as an indicator of sys-
tem performance and is assigned X, to be assessed in meeting the criterion Ct which is
defined as the total demand that needs to be supplied in each time step (Equation (3)).
Additionally, an index Z (Equation (3)) is expounded to quantify a satisfactory (S) or
unsatisfactory () state of the water system on the basis of the criterion, Ct [13]:

IfX,2Cthen X, €S,Z, =1else X, €eU,Z, =0 (3)

If the demand is met the system is in a satisfactory (S) state and Z is one, otherwise is
in an unsatisfactory (U) state and Z is zero. Another indicator W, which indicates the
transition from an unsatisfactory to satisfactory state;

1, ifX,eU and X,,, €S
T {0, if otherwise

4)

If unsatisfactory periods of the dam’s release, X, are defined as J,, J,,---,J, then

reliability, resilience and vulnerability indices are defined as follows [13]:

}
2.7

Cp = (5)

Cps =—— (6)

C, =mean {ZC—X[izl,-u,N} (7)

tel;

The results from the evaluation of three indices are used as a weight of evidence to
support the recommended decision and or conclusion. An efficient management and
operational system should improve the reliability and resilience of the system while re-

ducing vulnerability.

3.3. Data Used

Relevant and appropriate data are very important prior to simulation of any model in
order to achieve the objectives of the research. Both historical and generated time series
data are used for the study. The data applied in this research were gathered from the
various departments (DWA, DMS and WUC), outputs of reports, personal communi-
cation with relevant stakeholders and journals. Data from the first National Water
Master Plan of 1991 and its review in 2006 were widely used for the study. The infor-

mation used included population, water demands, inflow, climatic, seepage, sedimenta-
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tion data and reservoir surface area-volume-elevation relationships, among others.

Moreover, additional data for the study was collated through extensions for the simula-

tion horizon using time series modeling based on calibration using historical data in-

cluding:

e Daily potential evapotranspiration (ET) was calculated from disaggregated monthly
ET values calculated from Penman-Monteith [16] formula.

e Hydrological Inflow Data in terms of streamflows gauging stations in the Notwane
Basin at reservoir inflow stations of the three dams are mainly maintained by the
department of Water Affairs (DWA) and are used in the study.

e Reservoir elevation-area-volume curves for the three dams were also available for
the study and are input to the ResSim model.

Other set of generated time series data included the following:

a) Reservoir Inflows Time Series Modelling and Forecasting—Generation of fu-
ture inflows into the reservoirs were conducted through performance evaluation of
time series models applied including Autoregressive Integrated Moving Average
(ARIMA) [17]. Under ARIMA we have subclasses of other models, such as the Autore-
gressive (AR), Moving Average (MA), Autoregressive Moving Average (ARMA) and
Seasonal ARIMA (SARIMA) [18]. Artificial neural networks (ANNs) have been used
recently [19] [20] [21] but were not considered in this study. In this study Autoregres-
sive model of order one (AR1) was found to be the adequate model to reproduce the
historical inflow time series data more accurately, hence was adopted.

b) Seepage Estimation-Reservoirs are prone to losses through evaporation and
seepage—Seepage is the slow escape of a liquid through porous material from a dam.
All earth dams have seepage due to water movement through the dam and its founda-
tion, however, the rate of seepage must be controlled. For effective water resources
management of reservoirs/dams/or small ponds, seepage calculation and estimation has
become crucial as it affects the stability of any reservoir. Many factors affect amount of
seepage water from the reservoir; wall or abutment of the reservoir, slope, soil type,
bedrock type, dykes and volume and pressure of water. Although there are various
factors affecting the rate of seepage, the material used in the construction and type of
soil in the bed of the water reservoir are the main determinants to the rate of the see-
page. Table 2 gives the rate of seepage losses in millimetres per day from various soil
types;

To estimate quantity of water escaping as seepage, Table 2 and the following formula

can be used:

Q=0gxA (8)
where Q = Seepage volume (m’/Day); g = Seepage loss rate (m/day) and A = Surface
Area of dam (m?).

3.4. Reservoir Operation Rule in HEC-ResSim

Rules describe a minimum or maximum constraint on the reservoir releases based on a

number of variables such as reservoir water level, date, inflow, outflow and many others

KD
+%%, Scientific Research Publishing

997



B. F. Alemaw et al.

depending on the information you have at your disposal. HEC-ResSim requires every
reservoir to have a target elevation which is usually the top elevations of one of the op-
erational zones. The reservoir’s target elevation is called its Guide Curve and is pre-
sented as a function of time. For the Notwane dams, the guide curve was taken as the
monthly maximum water elevations which make the top of the conservation zone. The
criteria for determining the release from the reservoir is then based on where the cur-
rent reservoir pool elevation is in relation to the guide curve. When the reservoir pool
elevation is below the guide curve in the conservation zone/pool, the reservoir reduces
releases of water as possible in order to refill the pool; if the reservoir pool elevation is
above the guide curve in the flood control pool, then the reservoir releases more water
as possible than is entering the pool to draw down the pool [12].

Various set of rules are added to each zone and the release decision process for
HEC-ResSim is to determine the quantity of release for the guide curve operation. The
priority of rules in HEC follows the order that the first listed rule in the storage zone
has the highest priority than the one below it. An example of reservoir storage and rules
on each storage zone is depicted in operation summary tables of the dams (Tables 3-5)
where IF conditional statements have been used to indicate which rules apply in the re-
servoir release decision process.

HEC ResSim allows for hydropower reservoir operation rules, however this were not
formulated or applied in this study because the reservoirs of the catchment do not and

are not capable of hydropower generation.

3.5. Development of Scenarios

Scenarios were developed to evaluate the possible most likely events in the catchment.
That is, what will transpire based on various conditions that may or may not change on

the study area. This changes may be due to social, economic, climatic and environmental

Table 3. Operation summary of Bokaa dam.

Name Item Description
TOP OF DAM 954.5 m
FLOOD CONTROL
953.5m
ZONE

Release water from Spillway using

Induces surcharge defined release discharge

Forces flood flows over the spillway
This is the range of the guide curve
CONSERVATION

Varies between 954 and 953.5 m elevation. Calculation is done
ZONE

in Excel
. ELSE IF Bokaa Dam Pool >953.5 .
Bokaa IF Functions . Spillways open
Maximum release of 1.5 cms
ELSE IF Bokaa Dam Pool >948 and
<954 m

Normal release of 0.13 cms

Spillways closed
Controlled outlet open

IF Bokaa Dam pool < 948 m Spillways are closed
Maximum Release of 0 cms Controlled outlet closed
Dead storage, no releases below this
INACTIVE ZONE 948 m

elevation

998
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Table 4. Operation summary of Gaborone dam.

Name Item Description
TOP OF DAM 998.5 m
FLOOD
OOD CONTROL 998 m
ZONE

Induces surcharge

CONSERVATION

Gaborone IF Functions

Release water from Spillway using
defined release discharge

Varies between 998 and 997.3 m

ELSE IF Gaborone Dam Pool >998 m
Maximum release of 3.6 cms
ELSE IF Gaborone Dam Pool >983
and <998 m
Normal release of 0.63 cms
IF Gaborone Dam pool < 983 m
Maximum Release of 0 cms

Forces flood flows over the spillway

This is the range of the guide curve
elevation. Calculation is done
in Excel

Spillways open
Spillways closed
Controlled outlet open

Spillways are closed
Controlled outlet closed
Dead storage, no releases below this

INACTIVE 983 m .
elevation
Table 5. Operation summary of Nnywane dam.
Name Item Description
TOP OF DAM 1135.5m
FLOOD CONTROL ZONE 1135 m

Induces surcharge

CONSERVATION ZONE

Nnywane IF Functions

INACTIVE

Release water from
Spillway using defined release
discharge

Varies between 1134.5 and 1135 m

ELSE IF Nnywane Dam
Pool >1135 m
Maximum release of 0.15 cms
ELSE IF Nnywane Dam
Pool >1129 and <1135 m
Normal release of 0.021 cms
IF Nnywane Dam pool <1129 m
Maximum Release of 0 cms

1129 m

Forces flood flows over the
spillway

This is the range of the
guide curve elevation.
Calculation is done in Excel

Spillways open

Spillways closed
Controlled outlet open

Spillways are closed
Controlled outlet closed
Dead storage, no releases

below this elevation

factors associated with dams. Future inflow generated as described in subsequent sec-

tions was used in this section. Eight scenarios were established each to be run on the

three reservoirs for a period of 40 years from January 2011 to November 2050 and their

results compared and scrutinized in relation to the historical baseline simulation.

Baseline Scenario: A time period of eighteen years was selected to create a baseline

with which to compare future water availability and performance. The baseline sce-

nario is the historical simulation from year 1993 to 2010. In this scenario the model

was run using the known inflows after which the obtained water outputs were ana-

lysed using the RRA model. It is assumed that water demand patterns and water
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ii.

iii.

system conditions, do not change over this period. That is to say the demand was
assumed to be constant throughout the simulation period.

Population and urbanization Scenario: In this scenario, the effect of a growing
population and urbanization on water resources is analysed. In order to establish
the water demand up to the year 2050, population data from Central Statistics Office
(CSO) and water demand information from DWA were used. The mean annual
population growth rates were computed using population data from the Botswana
population census of 2001 and 2011 (Table 6). The mean monthly abstraction is
multiplied by the annual population growth rate. The annual population growth
rate was determined as the average of the annual growth rates for the towns and vil-
lages in the Notwane catchment that are supplied by the dams. This is illustrated in
Table 6.

Climate change Scenario: Plenty of scientific evidence has indicated that the cli-
mate may change during the next years, decades and centuries, both globally and
locally, due to increased concentrations of greenhouse gases in the atmosphere. The
increase in these gases is mainly due to human activities, such as the use of fossil fu-
els. The overwhelming majority of general circulation models predict a rainfall de-
crease in Botswana and a rise in temperatures. Temperatures are projected to rise by
1°C to 3°C during the next 50 years as a result of global warming caused by the re-
lease of greenhouse gases. Hulme, 1996 predicted a 20% decline in rainfall over the
SADC region and a 13% - 20% decline in inflows. The Notwane river basin revealed
a decline in rainfall , a 0.132°C per annum increase in temp and an increase in evapo-
ration each contributing to 20, 11 and 16% reduction in annual yields [20]. Therefore,
in this scenario inflows to the dams were decreased by 20% while evaporation was
increased in accordance with the 3°C surge of temperatures. The demand during the

simulation period of the climate change scenario was kept constant.

Table 6. Determination of the mean annual growth rate [1].

GREATER GABORONE 2001 Population ~ 2011 Population % Annual Growth Rate 2001-2011

Gaborone 186,007 227,333 2.03
Lobatse 29,689 29,032 -0.22
Tlokweng 21,133 35,982 5.47
Metsimotlhabe 4056 8081 7.14
Oodi 3440 5464 4.74
Kopong 5571 9320 5.28
Ramotswa 2423 27,760 2.99
Mogoditshane 2461 57,637 5.79
Mmopane 3812 14,655 15.4
Mochudi 2696 44,339 1.84
Gabane 20,680 14,842 3.62
Mean Annual Growth Rate 4.45

1000
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iv.

Vi.

Abstraction Patterns Scenario: The Botswana National Water Act of 1968 (Water
Act 1968 Cap 34.010 and the Draft water bill of 2004 [23] have provided an enabling
environment for water conservation and demand management. Limpopo Water-
course Commission (LIMCOM) has identified water conservation and demand
management strategies as important tools to assist in the reconciliation of water
demands and water resources in the wider Limpopo River basin catchment of which
the Notwane catchment is a part of. With this in mind the Abstraction Patterns
scenario was established to examine, the effect of water saving techniques on the
dams. The water saving techniques and strategies include water-rationing, rainwater
harvesting, recycling, and other water conservation techniques. The water demand
up to the year 2050 is kept constant in this scenario as in the baseline. It is assumed
that these strategies and techniques reduce the water demand by 20%. Therefore, in
HEC-ResSim the mean abstractions are decreased by twenty percent for the simula-
tion period.

Seasonal Operation: The seasonal Operation scenario focuses on operating the re-
servoirs according to seasons. Abstraction data from WUC for the Gaborone dam
for 2000 to 2010 and seasonal average/ monthly average abstraction of Gaborone,
Bokaa and Nnywane dams were used for the study In this scenario, HEC-ResSim is
directed to ensure that during the wet season months a higher range of abstractions
is released while during the dry season months a low range of abstractions as possi-
ble are released while also meeting the demand.

Sedimentation Scenario: Impounding of natural watercourses alters flow regime
from flowing water to a body of stagnant water, which favours sediment accumula-
tion. Sedimentation in reservoirs leads to; increased flood risk on influent streams,
loss of storage capacity with associated loss of reservoir yield, severe blockage of
draw-off works resulting in reservoir drawdown to excavate sediment or abandon-
ment of clogged bottom outlets and increased abrasion of steel hydraulic works and
equipment by sediments. As a consequence of these, a sedimentation scenario was
developed to examine the future response of dams to sedimentation. Demand or
water abstractions were retained constant. HEC-ResSim unfortunately does not
contain provision for the inclusion of sedimentation directly. This has meant that
the impact of reservoir sedimentation can only be assessed by examining system
performance with varying storage capacity. The remaining storage of dams that was
used in the simulation is presented in Table 7.

Plots of the residual storage capacities at specific years for the dams was done and

their respective extrapolation equations are depicted in Figure 3.

From the three plots above and their respective equations, residual storage from the

year 2015 to 2050 were extrapolated.

The percentage decrease in storage tabulated in Table 8 is used to reduce the storage

capacity in the storage-area data of the dam for each of the particular five-year range.
This was repeated for Gaborone and Nnywane dams as well. This is entered in the Re-
servoir Network module of HEC-ResSim’s sedimentation scenario where physical data

is an input.
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Table 7. Estimated residual storage capacity in MCM [23].

Name of dam 2000 2005 2010 2015 2020 2025 2030 2035
Gaborone 140.5 139.4 138.3 137.2 136.1 135.09 133.9 132.8
Shashe 75.05 72 68.95 65.9 62.85 59.8 56.75 53.7
Letsibogo 104.4 102.6 100.9 99.15 97.4 95.65 93.9 92.15
Dikgatlhong 397.6 394.1 390.6 387.1 383.6 380.1
Bokaa 18.2 17.9 17.6 173 17 16.7 16.4 16.1
Nnywane 228 224 220 2.16 2.12 2.09 2.05 2.016

Bokaa Dam Gaborone Dam

o 185 g 142

g 184 y="0.3x+18.5 g 140 y==1.1x+141.69
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Figure 3. Plots of residual storage and extrapolated equations for the three dams.

Table 8. Extrapolated remaining storage of Bokaa dam.

Year 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
Storage (MCM) 182 17.9 17.6 17.3 17 16.7 16.4 16.1 15.8 15.5 15.2
% decrease 6.59 824 9.89 11.5 13.1 14.8 16.4

The various operational scenarios included in the analysis are the following.

a) Normal Operation Scenario—It is the business-as-usual mode of operation. Busi-
ness as usual is a scenario for future patterns of activity which assumes that there
will be no significant change in the people’s attitudes and priorities, or no major
changes in reservoir operation policies, so that normal circumstances can be ex-

pected to continue unchanged. The Normal Operation means operating the dams as
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they were in the historical period. This includes maintaining the mean water de-
mands and evaporation, but the only difference is that the simulation is run using
the future generated inflows.

b) Pessimistic Scenario—It is concerned at many of the things that could go wrong
and tries to help decision makers plan responses to deal with these problems should
they happen. These could be to loss of inflow due to diversions in the catchment,
high infiltration due to human activities and change in land use. With that in mind,
the Pessimistic scenario was developed to look at the response of dams if the inflows
to the dams are lessened by twenty percent. The demand was kept constant and all
the future inflows deducted by twenty percent.

c) Optimistic Scenario—This scenario introduces question as to what things or events
would or could happen to result in a better than anticipated outcome and how can
the reservoir operators or managers make those things happen? The Optimistic
scenario indicates an increase in water availability and a constant water demand. In
this scenario, the rivers inflow in the Normal Operation scenario is increased by
20%. Human activities and change in land use and land management practices have
great effect on the runoff yield and consequently increase in inflows. E.g., an area
with forest cover or thick layer of mulch of leaves and grasses contribute less runoff

because water is absorbed more into soil than areas that are paved.

4. Results and Discussions
4.1. Model Calibration

The model was calibrated separately for each dam using simulated and observed water
levels at each dam. The comparison of the hydrographs representing simulated and ob-
served water levels from HEC-ResSim for Gaborone dam is exhibited in Figure 4.

The values for R* and for NS coefficient for the fit of the daily water levels (elevation)
for the calibration period are 0.81 and 0.60, 0.62 and 0.27 and 0.54 and 0.39 respectively
for the Bokaa, Gaborone and Nnywane dams in that order. Based on the performance
statistical parameters of the model for prediction, the model calibration is satisfactorily

accepted.

4.2. Model Verification

In verification, the model should be tested with independent data without any adjust-
ment of the parameter values determined in calibration in order to evaluate the effi-
ciency of the model for future predictions of water levels in the dams of the watershed.
Comparison of hydrographs representing simulated and observed water levels for the
verification period from HEC-ResSim is shown in Figure 5.

Therefore, values for R* and for NS coefficient for the fit of the daily-simulated water
levels (elevation) to the observed pool elevation for model verification are 0.53 and 0.01
respectively for Bokaa dam, 0.91 and 0.52 respectively for Gaborone dam and 0.76 and
0.75 respectively for Nnywane dam. Even though the NS and R® values are reasonable,

there is generally underestimation and overestimation in model performance accuracy
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Figure 4. Simulated and observed hydrographs comparison for Gaborone Dam in Calibration
Mode.
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Figure 5. Mode Simulated and observed hydrographs comparison for Gaborone Dam in verifica-
tion mode.

for both calibration and verification. This anomaly could be attributed to the following
factors: use of mean evaporation and mean abstraction rates which does not account
for the seasonal patterns of demand. To address or improve these anomalies more field
observed or measured data is required through enhanced monitoring by the DWA and
WUC. Despite this data shortfall the set of optimised parameters can be described as
the representative parameters for the dams of Notwane watershed.

4.3. HEC ResSim and RRA Model Results

The results of the simulation in HEC-ResSim are evaluated utilizing the RRA model in
Figures 6-8.

The reliability results for Gaborone dam scenarios (Figure 6), shows that the relia-
bility for water supply for all scenarios is lower than the baseline scenario indicating a
possible bleak future for the dam and the water supply situation in the Greater Gabo-
rone area. Bokaa dam scenarios are more reliable than the other dams followed by
Nnywane and lastly comes Gaborone dam (Table 9 and Figure 6). The scenarios of
population and urbanization, climate change and Pessimistic most of the time reduce

the reliability and resilience of water supply for the dams.
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Reliability of dams and scenarios
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Figure 6. Reliability of dams and their scenarios.

Resilience of dams for the various scenarios
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Figure 7. Resilience of dams and their scenarios.

The average resilience of the dams presented in Table 9 indicates that Nnywane dam
scenarios are the most resilient as Nnywane, Bokaa and Gaborone have resilience aver-
ages of 6.3%, 2.7% and 0.74% respectively. It was also noted from Figure 7, that the Op-
timistic, Normal Operation and Abstraction Patterns scenarios are the most resilient.

The vulnerability of the dams indicates that Bokaa dam is the least vulnerable suc-
ceeded by Nnywane and lastly Gaborone dam. According to Figure 8 and Table 9, the

“average as percentage of demand row” shows percentages of 61.2%, 50% and 41.4% for
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Vulnerability of dams for the various scenarios

Average 61 41.4 BT

Baseline 3 77 . 60
Pessimistic NI 50
optimistic  [INECINE) 25

'é Normal Operation NG 35
% Sedimentation 97 Bl 550

Seasonal Operation Gl 50

Abstraction Patterns  [IETANIEZEN15)

Climate Change 70 92 100
Population & Urbanization 76 57 GO
0 50 100 150 200 250 300

Vulnerability as of target demand

m Gaborone Dam  m Boka Dam » Nnywane Dam

Figure 8. Vulnerability of dams and their scenarios.

Table 9. Mean of Reliabilities, Resilience and Vulnerability of dams and their scenarios.

Index Gaborone Dam Bokaa Dam Nnywane Dam
Reliability % 66.3 95.0 91.1
Resilience % 0.74 2.73 6.32

Vulnerability (Average as % of

61.2 41.4 50.0
historical or target mean demand

Gaborone, Nnywane and Bokaa dams. This least vulnerability of Bokaa improves the
performance of Bokaa dam as compared to the other two dams because in vulnerability
performance index, the lower the value the better the vulnerability and performance.
From the results it is also evident that the scenarios of Population growth and Urbani-
zation, Climate Change and Pessimistic that have low reliability and resilience are also
highly vulnerable. This insinuates that the pressure they will exert on the water re-
sources due to population growth and urbanization and change in climate will be too
much for the reservoir’s reliability for water supply. In consequence, the larger Gabo-
rone dam water supply capability will be hardly hit as it performs poorly in all the three

performance indexes.

5. Conclusions and Recommendation

The following conclusions are drawn from the study:

e The reliability and resilience for water supply for all scenarios of the Gaborone dam
is lower than the historical period indicating a possible dreary future for the dam.

e The scenario of Climate Change reduces reliability of water supply for the dams by
7%, 13% and 44% as compared to the historical period for Bokaa, Nnywane and

Gaborone dams.
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The scenario of Population and Urbanization greatly lessens the reliability of the
Gaborone, Bokaa and Nnywane reservoirs by 66%, 2% and 49% respectively, signi-
fying the detriment that an ever-increasing population and rapid urbanization place
on the dam during the simulation period.
Sedimentation on the dams affect the storage by reducing the storage, as the per-
centage of time the demand met is decreased. This is verified by a decline in reliabil-
ity of water supply by 30%, 1% and 4% for Gaborone, Bokaa and Nnywane dams.
Bokaa dam scenarios on average are more reliable than the other dams followed by
Nnywane and Gaborone dam respectively whereas the scenarios of Population and
Urbanization, Climate Change and Pessimistic most of the time diminish the relia-
bility of water supply of the dams.
The resilience of all scenarios for all the dams is very low expressing the low speed
of recovery of the dams from failure states to satisfactory states. The Optimistic,
Normal Operation and Abstraction Patterns scenarios are the most resilient.
Bokaa dam is the least vulnerable followed by Nnywane and Gaborone dams respec-
tively.
The following recommendations were made:
HEC-ResSim does not have the capability to perform simulations on a monthly time
interval. This limits ability to make period-of-record analysis and evaluation for
water supply operations, therefore HEC must avail the ability to perform simula-
tions on monthly time period.
The stakeholders involved in water resources management must do more to en-
courage and promote water saving techniques/water conservation to reduce the
burden on demand. Incentives should be used to encourage efficient water use,
reuse and recycling.
Increase in gauging stations and better management of these stations, frequent
monitoring and better data keeping, and recording. These will improve on data
gaps, erroneous data readings and quality found in data obtained from WUC and
DWA.
Trapping of sediment by dams is not inevitable, at least not by all dams. However,
sediment management approaches are not sufficiently used in many reservoirs in
the catchment. Mitigation measures such as reduction of sediment production, soil
erosion control and sediment traps before the dams to reduce sediment yield in the
watershed are invaluable. Also minimizing sediment deposition on the reservoirs by
measures such as mechanical excavation and drawdown routing (sluicing) should be
looked at especially when the dams are empty like recently when Gaborone dam was
empty for the period 29/01/2015 to 29/03/2016, a total of 14 months [7].

The Government of Botswana wishes to strengthen the local capacity in terms of im-

proving water use efficiency [24] [25]. While reducing water consumption can be suc-
cessful in the catchment, the loss of water from reservoir evaporation is an issue already
affecting the dams especially with the possibility of decreasing precipitation occurring
as a result of climate change. Hence, we suggest the water managers to look at proposals

such as moving reservoir water underground into new storage areas or aquifers and the
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selection of future reservoir sites should be selected in such a way that the area to sto-
rage ratio is minimum. Also recently the city of Los Angeles rolled out thousands of
small, shade black plastic balls into the 175-acre Los Angeles Reservoir in Sylmar, Cali-
fornia to reduce water evaporation from the reservoir. The black plastic balls are also
used as floating covers to protect water quality by preventing sunlight-triggered chemi-
cal reactions that give birth to carcinogens, deterring birds and other wildlife, and pro-
tecting water from rain and wind-blown dust in reservoirs [26]. Made of black polye-
thylene, shade balls are filled with water so they do not blow away and a coating resists
ultraviolet light and degradation. The manufacturers (Xavier C, Artisan Screen Process,
and Orange Products) say the balls should last about 25 years. The 96 million balls that
were deployed into the reservoir were a cost-effective investment that is expected to
save the city at least $250 million in comparison to other water-saving alternatives.
They are currently in place at Upper Stone, Elysian and Ivanhoe reservoirs, and come
with the added benefit of reducing evaporation off the reservoir surfaces by 85% to 90%
equating to saving nearly 300 million gallons a year according to a press release from
Los Angeles [26].
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