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ABSTRACT 

Wambabya River catchment over the past years (since 2013) has been experiencing alterations in 

its upstream (forests cleared for agriculture) which may have resulted in seasonal variability in 

rainfall pattern. Temperatures have increased and thus high-water loss through evapotranspiration. 

River inflows into the reservoir have decreased thus affecting the power generation from Kabalega 

dam as evidenced by the operation below its capacity in most of the first quarter months of the 

year and thus being unable to meet the power demand and downstream ecological requirement. 

The study developed reservoir operation policies for optimal water use of Kabalega reservoir in 

order to meet the target demands. Australian Water Balance Model (AWBM) was used to simulate 

Wambabya River inflow into Kabalega reservoir. The model was calibrated with observed flow 

from 1990-2009 and validated with flow from 2010-2019. Nash & Sutcliff efficiency for 

calibration and validation is 0.758 and 0.67 respectively. HEC-ResSim model was used to optimize 

and develop new reservoir operating rules by calibrating and validating the model for 5 and 3 years 

which yielded Nash Sutcliff coefficient and correlation coefficient of 0.85 and 0.82 respectively. 

respectively. The reservoir system performance was further investigated by using statistical 

performance indices which are; reliability, vulnerability, resilience and sustainability index. 

Simulated releases were compared to the actual releases and generated/ simulated power compared 

to power demand and it was found that the system exhibits fewer deficits in terms of power supply, 

with minimal spill flows over the spillway found to occur compared to the original operation 

policy. The derived operation policies are thus recommended to serve as decision-making tools for 

operation of Kabalega reservoir to maximize the benefits. 

Key words: Australian Water Balance Model, HEC-ResSim, Kabalega reservoir, Operation 

policy, Uganda. 
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1.0 INTRODUCTION 

1.1 Background  

Water resources scarcity is one of the most prevalent natural resource allocation problems faced 

by the water users and policy makers in the world (Winpenny, 1994). Consequently, the economic 

development and economic sectors that rely on water resources are experiencing fierce 

competition and conflicts among different water users. The negative impacts brought by water 

scarcity range from residential impacts, industrial impacts and agricultural production 

inconvenience, to poor aesthetics, health, and safety of the people (Shiau & Lee, 2005).  Goodarzi 

et al., (2013) proposed the adoption of appropriate policies which ensure efficient water use in 

various sectors. Therefore, new strategies are appropriate to ensure efficiency and effectiveness in 

the development and management of water resources (Debnath et al., 2009). This can be achieved 

through optimal water resources allocation systems that can maximize set objectives like 

hydroelectric power generation (Mujumdar & Nirmala, 2007), crop yield (Reddy & Kumar, 2006) 

and flood control (Sharma et al., 2016). Allocation of water optimally requires the consideration 

and apportioning of water equitably to all the water users. Rani & Moreira ( 2010) recommended 

consideration of the hydrological response and current reservoir system to effectively manage the 

reservoir and its strategies. This is premised on the fact that hydrological conditions are the main 

drivers which affect directly the reservoir operational decisions made because of their variability 

and structural uncertainty.  

Amirhamzeh, (2012) proposed that River reservoir systems require specific operational strategies 

which serve as practical guides for water storage and/or releases. This ensures that human demands 

for water, flood control and other objectives of reservoir operation management are achieved. The 

problem of insufficient water supply during periods of low flows can be overcome through 

drawing attention to improving water resources management, particularly in the optimization of 

reservoir operations ( Chang et al., 2005). 

Simulation modelling is among the most effective ways of analysing water resource systems. 

simulation models operate basing on physical relations comprising of series of operational rules to 

simulate the behaviour of the system and new conditions under a specified policy (Ziaei et al., 

2012). In spite of the development and growing use of optimization techniques, simulation models 

remain prominent tools in practice for reservoir system planning and management studies. They 
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are mostly used to examine and evaluate the performance of complex water resources systems. 

Series of runs are developed to compare system performance for alternative reservoir 

configurations, storage allocations, demand levels, operating rules, and/or hydrologic inflow 

sequences (Wurbs, 1993). Simulation models provide an insight on how the real system is likely 

to perform over time under various conditions (Ziaei et al., 2012). These models may be 

deterministic or stochastic, time sequenced or event sequenced. Optimization models mostly 

compute reservoir releases that optimize an objective function without directly addressing the finer 

details of operating rules.  

According to  Wurbs (2005), the most popular simulation modelling Software so far used in several 

studies and projects for reservoir simulations include; Riverware (Zagona, et al.,), MODSIM 

(Labadie, 2006), MIKEBASIN (DHI, 2003) and HEC-ResSim model (Klipsch & Hurst, 2007). 

Many studies have applied HEC-ResSim model and yielded appealing results for example (OLani, 

2006), (Asefa, 2011), (Lara et al., 2014), and (Jebbo & Awchi, 2016). Mariam, (2012) built a 

simulation model for Tekeze dam reservoir in Ethiopia to find out the optimal operation policy for 

the production of hydroelectric power and for the fulfillment of the requirements at the 

downstream of the dam. The wide application of HEC-ResSim is linked to its advanced built in 

features such as outlet prioritization, scripted state variables, and conditional logic which make it 

feasible to model more complex systems and operational requirement of existing and proposed 

reservoirs (Uysal et al., 2016). The model also has the capability of providing the spillway 

discharges in terms of gate opening through detailed representation of the gate management on the 

level of the individual gates. 

Seasonal variability in rainfall pattern and temperature increases (leads to high-water loss through 

evapotranspiration) in Wambabya River catchment have negatively impacted the river inflows into 

Kabalega reservoir. This variability could be attributed to rampant deforestation and overgrazing 

rampant in the upstream of the catchment. The impacts are being experienced because poverty has 

driven the poor community to over exploit the natural resources in a way that is damaging the 

environment. Due to this, the water resources, especially the rivers, have dwindled (WWF, 2006). 

The constructed reservoir across River Wambabya is thus unable to meet the power demand and 

downstream ecological requirement in most of the first quarter months of the year. 
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Rainfall, temperature and evapotranspiration changes affect availability of water resources and 

demands, and thus the performance of reservoir- based systems. Accommodating these changes in 

the water resources situation requires substantial improvement in reservoir operating policy water 

use and management efficiency. The operation policy will guide reservoir operators on how much 

and when to release water (Mamman, 2018). 

To elude water scarcities that result in under operation of dams, depress downstream users and 

damage ecological environment, a large share of water to meet the demands must come from water 

saved from existing uses. This can be done through comprehensive reform of water policy with 

dam and reservoir operation rules, and integrated management as a primary approach to address 

the sustainable water resources both for subsystem and river basin level. This study is therefore 

aimed at simulating river inflow to Kabalega reservoir, modifying and recommending optimal 

reservoir operation rule curves and assessing Kabalega reservoir performance under various 

reservoir operating policies. 

1.2 Problem Statement 

The catchment of Wambabya River in lake albert basin supports the community with water for 

livestock and domestic use, hydroelectric power generation and for maintaining the ecology. The 

dominant economic activities in the catchment are; Agricultural activities, over stocking of 

livestock and deforestation. 

Catchment alteration has been on an increase over the past years till present. Its forests and 

vegetation at the upstream have been cleared for agriculture and settlement. Furthermore, the 

permanent and seasonal wetlands have been encroached and set upon fire to support pastoralists’ 

livestock and act as refugia for cultivation during the dry season. In so doing this, the wetlands 

have lost their water storage capacity. The catchment has been experiencing these due to an influx 

of immigrants of people from highly populated areas like Kabale, West Nile in Uganda and from 

the neighboring country, Democratic Republic of Congo (WWF, 2006). Because the new arrivals 

of immigrants have no attachment to any land and they have to survive, they end up encroaching 

and degrading the environment by carrying out deforestation, pit sawing, poor soil husbandry and 

cultivating near rivers. 

These have resulted into extreme hydrological variability and seasonality of rainfall and runoff 

within the catchment. Temperature increase has too increased the water loss through 
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evapotranspiration (Masindi District Environment Department, 2005). River flows have decreased 

resulting into under operation of the Kabalega dam (built across River Wambabya) in most of the 

first quarter months of the year. Benefits reaped from hydroelectric power have been lowered, the 

ecological environment and water users downstream of the dam have too been affected. This 

therefore calls for new reservoir operation policies so as to achieve the target demand, meet the 

minimum downstream ecological requirements and above all maximize the reservoir benefits. 

1.3 Research Objectives 

This research comprises of the following main and specific objectives which guided the entire 

research process. 

1.3.1 Main objective: 

The main objective of the study is developing reservoir operation policies for optimal water use of 

Kabalega reservoir. 

1.3.2 Specific objectives 

❖ To simulate river inflow to Kabalega reservoir in Wambabya River catchment. 

❖ To revamp/modify and recommend optimal reservoir operation rule curves for Kabalega 

reservoir. 

❖ To assess Kabalega reservoir performance under various reservoir operating policies. 

1.4 Significance of the study 

Kabalega reservoir was purposely constructed to store water for generation of hydroelectric power, 

provide ancillary protection to downstream towns against flooding and ensure minimum 

environmental flow downstream. This study will generate a reservoir operation policy that will 

serve as a decision-making tool to regulate the reservoir system under varying hydrological 

conditions to attain an optimal water allocation and balance between net benefits of hydropower 

generation and downstream water users and ecological environment. Since no research has been 

carried on this dam ever since it was commissioned, this study will also serve as a baseline for 

conducting further studies in the catchment or be a reference while carrying out similar studies in 

other catchments.  

1.5 Scope and delimitation of the study 

The study was limited to developing appropriate reservoir rule curves and assessing the 

performance of Kabalega reservoir under various reservoir operating policies. 
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The study does not consider the effect of climate change on reservoir operation. It did not employ 

penman Monteith method for determining evapotranspiration within the catchment due to 

inadequate data. Additionally, the study did not consider the effect of the sediment yield on the 

live storage of the reservoir. 
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2.0 LITERATURE REVIEW 

2.1 Water storage 

Reservoirs are categorized among the efficient and effective measures of an integrated water 

resource development and management as they have performed progressively viable roles in 

balancing the conflict between social development and water resources scarcity by storing water 

for various purposes  (Guo et al., 2004). Water impoundment by a dam creates a reservoir in which 

water is stored and used to serve multiple purposes. Reservoirs regulate the natural stream flow 

through storage of excess water during the high flow season to control downstream flooding of an 

area and release the stored water during the dry season of the year to meet various target demands. 

According to USACE (2007), reservoirs serve a wide range of  purposes which may include; flood 

risk management, navigation, hydropower, water supply for municipal and industrial, water 

quality, irrigation, fish and wildlife, low flow augmentation, and recreation.  

2.2 Reservoir operations and policy 

Reservoir operation as an important part of water resources planning and management involves 

specific guidelines which have to be developed early in the planning stage of a project and be 

reformed later based on actual operational experience. These guidelines are either rigid rules which 

are to be exactly followed by the dam operator, or flexible guidelines that permit considerable 

decisions to the taken by the dam operator. They can be graphical, tabular, or narrative in form or 

a combination of these (Jain & Singh, 2003). 

Reservoirs are operated according to a set of operations which comprise of rules or guidelines that 

allow the water to be either stored or released depending on the purposes required to be served at 

a particular period. These decisions regarding water release or storage in different time periods is 

made in accordance with the available water, inflows to the reservoir, target demands, and time of 

the year. Single purpose operated reservoirs are usually affected with decision challenge of the 

release amount to be made from the reservoir to maximize the purposed benefits and for 

multipurpose reservoirs, additionally, optimal allocation of water released among all the purposes 

is required. The complexity of a reservoir operation problem is dependent on the compatibility of 

the various intended purposes. If they are compatible, less effort is needed for coordination. 

Efficient operation of multiple reservoirs requires a high degree of intelligence, intuition, and 

experience to ensure that they are not left partially empty at the end of the rainy season, or be found 
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full at the time of arrival of a series of peak floods, which lead to heavy releases causing floods in 

the downstream areas (Mamman, 2018). 

Reservoir operation policy  

Reservoir operating policies are based on dividing the total storage capacity into designated pools 

or vertical zones. The pools include inactive pool, conservation pool, flood control pool and 

surcharge pool. They regulate the release of water from storage at any time of the year depending 

on the reservoir state, likely inflows to the reservoir, water demands, release capacity, and 

downstream constraints for example, the river channel capacity (KKhan & Tingsachali, 2008). The  

reservoir operation policy guide the reservoir to ensure improved overall performance in terms of 

its reliability and vulnerability. Loucks & Beek, (2007) in their study suggested two sorts of 

operating policies; one which differentiates the target water storage for a selected time and the 

other which categorizes the reservoir storage zones exercising various rule curves that are 

correlated by specific distribution policies.  

Rigid Operation Schedules 

These operation schedules are required in reservoir operation mostly when urgent decisions are to 

be taken but the required detailed data are not available or there is not enough time to analyse the 

existing data. These urgent decisions are usually made in a situation like in flood management. 

These schedules for flood control operation in a gated reservoir are mostly used by non-technical 

operators at the dam site. Since these schedules are derived based on the study of the design flood 

or the probable maximum flood, they are dependent on reservoir elevation data, river stage at a 

downstream point, inflows to the reservoir, and the rate of change of reservoir elevation. All these 

data are made available to the dam operator even when all means of communication  break down 

(Jain & Singh, 2003). 

Standard Linear Operating Policy (SLOP) 

According to this operation policy, when in a certain period the amount of water stored is less than 

what is demanded, all the available water in the storage is released. If the available water exceeds 

the target demand but less than target demand plus available storage capacity of the reservoir, 

water only equal to the target demands is released and the surplus water stored in the reservoir. In 

case, even after making water releases equivalent to the target demands, there exist no reservoir 

space for storage of the excess water, all the water in excess of the maximum storage capacity of 
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the reservoir is released (Jain & Singh, 2003). This release of water in excess of the reservoir 

capacity is to avoid dam collapse and safe guard the downstream areas from flooding. This policy 

is mostly used in planning studies particularly for firm yield studies but is rarely used in day-to-

day operation because of its rigidity. However, (Revelle, 1999) proposed the use of a rationing 

rule to minimize the drawback caused by this rule especially in the event of drought. 

2.3 Rule curves 

The operation of a reservoir, when performed in accordance to the set rules for balancing supply 

and demand for water can mitigate conflicts among water users.  Rule curves are among the most 

commonly used tools to aid the operation of reservoirs. (Bravo et al., 2006) defined these curves 

as the useful division of the volume of a reservoir in zones each with different policy for water 

supply for different uses. Operating rule curves express the operation strategy of a reservoir in a 

visual way (Chang et al., 2005). The curves are subject to some implicit constraints for example, 

the continuity between consecutive time periods and the categorically increasing relationship 

between reservoir releases and storage or available water. These advantages have prompted the 

wide application of operating rule curves in practice. Although the term "rule curve" denotes 

various other types of storage volume designations as well, the top of conservation pool is a 

common form of rule curve. It is varied seasonally at many reservoirs, particularly in regions with 

distinct flood seasons. The top of conservation pool could sometimes be varied as a function of 

watershed conditions, forecasted inflows, floodplain activities, storage in other system reservoirs, 

or other parameters as well as season of the year. 

Several studies regarding the use of rule curves have been evolving since the 1960s, when this tool 

started to be applied incorporating new aspects of modern water management in operational 

routines of reservoirs. Among these aspects are, climate change (Lee et al., 2011), ecological flows 

(Zhou & Guo, 2013)  and negotiation of conflicts between water users (Chang et al., 2010). 

Advances in the systems analysis methods have also been incorporated into the determination of 

rule curves, these include; multi-objective approaches (Chang et al., 2010) and meta-heuristics 

(Taghian et al., 2014). Rule curves specify the desired storages to be maintained in a reservoir as 

closely as possible during different times of the year while trying to meet various demands. The 

inferred assumption is that a reservoir can best satisfy its purposes provided that the storage levels 

specified by the rule curve are maintained in the reservoir at different times. 
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Release rules are usually derived from trial and error simulations. Performing these simulations 

requires at least an imprecise idea of the expected impact of different alternative policies on various 

system performance measures or objectives. These Policy objectives could be the maximization 

of expected annual net benefits from downstream releases, reservoir storage volumes, 

hydroelectric energy and flood control, or the minimization of deviations from particular release, 

storage volume, hydroelectric energy or flood flow targets or target ranges (Mamman, 2018). 

Rule Curves derivation 

Rule curve derivation is dependant on the reservoir type and the purposes to serve. For example, 

a reservoir may be a seasonal reservoir or a multi-annual reservoir type. With a seasonal reservoir, 

the storage is utilized to store water from the wet season to the dry season, whereas in a multi-

annual reservoir, storage is used to impound water from a wet period to a subsequent dry period 

which could occur several years later (Jain & Singh, 2003). Several optimization and simulation 

models have been developed to derive these curves. Amirhamzeh, (2012) used genetic algorithm 

to derive a single reservoir operation rule curve. OLani, (2006) applied HEC-ResSim simulation 

model in Wadecha – Belbela reservoirs to establish water release guide rules to the irrigation 

schemes under inflow scenarios. These rule curves are mostly derived through operation studies 

by use of historic or generated flows. 

Guide Curve Operation 

Guide curve in HEC-ResSim is a target elevation of a reservoir which can be illustrated as a 

function of time. It regulates releases so that a certain storage level is maintained by releasing 

water as quickly as possible when high inflows encroach into the flood pool and raise storage 

above the guide curve, or curtail releases to the minimum required amounts necessary to satisfy 

conservation, or hydropower requirements when inflows are low and storage level is drawn-down 

below the guide curve (Klipsch & Hurst, 2007). 

Hydroelectric Power Operations 

Hydroelectric plants are generally used to complement the other components of an overall electric 

utility system. The plants can assume load rapidly and are very efficient for meeting peak demand 

power needs but water availability generally is a limiting factor in energy generation. The objective 
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of an electric utility is to meet system demand for energy, capacity (power), and reserve capacity 

(for unexpected surges in demand or loss of a generating unit) at minimum cost (Wurbs, 1991). 

Hydroelectric plants may be classified as storage, run-of-river, or pumped storage. A storage-type 

plant has a reservoir with sufficient capacity to permit carry-over storage from the wet season to 

the dry season or from wet years through a drought. A run-of-river plant has no active storage, 

except possibly some pondage to permit water storage during off-peak hours for use during peak 

hours of the same day or week, but may have a significant amount of inactive storage which 

provides head. Flows through the turbines of run-of-river plants are limited to unregulated stream 

flows and releases from upstream reservoirs. A pumped-storage plant generates energy for peak 

load, but during off-peak periods, water is pumped from the tailwater pool to the headwater pool 

for future use. The pumps are powered with secondary energy from some other plant in the system 

(Wurbs, 1991). 

 2.4 Hydrological models 

Hydrological models refer to the simplified illustrations of part or entire system of the hydrological 

cycle (Sorooshian & Hamid, 2008). These models require the runoff generation and the runoff 

routing component as they are the essential components. The runoff generation component 

determines how much of a rainfall becomes part of the storm hydrograph whereas the runoff 

routing component takes account of the distribution of that runoff in time to form the shape of the 

storm hydrograph (Beven, 2012). The model is most preferred if it gives results close to reality 

with the use of both least parameters and model complexity. Runoff models are sets of equations 

that perform runoff estimation as a function of a variety of parameters used for describing 

characteristics of a watershed. Rainfall data and drainage area are two important inputs required 

for all models. Other inputs to the model are; watershed characteristics which include soil 

properties, vegetation cover, watershed topography, soil moisture content, characteristics of 

ground water aquifer (Pechlivanidis et al., 2011). Generally modelling using rainfall-runoff models 

requires attainment of accurate parameters for calibration process in order to obtain actual 

representation of the hydrological process. The parameters are obtained through optimisation 

which is based on several assumptions. It assumes that the observations with which the simulations 

are compared with, are error free and that the model is a true representation of that data. 

Inconsistency between measured rainfalls and discharges, or incommensurability between 
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observed and predicted soil moisture variables also affects the attainment of optimum model 

parameters (Beven, 2012). 

Hydrological models may be classified based on nature of algorithms (empirical, conceptual and 

physically based), nature of input and uncertainty (deterministic and stochastic), nature of spatial 

representation (lumped, semi distributed and distributed), and based on the type of storm event-

single event and continuous event (Sorooshian & Hamid, 2008).  

2.4.1 Empirical models 

Empirical models sometimes called data driven models are such models which take only the 

information from the existing data without considering the features and processes of hydrological 

system. These models are valid only within the boundaries and they are best used when there is 

need to determine the distribution of runoff values between upstream and downstream boundary. 

Because of their simplicity in analysis, they have been applied to ungauged watersheds by regional 

analysis relating model parameters to physical and climatic descriptors of the catchment 

(Pechlivanidis et al., 2011). Very few parameters are needed, Simple to implement, it has a quick 

computational time, and being cost effective are reasons that make data-driven models easy to use 

and thus be chosen for modelling (Dawson & Wilby, 2001). One drawback of these model process 

is that it at times leads to contrasting conclusions than what accepted theoretical analysis would 

suggest (Beven, 2012). These models include; Soil Conservation Service Curve Number, 

regression equations, and machine learning used by Artificial and Deep Neural Networks. The 

assumption of the ratio of actual runoff to potential runoff is equal to the ratio of actual to potential 

retention used by curve number has no physical justification. 

2.4.2 Conceptual models (Parametric models)  

These models consist of a number of interconnected reservoirs which represent the physical 

elements in a catchment. These reservoirs are recharged by rainfall, infiltration and percolation 

and emptied by evaporation, runoff and drainage. The water balance equation represented by these 

models involves the transformation of rainfall to runoff, evapotranspiration and groundwater 

(Vaze et al., 2011). They are easy to use, calibrate and are appropriate to use when computation time 

is limited and watershed characteristics are not analysed in detail. Its drawback is the need for a 

variety of parameters and meteorological input data.  Examples of conceptual models are; 

TOPMODEL (Beven et al., 1984; Beven & Kirkby, 1979), National Weather Service River Forecast 
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System (NWSRFS), HBV model (Bergström, 1992) and Hydrological Simulation Program- Fortran 

(HSPF) (Donigian et al., 1995). 

2.4.3 Physically based models (mechanistic models) 

These are mathematically idealized representations of the real phenomenon that include the 

principles of physical processes. It constitute the component hydrological processes of 

evapotranspiration, infiltration, overflow, and saturated and unsaturated zone flow using the 

governing equations of motion which are usually formulated as non-linear partial differential 

equations based on continuum mechanics (Pechlivanidis et al., 2011).The models use state 

variables which are measurable and are functions of both time and space (Vaze et al., 2011). The 

connection between model parameters and physical catchment characteristics is one of the greatest 

strength of a physical model which make it more realistic. These models produce better results given 

that the input data is accurate, physical properties of the hydrological processes are accurately 

understood and applied on fine scales because of the computational time. These models require large 

amounts of data to run which limit their usage (Uhlenbrook et al., 2004). In a bid to reduce 

computational burden and data requirements, simplified physics are sometimes used to represent 

the physics for example the  simplified St. Venant equations and the Green-Ampt equation 

(Pechlivanidis et al., 2011). Examples of these models are; Visualizing Ecosystem Land 

Management Assessments (VELMA), Variable Infiltration Capacity Model (VIC), MIKE System 

Hydrologique European (MIKE SHE) (Refsgaard & Storm, 1995), Penn State Integrated 

Hydrologic Modeling System (PIHM), Kinematic Runoff and Erosion Model (KINEROS) (Ranch 

& Simonovic, 1995).  

Classification based on the nature of spatial representation: 

Lumped models treat the catchment area as a single homogenous unit as the characteristics of the  

catchment are set to be equal for the entire area of the watershed which more often results into 

either over or under parameterization (Rinsema et al., 2014). They are expressed by differential or 

empirical algebraic equations, considering no account of spatial variability of processes, inputs, 

boundary conditions and catchment geometric characteristics. These models calculate a single 

runoff output value at the river outlet point of the watershed. The models adequately simulate 

average runoff conditions with fast computational times as they are designed to simulate total 
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runoff and streamflow at the outlet point, not specific flows within a catchment.  Examples include 

Empirical and conceptual models, and machine learning. 

Semi-distributed models are modifications of lumped models, with characteristics of distributed 

models. The model’s process splits the entire catchment into sub catchments, each with different 

parameters (Rinsema et al., 2014). Runoff is calculated at the pour point of each sub-catchment 

considering spatial variability and land use characteristics without an overwhelming model 

structure (Kokkonen et al., 2001). These models have a fast computational time, ability to use less 

data and fewer parameters than a distributed model (Pechlivanidis et al., 2011). Input data 

manipulation is common in these model type. For example, an average of spatially distributed 

rainfall data must be obtained within the sub-catchment, or recorded rain gauge data at specific 

locations must be distributed to the area by using the Thiessen Polygon method. Examples of these 

models include TOPMODEL (Beven et al., 1984; Beven & Kirkby, 1979), SWAT (Anorld, et al 

2012) among others. 

Distributed runoff models discretize the catchment into small grid cells and solves the equations 

for the state variables associated with every grid cell of the catchment. They are the most complex 

models as they account for spatial heterogeneity in inputs and parameters. The drawbacks of the 

model are; data-intensity, with all the input data distributed spatially and temporally, and too much 

demand for calibration of parameters for every grid cell. The model’s computational time to 

perform one simulation varies from one minute to several hours depending on the input data, 

catchment size and computational constraints (Vaze et al., 2011). This model’s difficulties, when 

compared to lumped models, is the reason why distributed models are not widely used in modelling 

runoff (Rinsema et al., 2014). Examples are Physically distributed models are MIKESHE 

(Refsgaard & Storm, 1995) and VELMA. 

Rainfall runoff models are mostly selected basing on the project objectives, availability of the data, 

study size, output needed, and the desired simplicity. For example, when dealing with a watershed 

with high rates of infiltration thus low or little overland flow, a model that only calculates overland 

flow while ignoring subsurface flow is not appropriate (Knapp et al., 1991). Vaze et al., (2011) 

stated that model selection is tied to uncertainty in model results due to the assumptions and 

simplifications each model incorporates. Models with many parameters have less chance of finding 

the best parameter than models with fewer parameters (Rinsema et al., 2014). Bashar et al.,(2005) 



14 

 

in his study at the Nile River Basin concluded that simple models that involve fewer parameters 

forecasted discharge better than those that used more parameters and complex mathematical 

computations. 

 Some Rainfall-runoff models include Australian Water Balance Model (AWBM) (Boughton, 

2004), Sacramento, SIMHYD – Simplified form of HYDROLOG, TANK and Soil moisture 

accounting and routing (SMAR). Description of  the these models can be obtained from the 

Rainfall Runoff Library (RRL) link website https://wiki.ewater.org.au/display/SD41/ (accessed on 

30 February 2020) of the  “eWater toolkit” and the setup can be acquired freely online from 

https://toolkit.ewater.org.au/ (accessed on 30 February 2020). Other models include; Stanford 

Watershed Model, MIKE11/SHE  (Refsgaard & Storm, 1995); WATFLOOD and HEC-HMS 

(David Ford et al., 2008), HEC-RAS, SWAT (Anorld et al; 2012), TOPMODEL (Beven et al., 

1984; Beven & Kirkby, 1979). 

Australian Water Balance Model (AWBM) 

Australian Water Balance Model (AWBM) is a catchment water balance model used to compute 

runoff from rainfall at a daily or hourly time step (Boughton, 2004). It allows easy evaluation of 

different model types, support various time series input data formats, has the ability to display the 

wettest and driest years and also allow automatic setting of warm up periods. The main input data 

of Australian Water Balance Model are rainfall and evapotranspiration. It uses three surface stores 

to perform simulation of partial areas of runoff. Each of the three surface moisture stores are 

directly fed with rainfall and evapotranspiration is subtracted. Any excess flow from each surface 

store after meeting evapotranspiration demand, converts into runoff which is separated to become 

surface runoff or base flow. The generated surface runoff can be channelled through the routing 

store if necessary, to simulate the delay reaching the outlet of an average to huge catchment.   

 The water balance equation is; 

 ( )  1  3n nstore store rain evap n to= + − =  (2.1) 

If the value of moisture in the store becomes negative, it is reset to zero, as the evapotranspiration 

demand is superior to the available moisture and when the value of moisture in the store exceeds 

the capacity of the store, the moisture in excess of the capacity becomes runoff and the store is 

https://wiki.ewater.org.au/display/SD41/
https://toolkit.ewater.org.au/
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reset to the capacity. Runoff occurring from any store can result into part of the runoff becoming 

recharge of the base flow store provided that there is base flow in the stream flow. Routing of 

surface runoff can be done through a store if needed to simulate the delay of surface runoff 

reaching the outlet of a medium to large catchment. Three partial areas (A1, A2, A3) and capacities 

(C1, C2, C3) offer enough flexibility to fit to rainfall and runoff data but the parameters are few 

enough to permit positive calibration. The surface attenuation store is used when the calculations 

are in daily time steps. Discharge from the store and that from the baseflow store is calculated as 

shown in Figure 1. Stream flow record can also be used to directly determine the baseflow 

recession constant. Base flow index (BFI) is the ratio of base flow to total flow in the stream flow. 

 

Figure 1. Structure of Australian Water Balance Model 

Australian Water Balance Model (AWBM) is not any different from the rest of lumped conceptual 

hydrological models except that to apply it outside Australia, calibration and testing to site-specific 

catchments characteristics is necessary. Australian Water Balance Model (AWBM) has been 

applied in several catchments for example (Haque et al., 2015), (Ankit & Tiwari, 2015) in 

modelling monthly river flow of Bina basin in India and (Zhang et al., 2016) in modelling monthly 
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streamflow in the Poyang Lake basin.  Onyutha, (2016) applied it in the simulation of moderate 

and extreme flows on Blue Nile basin and was the best compared to other models (Tank, SAC, 

SIMHYD, SMAR) as it produced the highest Nash Sutcliff efficiency of 0.86 applied in the study. 

Onyutha, et al (2020) applied the model on River Kafu catchment in Uganda and the model yielded 

appealing results with Nash Sutcliff efficiency of 0.7 compared to other hydrological models. 

2.5 Reservoir simulation models. 

Reservoir models are mostly constructed from existing data which represents the physical 

configuration and measured data sets that represent transient operational, hydraulic, water quality 

conditions, and meteorological. Model selection usually depends on the time and funding available 

for, data collection, model calibration to a range of hydrologic conditions, running model 

simulations, and for result preparation and presentation.  

Wurbs, (2005) listed the most popular simulation modelling soft-wares that have been used in 

several studies and the projects.  

Table 1. List of most popular reservoir simulation models 

Short name Descriptive name Model applications  

RiverWare River and Reservoir Operation Reservoir system operation optimization 

and operational policy evaluation. 

MODSIM Generalized River Basin Network 

Flow Model 

Simulating conservation operations. 

 

MIKE BASIN GIS-Based Decision Support for 

Water Planning &Management 

Optimizing reservoir and hydropower 

operations. 

WEAP Water Evaluation and Planning Maintaining water balance databases, 

generating water management scenarios 

and performing policy analyses. 

HEC-ResSim Reservoir System Simulation Simulating conservation and flood 

control operations. 

 

RiverWare: The model was developed in 1986 by the Centre for Advanced Decision Support for 

Water and Environmental Systems (CADSWES) at the University of Colorado Boulder. It is a 
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river-reservoir modelling platform which simulates reservoir and system operations, responsive 

forecasting, operational policy evaluation, system optimization, water accounting, and water rights 

administration (Zagona et al., 2001). The model relies on logic within rules that drive the 

simulation. The rules are complex algorithms that express variable operational policy that can be 

prioritized. According to Labadie (2006), RiverWare is customized using the RiverWare Policy 

Language (RPL) used for developing operational policies for river basin management and 

operations. A rule editor prompts users to enter logical expressions in RPL defining rules by which 

objects behave, as well as interrelationships between objects for simulating complex river basin 

operations. As an interpreted language, RPL is far less computationally efficient than compiled 

code. For priority-based water allocation in a river basin, extensive complex rule bases are 

required. 

MODSIM: It is a Generalized River Basin Decision Support System (DDS) and network flow 

tool that performs integrated analysis of water sector elements and optimization of resource 

management through allocation of  the scarce water resources (Berhe et al., 2013). With MODSIM, 

debugging problems can be difficult because no graphic user interface or debugging tool is 

provided to view the optimization of the network flow. Users are required to follow within the 

software’s executed syntax and interpret it to identify bugs. Basing on this alone, MODSIM needs 

sufficient investment and due diligence by the user to learn. This is one of the reasons why most 

users do not apply this simulation model in their studies. 

MIKEBASIN: It is a GIS based decision support for integrated water resources management and 

planning. It provides solutions and alternatives to water allocation and water shortage problems, 

improving and optimizing reservoir and hydropower operations, carrying out evaluation and 

improvement of irrigation performance, solving multi-criteria optimization problems, exploring 

conjunctive use of groundwater and surface water, and establishing cost-effective measures for 

water quality compliance. It simulates multiple-purpose and multiple-reservoir systems based on 

a network formulation of nodes and branches. Monthly time series of inflows to the stream system 

are provided as input parameters to the model. It contains various options for specifying reservoir 

operating rules and allocating water among various water users. 

HEC-ResSim; is a modelling hydraulic software program, initiated by USACE HEC in 1996 but 

was first released to the public in 2003 with the intention of eventually replacing HEC-5, which 

https://en.wikipedia.org/wiki/Water_shortage
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has been extensively applied for over 30 years. HEC-ResSim is an original program, sharing no 

code with its predecessor in spite of it serving similar purposes to those of HEC-5.  The model 

comprises of a graphical user interface, a computational program to simulate reservoir operations, 

data storage and management capabilities, graphics and reporting facilities. It is used in: 

Planning studies for evaluating existing and proposed reservoirs, Planning reservoir operations, 

and flood risk management sizing and conservation storage requirements for various projects. The 

model simulates reservoir operations including all reservoir characteristics and channel routing 

downstream. It  also allows users to define various alternatives and run simulations simultaneously 

to compare results (Klipsch & Hurst, 2013). 

HEC-ResSim model has several capabilities that prompts its use mostly in reservoir operation 

studies and these include; the advanced features such as outlet prioritization, scripted state 

variables, and conditional logic makes it possible to model more complex systems and operational 

requirements.The network solution algorithm along with the iteration convergence sequence for 

return flows and watch logic inbuilt in the model, gives the model user flexibility to simulate 

operations of complex river systems. HEC-ResSim provides the spillway discharges in terms of 

gate opening through detailed representation of the gate management on the level of the individual 

gates (Uysal et al., 2016). 

HEC-ResSim contains three separate modules which are; watershed, reservoir and simulation 

module. With the watershed setup module, the user builds stream alignments (Stream alignments 

then create stream elements, nodes, and junctions), diversions, draws the location of reservoirs, 

levees, diversions, and off storage areas, and set computation points. With the reservoir module, 

the user builds the network schematic, describe the physical and operations elements of the 

reservoir, add routing reaches and define alternative scenarios for analysis. The simulation module 

performs the configuration of the simulation and reviewing of results.  

HEC-ResSim according to USACE (2007) is a generalized reservoir simulation system program 

which depends on the mass balance equation and reservoir systems are simulated using user 

defined zones, rules and IF-THEN-ELSE statements. Once the physical reservoir conditions are 

represented, the several different reservoir operation approaches can be generated and operated to 

achieve a guide curve for the target elevation. HEC-ResSim model uses an original rule-based 

approach to imitate the operational decision-making process that reservoir operators follow in 
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setting reservoir release schedules. According to USACE (2007), the HEC-ResSim release 

decision-making process for a reservoir takes into account the time of the year, hydrologic 

conditions, temperature of the water, and simultaneous operations by other reservoirs in a system. 

HEC-ResSim when employed as a decision support tool meets the needs of modelers performing 

various reservoir project studies as well as meeting the needs of reservoir regulators during real-

time events (U.S. Army Corps of Engineers (USACE), 1997). 

Reservoir System Simulation in HEC-ResSim. 

Evaluation of reservoir system operation under specified operation rules and set of input quantities 

is complex which requires detailed simulation of the operation over long periods of time. It is 

accomplished by assuming that steady-state conditions exist for successive intervals of time which 

must be short enough to capture the details that affect system outputs. For example, average 

monthly flows may be used for most conservation purposes unlike for hydropower reservoirs as it 

may not provide an accurate estimate of energy production.  

According to U.S. Army Corps of Engineers (USACE) (1997), the simulation model solves the 

continuity equation with the reservoir release as the decision variable while analyzing the system 

in an upstream-to-downstream direction. At each appropriate location, requirements for each 

service are noted, and the reservoirs at and above that location are operated in a way to serve those 

requirements (like water demands), subject to reservoir system constraints which include outlet 

capacity, channel capacity, and reservoir storage capacity. The tentative release decisions made 

for upstream locations become increasingly constraining as the computation procedure proceeds 

to downstream locations of the reservoir system. 

The mass balance equation for reservoir inflows, outflows, and changes in storage computation is 

given below. 

 1   t t t t t p tS S I E R S+ −= + − −  (2.2) 

Where t is period, St and S t+1 is the reservoir storage at the beginning and end of the period, It, Et, 

Rt, and S p t are inflow to the reservoir, evaporation loss, release and spill during the period 

respectively.  
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According to Fagot et al (2011), HEC-ResSim  data requirements include, the physical and 

operational characteristics of dam and reservoir. The physical reservoir data is expressed in the 

form of volume-area and elevation curves which include the type and capacity of each outlet.  The 

operational data includes the zone definitions along with the rules governing the operations in each 

zone. The outputs are; graphs, reports and tables of reservoir operation simulations. 

Many studies have been conducted with HEC-ResSim model and yielded appealing results. OLani, 

(2006) applied ResSim in Wadecha – Belbela reservoirs to investigate monthly maximum 

irrigation potential and establish water release guide rules to the irrigation schemes under inflow 

scenarios. Asefa, (2011) applied ResSim in water use and operation analysis of water resource 

Systems in Omo Gibe river basin. The model performed well in simulating the recent and proposed 

development interventions on water resource. Mariam, (2012) built a simulation model for Tekeze 

dam reservoir in Ethiopia, with a study aim of finding out the optimal operation policy for the 

production of hydroelectric power and for the fulfillment of the requirements at the downstream 

of the dam using HEC-ResSim 3.0 package. 
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3.0 MATERIALS AND METHODS 

3.1 Description of the study area 

Kabalega Hydroelectric Power Station, also known as Buseruka Power Station is a 9 MW 

(12,000 hp) mini hydroelectric power project located across River Wambabya, in Buseruka Sub 

County, Hoima District, in Western Uganda . River Wambabya catchment has a drainage basin 

area of 795 km2 stretching from 1ْ 13’ 36.6”- 1ْ 33’ 33.6” N and 31ْ 3’ 45”- 31ْ 24’ 27.5” E with 

elevation ranges of 634 - 1441 m above mean sea level. The location coordinates of the reservoir 

centroid are 1ْ   32’ 42” N, 31ْ   6’ 41” E. 

3.1.1 Rainfall  

The area receives an annual average rainfall of 1,270 mm, with high variability, from 

approximately 800 mm over Eastern L. Albert parts to approximately 1,400 mm over the western 

parts. It receives two rainy seasons with the main season from August to November, peaks in 

October while the secondary season is from March to May with the peak in April. Main dry season 

is from December to about mid March. There is a secondary dry season from June to July (WWF, 

2006). 

3.1.2 Soils 

The catchment is characterized with Ferralitic, ferrosols, and hydromorphic soils as the main types 

of soils found in the basin. They are yellowish-red clay loam soil on sedimentary bed (WWF, 

2006). Soils on high land areas are lateritised, red clay loams (kitonya catena) derived from 

phyllites which provide medium to high productivity of crops like for coffee and maize. 

3.1.3 Land use land cover 

The vegetation of the area is broadly classified into forest, savannah, grassland and swamps. The 

vegetation provides water catchments, food and climate modification due to its biodiversity 

(Plumptre et al., 2003). The natural forests have over time been degraded due to pressure on land. 

Human activities such as deforestation, wetland degradation have had a great influence on the 

natural vegetation in the catchment (Masindi District Environment Department, 2005). Timber 

cutting and selling has become a lucrative business in the region and many people are engaged in 

the lumbering activity. This is to provide land for crop cultivation, settlement and livestock rearing 

which are dominant economic activities in the catchment area. 

https://en.wikipedia.org/wiki/Hoima_District
https://en.wikipedia.org/wiki/Western_Region,_Uganda
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3.1.4 Water resource 

The inflows into Wambabya River is from Rwamutonga River and Nyamanga River which 

originate from the areas of Hoima and Kiziranfumbi respectively. The lateral inflows into the river 

from the escarpments are seasonal and contribute very little, since the catchment is small. The 

normal annual land runoff contribution of the catchment to lake albert basin is 11.3% (WWF, 

2006). 

 

Figure 2. Location map of Kabalega Reservoir in Wambabya River Basin 

3.2 Data collection, preparation and analysis 

3.2.1 Climate Data: 

The time series climate data comprising of rainfall, maximum and minimum temperature of the 

following meteorological weather stations in Table 2 for a period from 1990-2019 were obtained 

from Uganda National Meteorological Authority (UNMA). The station numbers in Table 2 

correspond to meteorological stations as shown in Figure 1. 
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Table 2. Meteorological stations within the catchment. 

 

Station 

Numb. Station name Latitude Longitude Elevation(m) 

Percentage of 

missing data 

1 Buseruka 1.55 31.13 610.00 5.60 

2 Hoima 1.45 31.45 1158.00 9.58 

3 Kiziranfumbi 1.33 31.20 1100.00 11.50 

4 Kabwoya 1.25 31.08 880.00 11.38 

5 Bugambe Tea Estate 1.43 31.22 1096.00 9.76 

6 Rwabikondo 1.41 31.18 1067.00 12.33 

 

The Potential evapotranspiration (PET) (mm/day) was computed using the equation Eq 3.1 

(Hargreaves & Allen, 2003). The method requires mainly minimum and maximum temperatures 

as the key inputs. This simplified PET estimation method was chosen instead of the Food and 

Agricultural Organization of the United Nations (FAO), Penman- Monteith method (Allen et al., 

2006) due to the limited or  inadequate meteorological data which include solar radiation, relative 

humidity and wind speed for the catchment.  
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Where: aR  is the incoming extra-terrestrial radiation in mm/day. This was estimated based on the 

location’s latitude  and the calendar day of the year J . meanT , maxT  and minT  are the mean, 

maximum and minimum temperatures respectively.  

 

Figure 3. Mean annual potential evapotranspiration. 
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Figure 4. Annual rainfall at Buseruka station 

Homogeneity test 

Homogeneity test detects variability existing data. Data can be inhomogeneous when 

measurements of the data are not taken at a time with the same instruments and environments 

(Suhaila et al., 2008). This implies that a homogeneous climate series is one where variations are 

caused only by changes in weather and climate. Achieving homogeneity when dealing with rainfall 

data is usually a hard task because it is affected by changes in measurement techniques and 

observational procedures, environment characteristics and structures, and location of stations (Ho 

Ming & Fadhilah, 2012). These could affect the accuracy of the analyses and therefore, it is very 

crucial to derive a homogeneous time series before conducting any analysis involving rainfall data. 

Any inhomogeneous series must thus be detected, adjusted or removed from the analysis. 

There exist a number of homogeneity tests used to test the homogeneity of the rainfall data and 

they include; Standard normal homogeneity test (SNHT), Buishand range (BR) test, Pettitt test, 

and von Neumann ratio (VNR) test. The annual values Yi of the testing variables Y under the null 

hypothesis, are independent and identically distributed and thus the series are considered as 

homogeneous. Standard normal homogeneity test (SNHT), Buishand range (BR) test and Pettitt 

test assume the series consist of break in the mean and consider it as inhomogeneous under 
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alternative hypothesis. These tests are capable of detecting the year where break occurs except 

VNR test which is not able to give information on the year break since the test assumes that the 

series is not randomly distributed under the alternative hypothesis (Wijngaard et al., 2003). 

The absolute tests are considered in this study because the rain gauge stations used are sparsely 

distributed. Each station thus has a different surrounding area and different climatic environment. 

Therefore, to construct a homogeneous reference series which has uniform climatic conditions 

over the region including the site whose data are being evaluated is quite impossible.  

 The standard normal homogeneity test, Pettit and Buishand range test were used to test the 

homogeneity of the rainfall data from the above meteorological stations. This is because there was 

need to check the breaks at the beginning, middle and near the end of the series. SNHT is sensitive in 

detecting the breaks near the beginning and the end of the series whereas Pettit and Buishand range 

detect breaks in the middle of the series. Annual mean was chosen for homogeneity testing because 

the daily rainfall series of the stations consisted of at most 10%  missing values and these stations 

were selected (Ho Ming & Fadhilah, 2012). 

  

Figure 5. Homogeneity for Buseruka, Hoima and Bugambe Tea estate station 

The above homogeneity graphs for the above stations show that the data is homogeneous, and thus 

worthy being used for rainfall analysis. 
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Filling missing rainfall data 

Different techniques for filling missing rainfall data gap exist. These include the normal ratio, 

comparison and Inverse Distance Weighted interpolation technique. The comparison method 

considers the mean annual rainfall of station with missing data with that of an adjoining station 

thus too shallow whereas normal ratio needs when adjoining index stations are evenly distributed. 

Since the stations in the study area were not evenly distributed and since also concurrent data 

existed in the surrounding stations, missing values in the observed rainfall data were infilled using 

the Inverse Distance Weighted (IDW) interpolation technique developed by Shepard (1968) Eq. 

3.2. Because of the robustness of IDW, the technique has been applied in a number of studies 

(Mubialiwo et al., 2020; Chen et al., 2017; Das, 2019; Lam et al., 2015; Charles Onyutha, 2017; 

Pellicone et al., 2018). The missing rainfall depth or intensity mR  at station m for a particular 

period was obtained using rainfall values pR  of the neighbouring stations q  of the same particular 

period.  

The following equation shows the Inverse Distance Square Approach. 
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Where; pd is the distance between station m  with missing data record and the neighbouring station 

N   being used for interpolation.  is the power parameter which determines the dependability of 

the Inverse Distance Weighted interpolations. A small value of   yields in an average value when 

all the neighbouring stations are considered whereas a large value of  is yielded when only the 

nearest neighbouring stations is considered and ignoring input from the other distant neighbouring 

stations (Lu & Wong, 2008; Pellicone et al., 2018).  In order for the interpolation errors to be 

minimised, a value of   =2 is recommended for either daily or monthly data,  =3 for hourly and 

 =1 for annual data. Basing on the recommendation by (Goovaerts, 2000) and (Lloyd, 2005), a 

value of   =2 was applied for this study. 

Checking for consistency of rainfall data records 

From several years’ records it may seem that annual rainfall is, say, declining. It is important to 

know that this trend is independent of the gauging, and is due to meteorological conditions only. 
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This may be checked by plotting a double mass curve. This technique is based on the principle that 

when each recorded data comes from the same parent population, they are consistent (Rugumayo, 

2012). The precipitation values at station X beyond the period of change of regime are corrected 

by using the relation: 

 
c

cx x

a

M
P P

M
=  (3.3) 

where; 𝑃𝑐𝑥 corrected precipitation at any time 𝑡1at station x. 

𝑃𝑥 = original recorded precipitation at any time 𝑡1at station x. 

𝑀𝑐= corrected Slope of double mass curve. 

𝑀𝑎= original Slope of the double mass curve. 

 

 

Figure 6. Double mass Curve of Buseruka with Hoima, Bugambe and Kiziranfumbi station 
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Figure 7. Adjusted double mass curve of Buseruka with Hoima, Bugambe and Kiziranfumbi 

station. 

Areal rainfall (mean basin precipitation) 

Estimation of the areal rainfall over a given catchment is useful for estimating the total response 

(runoff) generated from the entire catchment or to estimate the intervening catchment runoff 

response that is generated between the observation station and the dam site. Various methods can 

be implemented to estimate the areal rainfall amount in the intervening catchment but the most 

famous method is the Thiessen polygon method (Thiessen, 1911) where by the influence of each 

rainfall station is determined and the weighted average rainfall estimated. 

To determine the areal rainfall in Wambabya catchment, Theisen polygons were constructed using 

Arc-GIS software. The weighting factor for each gauge reading is a function of the polygon area 

surrounding the rain gauges of which this area is expressed as a percentage of the total area of the 

basin. The weighted precipitation for each station (Pw) was computed by multiplying the 

precipitation at each station by the weighted area and summing them up to give the basin 

precipitation. With this method, the rain gauge stations outside the catchment are used effectively. 
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where 
𝐴𝑖

𝐴
  is weightage factor for each station. 

 

Figure 8. Thiessen polygons for meteorological stations in Wambabya River catchment. 

3.2.2 Hydrological Data. 

The daily stream flow data at the gauged point of River Wambabya for a record of 1990-2019 was 

obtained from Uganda Ministry of Water and Environment, Directorate of Water Resources. 

Linear regression analysis techniques were employed in filling the missing stream flow data which 

was found to have some missing data. An equation was developed considering the flows of 

Wambabya River and Nkusi River.  

Linear regression analysis was considered for this study because Nkusi River flows showed a good 

linear relationship with Wambabya River flows in the slope and the intercept. Additionally, other 

river flow data of Rwamutonga and Nyamanga Rivers had short records with 15% missing data. 
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3.2.3 Reservoir system data. 

 Reservoir system data comprises of physical and operational reservoir data such as reservoir pool 

definition (elevation-area-storage tables), outlet capacity curves, hydro power plant data (outflow 

and generation capacities, efficiency, losses), operational zones, minimum and maximum release 

requirements. 

Table 3. Dam physical data 

Dam properties  Description 

Length of the dam (m) 132.00 

Spillway length (m) 25.00 

Maximum height of the dam (m) 13.66 

Spillway discharge capacity (cum/sec) 120.00 

Reservoir capacity (m3) 153000.00 

Spillway elevation (m) 960.00 

Top elevation of the dam (m) 961.50 

Intake gate sill level of opening (m) 954.15 

Environmental sluice gate level opening (m) 952.00 
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Reservoir losses 

Reservoir water losses mainly include seepage and evaporation loss. Only evaporation loss was 

considered here due to the absence of seepage loss for the study. The contribution of the 

groundwater into the reservoir also counterparts the seepage flow loss in the reservoir. 

Environmental releases 

Environmental release is the amount of water allocated from the conservation section of the 

reservoir for down stream users and to maintain the morphology of the river route. This is 

incorporated with its own independent outlet structure which will be operational whether no water 

spills over the spillway or not. This demand particularly should be given due consideration 

especially for irrigation dams and hydropower dams for which the tail race is far from the dam. 

Fixing the numeric value of the discharge required, needs detail Environmental impact analysis 

for the project, which is not available for most of the projects. For some of the projects this demand 

has been given as percentage of monthly average inflow to the reservoir but for Kabalega dam, a 

constant value of 0.22 m3/s was considered. This amount basing on the hydrological criterion for 

determining minimum environment flow requirement corresponds to a minimum flow of 10% of 

the annual average flow. 

3.3 Simulation methods 

3.3.1 Australian Water Balance Model (AWBM) 

In this study, Australian Water Balance Model (AWBM) was used to simulate the runoff inflow 

into Wambabya River. This was done by undergoing through the following steps. 

The rainfall runoff model library of the AWBM was set up to carry out rainfall runoff modelling 

for Wambabya River catchment of 795 km2. The input data was catchment-averaged daily rainfall 

and daily evapotranspiration for a period of 30 years (1st January 1990 - 31st December 2019). 

These inputs were fed into the AWBM for simulation of Wambabya River inflow. Periods of warm 

up, calibration and validation were entered. Observed river flow data for the same period as the 

above inputs was used for calibration and verification of the Australian Water Balance Model. 
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Sensitivity Analysis 

Sensitivity analysis helps to determine the sensitivity of model parameters by comparing the output 

variance due to input variability. The selection of influential parameters for a model calibration is 

based on sensitivity analysis as it shows parameters with high sensitivity to the output. It also 

evaluates the model capacity and helps to understand the behaviour of the system being modelled. 

Model parameter optimization is an important task in order to achieve a well representative 

hydrological model as parameters affect the complexity of hydrological modeling. 

Sensitivity analysis was performed to determine the influence of a set parameters on predicting 

Wambabya River flow. The analysis was carried out on the eight parameters of AWBM to identify 

hydrologic sensitive parameters by comparing their relative sensitiveness. The most sensitive ones 

were chosen for calibration processes. The most sensitive parameters were surface recession 

constant, Baseflow index and the Baseflow recession constant. 

The parameters were adjusted within the range of their minimum and maximum default limits until 

there was a perfect fit of the observed and simulated flow.  

Table 4 Optimized parameters for Australian Water Balance Model (AWBM) 

Parameter  value 

Partial area (A1) 0.465 

Partial area (A2) 0.485 

Base Flow Index (BF1) 0.89 

Capacities (C1) 0 

Capacities (C2) 0 

Capacities (C3) 465 

Baseflow recession constant (K Base) 1 

Surface recession constant (K Surf) 0.785 

 

Model calibration and validation. 

Calibration is a process to standardize estimated or simulated parameters by using deviations from 

observed values for a particular basin. It thus helps in deriving correction factors which can be 

applied to generate predicted values. Model validation verifies the robustness and ability of the 



34 

 

model to describe the catchment’s hydrological response, and additionally detect any biases that 

may be present in the calibrated parameters (Gupta et al., 2005). The performance of a model is 

usually better in calibration than in validation period, a circumstance referred to model divergence 

(Sorooshian & Gupta, 1995). 

The model was first run in generic mode using shuffled complex evolution (SCE-UA), Rosenbrock 

method and then later optimized (model parameters) manually to obtain best set of model 

parameter simulating runoff with a high accuracy. The calibration period was from 1st January 

1990 to 31st December 2009 with a warm up period from 1st January1990 - 31st December 1991. 

The validation of the model was done with the flows from period 1st January 2010 – 31st December 

2019. Observed river flow data was used for model calibration and checking. Shuffled Complex 

Evolution was used as it has proven to be robust, effective, and efficient (in search of the parameter 

space) for a broad class of problems and has been applied for automatic rainfall-runoff calibrations 

(Charles Onyutha, 2016). SCE-UA method combines the strength of the simplex method with the 

concept of controlled random search, competitive evolution and the strategy of complex shuffling 

(Duan et al., 1993).  

Accuracy of the model was examined on the basis of Coefficient of Determination (R 2) (Biondi 

et al., 2012), Nash Sutcliff efficiency (Sutcliffe & Nash, 1970) and Root Mean Square Error 

(RMSE) for both calibration and validation period. The NSE indicates how well the plot of 

observed versus simulated data fits the 1:1 line. RMSE describes the difference between model 

simulations and observations in the units of the variable. Its value close to zero indicate perfect fit, 

however, values less than half of the standard deviations of the observations may be considered 

low (Singh et al., 2004). 
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    Where, 𝑂𝑖  is observed flow, 𝑒𝑖  is simulated flow, 𝑜̅ is average of observed flow and 𝑒̅ is the 

average of simulated flow and n  is the number of data points.       

3.3.2 HEC-ResSim model 

HEC-ResSim model as a generalized reservoir simulation system program was used in developing 

reservoir operation policies for Kabalega reservoir. The steps involved gathering and analyzing 

data required for routing river flow (into the reservoir) and reservoir modelling, developing a 

model schematic that identifies the key locations in the watershed. Defining the physical and 

operational data for the reservoir and its components in the basin, flow routing in the main channel 

and calibration and verification of the model. These were done in watershed module, reservoir 

network and simulation module as below. 

Watershed module setup 

In HEC-ResSim, a watershed is a collection of data associated with a particular reservoir system. 

model schematic that identifies the key locations in the watershed are developed in this module. 

Here first the shape file of Wambabya River basin stream network which was obtained through 

delineation using Arc-SWAT an Arc-GIS extension was imported and used as a background map 

for tracing the main stream and main tributaries of River Wambabya. Stream alignments, nodes, 

junctions and location of reservoirs were built here, and setting of computation points. 

Reservoir network module 

A reservoir network module is used for editing element ( reservoir, computation points and routing 

reach), placing additional elements on stream alignment and  data which includes Physical and 

operational reservoir data that is; reservoir pool definition (elevation-area-storage tables), outlet 

capacity curves, hydro power plant data (outflow & generation capacities, efficiency, losses, etc), 

operational zones, minimum and maximum release requirements. Flow hydrographs from 

Australian Water Balance model were inputs to the ResSim model. The stream flow records were 

archived into the HEC-Data Storage System Visual Utility Engine (HEC-DSSVue). The HEC-

DSSVue is a graphical user interface database system that allows efficient storage and retrieval of 
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sequential data, such as times series records and other data types used in water resources 

management (CEIWR-HEC, 2009). The program software packages offer convenient editing, 

copying, and visual display of data via tables and plots, in addition to having various mathematical, 

basic hydrologic and statistical functions. A HEC-DSSVue database file containing daily 

discharge records was produced. 

Muskingum-Cunge Prismatic Channel routing technique was used to route stream flow. This 

routing technique was chosen because the channel slope is less than 2 feet/ mile and does not 

require observed data unlike other methods like modified plus which require storage, outflow and 

elevation data. (Hydrologic Engineering Centre, 2007). River cross-sections at upstream of the 

reservoir were measured at several locations and the mean river dimensions computed and used in 

routing Wambabya stream flow from the upstream gauging point to the reservoir. These river 

cross-sections are inputs to the Muskingum Cunge prismatic channel routing technique. 

An alternative consists of reservoir network, run control specifications, an operation set for each 

reservoir in the network, a storage balance operation set for each reservoir system in the network 

(if applicable), a definition of the initial (look back period) condition and mapping of all timeseries 

to identified local inflows is set from this reservoir module. Each alternative can be chosen in 

advance and compared with each other in simulation module. Time series data defined as DSSVue 

(Visual Utility Engine) files are imported into the alternative. 

A reservoir is the most complex element of the reservoir network that is composed of a pool and 

a dam. HEC-ResSim assumes that the pool is level (that is, it has no routing behaviour) and its 

hydraulic behaviour is partly defined by an elevation-storage-area table. The pool is expressed by 

the reservoir's elevation-storage-area relationship which can include evaporation and seepage 

losses if need be. Criteria for reservoir release decisions, called an operation set, are based on 

specified storage zones that divide the pool by elevation and a set of rules that specify the goals 

and constraints governing releases when the storage level falls within each zone. The dam 

represents both an uncontrolled outlet and an outlet group, the top of dam elevation and length 

specifies the minimum parameters for an uncontrolled spillway (Wurbs, 2005). An operation set 

consists of three basic features: zones, rules and the identification of the Guide Curve. Decision 

logic of the program is related with zones, rules and guide curve. Zones are operational 

subdivisions of the reservoir pool. Each zone is defined by a curve describing the top of the zone. 
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Rules represent the goal and constraints upon the releases and Guide Curve is the target elevation 

of a reservoir. 

Decision logic in HEC-ResSim 

The basic decision logic for storage or release of water is based on the Guide Curve that describes 

the target elevation. Primarily, the physical data which includes both the reservoir and outlet works 

narrow the allowable domain. Secondly; rules and IF-THEN-ELSE statements restrict this domain 

and then finally the release or storage decisions are made with respect to guide curve regarding 

mutual rule restrictions. The rule limit is only effective since the amount of water will be released 

within the guide curve range. On the other hand, ResSim provides “specified rule types” which 

eliminates Guide Curve and release the desired amount of water although the target elevation is not 

achieved. 

ResSim model can also perform in absence of the rules. When the pool level is below top of 

conservation (TOC), inflow will be held to allow the pool to rise, so the only constraint on getting the 

pool to the top of conservation is the inflow. If the pool is above the top of conservation, HEC-ResSim 

will release inflow and stored water to get back to top of conservation. The only constraint is the 

physical release capacity of the dam (Lara et al., 2014). 

 

Figure 9. HEC-ResSim Basic decision logic (modified from Klipsch 2007) 
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Spillways are structures constructed to provide safe release of flood water past a dam to the 

downstream of a river. Spillways can be connected to an embankment dam or be part of a concrete 

as it is the case in Kabalega dam. For a given inflow flood hydrograph, the maximum rise of the 

reservoir level depends on the discharge characteristics of the spillway crest and its size which can 

be obtained by flood routing. Operating rules counteracting floods make use of the spillway’s 

capacity to define water release quantity with different elevations. Spillway details for Kabalega 

dam are shown in Table 3. 

 

Figure 10. HEC-ResSim schematic model of Kabalega reservoir 

Simulation module  

The purpose of the Simulation module is to separate output analysis from the model development 

process. The time window and time interval parameters for either a single or a group of alternatives 

are specified here. The simulation module configures the simulation and then reviews results. Here 

the user has many ways to view model output. This can be accomplished by clicking on displayed 

objects, using HEC-DSSVUE, or utilizing a user created visual interface. Scripts developed in this 

module and packaged in a GUI can be used to post-process model output and create custom plots. 
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Calibration and verification of the model 

Simulation was done basing on the current reservoir operating policies. A trial simulation was 

created and adjustments to the operating rules was made to ensure that the reservoir stores enough 

water to cater for periods of low flows while considering the physical dam constraints and 

minimum environmental flow requirements. The model was calibrated with observed flows 

measured at the downstream of the reservoir for period from 1st January 2012 – 31st December 

2016. Model verification/validation was carried out for the period of 1st January 2017- 31st 

December 2019.  

The model performance was measured by the convergence of simulated values to the observed 

values using statistical indicators that’s Coefficient of Determination, Root mean square error and 

Nash & Sutcliffe efficiency. Graphical timeseries plots showing the fit between daily observed 

and simulated stream flows were also used. 

3.4 Performance Criteria for Reservoir System 

Quantitative measures of reservoir system performance used in modelling and analysis are usually 

formulated within the framework of the hierarchy of goals and objectives of the reservoir. These 

performance measures which are usually functions of the storage and release parameters to define 

an operating policy, quantitatively compare, for alternative operating policies, the effectiveness of 

the reservoir system in meeting target demands (Wurbs, 1991).  

Reservoir performance evaluation criteria has been studied by several authors, Hashimoto et al., 

(1982) discussed three criteria which are; reliability, resilience, and vulnerability. Burn et al., 

(1991) formulated reliability, resilience and vulnerability criteria as risk-based performance 

measures for evaluating a real-time reservoir operation model. Loucks, (1997) introduced a 

measurement of the relative sustainability of renewable water resource systems. This study 

employed the following performance measures in analyzing the reservoir system operation policy. 

Reliability 

Reliability is the probability that a reservoir will be able to meet the target demand in any given 

period. 

 

    0
Re

  

Nunber of times deficit Dt
liability

Number of simulations

=
=

                               (3.8) 



40 

 

Reliability is sometimes considered to be the opposite of risk, i.e. the risk or probability of failure 

is one minus the reliability . There are several measures of reliability, discussed below. 

Time-based reliability  

It is the fraction of intervals during the simulation period in which the reservoir can meet the target 

demand, which can be expressed as 
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where, 𝑅𝑒𝑙𝑡 = time-based reliability, Ns = number of intervals that the target demand was fully 

met, N = total number of intervals covering the historical or simulation analysis period. 

Occurrence-based reliability 

 Occurrence-based probability measures the annual time-based reliability, which represents the 

average probability of meeting the target draft in any particular year. Also, the annual time-based 

reliability will always be less than the monthly time-based reliability except when the reservoir 

has failed in each of the 12 months in a hydrological year. 

Volumetric reliability 

 Volumetric reliability is defined as the percentage volume of the total demand that is released 

from the reservoir during the simulation period. 
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Where; 

Rt = water released from the reservoir in time period t, Dt = total demand in time period t, T = total 

simulating time period. 

Resilience is the probability that once the system is in a period of deficit, the next period is not a 

deficit. Loucks, (1997) defined it as the probability that a satisfactory state follows an 



41 

 

unsatisfactory state. A resilience index closest to 1 show that the system will return to the 

satisfactory state quickly and vice versa. 
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 Kjeldsen & Rosbjerg, (2001) stated that the resilience is equal to the inverse of the mean value of 

the time, the system spends in an unsatisfactory state.  
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where, dj = duration of the failure event, M = number of failure events. 

Vulnerability: it is a measure of the likely damage of a failure event. A high value of vulnerability 

means the extent of damage due to failure is severe and vice versa. 
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Sustainability Index 

 Loucks, (1997) proposed a sustainability index which combines the three measures – reliability, 

resilience and vulnerability ratio. It is expressed as:  
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Where, D = target demand. 
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4.0 RESULTS AND DISCUSSION 

4.1 River-inflow 

Australian Water Balance Model (AWBM) was run for a period of 30 years on daily basis and 

yielded the results in Figures 11 and 12 for both calibration and validation period. The quantitative 

model performance is shown in Table 5. The model was able to capture the flows during both 

calibration and validation period. According to Moriasi et al ( 2007), NSE ranges between −∞ and 

1.0 with NSE = 1 being the optimal value. Values between 0.0 and 1.0 are generally considered as 

acceptable levels of performance, whereas values ≤ 0 which indicates that the mean observed value 

is a better predictor than the simulated value, is considered as unacceptable performance. Model 

calibration and verification were considered satisfactory in his study only when NSE ≥ 0.65 and r 

≥ 0.80 were obtained for daily streamflow comparison. 

 

Figure 11. Daily observed and simulated runoff for calibration period. 
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Figure 12. Daily observed and simulated runoff for validation period. 

A good match between the observed and simulated flow values was realized as shown in the 

Figures 11 and 12 for both calibration and validation period but with some overestimates of flow 

in 2011 and 2015, and underestimates in 2018 during the validation period. This is because, the 

use of the NSE during calibration makes traditional models to perform better for high flows than 

low flows (Onyutha, et al 2020). 

The Nash Sutcliff for validation and calibration ranged from good to very good according to Singh 

et al (2004). RMSE-observations standard deviations ratio (RSR) computed as the ratio of RMSE 

to standard deviation of the observed flow of the overall simulation was 0.46 which was very good 

as it was within the range of 0 and 0.5 as stated by Singh et al (2004). The RMSE values (Table 5) 

were large because high flows and low flows are of large and small magnitudes respectively. 

Therefore, the differences between observed and modelled flows were larger for high flows than 

low flows. 
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The NSE of calibration was higher than that for validation period in the study. This is due to the 

difficulty in transfering the model performance with respect to the variation in the catchment 

hydro-climatic conditions over time (Onyutha, et al 2020). 

 Onyutha, (2016) applied AWBM in the simulation of moderate and extreme flows on Blue Nile 

basin and was the best in performance compared to other models (Tank, SAC, SIMHYD, SMAR) 

as it produced the highest Nash Sutcliff efficiency of 0.86. Onyutha, et al (2020) also applied 

AWBM on River Kafu catchment in Uganda with similar characteristics to the study area and the 

model yielded appealing results with an overall Nash Sutcliff efficiency of 0.7 and the R-squared 

of above 50% compared to other hydrological models.  

The results in Figures 11, 12 and Table 5 yielded by Australian Water Balance Model and 

consistency in performing well in different studies shows that it is good at simulating river inflow 

in Wambabya River catchment. 

Table 5. Model performance indices. 

Period NSE R2 RMSE (m3/s) RSR 

Calibration 0.758 0.74 2.26 0.53 

validation 0.67 0.74 2.05 0.62 

 

4.2 Optimal reservoir operation 

HEC-ResSim model was run from 2012 - 2019 which includes a look back, calibration and 

validation period. This is the period for which the historic dam and reservoir data was available. 

Since reservoir sedimentation was not considered in the study, reservoir capacity curves were not 

adjusted. The model performed better with Nash and Sutcliffe coefficient, root mean square error 

and coefficient of determination for calibration and validation as shown in Table 6. The R2 

coefficient measures the degree of collinearity between the simulated and observed levels and 

Nash Sutcliffe coefficient is a measure of the predictive power of a hydrological model. The model 

yielded a Nash Sutcliffe and RMSE-observations standard deviations ratio (RSR) which is very 

good according to the guideline suggested by Singh et al (2004). 
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Table 6. HEC-ResSim model performance indices 

Period NSE R2 RMSE (m3/s) RSR 

Calibration 0.85 0.84 1.49 0.36 

Validation 0.82 0.85 0.54 0.26 

 

The HEC-ResSim model performance was also evidenced with the graphical illustrations in 

Figures 13 and 14 which showed a good match on the simulated releases with the observed 

downstream flows for the simulation period. Just still like any other model, The NSE for 

calibration was higher than that for validation period in the study. This could be due to the 

difficulty in transfering the model performance from one model simulation period to the other 

(Onyutha, et al 2020). 

 

Figure 13. HEC-ResSim model calibration results. 
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Figure 14. HEC-ResSim model verification results. 

Table 7. Reservoir summary report 

Parameter/location Average  Maximum  Minimum  

Storage (m3) 58,142.31 84,308.00 23,392.67 

Elevation (m) 957.67 959.00 955.94 

Uncontrolled spills (m3/s) 0.89 2.20 0.00 

 

The results in Table 7 shows that the reservoir will be able to maintain a minimum storage of 

23,392.67 m3 which is higher than the observed storage of 12,300 m3. Additionally, the spills have 

been minimized to 2.2 m3/s less than the observed recorded spills over the spillway. This implies 

that much water will be stored in the reservoir at flood pool raising the head for power generation 

and preserving water for use during periods of low inflows into the reservoir. 
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Table 8. Reservoir storage volumes (m3) 

 

2013 2014 2015 2016 2017 2018 2019 

JAN 60009.4 18804.6 21710.3 36108.2 34216.8 34216.8 33914.5 

FEB 24080.7 1917.2 616.6 24087.0 24062.2 24087.0 3035.9 

MAR 22534.3 7231.4 29097.9 34078.4 34093.4 42493.1 3839.8 

APR 89370.8 55349.6 58961.6 55349.6 51337.4 81637.7 29905.3 

MAY 83244.1 65011.0 65011.0 65011.0 60119.6 67234.9 65011.0 

JUN 45856.1 65011.0 68088.9 65011.0 64792.2 77199.5 65011.0 

JUL 8728.9 65011.0 62664.7 65011.0 65011.0 65011.0 65011.0 

AUG 65011.0 65011.0 65011.0 65011.0 65011.0 65011.0 65045.9 

SEP 74981.1 74981.1 74981.1 74981.1 74981.1 74981.1 74981.1 

OCT 84308.0 89991.3 84308.0 84308.0 84308.0 84308.0 84308.0 

NOV 94246.9 100200.0 82890.2 74337.9 84855.1 78352.5 76100.7 

DEC 67037.3 79685.5 63886.0 58224.3 54079.2 54694.1 55016.5 

 

The Table 8 shows the reservoir pool storage levels for the simulation period which if maintained 

in the reservoir with the corresponding reservoir elevations in Table 9 with varying reservoir 

inflows from Wambabya River, an appreciable reliability of 91% of the reservoir system will be 

realized which will yield better hydropower benefits. This is because effectiveness of hydropower 

generation is based on reservoir operating rule curves involving relations among hydropower 

plant’s efficiency, flow rate, reservoir water head and storage. 

Through the entire simulation of the HEC-ResSim model, the control rule curve of Kabalega 

reservoir was derived. A comparison of this curve with the original rule curve of the reservoir, 

showed a difference in the operation and elevations as tabulated in Table 9. 
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Table 9. Current and new conservation rule curve 

Month  New Current  

January  957.0 956.0 

February  956.0 956.0 

March 956.0 956.0 

April  957.0 957.0 

May  958.0 957.0 

June  958.0 956.0 

July  958.0 956.0 

August  958.0 958.0 

September  958.0 958.0 

October  959.0 958.0 

November  959.0 958.0 

December  958.0 956.0 

 

Table 10. Power summary report 

Parameter  Average Maximum Minimum  

Generation Efficiency 0.88 0.89 0.87 

Power Head (m) 319.04 321.35 316.32 

Hydraulic Losses (m) 0.5 0.5 0.5 

Energy Generated per time step (MW) 174.44 248.4 4.74 

Power Generated (MW) 7.27 10.35 0.22 

Flow Power (m3/s) 2.62 3.76 0.07 

 

The results of simulated average power generated under the new operation policy shows an 

increase in power compared to the observed average power of 5.3 MW generated under the original 

design operation rule. This is could be associated to the new rule being able to allow water storage 

maintaining a higher target elevation which allows the reservoir maintain head for hydropower 

production. A minimum flow release of 2.62 m3/s should also be maintained to ensure a power 

generation of 7.27 MW which meets demand for 91% of the time.  
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The release decision logic in HEC-ResSim starts and ends with the guide curve. The top of 

conservation zone here was used as a guide curve. When the reservoir’s pool elevation was above 

the guide curve (in flood zone), the reservoir released more water than was entering the pool. when 

below the guide curve (in conservation), the reservoir released less water than was entering the 

pool. All operating rules and physical limitations acted as constraints upon the reservoir’s ability 

to meet the goal of returning the pool to its guide curve elevation. 

A maximum type rule was assigned to the flood pool to limit the release that could be made to 

evacuate the flood pool. When reservoir inflows exceed this limit, the reservoir will store water in 

the flood pool. The rule was also assigned to the conservation pool so that the release limit can be 

enforced as the reservoir level transitions from conservation to flood pool. Raising reservoir 

elevation to flood pool allows to cut back releases so as to store water to use during drought period.  

A minimum required flow rule (which requires releases be larger than minimum amount) was 

assigned to the flood pool, this can not constrain guide-curve operation as it empties the flood pool. 

Therefore, the reservoir was still able to release as much water as possible (up to the outlet 

capacity) to evacuate the flood pool and maintain the guide curve level. 

4.3 Reservoir system performance 

The simulation model was run for a period of 8 years, on a daily time step from 1st January 2012 

to 31st December 2019 for which the historical data were available. The performance of reservoir 

system was assessed as per the discussed methodology by computing the values of various 

performance indices as tabulated in Table 11. The performance criteria for the reservoir system 

was analyzed from 1st January 2016 - 31st December 2019 due to the availability of historic power 

demand data for this period. 
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Table 11. Reservoir system performance criteria 

Performance criteria Value  

Reliability 0.906 

Time based reliability Rel t 0.906 

Occurrence based reliability 2016 0.926 

2017 0.863 

2018 0.915 

2019 0.921 

Resilience 0.80 

Vulnerability 0.80 

Sustainability index 0.70 

 

On analysing the results of the simulation model, it is revealed that the system exhibits a high 

reliability, thereby ensuring sufficient water supply for power generation and maintaining the 

ecological environment. This high reliability values implies lower risk value for the reservoir 

performance system in terms of balancing power production and demand. 

Since resilience measures the system recovery from unsatisfactory state to a satisfactory state, the 

resilience index equal to 0.8 indicates that the system will recover from failure as a few failure 

events were observed. Vulnerability is associated with the severity of failure or damages. With 

this value of 0.8, the severity of failure of the reservoir system operation to meet the power demand 

is low. 

Sustainability index (SI) value of 0.7 correspond to low or no stress of water supply (demand ≤ 

80% of the potential water supply). This implies that the new operation policy will ensure a 

sustainable water supply for both hydropower generation and ecological use. 

The increased reliability, resilience and low vulnerability implies a better system performance 

which could be attributed to new operation policy being able to allow water storage for use during 

periods of low inflows to the reservoir. 
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5.0 CONCLUSION AND RECOMMENDATIONS  

5.1 Conclusion 

The simulation of River Wambabya inflow using Australian Water Balance Model (AWBM) 

yielded appealing results as illustrated by the timeseries plots of simulated and observed flows and 

the quantitative statistical performance measures. The use of the model in other catchments 

therefore requires calibration and testing to site-specific catchments characteristics.  

The HEC-ResSim simulation model results indicate that the modified/ derived operation policy is 

a surplus system with high reliability of achieving the targets and with short duration failures of 

insignificant amounts and a good recovery from unsatisfactory state to a satisfactory state. It thus 

implies that these rule curves are effective tools in guiding decision makers in the release of water 

without emptying the reservoirs but at the same time satisfying the demands based on the inflow, 

initial storage and end of month storage. It was revealed that the modified control rule curve of the 

reservoir didn’t match with the original rule curve. The modified control rule elevations were 

higher than the original rule curve elevations in the months of January, May - July and October-

December. This rule curve allowed storage of water at the normal flood zone especially during 

periods of high inflows in the months of October - December months. The stored water could be 

used during months of January - March and June and July which are characterized with low inflows 

into the reservoir. 

The operation policies derived from the HEC-ResSim model simulation for each month are more 

stable and adaptable for release decisions due to fluctuations in the inflows into the reservoir and 

thus recommend them for use in the operation of Kabalega reservoir to maximize the benefits. 

5.2 Recommendations 

This study recommends the following to be included in future studies to be carried out in the 

catchment for better management of the basin water. 

This study has not considered seepage from Kabalega reservoir as though its quantification and 

simulation of seepage from the reservoir can alter result obtained from HEC-ResSim and mode of 

operation of a reservoir. Therefore, the study recommends including this parameter in future 

studies. Penman –Monteith method of determining evapotranspiration also was not used due to 

inadequate data within the catchment.  
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Reservoir sedimentation is mostly one of the factors which deteriorates and throws a dam out of 

service. In fact, it is the determining factor while deciding the life span of reservoirs. The study 

therefore recommends watershed management practices that can curb the sediment yield into the 

reservoir. 

Mathematical analysis of inflow forecasting for optimal operational policy development, along 

with simulation of reservoir system for optimal power generation should also be considered in 

further studies as climate change is an influential factor which normally affects reservoir operation. 
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APPENDIX 

  

Figure 15. River cross-section measurement (Photo 17th /02/2020). 
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Figure 16. Kabalega reservoir (Photo 17th /02/2020). 

 

Figure 17.  Environment flow gate and unregulated spillway for Kabalega reservoir (Photo 17th 

/02/2020). 
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Figure 18. Kabalega reservoir's physical components. 

 

Figure 19. Elevation- storage-area capacity curves 
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Figure 20. Kabalega Reservoir operations set. 
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Figure 21. Kabalega reservoir simulated power 

 

Figure 22. Kabalega reservoir operation zones with inflows and outflows 
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Figure 23. Kabalega reservoir operations 

 


