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Abstract 
 

Kafue Gorge Regional Training Centre (KGRTC) intends to carry out full feasibility 

studies for the development of Mabula Kapi hydropower site located on Kaombe 

River in Serenje District. KGRTC installed a hydrological gauging station at the site 

in September 2019. However, the small hydropower potential site is considered to be 

poorly gauged since it lacks adequate streamflow and/or rainfall data required for 

hydropower planning and design. Mabula Kapi was initially investigated to 

prefeasibility study level, using hydrological data from an adjacent catchment on 

Lusiwasi River, which was considered to be hydrologically similar. The catchment 

area-ratio method which was applied is a simple approximation because catchment 

characteristics between donor and target catchments rarely match perfectly. For 

Mabula Kapi site, the presence of a natural lake on the Lusiwasi donor catchment 

raised uncertainties about similarities in the drainage network and therefore the 

accuracy of transposing hydrological data. Additionally, anticipated future climate 

changes raised uncertainties about the sustainability of the proposed hydropower 

plant.  

 

In this study, several discharge prediction methods were reviewed and rainfall-runoff 

computer modelling was selected as the most suitable method for predicting discharge 

for Mabula Kapi Catchment. The method was applied to accurately predict discharge 

time series by creating a conceptual representation of relevant hydrological processes 

for Mabula Kapi Catchment in a computer-based open-source model known as 

PITMAN. The PITMAN model was largely selected due to limitations in local input 

data availability and project budget. Satellite rainfall point data known as the Climate 

Hazards Group InfraRed Precipitation with Station data (CHIRPS) was adopted as 

one of the modeling inputs because of its good correlation with ground measured data. 

A 30-year discharge time series was simulated for Mabula Kapi site using the 

PITMAN model. The model was calibrated by matching simulated discharge and 

observed discharge time series from the newly installed gauging station at Mabula 

Kapi site. The derived time series were used to estimate the installed capacity (8.2 

MW), annual energy yield (38 GWh) and design flood (120m3/s). Runoff simulations 

done in the model using future rainfall and temperature projections indicated that the 

average annual energy for the power plant is likely to reduce by 11% from 2040 to 

2059. It is recommended that the estimated energy reduction be taken into account 

when conducting financial analysis for the project and that further climate tests be 

done using other credible climatic projections which may be available.   

 

Key words: CHIRPS, Hydropower, Modelling, Rainfall, Streamflow 
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1 Chapter One: Introduction 

 

1.1 Background 
 

1.1.1 Overview 

 

According to estimates from previous energy studies, Zambia has a hydropower 

generation potential of more than 6,000 MW (Tokyo Electric Power Company, 2008). 

Most of the hydropower potential sites are in rural areas and their capacities range 

from small to large. Development of small hydropower plants which are widely 

considered to be renewable energy technology will help to foster sustainable 

development as well as increase access to electricity in the country. In 2015, only 31% 

of households had access to electricity in Zambia. The electrification rates for rural 

and urban households were estimated to be 4.4% and 67.3% respectively (Republic 

of Zambia, 2015) 

Most rivers in Zambia hosting small hydropower potential sites do not have gauging 

stations and therefore adequate hydrological time series required for hydropower 

planning. This presents a real challenge for developers wishing to establish technical 

viability of hydropower projects. Developers are therefore expected to apply suitable 

methods for predicting discharge at a particular site of interest.  

ZESCO Limited, a national vertically integrated power utility, has played a key role 

in the development of small hydropower plants in Zambia. In 2015, ZESCO begun to 

undertake in-house project preparation activities for development of small 

hydropower plants (HPP). Several small hydropower plants were identified, and 

preliminary studies were conducted ranging from reconnaissance to prefeasibility 

studies. Mabula Kapi (formerly known as Kaombe) hydropower potential site located 

in Serenje District, Central |Province of Zambia was identified from this program. 

ZESCO conducted prefeasibility studies for Mabula Kapi potential site in 2018 and it 

was conceptualised as a 7.4MW run-of-river power plant (ZESCO, 2018). 
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1.1.2  Mabula Kapi site attributes 

 

Mabula Kapi site is located on Kaombe River, in the Central Province of Zambia on 

latitude 13o 19’ 28.02” and Longitude 30o 47’ 14.02” in WGS84 coordinate system. 

The location of the site is illustrated in Appendix 5. The project site can be accessed 

from Serenje district by road on a total distance of 121 Km, out of which 83Km is on 

a bituminous paved road , 25Km is on a gravel road and the last 13 Km is on an earth 

road. The site is in Chieftainess Serenje Chiefdom (ZESCO, 2018).  

Prefeasibility studies established that construction of the proposed Mabula Kapi HPP 

would be technically feasible with a minimum power installed capacity of 7.4MW 

and an average annual energy of 34 GWh. In terms of power evacuation, it was 

proposed that the power generated from the proposed Kaombe HPP be evacuated 

through a 22Km double circuit line from the proposed Kaombe HPP to connect into 

the existing 66kV Pensulo-Lusiwasi line 2.      

     

1.1.3 Proposed Feasibility Study 

 

In 2019, Kafue Gorge Regional Training Centre (KGRTC) requested ZESCO for 

assistance in identifying a suitable hydropower site for feasibility study and possible 

development. Following successful negotiations, ZESCO handed over the site and the 

prefeasibility study report to the Training Institution.  KGRTC eventually applied for 

feasibility study rights for Mapula Kapi site through the office for promoting private 

power investment (OPPPI) of the Ministry of Energy and they were granted feasibility 

study rights.  KGRTC has managed to implement one of the recommendations from 

the prefeasibility study to install a stream flow gauging station on Kaombe river, 

upstream of the proposed intake for the hydropower station. The station was installed 

in September 2019 in collaboration with the Water Resources Management Authority 

(WARMA). 

KGRTC intends to carry out feasibility studies for development of Mabula Kapi 

hydropower site in collaboration with ZESCO. A larger part of the engineering 

feasibility studies will be undertaken by KGRTC and ZESCO staff. Only a few 

identified specialized works such as drone topographical surveys and geotechnical 



3 
 

investigations will be outsourced. The Author has offered to undertake hydrological 

analysis for development of Mabula Kapi hydropower plant. 

 

1.2 Problem Statement 
 

1.2.1 Hydrological uncertainties  

 

Kaombe river on which Mabula Kapi hydropower potential site is located did not have 

a gauging station for many years. During prefeasibility studies conducted by ZESCO, 

streamflow data from a nearby gauging station located on Lusiwasi River was 

transposed onto the Mabula Kapi site for preliminary design. This was done using the 

catchment area ratio method. However, the method is a simple approximation, which 

works best when the gauging station is close to the respective intake (Nruthya & 

Srinivas, 2015). This method does not consider the influences of vegetation, soil type, 

and geology on the flow in the investigated area. Use of this method may leave 

hydrological uncertainties which present a risk to hydropower development (Fitchner, 

2015).  

 

This research study is an opportunity to verify and firmly establish discharge time 

series required for the design of Mabula Kapi HPP with a view to minimize 

hydrological uncertainties.  

 

1.2.2 Climate risks for hydropower plants 

 

Another challenge encountered in recent years is the susceptibility of hydropower 

facilities to climate risks (IHA, 2019). Zambia has continued to experience climate 

change and climate variability.  

 

Although there are several uncertainties regarding the forecast climatic changes, it is 

becoming standard practice to evaluate the effects of climate change on water 

resources infrastructure. Failure to consider climate risks may lead to deficiencies in 

technical and financial performance, safety aspects, and environmental functions 
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(IHA, 2019). It is therefore prudent that a climate resilient design be evaluated for the 

proposed Mabula Kapi HPP. 

 

1.3 Objectives 
 

1.3.1 Overall objective 

 

To predict discharge time series for the proposed Mabula Kapi hydropower plant and 

to estimate its power output and energy yield. 

1.3.2 Specific objectives 

 

The specific objectives of this research project are as follows: 

a) To identify, compare and select suitable techniques and methods for predicting 

discharge time series at Mabula Kapi HPP site  

b) To predict discharge time series required for estimating the power potential 

and energy yield for Mabula Kapi HPP site 

c) To determine the power potential and energy output for a possible climate 

resilient power plant at Mabula Kapi with minimal shortcomings in safety, 

technical and financial performance. 

 

1.4 Research questions 
 

This research answers the following questions: 

a) What are the available methods for reliably predicting discharge time series 

for Mapula Kapi HPP site?  

b) Based on available data, which is the most suitable method for predicting 

discharge time series for Mabula Kapi HPP site and how can it be applied? 

c) Based on available data, which is the most suitable open-source rainfall-

runoff model to be used for simulation of discharge time series for Mabula 

Kapi HPP site? 

d) Based on the predicted discharge time series, what would be the design flood 

and design discharge for proposed Mabula Kapi HPP? 

e) What is the anticipated impact of climate change on Mabula Kapi HPP site? 
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f) What would be the energy yield for a climate resilient plant at Mabula Kapi 

site?   

1.5 Significance of the Study 

 

The study will contribute to the development of renewable energy in Zambia.  Small 

hydropower plants like Mabula Kapi are widely considered to be renewable due to 

their anticipated minimal impacts on the environment. However, the lack of reliable 

hydrologic data on several hydropower potential sites poses a challenge. The study 

will provide a more complete and reliable hydrologic analysis to predict discharge 

time series required for design of Mabula Kapi HPP. It will also help to assure 

technical and financial viability of the power plant through consideration of future 

climate impacts.  
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2 Chapter Two: Literature Review 

 

2.1 Mabula Kapi site attributes  

 

Mabula Kapi site is located on Kaombe River, in the Central Province of Zambia on 

latitude 13o 19’ 28.02” and Longitude 30o 47’ 14.02” in WGS84 coordinate system. 

The location of the site is illustrated in Appendix 5. The project site can be accessed 

from Serenje district by road on a total distance of 121 Km, out of which 83Km is on 

a bituminous paved road, 25Km is on a gravel road and the last 13Km is on an earth 

road. The site is in Chieftainess Serenje Chiefdom (ZESCO, 2018).  

Prefeasibility studies established that construction of the proposed Mabula Kapi HPP 

would be technically feasible with a minimum power installed capacity of 7.4MW 

and an average annual energy of 34 GWh. In terms of power evacuation, it was 

proposed that the power generated from the proposed Kaombe HPP be evacuated 

through a 22Km double circuit line from the proposed Kaombe HPP to connect into 

the existing 66kV Pensulo-Lusiwasi line 2.           

 

2.2 Previous hydrological studies at Mabula Kapi site 

 

During the prefeasibility studies conducted by ZESCO Limited in 2018, hydrological 

data for preliminary conceptualisation of the Mabula Kapi HPP was transposed from 

a nearby catchment gauging station located on Lusiwasi River. The gauging station 

catchment is located in Serenje District on station 5-670, at Masase approximately 40 

km downstream from Lake Lusiwasi storage reservoir managed by ZESCO Limited 

(ZESCO, 2018). Discharge time series from November 1965 to September 2015 were 

used during the study. 

In transposing the hydrological data, annual rainfall was considered to be the same for 

the two catchments because of their geographical proximity and as deduced from 

rainfall isohyetal maps. The catchment area for Lusiwasi River at Masase was noted 

to be 1040km2 while the catchment area for Mabula Kapi site was calculated as 543 

km2 (ZESCO, 2018). Other parameters assumed to be similar included topography, 

land use and geology. However, similarities were not established in detail and there 
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was concern over the differences in the drainage network of the two catchments. It 

was noted that the catchment area for the Masase gauging station had a natural lake 

in the headwaters of Lusiwasi River. This could potentially affect the flow regime of 

the river (ZESCO, 2018). 

The limitations of the catchment area ratio method were documented during 

prefeasibility studies and recommendations were made for application of other 

methods to improve the reliability of the plant at feasibility study stage. 

 

2.3 Hydropower technology 

 

2.3.1 Water dependency 

 

Electricity from water is usually referred to as hydropower. A continuous inflow of 

water and a difference of height between the water level of the upstream intake of the 

power plant and its downstream outlet are required to generate electricity (IIT, 2008). 

Hydropower is dependent on the hydrologic cycle. The key components of the 

hydrologic cycle include precipitation, evaporation, evapotranspiration, infiltration, 

overland flow, streamflow, and ground water flow (Bedient, et al., 2013). As a low 

carbon technology, hydropower is estimated to produce almost two-thirds of the 

world’s renewable electricity generation and will make a significant contribution to 

achieving the targets of the Paris Climate Agreement and the Sustainable 

Development Goals (IHA, 2019).  

 

2.3.2 Calculation Hydropower potential 

 

a. Formula and parameters 

 

The gross head, H0, at a hydroelectric plant is the difference in water level between 

the reservoir behind the dam and the water level in the tail race.  For run of river 

plants, this head is determined from the water level in the head tank or forebay. 

Because of the variable inflow and operating conditions of the plant these levels vary. 

The effective or net head, H, is the head available for energy production after the 
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deduction of losses in the conveying system of the plant. The water falling from a 

high-level source drives turbines, which in turn drive generators that produce the 

electricity. The hydraulic power is given by 

𝑃 =
ɳ𝑝𝑔𝑄𝐻

1000
  (𝐾𝑊)                                                                                                 Equation 2-1 

where ɳ is the turbine efficiency, 𝑝 the density of water, 𝑔 is the acceleration due to 

gravity and Q is the flow rate (in m3/s) under a head of H (m). The hydraulic efficiency 

of the plant is the ratio of net head to gross head, and the overall efficiency is equal to 

the product of the hydraulic efficiency and the efficiency of turbine and generator. 

The installed capacity of a hydro power plant is the maximum power which can be 

developed by the generators at normal head with full flow. The unit of electrical power 

is the kilowatt, and that of the electrical energy, defined as the power delivered per 

unit time, is the kilowatt-hour (kWh) (Novak, et al., 2007).  

 

b. Energy modelling using software 

 

Hydropower simulation models can be used to compute power and energy outputs. 

Open-source models are available on the market. RETScreen is one such hydropower 

energy modelling software freely available for users. RETScreen is a clean energy 

awareness, decision-support and capacity building tool. The core of the tool consists 

of a standardised and integrated clean energy project analysis software that can be 

used to evaluate the energy production, life-cycle costs and greenhouse gas emission 

reductions for various types of energy efficient and renewable energy technologies 

(RETs), including hydropower, solar, wind and bioenergy technologies.  

Each RETScreen technology model is developed within an individual Microsoft Excel 

spreadsheet called a “Workbook" file. The Workbook file in-turn comprises a series 

of worksheets. These worksheets have a common look and follow a standard approach 

for all RETScreen models. In addition to the software, the tool includes cost databases 

which can be used for cost estimates (RETScreen International , 2004).  
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2.3.3 Design flood estimation 

 

Energy production is not the only concern for hydropower plant developers.  Stream 

flow in the form of floods is also a potential threat to all structures built in rivers. 

Thus, hydrological investigation must address not just water availability for 

production, but also frequency and severity of floods so as to design flood protection 

and control into the hydropower scheme (ESHA, 2004).  

For medium and low hazard dams such as weirs, the requirements often specify that 

the spillway capacity shall exceed the peak flow of a flood with a specific return 

period, typically between 100 and 1000 years.    

The requirements for estimating design floods are usually specified in national 

legislation or industry guidelines, and distinguish between high, medium and low 

hazard structures. Typical design flood requirements are given in Table 2-1. 

Table 2-1: Typical design flood requirements 

[Source: (ESHA, 2004)] 

Structure  Design Flood  

High Hazard  Maximum Inflow Design 

Flood: PMF, Probable 

Maximum Flood or similar.  

Alternatively, 10.000-year 

flood  

Normal Operation Design 

Flood:  

1000-year flood.  

Medium Hazard  100- to 1000-year flood  

Low Hazard  Typically, 100-year flood 

although in some countries no 

formal requirements exist.  
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There are basically two methods of estimating a design flood (ESHA, 2004): 

 Statistical analysis of stream flow records   

 Hydrological modelling of the catchment area  

The statistical analysis is used for less important structures that would not cause severe 

consequences downstream, to life and society, whereas hydrological modelling is 

required for more important and potentially dangerous large dams in case of failure. 

The object of the hydrological modelling is to estimate a Probable Maximum Flood 

(PMF), or similar, to be used for dam and spillway design. Frequency analysis is 

basically a statistical method to calculate the probability of an event based on a series 

of historical events (ESHA, 2004).  

The estimation of the return period of flows is based on records of annual maximum 

flows. The annual maximum flows or peak flows are derived from records of mean 

daily discharge (Wilson, 2011). For the evaluation, a probability distribution that fits 

to the phenomenon should be chosen.  

 

Use of probability distributions in flood estimation 

 

A probability distribution describes the behavior of random variables. Every possible 

outcome of an experiment is given a numerical value according to a discrete 

probability mass function (PMF) or a continuous probability density function (PDF). 

Many continuous PDFs are used in hydrology and flood estimation, but the most 

common are the normal, lognormal, gamma (Pearson type 3), log-gamma (log 

Pearson type 3) and the extreme value (EV) family of distributions (Bedient, et al., 

2013). Such distributions can be evaluated using a frequency factor K, which may be 

a function of other distribution parameters such as skewness.  

The most common means used in hydrology to indicate the probability of an event is 

to allocate a return period, or recurrence interval, to the event. An annual maximum 

event has a return period of T years if its magnitude is equaled or exceeded once, on 

the average, every T years. The reciprocal of T is the exceedance probability of the 

event—that is, the probability that the event is equaled or exceeded in any one year.  
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For a given return period, the magnitude of a flood 𝑥 can be found using the following 

equation (Bedient, et al., 2013): 

𝑥 =  𝑥̅ + 𝑧. 𝑆𝑥                                                                                                       Equation 2-2 

Where 

𝑥 = Magnitude of a flood 

𝑥̅ = Mean value of annual flood record 

𝑧 = Frequency factor K for a given distribution and return period 

𝑆𝑥 = Standard deviation of the annual flood record 

For the normal, lognormal, gamma (Pearson type 3), log-gamma (log Pearson type 3) 

the frequency factor K, may be calculated using statistic tables found in virtually every 

statistics text.  

Generally, log Pearson 3 is widely recommended for flood estimation as it allows for 

non-symmetrical probability distributions around the mean value, which is often the 

case in hydrology, however the lognormal and the Weibull (gumbel) distributions are 

also widely used. 

Typically, In the graphical method, the annual maximum floods are arranged in order 

of size and then plotted on probability paper applicable for the desired distribution. 

The ordinate represents the flood value and the abscissa represents the probability. 

The data are expected to fit, as close as possible, to a straight line. In this case the 

graph can be used for interpolation, extrapolation or comparison purposes. In cases of 

extrapolation, the effects of errors may be magnified and caution needs to be 

exercised.  

 

2.3.4 Climate resilient design of hydropower scheme 

 

a. Climate risk assessment  

 

Hydropower plants have traditionally been designed using historical data (IHA, 

2019). Since a single instantaneous measurement is not useful for designing the plant, 

discharge time series with a minimum period of 15 years would typically be used to 
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in the design (Fitchner, 2015). However, in designing a hydropower scheme the 

engineer needs to identify and apply modern best practices which will consider 

climate risk. For example, the International Hydropower Agency (IHA, 2019) has 

published a climate resilient guide to assist engineers to address climate risk. The 

guide also seeks to evolve from the default use of historical data, the assumption that 

hydrological variability will remain the same over the lifetime of a project and the 

limited knowledge of how best to access, use and interpret climate change modelling 

and observed climate data. The conventional approach neglects to consider the short- 

and long-term impacts that climate change may have on investments due to the high 

uncertainty inherent to actual climate change predictions (IHA, 2019). 

The World Bank Group also provides data on its online climate knowledge portal 

(World Bank, 2022). Engineers can use data provided on the website to analyze long-

term historical data on temperature and precipitation. They can also access climate 

data projections for temperature and precipitation which can be used to carry out 

sensitivity analysis for planned hydropower projects. Such modern guidelines need to 

be applied to the design of small hydropower plants to ensure sustainability and 

viability.  

The need to qualitatively assess whether climate change may have a significant 

influence on the project cannot be overemphasized. The assessment can be done by 

focusing on project performance metrics that may not be achieved or risk thresholds 

that could potentially be exceeded. Table 2.3 shows the questions which need to be 

answered to assess whether a climate risk assessment is necessary (IHA, 2019). 

Table 2-2: Questions to assess the need for a climate risk assessment  

[Source: (IHA, 2019)] 

Could a change of the hydrological regime significantly affect the 

hydropower project’s economic viability? 

Yes/No 

Could a change in the hydrological regime affect service 

continuity/access to electricity in the region it serves? 

Yes/No 

Could any of the performance metrics for the project be 

unachievable by potential climate change effects? 

Yes/No 

ecosystems? Yes/No 
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Table 2-2 Continued 

Would a breach of the project’s main dam or other associated 

infrastructure have significant adverse consequences on 

downstream populations, strategic infrastructure or protected 

ecosystems? 

Yes/No 

 

If the answer to at least one question is yes, it is necessary to undertake a climate risk 

assessment. This involves applying climate change projections in risk assessment.  

 

b. Climate change projections 

 

Historical data, whether local ground observations or global gridded datasets, 

describes local historical behavior of rainfall, temperature and other relevant hydro-

climatic variables, and also indicates trajectories to inform expectations for the future. 

On the other hand, climate change projections from experiments performed with 

General Circulation Models (GCMs) and Regional Climate Models (RCMs) provide 

insight into behavioral changes that the climate might undergo in a future of ocean 

atmospheric processes affected by warmer ambient temperatures. Future emission 

scenarios can be derived from GCMs. The International Panel on Climate Change 

(IPCC) of the United Nations provides a range of greenhouse emission scenarios. In 

the fifth and sixth IPCC assessment reports these scenarios are knows as 

Representative Concentration Pathways (RCPs) and Shared Socioeconomic Pathways 

(SSPs) respectively. These pathways are identified by their approximate total radiative 

forcing at 2100 relative to 1750 (New Zealand Government, 2018): 

a) 2.6 W m-2 for RCP or SSP 2.6 

b) 4.5 W m-2 for RCP or SSP 4.5 

c) 6.0 W m-2 for RCP or SSP 6.0 

d) 8.5 W m-2 for RCP or SSP 8.5 

These RCPs or SSPs include (New Zealand Government, 2018):  

a) One mitigation pathway (RCP/SSP 2.6, which requires removal of some of the 

carbon dioxide presently in the atmosphere) 
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b) Two mitigation pathways (RCP/SSP 4.5 and RCP/SSP 6.0) 

c) One pathway with very high greenhouse concentrations (RCP/SSP 8.5)  

The processes undertaken in making climate projections include (IHA, 2019): 

a) Establishing a consistent baseline against which to measure potential changes 

to future system performance, with the understanding from the historical 

observations and climate change projections. In most cases, the baseline would 

be the hydro-meteorological conditions of the most current 30-year period. 

b) Reviewing the latest Intergovernmental Panel on Climate Change (IPCC) 

ensemble of climate projections. For regionally-specific climate change 

projections, a number of sources are available, including the World Bank 

Climate Change Knowledge Portal (CKP). 

c) Reviewing climate change projections of relevant variables, such as the annual 

averages, seasonal variability, or changes in monthly maximum and minimum 

values of precipitation and temperature. As a minimum, two different 

Representative Concentration Pathways (RCPs) or Shared Social Economic 

Pathways (SSPs) need to be considered. For example RCP or SSP 2.6 

(optimistic) and RCP or SSP 8.5 (pessimistic)). A minimum of two future 30-

year time periods (most relevant to the project and asset lifetime) is also 

recommended for assessment of climatic projections.  

 

2.4 Hydrologic elements supporting hydropower 

 

2.4.1 Hydrologic cycle 

 

Hydropower is dependent on the natural hydrologic cycle. The elementary 

components of the cycle include precipitation, evapotranspiration, infiltration, 

overland flow, streamflow, and ground water flow. For any hydrologic system, a 

water budget can be established to account for various pathways and storage 

components (Bedient, et al., 2013). The hydrologic continuity equation for any system 

can be written as 

  𝐼 − 𝑄 =
𝑑𝑆

𝑑𝑡
                                                                                                          Equation 2-3 

Where  
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𝐼 = inflow in volume/time 

𝑄 = outflow in vol/time 

𝑑𝑆

𝑑𝑡
 = change in storage in vol/time 

It can be understood from the above equation that the difference between accumulated 

inflow and outflow at any time represents detention storage volume that is eventually 

released from storage (Bedient, et al., 2013). This concept can be applied to small or 

large catchment areas. An overall water budget for a given catchment can be written 

as a conceptual mathematical model in units of depth (mm) as follows 

𝑃 − 𝑅 − 𝐺 − 𝐸 − 𝑇 =  ∆𝑆 

Where 

𝑃 = precipitation 

𝑅 = surface runoff 

𝐺 =ground water flow 

𝐸 = evaporation 

𝑇 = transpiration 

 ∆𝑆 = change in storage 

It should be noted that infiltration I is a loss to the surface system and a gain to the 

ground water. It thus cancels out from the overall budget (Bedient, et al., 2013).  

 

2.4.2 Rainfall-runoff processes 

 

Hydropower technology is depended on streamflow, a product of rainfall-runoff 

processes. In the rainfall-runoff processes, input rainfall is distributed into various 

components of evaporation, infiltration, detention or depression storage, overland 

flow, and eventually streamflow (Bedient, et al., 2013). The hydrologic response to 

rainfall is governed by catchment or watershed characteristics.  
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A hydrologic catchment or watershed can be defined as a continuous area that drains 

to an outlet, such that precipitation that falls within the area runs off through that 

single outlet. The boundary of the catchment area is defined by ridges below which 

the waters within the catchment flow through a network of streams and rivers and 

basins to the single outlet. Catchments are often characterised by one main channel 

and by tributaries that drain into a main channel at one or more confluence points 

(Bedient, et al., 2013). Factors that influence the hydrologic response of a catchment 

include: 

a) Rainfall intensity and pattern 

b) Areal distribution of rainfall over the catchment 

c) Duration of the storm event 

d) Size of catchment 

e) Shape of catchment  

f) Slope of the land and main channel 

g) Soil type  

h) Storage detention in the catchment 

i) Land use  

j) Land cover 

k) Drainage network 

The land surface condition can affect hydrologic processes such as runoff and 

evapotranspiration. A geographical information systems (GIS) map of the land use 

and associated cover is an important descriptor of the hydrology, whether it is 

vegetative, such as pasture or forest, or the surface is modified with asphalt or concrete 

pavement. Land use and land cover GIS data are compiled for many applications and 

may be useful for hydrologic modeling (Bedient, et al., 2013). 

During a rainfall event, hydrologic processes such as infiltration, depression storage, 

and detention storage must first be satisfied before surface runoff begins. As the depth 

of surface detention increases, overland flow may occur in some portions of the basin. 

Water eventually moves into small channels, and finally to the main stream of the 

catchment. Some of the water may infiltrate the soil and move laterally through the 

upper soil zones until it enters a stream or channel. This portion of runoff is called 

interflow or subsurface stormflow. Some precipitation may percolate to the water 
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table usually several meters below the ground surface, and contribute to a stream or 

river as base flow if the water table intersects the stream channel (Bedient, et al., 

2013). 

 

2.4.3 Catchment area delineation 

 

Advances in GIS have paved way for computer-based catchment area delineation. GIS 

is a computerised system used to capture, retrieve, analyse and display spatial data. 

Data is captured by many ways including remote sensing using satellite and airborne 

platforms (Johnson, 2009).  

Digital Elevation Models (DEM) are a type of data set generally produced by 

photogrammetry techniques but also through interpolation of elevation data (Bedient, 

et al., 2013).A DEM is basically a raster data set of elevation.  One of the freely 

available DEM is the Shuttle Radar Topography Mission (SRTM) DEM which is 

accessible at 90m and 30m resolution. The resolution of a DEM is the area of land 

represented by a single grid cell. A DEM can be used for delineation of hydrologic 

catchments. Common GIS software use the following steps for delineation of 

catchments (Johnson, 2009) 

a) DEM reconditioning - imposes linear features onto the elevation data 

b) Fill sinks - ensure that water has drainage to an outlet 

c) Flow direction - upstream to downstream 

d) Flow accumulation - accumulated number of cells upstream from a given cell 

e) Stream definition - stream path begins at a set area upstream  

f) Stream segmentation - segments between junction nodes 

g) Catchment grid delineation - assigns grid cells to a catchment 

h) Catchment polygon processing - defines the catchment boundary 

There is several GIS software that can be used to delineate catchments. These include 

ArcMap, Global Mapper, Mike Hydro and Quantum GIS (QGIS).  
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2.5 Streamflow 

 

The accuracy of stream prediction for ungauged sites is greatly enhanced if on-site 

(observed) data is available. If appropriate stream flow time series cannot be found, 

discharge should preferably be measured directly for at least a year (ESHA, 2004). A 

new gauging station may need to be installed on an ungauged river to derive 

reasonable time series. 

2.5.1 Stream flow gauging stations 

 

Streamflow gauging stations are facilities used by hydrologists to determine the rate 

of flow or discharge in streams or rivers. Discharge at a gauging station is determined 

through measurement of the river cross-sectional area and the mean velocity of the 

water through it (ESHA, 2004). A relationship between measured discharge and the 

water level at the gauging station must be established. The relationship is established 

by taking several discharge measurements covering the whole range of anticipated 

water levels or gauge heights at the gauging station. The relationship between 

discharge and water level or stage is known as a rating curve.  

 

2.5.2 Rating curves 

 

Rating curves are relations used to model discharge as a function of one or more 

variables (Rainville, et al., 2016). Discharge ratings for gauging stations are usually 

determined empirically by means of discharge measurements made in the field (World 

Meteorological Organization , 2010) . Based on such measurements, a rating curve is 

developed by balancing it through a scatter- plot of the measurements (Tilrem, 1997). 

In computing the stage discharge relation, mainly two types of equations are used, 

namely the power equation and the square equation. The power equation is widely 

used for fitting stage discharge data while the square equation is more suitable for 

extrapolation purposes (Boiten, 2003). The power equation can be written as follows: 

𝑄 = 𝑎(ℎ𝑤 − ℎ0)𝑏                                                                                                Equation 2-4 

 

Where 
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𝑄 = 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (
𝑚3

𝑠
) 

ℎ𝑤 = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑙𝑒𝑣𝑒𝑙 (𝑚) 

ℎ0 = 𝑤𝑎𝑡𝑒𝑟 𝑙𝑒𝑣𝑒𝑙 𝑓𝑜𝑟 𝑄 = 0 

𝑎, 𝑏 = 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 

Logarithmic transformation of the power equation gives  

𝑙𝑜𝑔 𝑄 = log 𝑎 + 𝑏 log(ℎ𝑤 − ℎ0)                                                                    

Substituting 𝑌 = log 𝑄,   𝑎0 = log 𝑎  𝑎𝑛𝑑 𝑋 = log(ℎ𝑤 − ℎ0) gives  

 

𝑌 = 𝑎0 + 𝑏 𝑋                                                                                                      Equation 2-5 

 

Then parameters 𝑎0 , 𝑎 𝑎𝑛𝑑 𝑏  can be calculated using the following relationship: 

 

∑𝑌 =  𝑎0 . 𝑁 + 𝑏 . ∑𝑋                                                                                       Equation 2-6 

 

∑𝑋𝑌 =  𝑎0 . ∑𝑋 + 𝑏 . ∑𝑋2                                                                               Equation 2-7      

 

Equations (2-7) and (2-8) are collectively referred to as the least squares method, 

where N is the number of data. Substitution of the values found for 𝒉𝒐 , a and b in the 

power equation (2-5) yields the mathematical model of the rating curve (Boiten, 

2003).  

Excel solver, an add-in available in excel can also be used to solve complex 

mathematical relationships. It has the capability to optimize linear as well as nonlinear 

equations by changing specified parameters. Excel solver consists of a linear 

programming solver (LPS), a generalized reduced gradient (GRG) solver, and an 

evolutionary solver which optimises nonlinear equations. Since rating equations are 

basically of nonlinear form, GRG nonlinear solver and evolutionary solver may be 
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used to obtain the optimum values of rating curve parameters (Alam & Mohammad, 

2018).  

Sufficient information is required to justify the level of complexity assumed in any 

rating structure. Generally, the size of the measurement sample should be twice as 

large as the number of parameters that have to be calibrated in any rating. More 

specifically: 

a) For each rating segment, the parameters a, b and ho from the power equation 

should be calibrated using at least 6 measurements (Rainville, et al., 2016). 

b) Any transition between segments corresponds to a single parameter which 

should be defined using at least 2 measurements (Rainville, et al., 2016). 

The number of measurements used to establish a rating curve is not the only important 

factor during its calibration. The sample distribution and other site observations are 

as important as the number of measurements available. Measurements should be 

evenly spread over the entire range of the rating, ensuring that each segment and 

transition is defined by sufficient and significant information (Rainville, et al., 2016). 

The procedure for establishing the discharge rating curve can generally be 

summarized as follows (Tilrem, 1997): 

a) Plot all discharge measurements on ordinary arithmetic scale, with the gauge 

height on vertical scale and the discharge on horizontal scale 

b) A curve is fitted to the data points by visual estimation. If the curve is fit 

manually, a method known as series of differences is used to smooth/fit the 

curve until the rating curve is of a fairly regular shape.  

c) The water level for stage of zero flow,  ℎ0 is determined using a suitable 

method. Various methods can be used to determine ℎ0. Available methods 

include graphical, arithmetic, and various parameter optimization techniques.  

One arithmetic method requires that a curve be plotted between Q and ℎ and 

three values of discharge Q1, Q2 and Q3 be selected from the curve so that Q2 

2 = Q1Q3. If the corresponding values of the stages are h1, h2 and h3, then it can 

be verified that:  
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             ℎ0 =  
ℎ1 .ℎ3−ℎ2

ℎ1+ℎ3−2ℎ2
                                                                                        Equation 2-8 

 

Apart from graphical and arithmetical methods, various optimization 

techniques can be used to obtain the best value of ℎ0.   The value of   ℎ0  can 

be determined by trial-and-error method (Subramanya, 2008). 

d) After determination of ℎ0, values of Q against ℎ𝑤 − ℎ0  are plotted on a log-

log graph and they will lie approximately in a straight line between shifts in 

control (Boiten, 2003).  

e) When the curve has been found acceptable, the mathematical equation for each 

straight-line segment is calculated. The mathematical equation is referred to 

as a rating equation. 

f)  Finally, each straight-line segment is tested for biasness and goodness of fit. 

One common statistical method for testing biasness is the student paired t-test.  

The student’s paired t-test of the differences between the measured discharge 

and the discharge estimated by the rating curve is used to check whether a 

rating curve on an average basis, gives significant overestimates or under 

estimates as compared with the discharge measurements on which the curve 

is based (Tilrem, 1997). A few statistical parameters need to be computed to 

apply the student’s paired test. A percentage deviation of each discharge 

measurement from the estimated discharge by the rating curve, is first 

computed, after which is calculated the standard deviation and the standard 

error of the percentages (Tilrem, 1997). 

Thus, the percentage deviation is                  

𝑃 =  (
𝑄𝑚−𝑄𝑟

𝑄𝑟
) * 100%                                                                   Equation 2-9 

the percentage standard deviation then is 

            𝑆𝐷 =  (
∑(𝑃−𝑃̅)2

𝑛−1
)

1
2⁄

                                                                       Equation 2-10 

and the percentage standard error is  
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 𝑆𝐸 =  
𝑆𝐷

𝑛
1

2⁄
                                                                                     Equation 2-11         

 where     

 𝑄𝑚  = measured discharge (m3/s),     

 𝑄𝑚 = discharge estimated by the rating curve (m3/s),       

             𝑃 = percentage deviation,            

 𝑃̅ = mean percentage deviation,       

             𝑆𝐷= standard deviation of the percentage deviation 𝑝     

 𝑆𝐸= standard error of the percentage deviation 𝑝            

𝑛 = number of discharge measurements 

 

 A test statistic 𝑡, to be used for the student’s t-test is then computed from the 

following relationship: 

 𝑡 =  
𝑃̅

𝑆𝐸
                                                                                         Equation 2-12  

The calculated values of 𝑡 are then compared against 𝑡 values from tables of 

t-distribution, to determine biasness in terms of levels of significance. Tables 

of the t-distribution giving values of t for different levels of significance are 

virtually available in every statistics text book. On the other hand, the quality 

of fit of the rating curve can be assessed by the coefficient of determination, 

the so-called r-squared value (DeCoursey, 2013). This can be calculated using 

the equation: 

 𝑟2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑇
                                                                              Equation 2-13  

where SSE is obtained by evaluating each of the error terms and then 

computing a numerical value for the sum of squares of the errors using the 

formula 

  𝑆𝑆𝐸 =  ∑ [𝑦𝑖 − 𝑓(𝑥𝑖)]2𝑛
𝑖=1                                                         Equation 2-14         
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and SST represents the sum of the squares of the deviations about the mean  

          

𝑆𝑆𝑇 =  ∑ [𝑦𝑖 − 𝑦]2𝑛
𝑖=1                                                                  Equation 2-15  

where 

 𝑦 = log Q (m3/s) 

 𝑥= log (ℎ𝑤 − ℎ𝑜 ) in metres.  

The r-squared value varies between 0 and 1. Note that r2 will equal 1 when 

SSE equals zero. Hence, an r2 value close to 1 (which means that the sum of 

the square errors is small) generally indicates a good fit.  

 

2.6 Prediction of Discharge for poorly gauged sites 

 

Lack of sufficient hydrological data at many hydropower potential sites presents a real 

challenge in establishing viability of hydropower plants. To establish if a scheme will 

be viable, it is necessary to begin by evaluating the water resource existing at the 

potential hydropower site. The energy potential of the scheme is proportional to the 

product of the discharge and the head. Except for very low heads, the gross head can 

usually be considered as constant, but the flow varies over the year. To select the most 

appropriate hydraulic equipment and compute the sites energy and power, a flow-

duration curve is typically used (ESHA, 2004). A single measurement of 

instantaneous flow in a stream cannot be used to establish viability of a hydropower 

plant. Various methods and techniques can be applied to predict streamflow at poorly 

gauged sites. These vary from simple methods that can only be used for preliminary 

estimates of power potential to complex methods that may be used to establish 

technical and financial viability.  
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2.6.1 Statistical and Empirical Methods 

 

a. Mean annual flow method 

 

One of the simple methods used at early stages for evaluation of flow and power 

potential at ungauged sites is the determination of the mean annual flow (Q) using the 

average annual runoff depth (AARD) and the site’s catchment area (Jha & Smakhtin, 

2008). The difference between standard average annual rainfall (SAAR) and actual 

evaporation (AE) is assumed to be equal to the AARD (ESHA, 2004), while actual 

evaporation (AE) is estimated from potential evaporation (PE). The mean annual flow 

(Q) estimated using the AARD and the catchment area can be used to estimate the 

power potential.  Although the mean annual flow gives an idea of a river’s power 

potential, a firmer knowledge of the river’s flow regime, as obtained from a flow 

duration curve, is needed (ESHA, 2004).  

 

b. Catchment area ratio method  

 

The area ratio method is one of the simplest methods used to predict streamflow at 

poorly gauged sites (Nruthya & Srinivas, 2015). It involves the use of hydrological 

data from a gauging station with sufficient discharge time series which is located on 

the same river or a nearby river (Fitchner, 2015) . The data is transposed to the 

ungauged site by using the ratio between catchment areas. In some cases, the ratio 

between the average annual rainfall may also be used if the sites receive different 

amounts of rainfall. However, this method does not consider a number of factors 

(Yilmaz & Onoz, 2020). These include site geology, soil type, land use and vegetation 

which have a significant influence on the unique flow characteristics (Fitchner, 2015). 

It may be difficult to establish similarities of these aspects between the gauged 

catchment and the ungauged catchment. 
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c. Simultaneous Flow Measurement 

 

A temporary gauging point (so-called control profile) is established at a point of 

interest (intake location or its vicinity) along the river, usually upstream of an existing 

gauging station. The two points are measured simultaneously considering that  the 

same weather conditions prevail at the two sites. Measurements of the control profile 

(temporary station) with those of the gauging station can then be correlated. In other 

cases, a new gauging station at a point of interest (intake location or its vicinity) along 

a river may be compared with an existing gauging station in a nearby catchment with 

similar hydrological and meteorological conditions (INSHP, 2019). The two points 

can be measured simultaneously considering that  the same weather conditions prevail 

at the two sites. Measurements of the new gauging station can then be correlated with 

those of the existing gauging station. Next, historical hydrological data with sufficient 

time series are transposed from the existing gauging station to the proposed intake. 

To cover all flow conditions, measurements must be undertaken during dry and wet 

periods. The more simultaneous measurements there are, the better the accuracy of 

the correlation (Fitchner, 2015).  

 

Correlation is a measure of the strength of association between two random variables, 

say x and y. Correlation coefficients are one class of measures that can be used to 

determine this association between the variables (Helsel & Hirsch, 2002). It is 

assumed for this analysis that x and y are related linearly, so the usual correlation 

coefficient gives a measure of the linear association between x and y. This is 

calculated as (DeCoursey, 2013) 

 

 𝑟 =
∑ (𝑥𝑖−𝑥̅)(𝑦𝑖−𝑦̅)𝑛

𝑖=1

√∑ (𝑛
𝑖=1 𝑥𝑖−𝑥̅)2(𝑦𝑖−𝑦̅)2

                                                                                  Equation 2-16 

 

Here r reflects the extent of the linear relationship between the two variables y and x. 

For a perfect correlation, r is equal to 1.0. However, a value of r between 0.6 and 1.0 

is generally considered a good correlation (Subramanya, 2008).  
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d. Relationship between specific runoff and attitude  

 

Another approach used to empirically predict discharge for ungauged sites is to derive 

a relationship between specific runoff [l/s/km2] and average catchment area altitude. 

Data from several gauging stations and control profiles in the area are used to generate 

a regional function or curve. This method is based on the idea that, the higher the 

catchment area, the more expected runoff per km². After average flow (MQ) is 

determined, the value is compared to the MQ at the next gauging station and the 

correlation is determined, then historical hydrological data can be transposed to the 

intake. The accuracy of hydrological data obtained by this method depends on the 

accuracy of data used to prepare the regional function and the method used to the 

average height of the catchment area (Fitchner, 2015). 

 

2.6.2 Rainfall-runoff models 

 

Advances in computer methods have made the use of simulation models possible in 

hydrology and hydropower planning. Many hydrologic models are available which 

can be used for catchment rainfall-runoff simulation (Bedient, et al., 2013). Computer 

modelling offers a solution to investigate hydrological processes and make predictions 

on what the flow might be in a river given a certain amount of rainfall. There are 

different types of models, with differing amounts of complexity (Davie, 2008). 

Although there are many ways to classify models, not all models fit into a one category 

because they are developed for a variety of purposes (Singh, 1995). 

Hydrologic models may be classified as empirical, conceptual, and physical 

(Sitterson, et al., 2017). Each type calculates runoff differently. Researchers use 

different ways to classify and divide models based on spatial resolution, input/output 

type, model simplicity, etc. The models can further be classified based on the spatial 

interpretation of the model’s catchment area separating them into lumped, semi-

distributed, and distributed models (Sitterson, et al., 2017). 

In a lumped model, parameters do not vary spatially with the basin and response is 

only evaluated at the outlet, without explicitly accounting for the response of 

individual subbasins. In a semi-distributed model parameters are partially allowed to 
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vary in space by dividing the basin into several smaller subbasins. The advantage is 

that the structure is more physically based than lumped models. In a distributed model, 

parameters are fully allowed to vary in space at a resolution chosen by the user. The 

model attempt to incorporate data including spatial distribution of parameter variation 

together with computational algorithms (Eldho, 2015). Semi-distributed models are 

therefore less demanding on input data than distributed models. 

Based on characteristics that need to be studied, the objectives to be met and the funds 

available, the Engineer should make a choice of the available simulation models. The 

selection of the model will also depend on the study objectives, catchment 

characteristics, availability of data and the project budget. Some models require inputs 

data such as rainfall, infiltration, evaporation, evapotranspiration, physiography, land 

use, reservoir data, terrain data and streamflow. A model will need to be calibrated to 

get good results. Model calibration and verification is extremely important in fitting 

the model parameters and producing accurate results.  Model calibration involves 

selecting a measured set of input data. The controlling parameters are adjusted until a 

“best fit” is obtained between observed and simulated data  (Bedient, et al., 2013). 

The relationship between simulated and observed data is measured by a number of 

statistical goodness-of-fit criteria. There are many types of objective functions 

available but the choice of which to employ is related to the model application. The 

coefficient of determination, r2 and the coefficient of efficiency, also referred to as the 

Nash-Sutcliffe are able to provide a satisfactory assessment of the correspondence 

between observed and simulated time series.  (Mwelwa, 2004).  The Nash-Sutcliffe 

formula can be written as: 

𝐶𝐸 =  1 −  
∑ (𝑦𝑖 −𝑦𝑖,𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 )2𝑛

1

∑ (𝑦𝑖−𝑦̅)2𝑛
1

                                                                  Equation 2-17         

Where, 
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𝐶𝐸 = Coefficient of efficiency  

𝑦𝑖 = Observed values of the variable of interest 

𝑦𝑖,𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑  = Simulated values  

𝑦̅ = Mean value of observed values 

The coefficient of efficiency is sensitive to systematic errors such as the general over 

or under prediction between observed and simulated flow, where the r2 is not 

(Mwelwa, 2004).   

 

a. Rainfall  

 

Rainfall is the most important input to any hydrological or water resources study 

(Pitman & Bailey, 2021). However, rainfall data from meteorological station 

observations are inadequate over many parts of the world, especially in developing 

countries due to sparse or non-existent observation networks, or limited reporting of 

gauge observations. As a result, satellite derived rainfall estimates have been used as 

an alternative or as a supplement to station observations (RMetS, 2018).  

Many satellite-derived rainfall products with long time series suffer from coarse 

spatial and temporal resolutions and inhomogeneities caused by variations in satellite 

inputs. There are however some satellite rainfall products with reasonably consistent 

time series, but they are often limited to specific geographic areas. For example, the 

Climate Hazards Group Infrared Precipitation (CHIRP) and CHIRP combined with 

station observations (CHIRPS) are recently produced satellite-derived rainfall 

products with relatively high spatial and temporal resolutions and quasi-global 

coverage (RMetS, 2018).  

Different validation statistics can be used to evaluate the different satellite derived 

products. These include bias, mean error (ME), mean absolute error (MAE) and 

correlation coefficient (CC) which can be used for evaluating monthly timescales. The 

formulae for these statistical measures are indicated in Table 2-4. 
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Table 2-3: Validation Statistics and formulae  

[Source: (RMetS, 2018)] 

Statistics Formula Range Unit Best 

value 

Correlation 

Coefficient 
𝑟 =

∑ (𝐺𝑖 − 𝐺̅)(𝑆𝑖 − 𝑆̅)𝑛
𝑖=1

√∑ (𝑛
𝑖=1 𝐺𝑖 − 𝐺̅)2(𝑆𝑖 − 𝑆̅)2

 
-1 to 1 None -1 or 1 

Mean Error 
𝑀𝐸 =  

1

𝑁
∑(𝑆𝑖 − 𝐺𝑖)

𝑛

𝑖=1

 
-∞ to 

∞ 

mm 0 

 

Mean Absolute 

Error 
𝑀𝐴𝐸 =  

1

𝑁
∑|(𝑆𝑖 − 𝐺𝑖)|

𝑛

𝑖=1

 
0 to ∞ mm 0 

Bias 
𝐵𝑖𝑎𝑠 =

∑𝑆

∑𝐺
 

0 to ∞ None 1 

 

Where, 

G =gauge rainfall measurements 

𝐺̅ =average of the gauge measurements 

𝑆 =satellite rainfall estimate 

𝑆 ̅= average of the satellite rainfall estimates 

𝑁 =number of data pairs 

The correlation coefficient r indicated in Table 6-3 is the most used measure of 

correlation and sometimes it is called the linear correlation coefficient because r 

measures the linear association between two random variables y and x (Helsel & 

Hirsch, 2002). The square of the correlation coefficient, r2 is called the coefficient of 

determination (DeCoursey, 2013). The coefficient of determination is interpreted as 

the proportion of observed y variation that can be explained by the simple linear 

regression model (attributed to an approximate linear relationship between two 

variables y and x). The higher the value of r2, the more successful is the simple linear 

regression model in explaining the y variation. When regression analysis is done by a 

statistical computer package such as excel, r 2 (the percentage of variation explained 

by the model) is a prominent part of the output. If r2 is small, an analyst will usually 
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want to search for an alternative model (either a nonlinear model or a multiple 

regression model that involves more than a single independent variable) that can more 

effectively explain y variation (Devore, 2012).  

 

b. Evaporation & evapotranspiration  

 

Several hydrologic computer models use evaporation or evapotranspiration inputs in 

rainfall-runoff modelling. These are important components in the water balance. 

Evaporation data may be obtained from meteorological stations as pan evaporation. 

Evapotranspiration may be estimated from pan evaporation as reference crop 

evapotranspiration. When pan evaporation is used to estimate the reference crop 

evapotranspiration, a comparison can be made between the evaporation from the 

water surface in the pan and the evapotranspiration of the standard grass (Food and 

Agriculture Organization of the United Nations, 2021).  

The Food Agriculture Organization (FAO) has provided an equation known as the  

FAO Penman -Monteith equation for determining the evapotranspiration from a 

hypothetical grass reference surface . The equation was derived from the original 

Penman-Monteith equation and the equations of the aerodynamic and canopy 

resistance. The FAO Penman-Monteith equation is written as follows (Food and 

Agriculture Organization of the United Nations, 2021): 

𝐸𝑇0 =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾

900
𝑇 + 273 𝑈2(𝑒𝑠 − 𝑒𝑎)

∆ + 𝛾(1 + 0.34𝑈2)
 

Where 

𝐸𝑇0= Reference crop evapotranspiration [mm/day] 

𝑅𝑛= Net radiation at the crop surface [MJ m2/day] 

𝐺= Soil heat flux density [MJ m2/day] 

𝑇= Air temperature at 2m height [ o C] 

𝑈2= Wind speed at 2m height [m/s] 

𝑒𝑠 = Saturation vapour pressure [kPa] 
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𝑒𝑎= Actual vapour pressure [kPa] 

𝑒𝑠 − 𝑒𝑎= Saturation vapour pressure deficit [kPa] 

Calculations of the reference crop evapotranspiration are usually computerised. A 

number of software packages use the Penman-Monteith equation to determine the 

reference crop evapotranspiration. CROPWAT software is an open-source software 

that is recommended for calculating reference crop evapotranspiration (Food and 

Agriculture Organization of the United Nations, 2021). 

Evapotranspiration can also be determined from pan evaporation. Pan evaporation is 

measured from standard pans at meteorological stations. The pans are usually made 

of stainless steel with specific dimensions. The pan is normally installed in a grassy 

location, away from bushes, trees and other obstacles which may obstruct the natural 

flow of air around the pan. The result of evaporation and precipitation is usually 

measured daily within a still well, by means of a high-quality evaporation micrometer.  

The pans make possible the measurement of the integrated effect of radiation, wind, 

temperature and humidity on the evaporation from an open water source. Standard 

pans are used to measure evaporation and in the absence of rain, the amount of water 

evaporated during a period (mm/day) corresponds with the depth in that period (Food 

and Agriculture Organization of the United Nations, 2021).  

An evaporation pan provides a measurement of the combined effect of temperature, 

humidity, wind speed and sunshine on the reference crop evapotranspiration ETo. The 

pan evaporation is related to the reference evapotranspiration by an empirically 

derived pan coefficient (Eijkelkamp, 2009): 

𝐸𝑇𝑂 = 𝐾𝑝𝑎𝑛  𝐸𝑝𝑎𝑛 

Where, 

𝐸𝑇𝑂= Reference crop evapotranspiration 

𝐾𝑝𝑎𝑛= Pan coefficient 

𝐸𝑝𝑎𝑛= Pan evaporation 

When using the evaporation pan to estimate 𝐸𝑇𝑂, a comparison is made between the 

evaporation from the water surface in the pan and the evapotranspiration of the 
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standard grass. Since the water in the pan and the grass do not react in exactly the 

same way to the climate, the pan coefficient, 𝐾𝑝𝑎𝑛 is used to relate one to the other. 

The pan coefficient depends on the type of pan used, the environment, the humidity 

and the wind speed. Evaporation pans may be provided in different classes. For 

example, a class A standard pan is 54mm in height and 1026mm in diameter. The 

𝐾𝑝𝑎𝑛 for such a pan varies from 0.35 and 0.85, with the average value being 0.70.  If 

the pan factor is not known the average value can be used (Eijkelkamp, 2009).     
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3 Chapter Three: Methodology 

 

3.1 Selection of suitable prediction methods 

 

Broadly speaking, both statistical and hydrologic modelling can be used for prediction 

of discharge at Mabula Kapi Site. However, the selection of the specific methods to 

use depends on several factors. For Mabula Kapi site, the rainfall-runoff modelling 

method has been selected as the best method for prediction of discharge.   

The other methods discussed in section 2.6 have not been selected for accurate 

prediction of discharge due to the following reasons: 

a) The Mean Annual Flow method – While this method gives an idea of a river’s 

power potential, it does not provide a firmer knowledge of the river’s flow 

regime as obtained from a flow duration curve.  

b) Catchment Area Ratio method – This method does not consider several factors 

including site geology, soil type, land use and vegetation which have a 

significant influence on the unique flow characteristics. 

c) Relationship between Specific runoff and Altitude method – This method 

requires use of data from several gauging stations and profiles in the area to 

generate a regional function. The scarcity of data in the Mabula Kapi region 

presents a challenge for application of this method. 

d) Simultaneous flow measurement method – In this method, a new gauging 

station at a point of interest (intake location or its vicinity) along a river may 

be compared with an existing gauging station in a nearby catchment with 

similar hydrological and meteorological conditions. Manangwa gauging 

station (for Mabula Kapi catchment) can be correlated with measurements 

taken from an existing gauging station in a nearby catchment. Masase gauging 

station located on Lusiwasi River  is located about 30 km away Manangwa 

gauging station. This station which is managed by ZESCO limited has a 

discharge time series of over 50 year. The proximity of the two gauging 

stations and their catchments is shown in Figure 3.2. 

 

The simultaneous flow measurement method in this case was not selected due 

to a major difference in the drainage network between the two catchment 
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areas. The Lusiwasi catchment has a lake in its head waters as shown in Figure 

3-1. 

 

 [Source: (ZESCO, 2018)] 

Figure 3-1: Proximity of Mabula Kapi and Lusiwasi Catchments 

 

 

3.1.1   Rainfall – runoff model (PITMAN model)  

 

a. Model definition and structure 

 

Following careful and extensive review of available open-source hydrologic 

modelling software, the Author selected a model known as the WRSM/PITMAN 

model for rainfall-runoff modelling of the Mabula Kapi catchment. The model can 

create a conceptual representation of relevant processes and storages in a hydrologic 

catchment such as interception, soil moisture capacity, groundwater flow, wetlands, 

lakes, and attenuation in channel systems. There are currently three versions of the of 

the model as follows  

a) WRSM/Pitman version 2.7 which is a monthly time step version  
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b) WRSM2000/Pitman version 2.6 which is a daily time step version with limited 

distribution. It also has the monthly time step but users are recommended to 

use it only for daily time step analyses and 

c) WRSM2000/Pitman version 2.11 which is the latest monthly time step version 

with enhanced features  

WRSM stands for Water Resources and Simulation Model. The WRSM/Pitman 

model is a conceptual semi distributed model, consisting of storages such as 

interception, soil moisture and groundwater, linked by functions designed to represent 

the main hydrological processes at the subbasin scale such as infiltration, excess flow, 

saturation excess flow, direct overland flow, and ground water flow (Hughes, et al., 

2006). The model was initially developed in 1969 and has been subject to several 

enhancements over the years. There have been various changes to its name over the 

years. Currently the model is known either as the WRSM2000 model or the Pitman 

model (Pitman, et al., 2015).  WRSM2000 model has been applied to many different 

hydro climatic regions in Africa (Raphael , et al., 2014).This study will refer to it as 

PITMAN model. 

The Author attended a two-day training course for the PITMAN model in October 

2021. Based on knowledge acquired, he proposed to employ version 2.11 of the 

PITMAN model which is a monthly time step, for general hydrological modelling and 

simulation of discharge time series. However, for the purpose of flood frequency 

analysis, the version 2.6 which is a daily time step was adopted.  It is important to 

note that version 2.6 employs the same time series of monthly catchment rainfall as 

used by the monthly model. The daily time step model was designed to generate daily 

flows using as input daily and monthly rainfall and average monthly potential 

evaporation. The structure is similar to that of the monthly time step. (Pitman, et al., 

2015). 

The PITMAN model is of a modular construction (running under Windows), with five 

different types of modules linked by means of routes: 

a) The Runoff module 

b) The Reservoir module 

c) The Irrigation module 

d) The Channel module  
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e) The Mining module 

The runoff module is said to be the of heart the PITMAN model. This module uses 

various input data including climate data to simulate runoff. The reservoir module is 

applied if the river network has a reservoir such as a large dam or a small network of 

farm dams. The irrigation module is used if the river network contains irrigation 

systems that demand or abstract water from the river network. The channel module is 

used to link abstractions, return flows as well as other modules. It can also be used to 

include wetlands identified in the river system. The Mining module is used to include 

mines, if they are part of the river network (Pitman, et al., 2015). 

The PITMAN model has been selected for the following reasons: 

a) It is an open-source application 

b) It can be used to extend natural flow records as far as rainfall records allow 

c) It can be used to calibrate flow records taking land-use changes over time into 

account 

d) It can be used to simulate flows for present or future conditions  

e) It can be used estimate flows in ungauged catchments by transferring 

parameters 

f) Input data required for the model is readily available 

g) Model developers are available to provide virtual training workshops 

h) It is user friendly 

i) It has been used throughout South Africa, Southern Africa Development 

Community (SADC) countries and even in certain overseas countries 

Each of the 5 modules in the PITMAN model contains one (or offers a choice between 

more than one) hydrological models that simulate a particular hydrological aspect. 

The modules are linked to one another by means of routes. A connection of different 

modules, together with the routes, form a network. By choosing and linking several 

modules carefully, virtually any real-world hydrological system can be represented. 

The first step in simulating any hydrological system is to set up the network of 

modules and routes to represent this system. The PITMAN model allows for large 

networks to be created and offers interactive creation and editing of all modules, 

routes and networks. The program supports the user by means of extensive error 

checking (Pitman, et al., 2015).   
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The PITMAN model simulates flows in a catchment and allows for a comparison of 

simulated flows against observed flows. The user can analyse statistics and graphs of 

various water resource parameters and manipulate calibration parameters to achieve 

a good ‘fit’ between observed and simulated flows.  

 

b. Runoff module 

 

The runoff module is the most critical module of the PITMAN model. The main inputs 

and drivers of streamflow in the runoff module are: 

a) Catchment area 

b) Rainfall  

c) Pan evaporation 

d) Calibration parameters  

Land use and water use in the catchment is defined by afforestation, alien vegetation 

and paved areas.  The model requires substantial manipulation of the rainfall data prior 

to use.  

PITMAN model applies several calibration parameters which govern the amount, rate 

and timing of the runoff generated. It initiates the first simulation with default 

parameters which the user can change to match or calibrate the simulated and 

observed flows as closely as possible. The calibration parameters are listed in the 

Table 3-1. 

Table 3-1: Calibration parameter description  

[Source: (Pitman, et al., 2015)] 

Parameter Description  Unit (If applicable) 

POW Power in the soil moisture / subsurface 

flow equation 

- 

SL Power in the soil moisture recharge 

equation 

- 

ST Soil moisture capacity Mm 
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Table 3-1 Continued 

Parameter Description  Unit (If applicable) 

FT Sub-surface flow at full soil moisture 

capacity 

- 

GW Maximum groundwater flow mm/month 

HGGW Maximum soil moisture recharge - 

ZMIN Minimum catchment absorption rate mm/month 

ZMAX Maximum catchment absorption rate mm/month 

PI Interception storage mm 

TL Lag of flow (excluding groundwater) - 

GL Lag of groundwater flow - 

R Coefficient in the evaporation / soil 

moisture equation 

- 

 

c. Detailed description of calibration parameters  

 

A detailed description of the calibration parameters and their influence on runoff 

generation as explained in the PITMAN model theory manual (Pitman & Bailey, 

2012) is given below: 

a) Power in the soil moisture / subsurface flow equation (POW) 

Determines rate at which subsurface flow (interflow plus groundwater) reduces as soil 

moisture is depleted. The higher the value means that the subsurface flow will drop 

more rapidly during periods between rainfall events 

b) Power in the soil moisture recharge equation (SL) 

Soil moisture level below which all subsurface flow ceases. Below this level the only 

soil moisture depletion is via evapotranspiration. When this parameter is increased, 

baseflow will cease more often as SL approaches ST.  SL is a parameter which should 

remain as 0 unless sub-surface flow ceases before soil moisture depleted. 

c) Soil moisture capacity (ST) 
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Soil moisture capacity is the moisture holding capacity of soil. High values  of this 

parameter would result in less surface runoff but increase the potential for more 

subsurface flow. 

d) Sub-surface flow at full soil moisture capacity (FT) 

As FT is increased, a greater sub-surface flow will occur, at the expense of evaporation 

and surface flow, particularly in dry periods. Arid areas will have a value of 0 where 

baseflow is absent. If a good fit is obtained with a value of near/over 100, this is an 

unrealistic value and other parameters should be adjusted rather than increasing FT to 

such a high value.  

e) Maximum groundwater flow (GW) 

GW (and GL) are only included if we do not achieve sufficiently sustained baseflows 

throughout the dry season. A value of 0 is not excluding groundwater flow, it is merely 

lumping it with the other subsurface flow because the time lags (TL and GL) are not 

sufficiently different to warrant modelling groundwater separately. 

f) Minimum catchment absorption rate (ZMIN) 

Minimum rainfall intensity required to initiate surface runoff; below this intensity all 

rainfall is absorbed by the soil. A higher ZMIN value represents less frequent (and 

less volume) of surface runoff events as it will require a higher intensity to initiate 

runoff. 

g) Maximum catchment absorption rate (ZMAX) 

In conjunction with ZMIN, ZMAX determines the average infiltration to soil 

moisture. A higher ZMAX value will cause a reduction in the volume of surface runoff 

because the soil is able to absorb more water.  

h) Interception storage (PI) 

Interception storage is the amount of water which is intercepted by vegetative cover 

before it reaches the ground and can either run off or infiltrate into the soil. A higher 

value therefore represents a reduction in the quantity of rainfall available for 

infiltration.  

i) Lag of flow - excluding groundwater (TL) 
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Lag of surface runoff and subsurface flow from the upper zone (interacts with GW); 

an increase in this parameter produces a greater delay in the catchment’s response to 

rainfall. This parameter is adjusted primarily based upon the seasonality graph, which 

easily and visibly shows a in the lag of the streamflow. This parameter will not 

significantly affect the amount of runoff and is used primarily to adjust the seasonality 

of flow (where one see’s the misalignment of peaks). The user will change this value 

iteratively until the seasonality of simulated and observed matches.  

j) Lag of groundwater flow (GL) 

This refers to lag of sub-surface flow in the lower zone. An increase in lag will cause 

the baseflow in a river to decline more slowly, yielding higher dry season flows.  

k) Coefficient in the evaporation / soil moisture equation (R) 

R controls the rate at which evaporation reduces as soil moisture is depleted 

d. Calculation Procedure 

 

The PITMAN theory manual (Pitman & Bailey, 2012) outlines the steps used in the 

monthly PITMAN model for calculating runoff each month as follows: 

a) Compute runoff from impervious area;  

b) Determine interception loss;  

c) Synthesize mass curve of rainfall for the month and calculate rainfall for each time 

step; 

a) Subtract interception loss from rainfall;  

b) Compute surface runoff;  

c) Perform mass balance of soil moisture to determine soil moisture at end of time 

interval.  

d) If soil moisture capacity is exceeded calculate the excess water (SPILL) and 

apportion it to baseflow (to be lagged by GW) and remaining flow (lag of TL) as 

per step 9;  

e) The quantity SPILL × GW/FT is added to baseflow and the remainder is added to 

the component to be lagged by TL.  
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f) Compute the runoff components originating from soil moisture;  

g) Accumulate runoff components for the month;  

h) After all months have been processed perform the routing (lagging) procedure and 

combine runoff components to obtain total monthly runoffs and  

i) Convert monthly runoffs from depths (mm) to volumes (million cubic metres). 

 

The daily time step PITMAN model (version 2.6) was designed to generate daily 

flows using daily and monthly rainfall and average monthly potential evaporation as 

input. The structure is similar to that of the monthly time step with similar calibration 

parameters. Assumed soil moisture conditions is determined from initial catchment 

discharge, precipitation is stored as interception and as soil moisture and this is subject 

to evaporation and transpiration. The quantity of precipitation that is not absorbed by 

the soil is the source of surface runoff. A portion of the precipitation held as soil 

moisture percolates into groundwater before entering the river system. The various 

components are suitably lagged and the total runoff at the catchment outlet is 

computed on a mass balance basis (Pitman & Bailey, 2012). 

The model has been designed to balance the catchment’s water budget and to 

determine the runoff using different time steps. For days during which there is no rain, 

a one-day time step is used. When a rain-day is encountered, the duration of the fall 

is computed and the total rainfall is distributed as hourly amounts in order that the 

water budget may be computed at one-hour time intervals. After cessation of the storm 

a single time step of n hours is employed, where n = 24 – duration of the rainfall. It is 

thus evident that the onset of rain is assumed to coincide with the beginning of the 

day (Pitman & Bailey, 2012). 

In terms of interception, vegetation and soil surfaces may be initially dry before a 

storm and a small amount of moisture is needed to wet these surfaces before runoff 

and infiltration can occur. This function is represented by assuming an interception 

storage which must be filled before precipitation is available for infiltration and 

runoff. Moisture from interception storage is removed at the potential 

evapotranspiration rate until all moisture is exhausted. Surface runoff it is taken to be 
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derived from two sources namely: Runoff from impervious areas and Runoff resulting 

from rainfall that has not infiltrated into the soil (Pitman & Bailey, 2012). 

Regarding infiltration, the quantity of water entering storage as soil moisture is simply 

the residual precipitation after interception and surface runoff have been subtracted. 

As for evaporation, the algorithms used are identical to those used in the monthly 

model. Regarding groundwater discharge, numerous trials revealed that the adoption 

of a single recession constant would not be satisfactory. The model therefore uses a 

variable recession constant, related to the groundwater storage state, which gives more 

accurate results (Pitman & Bailey, 2012). 

In terms of time delay and attenuation of runoff, the response of the whole catchment 

is characterised by the processes taking place at a representative location, the 

components of model runoff may have to be lagged to indicate the runoff at the 

catchment outlet. Furthermore, surface runoff is subject to attenuation as it moves 

across the land surface and then through the channel system (Pitman & Bailey, 2012). 

In terms of calibration, model developers have provided suggestions on the 

relationship/conversion between the monthly and daily calibration parameters as 

shown in Table 3-2 (Pitman & Bailey, 2012). 

There are two distinct modes for analysing daily flows as follows in the model: 

a) Daily naturalised flow - The user is only interested in the naturalised flows. 

Naturalised flows are stream flows that could be expected if human-made 

dams and reservoirs cannot reduce flows during a flood. They are determined 

by removing the effects of regulation from the historical flow record.   

b) Daily streamflow that would occur in a system with various land uses where 

the user may want to compare simulated streamflow against daily observed 

streamflow (Pitman & Bailey, 2012). 

Table 3-2: Conversion from monthly to daily calibration parameters 

[Source: (Pitman, et al., 2015)] 

Calibration 

Parameter 

Monthly Daily Suggested Rule 

POW 2 2 No difference 

SL 0 0 Usually, 0 
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Table 3-2 Continued 

Calibration 

Parameter 

Monthly Daily Suggested Rule 

ST 160 160 No difference  

FT 20 0.3 FT (Daly) = 0.024 (= 0.48) 

AI variable 0  

Zmin 999 0 None (range 0-3) 

Zmax 999 15 None (range 6 -15) 

PI 1.5 1.5  

TL 0.25 5 TL (daily) = 1 + 0.00025 x Area (km2) x TL 

(monthly model – months) / 0.25 

Lag Not used 0  

GL  10 GL (daily model -days) = 25 x GL (monthly 

model -months) If Pitman method used 

otherwise default value 

R 0.5 0.5 No difference 

 

 

3.2 Input Data Processing  

 

3.2.1 Catchment area data 

 

The catchment area at Manangwa gauging station was delineated using global mapper 

software. It was delineated using a 12.5m resolution digital elevation model 

downloaded from Alaska Satellite Facility website (NASA, 2021). The catchment 

area was delineated and calculated as 511km2 as shown in Figure 3-2. 
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          (Source: Author’s delineation using Global Mapper software) 

Figure 3-2: Delineated catchment for Mabula Kapi             

 

3.2.2 Discharge 

 

Improving the prediction of discharge for Mabula Kapi is heavily dependent on 

acquisition of on-site streamflow data. The on-site stream flow data collected must be 

entered and updated regularly to produce a discharge time series for discharge 

prediction. 

a. On-site measurements 

 

KGRTC had employed a gauge reader to take daily water level (stage) readings at 

Manangwa gauging station following its installation in September 2019. However, 

discharge measurements only commenced about a year later.  KGRTC and the Water 

Resources Management Authority (WARMA) collaborated to carry out quarterly 

discharge measurement at the gauging station. The measurements were done using 

the Acoustic Doppler Current Profiler (ADCP) equipment from WARMA. A record 

of the discharge measurements undertaken at Manangwa station is indicated in Table 

3-3. 
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Table 3-3: Discharge measurement record at Manangwa  

         (Source: KGRTC) 

Quarterly 

Reading No. 

Date Water level 

(m) 

Discharge 

(m3/s) 

1 28-01-2021 1.400 9.152 

2 01-05-2021 1.3 7.433 

3 22-07-2021 1.04 3.303 

4 01-10-2021 0.87 1.21 

5 08-12-2021 0.68 0.58 

6 01-02-2022 1.26 5.594 

7 17-02-2022 2.51 81 

8 15-03-2022 1.54 10.173 

9 29-03-2022 1.400 9.153 

          

b. Plotting points and curve fitting 

 

All discharge record measurements were plotted on ordinary arithmetical scale with 

gauge height on vertical scale and discharge on horizontal scale. A curve was fitted to 

the plotted data using excel trendline options. The power trendline provided the most 

suitable fit to the data. The curve obtained from the power trendline is shown in Figure 

3-4. 

       

(Source: Author’s computation using MS excel) 

Figure 3-3: Curve fit to measured points  
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Three values of discharge Q1, Q2 and Q3 were selected from the curve in Figure 3-4 

as 5.0, 17.320 and 60 respectively, such that Q2 
2 = Q1Q3. The corresponding values 

of h1,h2 and h3 were found to be 1.209, 1.672 and 2.313 respectively. These values 

were applied to equation (2-9) and ℎ0 was computed as zero (0). 

A plot of discharge Q against ℎ𝑤 − ℎ0  was done on a log-log graph in excel as shown 

in Figure 3-5 below. The points were observed to be roughly lying in a straight line. 

The curve was deemed to represent one portion or segment, requiring only one 

mathematical equation.   

 

 

(Source: Author’s computation using MS excel) 

Figure 3-4: Log-log plot graph  

 

c. Determination of rating equation 

 

A mathematical equation was derived using the least squares method from equation 
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Table 3-4: Calculation of the Rating Curve Using the least squares method 

(Source: Author’s computation using MS excel) 

 

Stage 
(H) 

Discharge 
(Q) 

hw-
h0 

X = Log (hw-
h0) 

Y = Log 
Q XY X2 Y2 

0.68 0.58 0.68 -0.17 -0.24 0.04 0.03 0.06 

0.87 1.21 0.87 -0.06 0.08 -0.01 0.00 0.01 

1.04 3.30 1.04 0.02 0.52 0.01 0.00 0.27 

1.26 5.59 1.26 0.10 0.75 0.08 0.01 0.56 

1.3 7.43 1.30 0.11 0.87 0.10 0.01 0.76 

1.4 9.152 1.40 0.15 0.96 0.14 0.02 0.92 

1.4 9.153 1.40 0.15 0.96 0.14 0.02 0.92 

1.54 10.17 1.54 0.19 1.01 0.19 0.04 1.01 

2.5 81.00 2.50 0.40 1.91 0.76 0.16 3.64 

  Sum 0.88 6.82 1.45 0.29 8.16 

       

Using the method of least squares, the following relationship was established, based 

on calculated values from Table 3-4.  

𝟔. 𝟖𝟐 = 𝟗𝒂𝟎 + 𝟎. 𝟖𝟖𝒃     𝑎𝑛𝑑    𝟏. 𝟒𝟓 = 𝟎. 𝟖𝟖 𝒂𝟎 + 𝟎. 𝟐𝟗 𝒃 

The coefficients𝒂𝟎, a and b were calculated as 0.386, 2.433 and 3.800 respectively. 

The resulting rating curve equation is: 

𝑸 = 𝟐. 𝟒𝟑𝟑(𝒉𝒘)𝟑.𝟖                                                                                             Equation 3-1 

 

d. Testing the discharge rating curve 

 

The discharge rating curve was tested for biasness using the student’s t-test statistical 

methods. Table 3-5 shows the discharge measurements and computations of statistical 

parameters.  
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Table 3-5: Discharge measurements and computation of statistical parameters 

(Source: Author’s computation using MS excel) 

 

Measured Rating Percentage deviation (𝑷 − 𝑷̅)𝟐 

𝑷 𝑷-𝑷̅ 

H 𝑸𝒎 𝑸𝒓 Plus Minus Plus Minus 

0.68 0.58 0.562 1.02  0.62  0.74 

0.87 1.21 1.433  -15.58  -15.97 255.04 

1.04 3.303 2.824 16.96  16.56  257.67 

1.26 5.594 5.855  -4.46  -4.86 23.62 

1.3 7.433 6.594 12.73  12.33  152.03 

1.4 9.152 8.738 4.73  4.34  18.84 

1.4 9.153 8.738 4.75  4.35  18.92 

1.54 10.173 12.552  -18.95  -19.35 374.42 

2.5 81 79.125 2.37  1.97  3.88 

  Sum 42.55 -38.99 40.18 -40.18 1105.17 
     

The percentage deviation was computed using the formula  𝑃 =  (
𝑄𝑚−𝑄𝑟

𝑄𝑟
)  100                                                                 

 

Mean percentage deviation of 𝑃, 𝑃̅ =  
𝑃1+𝑃2+𝑃3+⋯…….+𝑃𝑛

𝑛
 = 

42.55−38.99

9
 = 0.396% 

               

Standard percentage deviation of 𝑃, 𝑆𝐷 = (
∑(𝑃−𝑃̅)2

𝑛−1
)

1
2⁄

= 
1105.17

8
 = 11.75% 

 

Standard percentage error of 𝑃, 𝑆𝐸 =  
𝑆𝐷

𝑛
1

2⁄
 = 

11.75

9
1

2⁄
 = 3.92% 

 

Test statistic, 𝑡 =  
𝑃̅

𝑆𝐸
 =  

0.396

3.92
 = 0.101 

The test statistic 𝑡 has been calculated and is equal to 0.101. On the other hand, the 

value of 𝑡 from the t-distribution table at the 5% significance level and for a sample 

size of 9 is found to be equal to 2.306 (two-tailed test, (n-1) = 8 degrees of freedom).   
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The conclusion is that since the calculated value of t is less than 2.306, the rating curve 

is free of bias as judged by this method.  

  The rating curve is also judged to be a good fit as the r2 value was computed to be 

0.9924 using Microsoft excel application.  

e. Application of rating curve 

 

The rating curve developed for Manangwa gauging station was used to compute 

corresponding discharges for daily stage readings recorded at Manangwa gauge 

station from October 2019 to September 2021, covering two hydrological years. The 

resulting hydrograph is shown in Figure 3-6 below. 

                 

 

(Source: Author’s computation using MS excel) 

Figure 3-5: Hydrograph – Manangwa gauging station 

 

3.2.3 Rainfall and Evaporation Data  
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series to be used in modelling should correspond to the measured discharge time series 

at Mangawa streamflow gauging station. The updated streamflow record runs from 

September 6 , 2019 to April 30, 2022. Unfortunately, there is no rainfall station within 

Mabula Kapi catchment to provide on-site rain fall input data for modelling. The 

nearest weather stations operated by the Zambia Meteorological Department (ZMD) 

are in Kabwe, Serenje, Mkushi and Mpika Districts.  

Data from these nearby stations can be used to calculate the areal precipitation over 

the Mabula Kapi catchment. However, the data collected contain gaps and do not have 

time series for the period spanning from September 6, 2019 to April 30, 2022 which 

is required for calibration of the model. Table 3-6 shows the rainfall time series 

collected for four rainfall stations. 

Table 3-6: Rainfall time series for local stations 

(Source: Author’s computation using MS excel) 

Station Location Data period % Missing data (gaps) 

Serenje 1981 - 2017 12 % 

Mkushi 1993 - 2015 2.9 % 

Mpika 1981 - 2012 0% 

Kabwe 1981 - 2015 38% 

 

b. Use of satellite data 

 

A decline in the number of rainfall stations has motivated scientific studies to 

understand the extent to which satellite data can fill the gap left by the availability of 

rainfall stations. In recent years, studies have been conducted to compare satellite data 

with measured data from rainfall stations. A 2021 study in South Africa compared 

rainfall data sourced by the Climate Hazards Group InfraRed Precipitation with 

Station data (CHIRPS) satellite database with data from several rainfall stations. The 

analyses yielded good results overall, except in the winter rainfall region, where 

CHIRPS performed poorly. The study concluded that CHIRPS would have a role to 

play in future water resources studies (Pitman & Bailey, 2021).  

CHIRPS data has been considered and analysed for possible use on the Mabula Kapi 

catchment. CHIRPS is downloadable from a google climate engine website (Desert 



51 
 

Research Institute, 2021). Rainfall data was downloaded as point data for Serenje, 

Mkushi, Kabwe Mpika using coordinates for the local meteorological stations from 

the google climate engine facility. Average point rainfall over Mabula Kapi catchment  

was also downloaded to ascertain its suitability for modelling. Both data sets span 

from span from January 1, 1981 to September 30, 2021. 

To determine the suitability of CHIRPS data, a comparison has been made between 

the four rainfall stations near Mabula Kapi site and CHIRPS point data downloaded 

at these station locations. A comparison of daily time-steps showed a very poor 

correlation. Nevertheless, a monthly time-step comparison yielded a good association. 

Figures 3-7, 3-8,3-9 and 3-10 below are presentations of scatter plots showing the 

association between the two sets of data for Serenje, Kabwe, Mkushi and Mpika 

respectively. 

      

 

(Source: Author’s computation using MS excel) 

Figure 3-6: Scatter plot for Serenje rainfall against CHIRPS data (1981 -2017)  
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(Source: Author’s computation using MS excel) 

Figure 3-7: Scatter plot for Kabwe rainfall against CHIRPS data (1981 -2015)  

 

(Source: Author’s computation using MS excel) 

Figure 3-8: Scatter plot for Mkushi rainfall against CHIRPS data (1993 -2015) 
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(Source: Author’s computation using MS excel) 

Figure 3-9: Scatter plot for Mpika rainfall against CHIRPS data (1981 -2012)  

 

Statistical validating parameters used to compare the gauge data and CHIRPS data 

indicate a close relationship. Correlation coefficients for all sites indicate a very close 

association. The bias, the mean error and the mean absolute error are very low for all 

the sites as shown in Table 3-7.  

Table 3-7: Validation statistics results between local stations and CHIRPS rainfall data 

(Source: Author’s computation using MS excel) 

Station Name Correlation 

Coefficient 

Mean 

Error 

Bias Mean Absolute 

Error 

Serenje 0.91 -2.13 0.96 28.23 

Kabwe 0.95 -0.45 1.11 17.91 

Mkushi 0.85 -5.66 0.93 30.31 

Mpika 0.93 -2.67 0.96 21.76 

 

The close association between the point rainfall data at Serenje, Mkushi, Kabwe and 

Mpika justify the use of CHIRPS data as an input to rainfall-runoff modelling on 
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Mabula Kapi site. The monthly time-step CHIRPS rainfall data is therefore 

recommended to be used in the PITMAN model for prediction of discharge.  

3.2.4 Catchment Characteristics  

 

a. Topographical characteristics 

 

The topographical assessment for Kaombe area is based on a report obtained from the 

Geological Survey of Zambia for Kanona area. Kanona area is made up two zones 

namely the plateau and escarpment. 

The northern part of the Kanona area is a plateau lying at 1500m to 1600m asl. It 

extends along the Luangwa-Luapula watershed. A widely spaced drainage system is 

characterized by the development of dambos. In the almost perennially waterlogged 

grassy areas of the dambos, underground seepage supplies sluggish runnels in the 

center of the dambos to give a small but constant supply of water throughout the year. 

 

Kaombe site is mostly located in the escarpment zone which lies in between the 

plateau and the lukusashi rift ranging from 600m to 1500m asl. The boundary between 

the plateau and the escarpment is gradational in the west but sharply defined in the 

east. An early erosional stage is represented by a belt of country extending east- west 

across the Centre of the Kanona area immediately south of the plateau. This early 

erosion produced an undulating to hilly topography with the streams flowing in 

shallow valleys. Two later erosional stages may be defined in the south and south-east 

associated with deeply incised topography. Over most of the area there is a well-

defined break of slope between the surface of these stages and that of the older 

erosional stage to the north. Waterfalls on the Kaombe River occur at the upper nick 

point. The smaller water courses are perennial and flow through steep gullies. The 

escarpment streams follow highly irregular courses and appear to be mainly joint 

controlled (ZESCO, 2018).  
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b. Geological characteristics 

 

The geological assessment for Mabula Kapi site was based on a report obtained from 

the Geological Survey of Zambia for Kanona area. The area comprises some 

2,970km2, bounded by latitudes 13o 00o and 13o 30’ south, and longitudes 30o 30’ east 

(ZESCO, 2018).  

Regarding soils, much of the area has a cover of pallid, light-textured, sandy soil. The 

lower part of the soil profile includes a lateritic horizon composed of nodular limonite 

and quartz gravel which may be up to 1m thick. The escarpment soils are generally 

thin and variable in composition with much rock rubble and quartz gravel on the 

hillsides. The central parts of the Kanona area where Mabula Kapi site is located are 

underlain by Muva rocks of Mesoproterozoic age and quarzites of possible Katangan 

age. The project site is underlain with Granite gneiss; coarse grained and 

porphyroblastic with microcline porphyroblasts; common xenoliths of banded and 

biotite rich gneiss. Other parts of the project site are underlain by leucocratic quartz 

with little or no biotite. The hillsides are generally covered with quartz scree, and 

whereas granite gneisses are exposed, quartzites are rarely seen in the outcrop 

(ZESCO, 2018).   

 

c. Land use and cover characteristics 

 

Agricultural production is the prime occupation with minor fishing activities in the 

catchment especially in the plateau areas. Agriculture can be said to be the major land 

use. Only a few farmers own livestock (cattle and goats). Some farmers keep local 

chickens at subsistence level. Farming is largely subsistence. Settlements are linearly 

aggregated in plateau area along access roads. The areas away from the road is 

sparsely populated (ZESCO, 2018). In terms of land cover, the catchment is 

predominantly covered by trees and scrub as shown in Figure 3-10 below.  
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(Source: ESRI 2020 Land cover map) 

Figure 3-10: Land cover map for Mabula Kapi catchment  

 

d. Rainfall 

 

The average annual rainfall over Mabula Kapi catchment is between 1000 to 1100mm. 

This is based on data provided the Meteorological Department of Zambia for a period 

30-year period from 1931 to 1960 (ZESCO, 2018).  

 

3.2.5 Climatic Projections 

 

Ideally, a climate assessment or test should be done by considering the performance 

for the baseline condition as well as for locally-credible GCM or RCM-based climate 

projections. CHIRPS rainfall data set used in rainfall-runoff modelling of Mabula 

Kapi site do not have climatic projections. Thus, the Author opted to use other 

available climate projection time series to try to understand the proportionate impact 

of climate change   on Mabula Kapi site.  

Climate projection data from Climate Knowledge Portal (CKP) of the World Bank 

has been recommended as credible by a number of experts. The Author adopted the 
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datasets from the CKP for use on Mabula Kapi site. The data from the CKP is 

modelled from the global climate model compilations of the Coupled Model Inter-

comparison Projects (CMIPs), overseen by the World Climate Research Program. 

Data downloaded by the Author is CMIP6 derived from the Sixth phase of the CMIPs. 

The CMIPs form the data foundation of the IPCC Assessment Reports. CMIP6 

supports the IPCC’s Sixth Assessment Report. The data is presented at a 1.0º x 1.0º 

(100km x 100km) resolution (World Bank, 2022).  

The downloaded datasets are for watershed number 417 as classified on the CKP. It 

mainly covers the central parts of Zambia including Mabula Kapi catchment. 

Watershed 417 is shown in Figure 3-11 below. It must be noted that in terms of 

accuracy, this data set is significantly different from the CHIRPS data set used in 

rainfall-runoff modeling and calibration. Thus, the simulated time series from rainfall-

runoff modelling using the CKP data for watershed 417 will only be used for 

indicative purposes, to understand the proportionate change that may happen at 

Mabula Kapi site in terms mean annual runoff (volume), mean annual flow, flow 

duration and annual energy production.  

 

(Source: (World Bank, 2022) 

Figure 3-11: Watershed 417 – Climate Change Knowledge Portal for the World Bank  



58 
 

4 Chapter Four: Results 

 

4.1 Rainfall-Runoff modelling  

 

4.1.1 Purpose of modelling 

 

The time series computed from the rating curve for Manangwa gauging station is not 

long enough for energy yield modelling. This observed data covers only two 

hydrological years, from October 2019 to September 2021. Typically, a minimum of 

15 years of discharge time series is required for hydropower power plant energy 

modelling (Fitchner, 2015). A climate resilient guide published by the International 

Hydropower Association (IHA) recommends a time series of 30 years. It this study, 

the Author therefore opted to extend the observed time series to 30 years. The 

extension of the time series was achieved using the PITMAN model.  

 

4.1.2 PITMAN model set up and input data 

 

As previously stated, the Pitman Model was selected for hydrologic modelling on 

Mabula Kapi project. The model requires substantial manipulation of the input data, 

to arrange it in the format required in the model. The input data that was added to the 

model is listed the Table 4-1 below: 

Table 4-1: Input data for PITMAN model  

(Source: Author’s compilation) 

S/N Input Data Type Description 

1 Catchment area Delineated using GIS software – 511 km2 

2 Rainfall CHIRPS time series from October 1981 to 

September 2021 

3 Pan evaporation Monthly averages from 1930 to 1995 (JICA, 1995) 

4 Observed discharge  Time series from October 2019 to September 2021 

 

Ideally, the rainfall input time series used in hydrologic modelling of the catchment is 

based on the average depth of precipitation over the catchment.  This average is 
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usually calculated using time series from rain gauges evenly distributed within the 

catchment. Due to the unavailability of rain gauges on Mabula Kapi catchment, the 

average depth of precipitation over the catchment could not be determined.   

The relative location of rainfall stations reasonably near to Mabula Kapi catchment is 

shown on the isohyetal map shown in Figure 4.1. This map was published by the 

Water Resources Management Authority (WARMA) with the help of the Federal 

Institute of Geosciences and Natural Resources (BGR) of Germany. The isohyets on 

the map were constructed based on a 30 year (1983 -2012) temporary consistent 

rainfall data set for Africa (Version 2) known as Tropical Applications of 

Meteorology using satellite and ground-based observations (TAMSAT). The rainfall 

data was provided by the Maproom of the Zambia Meteorological Department.  

A comparison of annual rainfall values from the isohyetal map in Figure 8 -1 and from 

CHIRPS data was done as compiled in the in Table 4-2 below. 

 

Table 4-2: Comparison of average annual rainfall – CHIRPS vs BGR Isohyet map (1983 to 2012) 

[Source: Author’s compilation] 

Site Average annual rainfall 

(BGR Isohyet Map) 

Average annual 

rainfall 

(CHIRPS data) 

Mabula Kapi catchment area 

(polygon) 

950mm – 1050mm 1078 mm  

Serenje Met. Station 1000 mm to 1050mm 1023 mm (point) 

Mpika Met. Station 950mm – 1000mm 953 mm (point) 

 

Table 4-2 indicates that CHIRPS point data downloaded as average rainfall over the 

catchment seems to overestimate the rainfall over the catchment. Thus, caution was 

applied when using it in modelling of the catchment. A decision was made to carry 

out independent simulations using CHIRPS point rainfall (for Serenje and Mpika) and 

the average catchment rainfall point data over Mabula Kapi catchment. The data set 
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that would yield good calibration results in the model would be adopted for extension 

of time series at Manangwa gauging station.    

 

[ Source: BGR] 

Figure 4-1: Isohyetal Map of Zambia (1983 -2013)  

A model network was created for Mabula Kapi with appropriate modules for the 

catchment. The schematic network diagram in Figure 4-2 below shows a simple 

representation of the model for Mabula Kapi catchment on Kaombe River. It shows 

the catchment area (runoff module), river reaches (route) and a stream flow gauge. 
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(Source: Author’s created in MS word) 

Figure 4-2: Network diagram for Mabula Kapi model  

4.1.3 Model simulations 

 

Upon completion of the model setup, a first simulation was initiated in the PIMAN 

model with the default parameters which govern the amount, rate and timing of the 

runoff generated. Thereafter, the default parameters were changed with good 

judgement, based on knowledge of catchment characteristics, to match or calibrate the 

simulated and observed flows as closely as possible.  

Selecting the correct parameters when calibrating the model was an iterative process. 

Most of the parameters are not quantifiable, and the exact values are unknown to the 

user at the start of the calibration process. The calibration parameters are chosen based 

on the fit between observed and simulated flows, rather than a predetermined 

parameter value which determines the flows. Therefore, the (fit of) flows determine 

the parameters, and it is not a case of the ‘known’ parameters determining the flows. 

It is consequently not a case of choosing a ‘correct’ parameter for the catchment at the 

outset, generating the ‘correct’ simulated flows using the ‘correct’ calibration 

parameter. It is rather a case of iteratively changing the parameters which drive the 

flows to be as close as possible to the observed data. The simulated flows are a 

function of these parameters; therefore, the result of this process is the calibration 

parameters, as they are the factors which dictate the simulated flows (EDF-GIBB, 

2019).  

Each time a parameter was changed the model was re-run and the results re-valuated. 

The results were assessed by means of the numerical statistics and the graphical results 

generated. This process was carried out for the Mabula Kapi catchment and repeated 

after each parameter change, until the simulated flows were as similar as possible to 
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the observed flows for the gauging station. Simulations were done independently 

using CHIRPS rainfall time series point data for Serenje, Mpika and Mabula Kapi 

catchment average rainfall point data. The average catchment rainfall point data for 

Mabula Kapi catchment and the point data at Serenje station could not yield 

satisfactory calibration results, despite multiple simulation runs. 

On the other hand, simulations using CHIRPS point data at Mpika station were 

satisfactory and yielded reasonable results. The final runoff module calibration 

parameters used to arrive at a reasonable fit are shown in figure 4-3 below. 

 

(Source: Author’s simulation using PITMAN model) 

Figure 4-3: Runoff Module Parameters used to achieve reasonable fit between observed 
and simulated flows  

 

4.1.4 Calibration results 

 

Once all the data has been entered into the various modules and routes, the graphs and 

statistics are used to check on the calibration between simulated and observed 
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(known) streamflow and storage. Streamflow can be checked at any route where there 

are observed stream flows. There are no firm criteria as to what constitutes a "good 

fit” but one can use the following guidelines (Pitman, et al., 2015): 

 Error in MAR and mean (log): < 4%  

 Error in std. dev (natural & log): < 6%  

 Error in seasonal index:< 8% 

The final calibration results statistics are for Mabula Kapi catchment indicating the 

closeness of fit between simulated flows and observed flows are presented in Table 

4-3. 

Table 4-3: Route 2 Statistics (Simulated vs Observed) 

[Source: Author’s compilation from PITMAN model] 

S/N Statistic Observed Simulated Percentage 

difference 

Remarks 

1 Mean Annual Runoff (MAR) 70.63 71.02 0.55% Good fit 

2 Mean (Log) 1.83 1.83 0% Good fit 

3 Standard Deviation 30.90 31.05 0.48% Good fit 

4 Log Standard Deviation 0.20 0.20 0% Good fit 

5 Seasonal Index 40.11 39.46 1.62% Good fit 

 

The annual hydrograph for the final calibration is shown in Figure 4-4 below. The fit 

for observed versus simulated flows for Manangwa gauging station is considered 

reasonable. However, it is evident that for very high flows, the model is unable to 

accurately simulate these closely. However, the troughs are very well simulated, as 

are the mean monthly flows which indicate the distribution of rainfall over the year.  
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[Source: Author’s simulation using PITMAN model] 

Figure 4-4:Annual Hydrograph for Manangwa gauging station (Simulated vs Observed)  

 

The coefficient of determination r2, was calculated using Microsoft excel as 0.885 

while the Nash-Sutcliffe coefficient of efficiency was computed as 0.882. This shows 

a good fit as both figures are close to 1. Figure 4-5 below shows the scatter plot 

between observed and simulated flows in MS excel.  

 

(Source: Author’s computation using MS excel) 
 

Figure 4-5: Scatter Plot - Observed vs Simulated flows 
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The PITMAN model has therefore been used to simulate runoff and to extend the 

discharge time series at Manangwa gaging station. A 30-year long discharge time 

series has accurately been obtained for Manangwa gauging station, running from 

October 1991 to September 2021. The time series are plotted on the annual 

hydrograph shown in Figure 4-6.  

 

 

(Source: Author’s computation using results from PITMAN model) 
 

Figure 4-6: Simulated hydrograph – 30-year time series 

 

 

4.2 Installed Capacity and Annual Energy  
 

The simulated 30-year time series was analysed to determine the design discharge to 

be used in evaluating the power potential at Mabula Kapi site. Since Mabula Kapi site 

is envisaged to run as a run-of-river plant, a flow duration was used to evaluate the 

energy potential of the site. A flow duration curve (FDC) is important for selection of 

plant design discharge. The derived flow duration curve using the simulated 30-year 

data is shown in Figure 4-7 below. 
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[Source: Author’s creation using PITMAN model results] 

Figure 4-7: Flow duration curve – Manangwa Gauging Station (1991 -2021) 

In order to determine the design discharge and optimum installed capacity for Mabula 

Kapi site, an energy yield analysis has been carried out, taking into account the 

associated capital cost for each installed capacity. A basic costing model accounting 

for the cost of civil works, electro-mechanical works, hydro-mechanical works, and 

administration and engineering fees was applied in the RETScreen Energy Model. 

The major input parameters and assumptions added to the model are indicated in Table 

4-4 below. Some parameters such as gross head are based on the findings of the 

prefeasibility study done in 2018 (ZESCO, 2018)      

Table 4-4: Main parameters and assumptions used in RETScreen software 
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S/N Description Value 

1 Gross head 203.38m 

2 Turbine type/Number of turbines Pelton/3 

3 Residual (e) flow – 10% mean flow 0.58 m3/s 

4 Firm flow  90% Probability exceedance 

5 Maximum hydraulic losses 4% 

6 Turbine efficiency  88% 

7 Generator efficiency 97% 

8 Plant availability 90%  
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The power and annual energy for Mabula Kapi HPP based on design discharge at 

different probability exceedance of flow are summarized in Table 4 -5 below. 

Table 4-5: Comparison of Design Discharge against CAPEX and Annual Energy 

(Source: Author’s computation using results from PITMAN model) 

Design 

Discharge 

(m3/s) 

Probability 

of 

exceedance 

(%) 

Installed 

Capacity 

(MW) 

Capacity 

Factor 

(%) 

Annual 

Energy 

(GWh) 

Estimated 

CAPEX 

(Millions 

USD) 

12.29 10 20.49 30.60% 54.86 60.33 

9.13 15 15.13 37.50% 49.65 48.38 

7.69 20 12.70 41.70% 46.42 42.26 

6.20 25 10.20 47.10% 42.11 35.77 

5.02 30 8.20 52.70% 37.94 28.70 

4.12 35 6.70 58.10% 34.23 24.86 

3.73 40 6.07 61.00% 32.46 23.16 

3.49 45 5.68 62.90% 31.28 22.11 

3.18 50 5.16 65.60% 29.65 20.73 

2.79 55 4.52 69.10% 27.32 18.97 

2.66 60 4.30 70.20% 26.46 18.37 

2.32 65 3.74 73.60% 24.12 16.80 

2.20 70 3.54 74.80% 23.22 16.79 

1.93 75 3.10 77.60% 21.07 14.95 

1.86 80 2.99 78.30% 20.49 14.62 

1.52 85 2.43 81.90% 17.45 12.95 

     

Assuming a run of river scheme, installed capacities and annual energies for plant 

sizes using different design flows were computed. A basic costing model accounting 

for the cost of civil works, electro-mechanical works, hydro-mechanical works, and 

administration and engineering fees was applied in the RETScreen Energy Model. 

Indicative project cost estimates obtained were plotted against the average annual 

energy generation for each plant size as shown in Figure 4 - 8 below. 
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(Source: Author’s plot using MS excel) 

Figure 4-8: Indicative cost vs energy generation graph 

It can be seen from the above graph that when the design discharge falls below the 

probability of exceedance of 30%, there is a sharp change in the slope of the graph. 

This implies that beyond 30%, additional energy generation is not justified by 

additional plant costs. The increase of design discharge is only reasonable to 30% 

probability of exceedance. Therefore, the optimum plant size for the proposed Mabula 

Kapi site HPP was be selected at the probability exceedance of 30% (P30). 

In this case, Mabula Kapi site will have an installed capacity of 8.2MW and  annual 

energy of 37.94 GWh. The Power duration curve computed using RETScreen 

software is shown on Figure 4 -9 below. 
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(Source: Author’s computation using RETScreen) 
 

Figure 4-9: Flow and Power Duration Curves 

 

4.3 Design Flood Estimation 

 

Estimation of design flood for Mabula Kapi site was done using statistical analysis or 

flood frequency probability analysis. This is because of the low risk of negative 

impacts that would arise downstream in case of failure of its hydraulic structures.  

Mean daily data are traditionally used for flood frequency analysis instead of monthly 

data. The monthly time series simulated and used for estimating the installed capacity 

and energy could not be used for flood estimation purposes. Therefore, the PITMAN 

daily time step model was used to simulate daily flows. The flows were simulated as 

naturalised flows in the model. Naturalised flows are appropriate in flood estimation 

because such flows reflect a worst-case scenario where there are no artificial 

influences. (Government of Alberta, 2020)   

The daily naturalised flows were simulated using parameters from the calibrated 

monthly model. Conversion factors suggested in the PITMAN model were applied 

accordingly. The calibration parameters used in the model and the simulated 

hydrograph are shown in Figures 4-10 and 4 -11 respectively.  
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(Source: Author’s simulation in PITMAN model) 

Figure 4-10: Daily time step calibration parameters  

 

(Source: Author’s simulation in PITMAN model) 
 

Figure 4-11: Simulated Daily Naturalised Flows for Mabula Kapi Site 
 

The simulated naturalised discharge time series were used to perform flood frequency 

analysis, with the purpose of estimating a design flood for sizing of the spillway on 
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the weir or dam. Annual maximum flows were selected for each year from the 40-

year time series as shown in the Table 4-6.  

The series of annual maxima was analysed using different frequency distributions as 

shown in Figure 4-12 and the log-normal distribution was found to give the nearest fit 

to the data.  

Table 4-6: Annual maximum flows  

                                            (Source: Author’s compilation in MS excel) 

YEAR Annual Max Flood 

1982 90.77 

1983 81.05 

1984 73.77 

1985 71.04 

1986 65.97 

1987 64.87 

1988 63.89 

1989 63.35 

1990 55.77 

1991 49.25 

1992 49.25 

1993 48.64 

1994 47.56 

1995 47.27 

1996 46.02 

1997 43.77 

1998 43.58 

1999 43.05 

2000 42.91 

2001 42.18 

2002 41.60 

2003 36.64 

2004 32.34 

2005 32.00 

2006 31.47 

2007 29.26 

2008 28.95 

2009 28.74 
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Table 4-6 Continued 

YEAR Annual Max Flood 

2010 27.87 

2011 27.17 

2012 26.42 

2013 25.90 

2014 25.68 

2015 25.59 

2016 25.34 

2017 24.36 

2018 23.15 

2019 20.46 

2020 20.21 

2021 12.00 

 

  

(Source: Author’s computation and plot in excel) 

Figure 4-12: Flood frequency analysis for Mabula Kapi HPP site  

The fitted data and peak flow estimates are given in Table 4-7 below for return periods 

up to 1:1000 years. A return period of 200 years was selected for Mabula Kapi site 

for design flood estimation. This return period was selected because of the low risk of 

negative impacts that may otherwise arise at the site in case of failure of hydraulic 

structures. Mabula Kapi HPP is expected to have a weir as a diversion structure. A 

1:200-year design flood corresponds to 120 m3/s.  
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Table 4-7: Peak Flood Discharges – Lognormal Distribution  

       (Source: Author’s computation using excel) 

Return period, T 

years 

K(T) Frequency  

Factor 

Estimated Peak Flood              

(m3/s) 

2 0.00 38.26 

10 1.28 67.55 

25 1.75 83.19 

50 2.06 95.16 

100 2.33 107.39 

200 2.58 119.95 

500 2.88 137.17 

600 2.94 140.68 

700 2.98 143.67 

800 3.02 146.29 

900 3.06 148.61 

1000 3.09 150.69 

 

4.4 Comparison of Results from Previous Studies 

 

Table 4-8 below shows a comparison of the parameters and results between the 

previous prefeasibility study and the current study. The comparison indicates an 

improvement in the prediction of design flood, residual flow and the design discharge. 

The increase in the design discharge leads to a corresponding improvement in 

installed capacity and annual energy.  
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Table 4-8: Comparison of results between previous and current study  

(Source: Author’s computation) 

S/N Description Previous study 

(Prefeasibility) 

Current study Remarks 

1 Gross head 203.38m 203.38m  

2 Turbine 

type/Number of 

turbines 

Pelton/3 Pelton/3  

3 Residual (e) flow 0.20 m3/s 

(5% of mean 

flow) 

0.58 m3/s 

(10% of mean flow) 

Improvement  

4 Firm flow 90% 

Probability 

exceedance 

90% Probability 

exceedance 

 

5 Maximum 

hydraulic losses 

4% 4%  

6 Turbine 

efficiency  88% 88% 

 

7 Generator 

efficiency 97% 97% 

 

8 Plant availability 90%  90%   

9 Time series 

duration 

9 years 30 years  

10 Design flood 59 m3/s 120 m3/s Improvement  

10 Design 

Discharge  

(30% Probability 

of exceedance) 

4.5 m3/s 5.0 m3/s Improvement  

11 Capacity factor 52% 52.7%  

12 Installed capacity 7.4 MW 8.2 MW   Improvement  

13 Annual Energy  34 GWh 38 GWh Improvement  
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4.5 Climate risks assessment  
 

4.5.1 Need for Mabula Kapi climate assessment  

 

An assessment was done to determine if a climate risk assessment was required for 

Mabula Kapi site. Table 4-9 below shows the answers for the proposed power plant.  

Table 4-9: Typical Questions for Climate Risk Assessment 

    (Source: Author’s compilation) 

Could a change of the hydrological regime significantly affect the 

hydropower project’s economic viability? 

Yes 

Could a change in the hydrological regime affect service 

continuity/access to electricity in the region it serves? 

Yes 

Could any of the performance metrics for the project be unachievable by 

potential climate change effects? 

Yes 

Would a breach of the project’s main dam or other associated 

infrastructure have significant adverse consequences on downstream 

populations, strategic infrastructure or protected ecosystems? 

No 

      

It can be seen from above that the answer to at least one question is yes. Therefore, a 

climate risk assessment is imperative for Mabula Kapi site.   

4.5.2 Future climate scenarios and climate test for Mabula Kapi catchment 

 

The climate indicators were downloaded from the CKP of the World Bank and used 

in climate assessment of Mabula Kapi site are precipitation/rainfall and temperature.  

4.5.3 Rainfall future scenarios  

 

Figures 4-13 and 4-14 show the projected climatology for rainfall for a SSP 2.6 and 

SSP 8.5 respectively. They also include historical reference data from 1914 to 1995. 
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             [Source: (World Bank, 2022) ] 

Figure 4-13: Changes in Rainfall – SSP  2.6 (CKP data)  

             

 

       [Source: (World Bank, 2022) ] 

Figure 4-14: Changes in Rainfall – SSP 8.5 (CKP data 

The changes in rainfall can also be illustrated in terms of anomalies for the SSP 2.6 

and SSP scenarios as shown from Figure 4-15 to 4-20 below. 
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                          [Source: (World Bank, 2022) ] 

Figure 4-15: Projected precipitation Anomaly for 2020-2039 (SSP 2.6) 

 

 

                            [Source: (World Bank, 2022) ] 

Figure 4-16: Projected precipitation Anomaly for 2040-2059 (SSP 2.6)  
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                          [Source: (World Bank, 2022) ] 

Figure 4-17: Projected precipitation Anomaly for 2060 -2079 (SSP 2.6)  

 

                       

                          [Source: (World Bank, 2022) ] 

Figure 4-18:  Projected precipitation Anomaly for 2020 -2039 (SSP 8.5)   
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                                [Source: (World Bank, 2022) ] 

Figure 4-19: Projected precipitation Anomaly for 2040 -2059 (SSP 8.5)  

 

 

                                [Source: (World Bank, 2022) ] 

Figure 4-20: Projected precipitation Anomaly for 2060 -2079 (SSP 8.5)    

 

From the graphs above, climatic projections up to the year 2079 indicate that in the 

optimistic emission scenario RCP 2.6, the annual rainfall is on average expected to 
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reduce moderately in the wet months and reduce significantly in the dry months of the 

year. On the other hand, for the pessimistic scenario RCP 8.5, the annual rainfall is on 

average expected to significantly increase over the wet months and significantly 

reduce over the dry months of the year.  

4.5.4 Temperature future scenarios  

 

Figure 4-21 and 4-22 show the projected climatology for mean temperature for SSP 

2.6 and SSP 8.5 respectively. They also include historical reference data from 1914 

to 1995. 

             

           [Source: (World Bank, 2022) ] 

Figure 4-21: Climatology projections – Mean Temperature (SSP 2.6)  

 

           [Source: (World Bank, 2022) ] 

Figure 4-22: Climatology projections – Mean Temperature (SSP 8.5) 
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The changes in mean temperature can also be illustrated in terms of anomalies for the 

SSP 2.6 and SSP scenarios as shown from figure 4-23 to 4-28 below. 

                        

                         [Source: (World Bank, 2022) ] 

Figure 4-23: Projected Mean Temperature Anomaly for 2020 -2039 (SSP 2.6) 

 

 

                            [Source: (World Bank, 2022) ] 

 Figure 4-24: Projected Mean Temperature Anomaly for 2040 -2059 (SSP 2.6)   
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                       [Source: (World Bank, 2022) ] 

Figure 4-25: Projected Mean Temperature Anomaly for 2060 -2079 (SSP 2.6)  

                    

 

                           [Source: (World Bank, 2022) ] 

Figure 4-26: Projected Mean Temperature Anomaly for 2020 -2039 (SSP 8.5)   
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                          [Source: (World Bank, 2022) ] 

Figure 4-27: Projected Mean Temperature Anomaly for 2040 -2059 (SSP 8.5)  

 

 

                          [Source: (World Bank, 2022) ] 

Figure 4-28: Projected Mean Temperature Anomaly for 2060 -2079 (SSP 8.5)  

 



84 
 

From the mean temperature climatology graphs above, projections to the year 2079 

indicate that in the optimistic emission scenario SSP 2.6, mean annual temperatures 

are expected to rise significantly. In the pessimistic scenario SSP 8.5, the mean annual 

temperatures are expected to have a significantly higher increase compared to the SSP 

2.6 scenario.  

 

4.5.5 Climate test for proposed Mabula Kapi HPP 

 

The calibrated Mabula Kapi PITMAN rainfall-runoff model was used to simulate 

runoff and understand how the runoff would be affected by the anticipated future 

climatic changes up to the year 2079. Since the model uses pan evaporation data as 

an input, temperature input data downloaded from the CKP was used in CROPWAT 

software to estimate reference crop evapotranspiration which was then converted to 

pan evaporation for use in the PITMAN model.  Due to lack of sufficient data on pan 

evaporation factors, a Kpan factor of 0.7 was adopted in converting the estimated 

reference crop evapotranspiration to pan evaporation. The data sets used in rainfall-

runoff modelling of future climatic conditions are listed below in Table 4-10: 

Table 4-10: Input data – Future Climatology  

(Source: Author’s compilation) 

S/N Input Data Type Description 

1 Catchment area Delineated using GIS software – 511 km2 

2 Rainfall  Historical reference precipitation for 1995 - 2014 

period downloaded from the CKP of the world 

bank  

 Mean monthly precipitation for 2020-2039 

period downloaded from the CKP of the World 

Bank 

 Mean monthly precipitation for 2040 - 2059 

period downloaded from the CKP of the World 

Bank 

 Mean monthly precipitation for 2060 - 2079 

period downloaded from the CKP of the World 

Bank 
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Table 4-10 Continued 

S/N Input Data Type Description 

3 Pan evaporation  Pan evaporation estimated using reference crop 

evapotranspiration  

o Reference crop evapotranspiration 

calculated in CROPWAT software using 

minimum and maximum temperature 

projections for 2020 – 2039, 2040-2059 

and 2060-2079 downloaded from the 

CKP of the world bank 

o Relative humidity, wind speed and 

sunshine hours used to calculate 

reference crop evapotranspiration are for 

Serenje meteorological station  

 

The results for the Mabula Kapi Catchment hydrologic modelling are presented in 

Table 4-11 below.  It should be noted that these are merely indicative results to be 

used to understand the proportionate impact of climate change on Mabula Kapi site.  

It can be seen from the Table below that rainfall-runoff modelling was done 

comparing the performance of historical data and future climatic data in the model. 

Future climatic conditions were simulated for both the optimistic scenario SSP 2.6 

and the pessimistic SSP 8.5.  

Table 4-11: Results for future catchment hydrologic modelling of Mabula Kapi Catchment 

(Source: Author’s computation) 

   

Mean annual 

Runoff 

(Mm3/yr.) 

Mean Annual 

Flow (m3/s) 

 30% PoE flow 

on FDC                       

(m3/s) 

Historical (1995 -2014) 70.03 5.82 7.64 

SSP 2.6  

2020 -2039 64.58 5.37 7.64 

2040-2059 62.21 5.17 6.47 

2060-2079 60.84 5.05 5.81 

SSP 8.5 

2020 -2039 67.78 5.63 6.7 

2040-2059 63.91 5.3 6.18 

2060-2079 67.03 5.56 6.34 
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The results of the simulation can further be analysed by considering the percentage 

change expected with reference to the historical scenario. Tables 4-12 to 4-14 shows 

the expected percentage reductions in mean annual runoff, mean annual flow and the 

flow with 30% probability of exceedance.  

Table 4-12: Percentage reduction of mean annual runoff  

   (Source: Author’s computation) 

   

Mean annual 

Runoff 

(Mm3/yr.) 

% Reduction from 

historical mean 

annual runoff  

Historical (1995 -2014) 70.03  

SSP 2.6  

2020 -2039 64.58 7.75 

2040-2059 62.21 11.50 

2060-2079 60.84 13.10 

SSP 8.5 

2020 -2039 67.78 3.20 

2040-2059 63.91 8.70 

2060-2079 67.03 4.30 
 

 

Table 4-13: Percentage reduction of mean annual flow  

      (Source: Author’s computation) 

   

Mean Annual 

Flow (m3/s) 

% Reduction from 

historical mean 

annual flow   

Historical (1995 -2014) 5.82  

SSP 2.6  

2020 -2039 5.37 11.10 

2040-2059 5.17 11.16 

2060-2079 5.05 13.23 

SSP 8.5 

2020 -2039 5.63 3.26 

2040-2059 5.3 8.93 

2060-2079 5.56 4.46 
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Table 4-14: Percentage reduction of mean annual flow  

      (Source: Author’s computation) 

   

 30% PoE flow 

on FDC                       

(m3/s) 

% Reduction from 

historical 30% PoE flow 

Historical (1995 -2014) 7.64  

SSP 2.6  

2020 -2039 7.64 0 

2040-2059 6.47 15.31 

2060-2079 5.81 23.95 

SSP 8.5 

2020 -2039 6.7 12.30 

2040-2059 6.18 19.10 

2060-2079 6.34 17.01 

 

It can be seen from the above that power production at Mabula Kapi is likely to be 

impacted by the effects of climate change over its operation life. The operational 

period for Mabula Kapi is assumed to be 30 years. The mean annual runoff (volume) 

and the mean annual flow may reduce up to 11% in the SSP 2.6 scenario. However, 

being a run-of-river power plant, the main concern will be how climate change affects 

the flow duration. The simulation results indicate that the reduction in the discharge 

with 30% probability of exceedance is likely to be about 12% from 2020 to 2039 and 

19 % from 2040 to 2059 in the pessimistic SSP 8.5 scenario, with reference to the 

historical time series. This translates to average annual energy reductions of 11 % 

during the life of the project as computed using RETscreen energy software.  This 

reduction should be taken into account in the economic and financial analysis for the 

project.   
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5 Chapter 5: Conclusions and Recommendations 
 

5.1 Conclusions  

 

An accurate design discharge time series for Mabula Kapi catchment site has been 

predicted by using the rainfall-runoff modelling method, selected from a review of 

several statistical and empirical discharge prediction methods. The Author selected a 

computer-based rainfall-runoff model known as the PITMAN model to perform 

modelling and prediction of discharge for the Mabula Kapi catchment. The PITMAN 

model can create a conceptual representation of relevant processes and storages in a 

hydrologic catchment such as interception, soil moisture capacity, groundwater flow, 

wetlands, lakes, and attenuation in channel systems.  

Data collected from a newly installed gauging station known as Manangwa gauging 

station made possible the calibration of the Mabula Kapi PITMAN model. Water 

levels and their corresponding discharges measured at Manangwa were used to derive 

a rating curve from which time series of observed discharge were computed from 

October 2019 to September 2021. Since this short-range time series would not be 

adequate for hydropower energy modelling, which typically requires a minimum 

period of 15 years, the PITMAN model was used to simulate longer time series. This 

was done by calibrating the model through the matching of the observed discharge 

with the simulated discharge time series. The simulated time series which ran from 

September 1981 to October 2021 were derived using satellite-based CHIRPS rainfall 

data. This is because CHIRPS data was found to have a good correlation with ground 

measured data from meteorological stations located in the vicinity of Mabula Kapi 

catchment.   

Based on the simulated longer discharge time series from the model, the design 

discharge and the design flood for the proposed Mabula Kapi HPP were estimated as 

5 m3/s and 108 m3/s respectively. Using the design discharge, the Installed Capacity 

was computed in RETscreen software to be 8.2 MW and the average annual energy 

output was found to be 38 GWh. These results are an improvement from the 

prefeasibility study done in 2018 where the installed capacity was estimated to be 7.4 

MW and the annual energy as 34 GWh. 
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Climate risk assessments and tests were conducted on Mabula Kapi catchment and it 

was found that the catchment is likely to be affected by the impacts of climate change. 

The assessments were based on climate projections obtained from the Climate 

Knowledge Portal (CKP) of the World Bank. The CKP data sets are provided based 

on different greenhouse emission scenarios known as Shared Social Pathways (SSPs) 

or Representative Concentration Pathways (RCPs). The Author downloaded climate 

data projections for the optimistic SSP 2.6 and the pessimistic SSP 8.5 scenarios for 

assessment of Mabula Kapi site. Since the resolution of the CKP climate data sets is 

not as accurate as the CHIRPS data, the CKP data was only used for indicative 

purposes, to understand the proportionate change that may happen at Mabula Kapi 

site over the life of the project in terms mean annual runoff, (volume), mean annual 

flow, flow duration and annual energy production. The operational life of the small 

hydropower plant was assumed to be 30 years, which may run up to the year 2059.  

Hydrologic modelling was done using the PITMAN model to simulate future runoff. 

Rainfall data from CKP was directly used as an input to the model. However, since 

the PITMAN model uses average pan evaporation values instead of 

evapotranspiration values, minimum and maximum temperature data downloaded 

from the CKP was first imputed in CROPWAT software for calculation of reference 

crop evapotranspiration. The reference crop evapotranspiration was then converted 

into pan evaporation and used in the PITMAN model for simulation of average future 

runoff conditions for 2020 -2039, 2040 -2059 and 2060 -2079.   

Mabula Kapi is likely to be impacted by the effects of climate change over its 

operation life. The mean annual runoff (volume) and the mean annual flow may 

reduce up to 11% in the SSP 2.6 scenario. However, being a run-of-river power plant, 

the main concern will be how climate change affects the flow duration. The simulation 

results indicate that the reduction in the discharge with 30% probability of exceedance 

is likely to be about 12% from 2020 to 2039 and 19 % from 2040 to 2059 in the 

pessimistic SSP 8.5 scenario, with reference to the historical time series. This 

translates to average annual energy reductions of 11 % during the life of the project 

as computed using RETscreen energy software.   
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5.2 Recommendations 

 

Section 3.2 of this report discussed the derivation of the discharge rating curve. The 

rating curve was derived using eight (8) measured corresponding values of discharge 

and stage. It was observed that most measurements were taken in the lower ranges of 

stage. More discharge measurements are required to fully cover the upper ranges of 

stage at Manangwa gauging station. It is therefore recommended that KGRTC 

conduct additional streamflow measurements in the flood season to improve the 

accuracy of the rating curve.  

Section 4.5 of this report discussed climate risk assessment for the proposed Mabula 

Kapi HPP. It is understood that the proposed Mabula Kapi HPP is likely to be 

impacted by the effects of climate change over its operation life. The mean annual 

energy may reduce by 11% over the life of the project. It is therefore recommended 

that the economic and financial analysis take into account the anticipated energy 

reduction.  

In this study, a hydrologic model has been established and calibrated using the 

PITMAN model. However, validation of the model was not done due to limited 

observed discharge time series. It is therefore recommended that validation be 

conducted in future as more and more observed discharge data becomes available.  
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7.4 Appendix 4: RETScreen Hydro Turbine Analysis Results   

 

 

 

 

 

 

 

 

 

 

 

 

Incremental initial costs

Technology

Analysis type




Method 1

Method 2

Hydro turbine

Resource assessment

Proposed project Run-of-river

Hydrology method User-defined

Gross head m 203.0

Maximum tailwater effect m 0.00

Residual flow m³/s 0.580

Percent time firm flow available % 90.0%

Firm flow m³/s 0.85

Hydro turbine

Design flow m³/s 5.000

Type Pelton

Turbine efficiency Standard

Number of jets for impulse turbine jet 2

Number of turbines 3

Manufacturer

Model

Efficiency adjustment % 0.0%

Turbine peak efficiency % 89.7%

Flow at peak efficiency m³/s 3.3

Turbine efficiency at design flow % 88.1% Show figure

Flow

% m³/s

0% 88.67 0.00 0.00 0 0.00 Show figure

5% 20.14 0.00 0.16 1 0.66

10% 12.29 0.34 0.47 1 0.87

15% 9.13 0.52 0.66 1 0.90

20% 7.69 0.61 0.77 1 0.90

25% 6.20 0.65 0.84 1 0.90

30% 5.02 0.68 0.87 1 0.90

35% 4.12 0.69 0.89 2 0.90

40% 3.73 0.70 0.89 2 0.90

45% 3.49 0.71 0.90 2 0.90

50% 3.18 0.71 0.90 2 0.90

55% 2.79 0.72 0.90 2 0.90

60% 2.66 0.73 0.90 2 0.90

65% 2.32 0.74 0.90 2 0.89

70% 2.20 0.74 0.90 3 0.90

75% 1.93 0.75 0.90 3 0.90

80% 1.86 0.76 0.90 3 0.90

85% 1.52 0.77 0.90 3 0.90

90% 1.43 0.77 0.90 3 0.90

95% 1.30 0.78 0.89 3 0.89

100% 1.13 0.79 0.88 3 0.88

Maximum hydraulic losses % 4.0%

Miscellaneous losses % 0.0%

Generator efficiency % 97.0%

Availability % 90.0%

Summary Firm

Power capacity kW 8,173 1,470

Available flow adjustment factor 1.00

Capacity factor % 52.8%

Electricity delivered to load MWh 0

Electricity exported to grid MWh 37,786

Electricity export rate $/MWh

Show alternative units

Proposed case power system

Combined 

efficiency

See product database

RETScreen Energy Model - Power project

Hydro turbine

Turbine

efficiency

Turbine

efficiency

Number of 

turbines
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7.5 Appendix 5 : Simulated Times Series for Mabula Kapi Catchment 
 

Table 7-1: Simulated Time Series for Mabula Kapi Catchment 

(Source: Author’s computation) 

 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 

1991 1.31 1.26 4.49 5.93 3.73 3.51 3.45 2.92 2.50 2.14 1.83 1.52 

1992 1.19 1.13 3.88 7.30 9.64 14.60 11.04 3.79 3.22 2.73 2.31 1.91 

1993 1.50 1.78 2.32 5.47 8.04 5.64 3.53 3.05 2.59 2.20 1.88 1.56 

1994 1.28 1.14 1.59 5.39 8.87 6.46 3.68 3.20 2.70 2.30 1.96 1.62 

1995 1.29 1.14 4.58 8.43 12.50 14.20 8.15 3.74 3.15 2.67 2.27 1.88 

1996 1.49 1.22 2.86 4.48 8.48 8.23 3.80 3.48 3.01 2.55 2.17 1.79 

1997 1.44 1.93 20.14 27.69 11.29 4.92 4.50 3.75 3.18 2.70 2.29 1.89 

1998 1.50 1.31 3.34 10.15 10.35 6.92 6.08 3.77 3.19 2.70 2.29 1.89 

1999 1.49 1.33 2.09 4.37 6.14 9.01 7.83 3.69 3.12 2.64 2.25 1.86 

2000 1.48 1.88 5.72 14.85 16.42 9.13 5.10 3.74 3.17 2.68 2.28 1.88 

2001 1.51 1.32 3.98 7.84 7.07 4.59 3.80 3.27 2.77 2.35 2.00 1.66 

2002 1.32 1.16 14.77 17.62 7.01 9.53 7.99 3.76 3.18 2.70 2.29 1.89 

2003 1.50 1.30 3.72 6.37 6.20 5.70 4.72 3.56 3.03 2.57 2.19 1.81 

2004 1.42 1.94 33.07 41.00 30.04 22.94 4.06 3.52 2.98 2.53 2.15 1.78 

2005 1.40 1.28 2.08 7.68 10.34 7.45 5.40 3.71 3.15 2.67 2.27 1.88 

2006 1.48 1.44 13.42 43.68 88.67 60.07 4.47 3.75 3.18 2.69 2.29 1.89 

2007 1.50 1.34 12.22 19.61 11.42 5.53 4.12 3.57 3.01 2.56 2.17 1.80 

2008 1.42 1.29 10.19 12.95 6.76 7.25 6.00 3.85 3.28 2.78 2.36 1.95 

2009 1.53 2.08 21.67 24.06 36.38 42.77 12.21 3.73 3.15 2.67 2.27 1.87 

2010 1.48 1.27 11.32 15.96 8.46 5.82 4.65 3.72 3.15 2.67 2.27 1.87 

2011 1.49 1.37 2.68 8.54 9.89 7.19 5.92 3.78 3.20 2.72 2.31 1.90 

2012 1.53 1.36 5.06 8.94 8.18 5.90 4.22 3.59 3.05 2.59 2.20 1.82 

2013 1.44 1.28 7.19 11.22 11.29 9.08 4.52 3.81 3.24 2.75 2.33 1.92 

2014 1.52 1.24 1.50 5.01 9.84 7.69 3.70 3.28 2.81 2.38 2.03 1.68 

2015 1.33 1.36 3.99 5.80 4.72 6.29 6.07 3.53 2.98 2.53 2.15 1.78 

2016 1.41 1.25 2.22 7.81 25.16 21.34 4.46 3.81 3.23 2.74 2.33 1.92 

2017 1.54 2.36 12.67 13.21 7.17 7.34 4.38 3.73 3.19 2.70 2.30 1.90 

2018 1.49 1.29 13.80 19.68 24.50 23.35 7.40 3.79 3.21 2.72 2.31 1.91 

2019 1.51 1.43 2.00 8.46 12.29 7.10 3.86 3.36 2.85 2.42 2.06 1.71 

2020 1.37 1.19 5.02 9.70 18.90 27.34 15.73 3.74 3.16 2.68 2.27 1.88 
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7.6 Appendix 6: Rainfall time series for local stations 
 

Table 7-2: Serenje rainfall time series  

(Source: ZMD) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1981 124.6 179.5 190.1 26.4 0 0 0 0 0 0.5 86.4 102.3 

1982 367.7 287.2 24.2 42.6 22.6 0 0 0 0 12.4 162 168.2 

1983 295 248.5 14.2 21.8 1.2 0 2.7 0 0 0 55.8 242.6 

1984 304.8 174.9 166.3 6.6 0 0 0 0 0 1.3 124.1 387.5 

1985 231.4 299.2 146.1 68.2 2 299.1 0 0 0 13.7 143.4 221.4 

1986 326 302.6 152.8 125.5 0 0.3 0 0 0 34.8 68.2 243.6 

1987 436.6 142.4 132.3 28.4 0 0 0 0 0 0 102.9 197.2 

1988 278.3 335.2 253.4 49.3 0.2 0 0 0 0 20.8 29 164.5 

1989 394.3 201.7 187.1 27.7 0 0 0 0 0 4.5 60.8 317.2 

1990 339.5 158.7 90.1 72.1 17.7 9 0 0.4 0 0 33.2 180.5 

1991 313.2 193.7 45.3 47.1 9.8 0 0 0 0 48.6 74.9 236.9 

1992 127.4 118.9 156.5 0.7 4.8 0 0 0 0 0 170.1 291.9 

1993 389.7 261.1 185.9 57.3 0 0 0 0 0 0 156.1 99.7 

1994 215.4 271.3 3.5 12.8 0 0 0 0 0 111.4 62.3 157.2 

1995 185.9 152 68.5 7.7 0 0 0 0 0 3.6 28.6 179.1 

1996 206.9 182.6 99.6 10.1 31 0 0 0 1.7 0 74.8 262.1 

1997 257.7 266.3 55.9 111.2 0 0 2.3 0 21 5.9 145 383.2 

1998 232 91 142.1 0.5 0 0 0 0 0 3 98.7 131.7 

1999 238.1 270.5 333.8 4.8 0 0 0 0 0 0 67.8 170.9 

2000 237.3 257.6 206.3 6.5 2.3 0 0 0 0 0.9 183 305.1 

2001 363 221.1 178.4 47.1 0 0 0 0 0 0 0 229.2 

2002 239.9 170.7 199.2 37.6 0 0 0 0 1.4 5.7 47.7 297.8 

2003 112.8 259.6 187.1 72.6 0 0 1.9 0 0 29.3 24.6 139.6 

2004 300.6 239.6 186.2 84.3 0 0 0 0 0 0 84.1 310.8 

2005 346 106 83 0 0 0 5 0 3.3 0 15.6 513.6 

2006 318.7 189.9 268.1 2.7 0 0 0 0 0 34.9 86 334.2 

2007 361.8 246.4 107.1 15.3 0 0 0 0 2.7 11.7 - - 

2008 185.4 223 72.2 0 0 0 0 0 - 0.5 121.4 201.9 

2009 291.5 400.7 254.4 31.6 0 0 0 0 0 0.5 189.3 170.3 

2010 182.4 274.5 250.2 9.1 0 0 0 0.5 0 0 187.7 296.1 

2011 235 132 266.2 25.1 0 - - 0 0 - 74.1 128.5 

2012 345.5 284.9 291.3 38.7 0 0 0 - - - - - 

2013 - - - - - - - - - - - - 

2014 - - - - - - - - - - - - 

2015 - - - - - - - - - - - - 

2016 171.1 205 283.8 6.3 - 0 0 0 0 0 56.1 124.2 

2017 - - - - - - 0 0 0 9.2 247.3 195.3 

 



103 
 

         

Table 7-3: Kabwe station rainfall time series  

(Source: ZMD) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1981 274.9 281.5 165 85.1 0 0 0 0 0 0 90.4 35.2 

1982 271.6 237.2 16.6 22.5 17.4 0 0 0 0 29.1 130.2 96.7 

1983 318.9 183 174.2 64.2 1.1 0 0 0 0 18 105.2 199.4 

1984 87.6 176.8 136.4 7.5 0 0 0 0 0 0 104.5 442.5 

1985 247.8 181.6 191.1 10 3.9 0 0 0 0 29.2 53.5 316.7 

1986 356 126.5 114.4 116.9 0 0 0 0 0 25.3 52.6 153 

1987 286.7 34.9 50.3 0 0 0 0 0 0 1.3 20.4 264.8 

1988 179.2 134.3 70.2 0 0 0 0 0 0 53.2 55.2 167.4 

1989 245.7 262.5 94.6 0 0 0 0 0 0 0 48 141.7 

1990 368.7 215.9 65.1 23.3 13.4 0 0 0 0 0 64.2 183.6 

1991 326.1 180.7 42.3 0 0 0 0 0 0 31.9 45.7 81.3 

1992 113.3 64.4 132.3 29.9 0 0 0 0 0 0.5 98 290 

1993 225.8 188.6 136.5 34.5 0 0 0 0 2.6 98.3 - 91.9 

1994 229.8 295.8 1.5 0.2 0 0 0 0 0 43.4 18.3 122.1 

1995 170.3 148.8 10.7 0 0 0 0 0 0 - - - 

1996 170.3 192.4 224.5 0.7 37.1 0 0 0 0 0 166 407.8 

1997 290.1 178.8 151.1 133.7 0 0 0 0 5.7 0 167.9 407.8 

1998 - - - - - - - - - - - - 

1999 - - - - - - - - - 0 - - 

2000 - - - 0 - - - 0 0 0 208 - 

2001 - - - - - - - - - - - - 

2002 122.6 66.7 26.7 44.1 0 0 0 0 1.6 19.9 90.9 307 

2003 - 328 202.2 3.1 0 0 0 0 0 20.8 87.7 221.8 

2004 261.1 214.2 105.4 18.1 0 0 0 0 - - - - 

2005 - - - - - - - - - - - - 

2006 - - - - - - - - - - - - 

2007 - - - - - - - - - - - - 

2008 - - - - - - - - - - - - 

2009 - - - 0 70.4 0 0 0 0 3.1 171.4 103.6 

2010 143.1 426.5 63.5 0 0 0 - - - - - - 

2011 299.4 47.4 - - - - - - - - - - 

2012 - - - - - - - - - - - - 

2013 - - - - - - - - - - - - 

2014 - - - - - - - - - - - - 

2015 - - - - - - 0 0 0 0 31.3 - 
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Table 7-4: Mkushi station rainfall time series  

(Source: ZMD) 

Year Jan Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1993 282.5 304.3  336.9 63.1 0 0 0 0 0 18.3 59.5 193.8 

1994 469.3 210.4  11.6 30.4 0 0 0 0 7.2 115.9 38.7 149.5 

1995 177.7 277.1  90.5 15.2 0 0 0 0 0 37.2 87.8 302.2 

1996 267 299.8  188.2 1.4 15.3 0 0 0 0 0.6 43 459.6 

1997 425 251.1  56 102 3.7 0 0 0 95.7 - - 321.8 

1998 298.2 183.4  133.8 0 0 0 0 0 0 5.7 109.4 330.7 

1999 322.1 267.2  501.7 2.8 6.1 0 0 0 0 29.8 120.7 141.1 

2000 165.3 319.9  171.9 38 0 0 0 0 0 0 82.8 229.1 

2001 222.7 51.2  239.1 53.5 0 0 0 0 0 20.1 124.2 165.2 

2002 231.9 150.4  111.7 13.2 0 1.9 0 0 3.3 0 67.7 166 

2003 279 202.2  212.5 31.6 0 0 0 0.7 0 43.1 33 135.1 

2004 219.6 149.4  126.2 0 0 0 0 0 0 3.2 146.5 358.8 

2005 380.4 82.1  81.2 5.3 0 0 0 0 0 0 177 169.7 

2006 284 194.8  175.6 41.5 5.6 0 0 0 0 0 36.7 283.6 

2007 535.6 260.9  127.4 30.9 1.7 0 0 0 0 5.9 21.4 283.9 

2008 296.2 266.4  113.1 1.2 0 0 0 0 124.6 2.3 122.6 275.3 

2009 163.2 217.8  206.5 37.2 2 0 0 0 0 1.6 200.5 238.3 

2010 115.4 0  184.3 26 0 0 0 0 0 0 59.4 272.6 

2011 165.4 203.2  181.7 27.1 0 0 0 0 0 14.2 100.1 129.1 

2012 221.7 233.4  248.2 16.5 1.5 0 0 9.4 3 1.8 69.9 178 

2013 341.8 202.3  56 1.1 - - - - - - 33.1 197.5 

2014 108.6 262.4  77.6 0 0 0 0 0 20.6 0 45.1 170 

2015 503.4 109.6  70.4 109.4 0 0 - - - - - - 
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Table 7-5: Mpika station rainfall time series  

(Source: ZMD) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1981 218.8 240.3 112.9 11.9 1.2 0 0 0 0 49.1 113.8 69.7 

1982 328.4 286.9 125 26.2 12.2 0 0 0 0 9.4 176.3 154.7 

1983 299.6 190.5 63.9 16.2 3.2 0 0.3 0 0 0.5 51.2 348.2 

1984 212.8 298.3 49 18.7 0 0 0 0 0 0.1 207.8 393.4 

1985 295.9 218.4 111.2 84.9 0 0 0 2 0 16.5 129 334.3 

1986 367.7 172.6 222.5 26.4 0 0 0 0 0 46.7 90.3 252.6 

1987 254.6 165 164.4 10.8 0 0 0 0 35.5 5.8 53.4 250.6 

1988 253.7 305.7 357.6 17.5 11 1 0 0 0 12.7 179.4 184.1 

1989 267.5 222.6 390 74.3 0 0 0 0 0 0 69.3 200.6 

1990 195.7 308.4 32.5 13.9 0 0 0 0 2 0 37.4 145.4 

1991 245.9 145.8 36.4 15.9 14.5 0 0 0 7.5 12.7 51.7 308.5 

1992 149.2 67.1 154.1 19 6.2 0 0 0 0 0 104.2 219.7 

1993 251.2 118.4 262.4 23.7 0 0 10 2.5 0.9 0 155.5 68.1 

1994 277 210.7 62.2 4.8 0 0 0 0 0.3 48.9 19.8 107.2 

1995 244.6 188.7 111.6 5.1 0 0 0 0 0 0 38 135.8 

1996 135.6 259.4 218.9 26.2 0 0 0 0 0 6 1.2 280.9 

1997 147.1 292.5 17.3 124.2 0 0 0.2 0 0 26.4 212.8 382.4 

1998 343.4 257 106.3 21.4 0 0 0 0 0 0 56.4 112.8 

1999 187.8 151.3 362.4 47.5 0 0 0 0 0 0 56.1 125.1 

2000 230.7 178.6 411.3 3.7 0 0 0 0 0 9 95.9 359.2 

2001 424.5 213.3 136.8 19.2 0 0 3.2 0 0 1.5 76.2 201.7 

2002 231.9 150.4 111.7 13.2 0 1.9 0 0 3.3 0 67.7 166 

2003 279 202.2 212.5 31.6 0 0 0 0.7 0 43.1 33 135.1 

2004 219.6 149.4 126.2 0 0 0 0 0 0 3.2 146.5 358.8 

2005 380.4 82.1 81.2 5.3 0 0 0 0 0 0 177 169.7 

2006 284 194.8 175.6 41.5 5.6 0 0 0 0 0 36.7 283.6 

2007 535.6 260.9 127.4 30.9 1.7 0 0 0 0 5.9 21.4 283.9 

2008 296.2 266.4 113.1 1.2 0 0 0 0 124.6 2.3 122.6 275.3 

2009 163.2 217.8 206.5 37.2 2 0 0 0 0 1.6 200.5 238.3 

2010 115.4 0 184.3 26 0 0 0 0 0 0 59.4 272.6 

2011 165.4 203.2 181.7 27.1 0 0 0 0 0 14.2 100.1 129.1 

2012 221.7 233.4 248.2 16.5 1.5 0 0 9.4 3 1.8 69.9 178 
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7.7 Appendix 4: CHIRPS rainfall time series 

Table 7-6: CHIRPS point data for Serenje station  

(Source: DRI, 2021) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1981 196.8 266.2 135.7 42.7 3.1 0.0 0.0 0.0 0.0 8.7 54.1 102.7 

1982 340.7 267.1 49.4 47.1 6.2 0.0 0.0 0.0 0.6 15.9 149.0 181.7 

1983 294.2 217.7 77.7 39.9 13.2 0.0 0.0 0.0 0.0 5.2 54.4 224.3 

1984 183.3 212.1 115.3 14.3 0.0 0.0 0.0 0.0 0.0 0.0 105.1 307.3 

1985 279.1 234.2 111.3 44.1 0.0 0.0 0.0 0.0 0.0 12.9 101.4 224.4 

1986 336.2 207.0 124.3 117.3 0.0 0.0 0.0 0.0 0.0 32.2 83.2 205.3 

1987 313.5 149.4 98.1 15.5 3.0 0.0 0.0 0.0 1.0 8.4 76.3 173.9 

1988 298.1 310.8 162.8 36.2 0.0 0.0 0.0 0.0 0.0 11.8 34.6 163.1 

1989 312.6 241.8 163.0 15.3 0.0 0.0 0.0 0.0 0.0 4.5 68.0 297.1 

1990 291.8 219.3 102.4 33.8 11.2 0.0 0.0 0.0 0.0 0.0 50.5 169.2 

1991 322.7 167.4 96.8 57.8 0.0 0.0 0.0 0.0 0.0 19.9 110.9 225.3 

1992 147.1 84.7 136.6 27.6 0.0 0.0 0.0 0.0 0.0 0.0 69.0 277.4 

1993 257.9 334.3 225.3 48.1 0.0 0.0 0.0 0.0 0.0 0.0 142.2 145.9 

1994 284.3 221.5 32.9 17.3 0.0 0.0 0.0 0.0 1.2 36.4 27.2 164.7 

1995 205.7 214.5 86.1 11.3 0.0 0.0 0.0 0.0 0.0 9.2 64.7 276.4 

1996 250.8 216.2 114.0 15.5 5.0 0.0 0.0 0.0 0.0 0.0 67.3 281.7 

1997 298.4 251.7 80.6 79.5 0.0 0.0 0.0 0.0 0.6 6.4 203.4 298.6 

1998 287.0 175.2 108.1 11.4 0.0 0.0 0.0 0.0 0.0 0.0 96.9 225.6 

1999 368.4 254.9 173.2 23.5 0.0 0.0 0.0 0.0 0.0 7.0 77.7 121.6 

2000 301.5 271.5 227.4 17.3 0.0 0.0 0.0 0.0 0.0 7.1 136.1 208.9 

2001 275.4 310.8 213.5 24.2 0.0 0.0 0.0 0.0 0.0 11.4 103.3 198.9 

2002 213.8 141.4 59.2 31.3 0.0 0.0 0.0 0.0 0.9 10.8 77.9 326.0 

2003 233.8 268.5 175.8 18.8 0.0 0.0 0.0 0.0 0.0 8.8 78.2 212.6 

2004 259.4 203.2 163.7 51.5 0.0 0.0 0.0 0.0 0.0 5.8 115.7 361.9 

2005 265.6 152.9 49.4 23.8 0.0 0.0 0.0 0.0 0.9 0.0 74.0 233.3 

2006 301.4 287.0 199.4 22.2 3.6 0.0 0.0 0.0 0.0 4.1 112.9 241.0 

2007 419.6 366.4 94.2 15.4 0.0 0.0 0.0 0.0 0.0 6.1 101.8 349.6 

2008 358.4 179.9 103.8 21.7 0.0 0.0 0.0 0.0 0.0 0.0 118.6 342.7 

2009 275.5 165.9 175.8 19.6 7.3 0.0 0.0 0.0 0.0 1.8 143.1 314.6 

2010 189.4 431.4 191.6 53.3 0.0 0.0 0.0 0.0 0.0 0.0 73.6 340.7 

2011 308.6 115.4 133.4 39.4 0.0 0.0 0.0 0.0 0.0 7.3 109.6 202.7 

2012 340.0 286.7 217.1 36.5 0.0 0.0 0.0 0.0 0.0 0.0 50.8 221.2 

2013 253.2 229.1 76.3 28.3 0.0 0.0 0.0 0.0 0.0 6.6 72.1 200.8 

2014 225.7 242.3 112.1 37.4 0.0 0.0 0.0 0.0 0.0 3.0 20.3 171.6 

2015 268.1 232.4 76.8 117.5 0.0 0.0 0.0 0.0 0.0 7.1 83.7 163.6 

2016 213.7 133.2 233.3 20.6 0.0 0.0 0.0 0.0 0.0 0.0 121.1 203.3 

2017 419.4 328.0 121.1 101.2 5.1 0.0 0.0 0.0 0.0 17.0 214.3 242.4 

2018 107.2 306.8 188.2 54.1 0.0 0.0 0.0 0.0 0.0 6.2 53.9 207.2 

2019 263.6 214.5 101.9 69.8 5.1 0.0 0.0 0.0 0.0 2.9 117.5 136.4 

2020 240.8 220.4 70.1 26.7 11.3 0.3 0.0 0.0 0.1 5.6 49.7 312.5 

2021 389.5 302.4 356.7 14.7 5.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 



107 
 

Table 7-7: CHIRPS point data for Kabwe station  

(Source: DRI, 2021) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1981 212.7 255.6 125.8 57.1 0.0 0.0 0.0 0.0 0.0 9.3 61.8 62.0 

1982 269.9 264.4 44.2 37.4 0.0 0.0 0.0 0.0 0.0 35.9 167.7 154.7 

1983 234.1 160.7 86.5 38.1 6.0 0.0 0.0 0.0 0.0 16.8 92.1 215.5 

1984 129.8 194.7 107.2 10.4 0.0 0.0 0.0 0.0 0.0 7.5 132.8 357.7 

1985 247.9 178.0 158.8 23.0 0.0 0.0 0.0 0.0 0.0 21.0 57.5 271.4 

1986 324.9 143.2 108.8 96.3 0.0 0.0 0.0 0.0 1.7 40.5 54.1 193.7 

1987 248.5 105.8 68.4 6.5 0.0 0.0 0.0 0.0 1.3 7.0 49.0 228.9 

1988 183.2 195.6 128.5 5.4 0.0 0.0 0.0 0.0 0.0 22.6 41.8 170.4 

1989 256.3 285.4 140.2 9.8 0.0 0.0 0.0 0.0 0.0 5.7 68.6 171.7 

1990 330.4 177.3 93.2 22.3 0.0 0.0 0.0 0.0 0.0 17.2 77.1 161.2 

1991 303.9 162.5 93.0 14.3 0.0 0.0 0.0 0.0 0.9 27.2 57.4 140.1 

1992 104.7 82.9 177.5 31.9 0.0 0.0 0.0 0.0 0.0 7.5 65.1 284.2 

1993 184.4 182.7 207.7 26.7 0.0 0.0 0.0 0.0 0.0 7.9 102.6 123.1 

1994 232.4 159.2 16.3 8.6 0.0 0.0 0.0 0.0 0.0 38.3 29.0 153.6 

1995 159.8 198.5 47.1 5.7 0.0 0.0 0.0 0.0 0.0 30.7 119.3 142.2 

1996 206.5 199.0 127.8 0.0 4.2 0.0 0.0 0.0 0.0 5.7 119.0 278.9 

1997 302.7 212.3 78.0 94.5 0.0 0.0 0.0 0.0 0.0 5.5 146.9 235.5 

1998 291.0 71.1 89.6 8.2 0.0 0.0 0.0 0.0 0.0 5.7 66.3 296.4 

1999 303.5 214.4 104.1 0.0 0.0 0.0 0.0 0.0 0.0 14.1 52.2 135.6 

2000 255.9 222.6 207.9 5.5 0.0 0.0 0.0 0.0 0.0 10.3 151.0 223.3 

2001 237.9 329.9 233.1 6.3 0.0 0.0 0.0 0.0 0.0 10.4 114.9 205.1 

2002 130.2 76.0 55.0 46.5 0.0 0.0 0.0 0.0 0.0 18.4 89.3 263.3 

2003 168.0 256.9 220.0 13.4 0.0 0.0 0.0 0.0 0.0 15.1 91.2 188.5 

2004 241.5 225.7 137.3 22.4 0.0 0.0 0.0 0.0 0.0 18.2 89.6 320.7 

2005 194.6 62.2 64.9 10.8 0.0 0.0 0.0 0.0 0.0 0.0 109.4 301.2 

2006 226.4 196.5 183.7 9.0 0.0 0.0 0.0 0.0 0.0 6.2 101.5 183.8 

2007 284.1 277.5 62.0 16.3 0.0 0.0 0.0 0.0 0.0 7.9 139.2 339.3 

2008 293.6 92.3 114.5 0.0 0.0 0.0 0.0 0.0 0.0 7.2 156.4 261.0 

2009 283.6 109.5 200.4 5.7 14.3 0.0 0.0 0.0 0.0 5.2 201.1 177.7 

2010 154.3 330.6 202.7 45.7 0.0 0.0 0.0 0.0 0.0 0.0 123.6 267.5 

2011 252.6 76.3 140.3 20.7 0.0 0.0 0.0 0.0 0.0 10.9 130.9 150.6 

2012 262.4 186.1 170.5 20.6 0.0 0.0 0.0 0.0 0.0 6.4 83.4 246.3 

2013 284.1 205.3 55.3 27.4 0.0 0.0 0.0 0.0 0.0 23.9 55.1 223.8 

2014 213.5 178.2 103.5 40.5 0.0 0.0 0.0 0.0 0.0 8.4 48.1 211.9 

2015 227.0 197.5 82.6 105.4 0.0 0.0 0.0 0.0 0.0 9.5 58.9 160.8 

2016 247.1 100.0 233.5 25.8 0.0 0.0 0.0 0.0 0.0 8.2 190.1 197.1 

2017 328.4 314.6 124.7 62.7 0.0 0.0 0.0 0.0 0.0 25.2 149.2 220.5 

2018 79.5 323.2 191.3 17.7 15.2 0.0 0.0 0.0 0.0 6.9 42.3 143.1 

2019 184.8 152.2 53.8 55.0 0.0 0.0 0.0 0.0 0.0 7.4 85.2 65.6 

2020 257.3 243.0 65.8 6.8 0.1 0.1 0.0 0.0 0.3 11.4 82.9 354.3 

2021 324.3 293.8 164.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 7-8: CHIRPS point data for Mkushi station  

(Source: DRI, 2021) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1981 179.3 294.9 117.9 25.9 0.0 0.0 0.0 0.0 0.0 7.9 59.6 85.3 

1982 297.2 314.5 24.1 20.7 6.1 0.0 0.1 0.0 0.0 13.2 99.1 171.9 

1983 260.9 220.9 58.4 19.6 6.2 0.0 0.0 0.0 0.1 11.2 59.5 234.3 

1984 179.7 259.8 94.9 7.9 0.0 0.0 0.0 0.0 0.0 7.9 84.3 290.0 

1985 236.8 234.8 129.4 20.9 7.7 0.0 0.0 0.0 0.0 12.0 81.6 231.3 

1986 335.6 210.9 75.8 34.1 4.4 0.0 0.0 0.0 0.0 31.3 54.2 187.8 

1987 290.0 119.4 95.8 5.9 2.8 0.0 0.1 0.0 1.4 9.7 72.3 201.7 

1988 254.6 367.2 105.5 10.5 0.0 0.0 0.0 0.0 0.0 15.5 41.5 152.6 

1989 278.2 276.5 114.1 11.5 0.0 0.0 0.0 0.0 0.0 4.4 67.0 226.7 

1990 291.6 249.4 127.7 17.7 0.0 0.0 0.0 0.0 0.0 0.0 54.1 176.4 

1991 290.3 219.4 70.1 20.0 0.0 0.0 0.0 0.0 0.0 23.7 72.5 189.6 

1992 167.7 95.3 100.1 12.4 0.0 0.0 0.0 0.0 0.0 5.5 62.1 313.2 

1993 222.7 315.6 141.2 17.6 0.0 0.0 0.0 0.0 0.0 5.4 123.1 142.3 

1994 307.0 271.5 20.8 8.9 0.0 0.0 0.0 0.0 1.2 23.0 39.4 132.8 

1995 180.2 210.9 60.0 0.0 0.0 0.0 0.0 0.0 0.0 11.6 111.2 245.1 

1996 225.1 263.7 102.7 6.2 6.8 0.0 0.0 0.0 0.0 0.0 63.3 360.3 

1997 288.1 209.8 80.4 57.8 0.0 0.0 0.0 0.0 0.7 5.2 139.8 314.5 

1998 247.3 158.7 99.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 70.2 312.7 

1999 321.4 301.2 107.2 6.0 0.0 0.0 0.0 0.0 0.0 8.8 56.5 135.6 

2000 240.8 296.8 220.9 5.5 0.0 0.0 0.0 0.0 0.0 10.7 112.1 248.2 

2001 266.1 385.7 228.2 7.0 0.0 0.0 0.0 0.0 0.0 11.1 108.4 189.1 

2002 177.2 145.0 43.3 29.9 0.0 0.0 0.0 0.0 0.0 10.3 98.1 302.2 

2003 179.7 310.0 214.8 9.8 0.0 0.0 0.0 0.0 0.0 12.2 73.7 227.2 

2004 256.4 285.3 123.8 21.9 0.0 0.0 0.0 0.6 0.0 12.2 88.9 336.1 

2005 209.2 131.8 34.4 9.4 0.0 0.0 0.0 0.0 0.0 0.0 75.5 285.6 

2006 230.1 304.3 163.9 7.6 0.0 0.0 0.0 0.0 0.0 2.2 80.0 211.6 

2007 304.6 286.8 63.0 8.6 0.0 0.0 0.0 0.0 0.7 6.0 80.0 341.3 

2008 295.4 134.0 93.9 5.9 0.0 0.0 0.0 0.0 0.0 6.3 123.6 284.3 

2009 307.0 118.3 150.2 0.0 14.4 0.0 0.0 0.0 0.0 5.1 135.4 239.2 

2010 171.2 372.8 132.9 29.1 0.0 0.0 0.0 0.0 0.0 0.0 67.8 286.2 

2011 243.2 130.3 125.1 16.5 0.0 0.0 0.0 0.0 0.0 7.2 96.1 167.6 

2012 279.2 232.5 150.5 12.0 0.0 0.0 0.0 0.0 0.0 5.7 50.0 250.6 

2013 287.7 249.2 59.1 9.4 0.0 0.0 0.0 0.0 0.0 9.9 53.6 217.6 

2014 225.9 246.8 92.4 11.7 0.0 0.0 0.0 0.0 0.0 0.0 31.4 196.2 

2015 275.1 234.8 64.9 54.9 0.0 0.0 0.0 0.0 0.0 5.9 72.1 177.1 

2016 250.6 113.4 176.9 6.9 0.0 0.0 0.0 0.0 0.7 0.0 129.8 208.3 

2017 363.4 369.9 112.7 31.8 8.3 0.0 0.0 0.0 0.0 16.8 148.7 251.7 

2018 106.6 355.5 145.2 9.5 5.2 0.0 0.0 0.6 0.0 5.7 41.3 211.5 

2019 182.5 262.7 52.4 32.1 7.3 0.5 0.0 0.0 0.0 4.4 87.9 97.6 

2020 245.3 251.4 52.0 6.3 2.3 0.8 0.0 0.0 0.3 6.4 48.0 312.4 

2021 313.2 362.6 265.0 0.0 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 7-9: CHIRPS point data for Mpika station  

(Source: DRI, 2021) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1981 203.9 248.5 100.1 13.5 0.0 0.0 0.0 0.0 0.0 14.6 64.1 78.0 

1982 267.9 312.8 80.8 37.8 0.0 0.0 0.0 0.0 0.0 14.8 167.1 249.1 

1983 190.2 172.9 86.7 26.1 0.0 0.0 0.0 0.0 0.3 4.2 44.4 227.4 

1984 163.5 244.0 79.4 16.9 0.0 0.0 0.0 0.0 0.0 0.0 134.9 391.5 

1985 228.5 159.8 159.6 37.3 0.0 0.0 0.0 0.0 0.0 17.0 179.3 353.8 

1986 255.5 198.1 117.9 31.0 0.0 0.0 0.0 0.0 0.0 30.9 84.2 258.2 

1987 198.9 150.1 129.6 14.0 1.9 0.0 0.0 0.0 0.0 19.7 67.5 137.6 

1988 220.8 273.6 239.8 12.9 0.0 0.0 0.0 0.0 0.0 8.8 103.4 210.9 

1989 214.7 285.0 193.8 34.2 0.0 0.0 0.0 0.0 0.0 5.0 101.1 275.8 

1990 190.0 232.6 62.3 11.6 6.1 0.0 0.0 0.0 0.0 0.0 39.8 167.3 

1991 271.7 168.2 76.8 23.8 0.0 0.0 0.0 0.0 0.0 14.5 77.2 226.6 

1992 156.7 65.6 129.0 17.2 6.3 0.0 0.0 0.0 0.0 0.0 78.1 215.0 

1993 221.5 244.6 217.0 24.6 0.0 0.0 0.0 0.0 0.0 0.0 137.4 104.2 

1994 229.4 209.0 48.1 9.8 0.0 0.0 0.0 0.0 1.5 23.4 30.2 126.2 

1995 233.4 227.6 92.8 9.3 0.0 0.0 0.0 0.0 0.0 6.8 50.4 231.8 

1996 229.4 278.2 176.0 10.6 0.0 0.0 0.0 0.0 0.0 6.9 24.6 191.4 

1997 168.7 257.6 79.8 83.9 0.0 0.0 0.0 0.0 0.0 17.7 148.0 369.6 

1998 286.7 131.4 132.7 20.1 0.0 0.0 0.0 0.0 0.0 5.4 61.5 200.4 

1999 275.6 176.0 208.6 15.8 0.0 0.0 0.0 0.0 0.0 0.0 74.5 145.8 

2000 198.5 194.7 247.0 14.6 0.0 0.0 0.0 0.0 0.0 9.4 144.6 235.6 

2001 303.8 210.1 152.7 14.2 0.0 0.0 0.0 0.0 0.0 14.5 49.7 217.3 

2002 231.3 163.6 107.3 10.0 0.0 0.0 0.0 0.0 0.0 5.1 54.3 340.1 

2003 202.0 198.9 204.1 16.9 0.0 0.0 0.0 0.0 0.0 8.3 50.4 211.5 

2004 204.2 181.7 169.6 31.4 0.0 0.0 0.0 0.0 0.0 0.0 152.4 441.5 

2005 290.5 204.5 77.4 14.0 0.0 0.0 0.0 0.0 1.2 0.0 79.2 145.6 

2006 262.0 215.0 189.8 19.0 2.2 0.0 0.0 0.0 0.0 3.5 98.5 327.5 

2007 435.4 361.4 128.1 16.0 0.0 0.0 0.0 0.0 0.0 7.4 70.7 319.3 

2008 280.1 186.9 91.2 11.0 0.0 0.0 0.0 0.0 0.0 5.9 70.6 301.8 

2009 202.4 191.8 204.2 25.5 3.6 0.0 0.0 0.0 0.0 0.0 156.1 378.2 

2010 206.6 324.0 178.2 8.9 0.0 0.0 0.0 0.0 0.0 3.3 54.2 312.6 

2011 242.0 184.3 151.9 21.9 0.0 0.0 0.0 0.0 0.0 9.5 77.3 174.5 

2012 264.9 193.1 204.3 23.0 0.0 0.0 0.0 0.0 0.0 15.5 58.9 237.6 

2013 231.2 201.3 127.0 32.3 0.0 0.0 0.0 0.0 0.0 5.5 63.4 269.7 

2014 232.3 258.6 132.2 33.2 0.0 0.0 0.0 0.0 0.0 4.5 25.2 113.4 

2015 229.1 249.9 84.2 37.5 0.0 0.0 0.0 0.0 0.0 6.2 101.3 212.0 

2016 178.7 142.0 215.5 11.7 0.0 0.0 0.0 0.0 0.0 4.2 63.5 159.1 

2017 261.1 366.7 121.9 28.7 0.0 0.0 0.0 0.0 1.3 15.3 167.8 312.6 

2018 142.9 231.4 127.0 35.6 2.0 0.0 0.0 0.0 0.0 0.0 60.5 332.3 

2019 260.5 280.7 159.4 26.8 0.0 0.0 0.0 0.0 1.2 3.3 92.0 173.7 

2020 274.3 235.5 82.7 15.5 0.8 0.2 0.0 0.0 0.5 9.0 44.9 239.7 

2021 244.2 322.2 193.0 10.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 7-10: CHIRPS gridded data over Mabula Kapi catchment 

       (Source: DRI, 2021) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1981 217.9 276.1 170.8 25.6 2.0 0.0 0.0 0.0 0.0 13.2 56.4 95.2 

1982 328.0 249.0 76.1 40.0 11.1 0.0 0.1 0.0 0.3 18.2 156.6 202.7 

1983 276.0 225.8 117.9 25.4 9.0 0.0 0.0 0.0 0.0 6.7 52.2 213.0 

1984 142.7 244.7 124.8 17.6 2.4 0.0 0.0 0.0 0.0 6.6 99.7 283.9 

1985 311.7 244.7 229.8 49.8 4.4 0.0 0.0 0.0 0.0 17.9 104.7 249.4 

1986 369.8 277.0 166.7 73.7 2.0 0.0 0.0 0.0 0.0 29.6 78.7 247.9 

1987 299.6 139.4 139.1 15.1 4.9 0.0 0.4 0.0 2.0 14.4 85.1 156.7 

1988 257.8 320.3 253.9 17.1 5.3 0.0 0.0 0.0 0.0 19.6 57.8 159.0 

1989 316.6 276.0 196.2 34.4 2.6 0.0 0.0 0.0 0.0 7.2 70.2 307.8 

1990 300.5 243.4 87.5 29.6 13.2 0.0 0.0 0.2 0.0 4.3 56.8 153.6 

1991 278.3 204.3 91.3 44.2 8.6 0.0 0.0 0.0 0.0 23.1 92.4 256.0 

1992 164.2 81.5 199.6 19.6 8.8 0.0 0.0 0.0 0.2 6.1 71.2 265.6 

1993 226.1 346.3 240.5 37.9 2.3 0.0 0.0 0.0 0.0 6.3 126.5 132.9 

1994 324.1 243.1 37.5 13.6 2.7 0.0 0.0 0.0 2.0 40.2 32.1 150.3 

1995 205.9 228.2 92.9 10.3 2.6 0.0 0.0 0.0 0.0 8.9 47.7 318.7 

1996 278.7 221.0 134.0 12.3 7.9 0.0 0.0 0.0 0.0 6.1 51.1 271.9 

1997 336.1 280.2 78.3 78.1 3.3 0.0 0.0 0.2 0.3 12.4 180.2 266.2 

1998 304.5 175.2 165.0 15.1 2.7 0.0 0.0 0.0 0.0 8.5 94.2 200.5 

1999 350.1 291.5 243.0 19.6 3.9 0.0 0.0 0.0 0.0 6.6 89.8 122.0 

2000 293.1 273.2 259.7 16.6 3.0 0.0 0.0 0.0 0.0 6.5 126.2 195.2 

2001 309.7 305.3 241.2 24.3 2.5 0.0 0.0 0.0 0.0 12.9 91.1 215.6 

2002 248.1 188.7 71.6 29.6 1.8 0.4 0.1 0.1 0.0 9.2 72.8 345.5 

2003 225.6 249.4 240.5 20.5 2.0 0.0 0.0 0.0 0.0 11.4 61.0 208.4 

2004 274.9 224.4 209.0 44.5 1.7 0.0 0.0 0.2 0.0 7.6 108.1 386.4 

2005 280.9 188.5 53.9 16.5 2.0 0.0 0.0 0.0 1.3 6.2 77.2 190.7 

2006 357.2 258.8 249.6 20.1 1.7 0.0 0.0 0.0 0.2 8.8 112.4 285.0 

2007 534.3 377.5 130.8 19.3 1.6 0.0 0.0 0.0 0.0 9.0 87.2 369.8 

2008 412.2 206.8 91.9 16.1 1.6 0.0 0.0 0.0 0.0 7.2 76.8 338.0 

2009 260.7 177.2 216.2 23.7 12.6 0.0 0.1 0.0 0.0 6.0 157.9 325.5 

2010 199.7 499.4 227.1 37.4 2.6 0.0 0.0 0.0 0.0 5.5 61.3 321.7 

2011 329.7 134.2 154.8 38.5 3.2 0.0 0.0 0.0 0.0 9.4 100.1 212.9 

2012 354.2 297.4 254.5 50.8 1.7 0.0 0.0 0.0 0.0 7.9 55.8 215.5 

2013 242.3 247.5 92.9 35.2 5.1 0.0 0.0 0.0 0.0 10.1 66.1 218.9 

2014 213.9 239.4 121.3 27.9 1.8 0.0 0.0 0.0 0.0 5.7 18.7 164.2 

2015 277.0 252.1 87.2 95.0 1.9 0.0 0.0 0.0 0.0 11.0 72.1 174.9 

2016 196.5 166.0 293.9 18.3 1.9 0.0 0.0 0.2 0.0 8.0 100.6 179.4 

2017 401.5 315.5 132.7 70.3 8.0 0.0 0.0 0.2 0.0 18.6 203.7 262.7 

2018 105.3 297.0 223.9 44.9 5.5 0.0 0.0 0.5 0.1 9.7 58.0 240.0 

2019 295.4 260.2 138.1 47.7 5.9 0.7 0.0 0.0 0.0 8.5 90.4 136.7 

2020 247.1 251.8 71.4 19.9 5.7 1.3 0.3 0.0 0.5 11.6 38.2 311.2 

2021 381.4 318.0 438.0 11.2 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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7.8 Appendix 5: Location map  

 

 

Figure 7-1: Location map - Mabula Kapi catchment and local meteorological 

stations 
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7.9 Appendix 6 : Training in rainfall-runoff modelling 

 

 

Figure 7-2: Certificates of training for PITMAN rainfall-runoff model 
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7.10 Appendix 7: Photo gallery – Site visit at Manangwa station 
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