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ABSTRACT 
 

Climate change has caused devastating impacts worldwide. The impacts include erratic rainfall, 

prolonged droughts and increase in mean temperatures. In the Upper Manyame sub-catchment 

(UMSC) in Zimbabwe, no impact assessment study has been conducted despite the strategic 

importance of the sub-basin in providing water to over 2 million people. The aim of this study was 

to assess the impacts of climate change on the hydrology of the UMSC. The study specifically 

assessed the historical trends in precipitation and temperature, downscaled the projected climate 

variables (temperature and precipitation) for the 2030s (2021-2050) and 2060s (2051-2080) for 

the UMSC and estimated the impacts of the projected variables on runoff. In assessing historical 

precipitation and temperature trends, the Mann-Kendall trend and Wilcoxon signed rank tests were 

used. The Statistical DownScaling Model was used to downscale the projected global precipitation 

and temperature for the 2030s and 2060s using data from two General Circulation Models (GCMs), 

Hadley Center Coupled Model, version 3 (HadCM3) and Canadian Earth System Model (second 

generation) (CanESM2). Simulation of the changes in runoff and reservoir inflows was done using 

the Hydrologic Engineering Centre-Hydrological Modeling System (HEC-HMS) model. Results 

for both the Mann Kendall and Wilcoxon signed rank tests showed a declining trend in 

precipitation and a statistically significant rising trend in maximum and minimum temperature. 

The projected temperature analysis through the HadCM3A2a scenario showed that the maximum 

temperature will increase by about 0.39 °C and 0.64 °C for the 2030s and 2060s respectively as 

compared to an increase by 0.35 °C and 0.51 °C for the same time periods using the HadCM3B2a 

scenario. The minimum temperature will generally increase by 0.15 °C and 0.25 °C for the 2030s 

and 2060s respectively for HadCM3A2a scenario as compared to an increase by approximately 

0.11 °C and 0.2 °C for the same periods respectively in the HadCM3B2a scenario. The downscaled 

CanESM2 data showed that maximum temperature will increase by 0.5 °C to 0.9 °C for the two 

extreme Representative Concentration Pathways, RCP2.6 and RCP8.5. The minimum temperature 

will increase by around 0.3 °C to 0.8 °C for the two RCPs. The projected monthly potential 

evaporation will on average increase by 1.2 % (HadCM3A2a) and 0.97 % (HadCM3B2a) whereas 

for CanESM2 it will increase by 1.9 % (RCP2.6) and 2.3 % (RCP8.5) for the two projected periods. 

According to projections for HadCM3, the amount of precipitation will decrease in October and 
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generally increase in November and December. In January and March the amount of precipitation 

will also decrease and increase in February. Average monthly precipitation will decrease by 8 - 28 

% and 9 - 37 % for the 2030s and 2060s respectively for HadCM3A2a. For the HadCM3B2a 

scenario, the precipitation will drop by upto 23 % and 26 % for the 2030s and 2060s respectively. 

The decline in precipitation for RCP2.6 will range from 20 % to 40 % whilst for RCP8.5 it will 

drop by as high as upto 50 %. Calibration of the HEC-HMS model for a period from 2000 to 2010 

in the Mukuvisi and Marimba basins revealed satisfactory model efficiencies of 4.3 % (RVE) and 

0.1 (Bias) and 9.5 % (RVE) and 0.15 (Bias) respectively. HEC-HMS model simulations revealed 

that runoff for the UMSC will decrease by approximately 7 - 27 % for HadCM3 for the 10 micro-

catchments. Specifically, Mukuvisi and Marimba micro-catchments will experience decline in 

runoff ranging from 7.4 - 13.5 % and 7.4 - 16.2 % respectively for HadCM3. For CanESM2 runoff 

will decrease by 2 - 35 % for the 10 micro-catchments and specifically for the key micro-

catchments Mukuvisi and Marimba, the runoff will drop by 4.5 -30.3 % and 2.5 - 26 % 

respectively. The reservoir inflows for Lake Chivero and Lake Manyame will decrease by 10 - 18 

% for HadCM3 and by upto 34 % for the CanESM2. The results are very important for forecasting, 

planning and coming up with informed decisions for integrated water resources management in 

the context of climate change. 

 
Key words: CanESM2, Climate change, HadCM3, HEC-HMS, SDSM 
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CHAPTER 1: INTRODUCTION 

 

1.1. Background 

Climate is defined as the weather characteristic condition such as precipitation, air temperature 

humidity, wind, sunshine, cloud cover and atmospheric pressure at a specific location determined 

over a long period of at least 30 years. Any changes in these phenomena over several years is 

known as climate change (IPCC, 2014). Climate change may be as a result of natural internal or 

external processes like volcanic eruptions or modulations of the solar cycles or as a result of 

persistent anthropogenic changes in the composition of the atmosphere or in land use (Tripathi et 

al., 2016). The impacts of climate change are vast and they have a cumulative effect on natural 

resources and food production. The main impacts include erratic precipitation, prolonged droughts, 

frequent flooding, increased frequency of veld fires and a series of health and socio-economic 

consequences (Dumenu and Obeng, 2016).  

 

The International Dialogue on Water and Climate (2004) noted that water stress will increase 

significantly in regions that are already water stressed such as sub-Saharan Africa. Countries in 

sub-Saharan Africa are likely to suffer the most devastating climate change impacts mainly 

because of their geographical location, poor economy, low technological and institutional capacity 

to adapt to the changes in the environment, as well as their great reliance on climate-sensitive 

renewable natural resource sectors such as water and agriculture (Eboh, 2009).  

 

According to Funk et al (2005), warm sea surface temperatures may lead to increased droughts in 

equatorial and subtropical Eastern Africa. The United Republic of Tanzania (URT) reported that 

there will be annual flow reductions of 6 - 9 % in the Pangani river and 10 % in the Ruvu river by 

2020 (VPO-URT, 2003). Global climate change is projected to alter Kenya’s mean annual climatic 

conditions as well as its pattern of climate extremes. Temperatures in Kenya are expected to 

continue to rise in all seasons, with models suggesting that warming of about 1 °C will occur by 

the 2020s, and 4 °C by 2100 (AEA-Group, 2008). There is great uncertainty regarding how 

precipitation patterns might be altered by climate change. Analysis by the Intergovernmental Panel 

on Climate Change (IPCC) using Global Circulation Models (GCMs) projects that East Africa will 

likely become wetter, particularly during the rainy seasons (Boko et al., 2007). However, 
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according to the AEA-Group (2008), an analysis which focused on Kenya projected that there will 

be a general decline in the mean annual precipitation within the country, although wetter conditions 

are likely during short rains of October to December. 

  

West Africa highly depends on rain-fed agriculture with 60 % of the population engaged in 

agriculture. This makes the population to be greatly vulnerable to climate change and variability. 

The interaction of climate change with non-climate stressors will exacerbate vulnerability of 

agricultural systems in semi-arid Africa such as the West Sudanian Savanna region of Burkina 

Faso, Ghana and Benin (Asare-Kyei et al., 2015). 

 

In Southern Africa, climate variability causes various impacts such as drought and floods. 

According to the World Bank’s Water Resources Sector Strategy Report of 2003, the drought in 

Zimbabwe in the early 1990s resulted in an 11 % decline in the Gross Domestic Product (GDP). 

The report also highlighted that the floods of 1999 in Mozambique led to a 23 % reduction in GDP. 

The degree of these losses highlights the need for water managers to have a better and clear 

understanding of the mechanisms of climate change and their relationships with hydrological 

extremes such as floods and droughts. Economic losses from natural disasters, including floods 

and droughts, increased three-fold between the 1950s and the 1960s and ten-fold between the 

1980s and the 1990s (Urama and Ozor, 2010). Temperatures in Southern Africa have risen by over 

0.5 ° C over the last 100 years (Kandji et al., 2006). Between 1950 and 2000, Namibia experienced 

warming at a rate of 0.023 °C per annum (Lesolle, 2012). Drought and other adverse climatic 

conditions occur almost every year in Southern Africa. Climate change scenarios generally predict 

an increase in temperatures for most of Africa and there is also a prediction of a decrease and more 

variability in precipitation for most of Southern Africa (Moyo et al., 2012).  

 

In Zimbabwe, the last few decades have shown a trend towards reduced precipitation and 

occurance of mid-season drought. The country is being affected by climate change as evidenced 

by an increase in the mean annual temperatures of about 0.4 °C since 1900, and a 5 % decline in 

precipitation nearly across the country (Unganai, 2009). This warming has been greatest during 

the dry season. Day-time temperatures have warmed more than night-time temperatures during the 

wet season. There has been an increase in both the minimum and maximum temperatures over 
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Zimbabwe evidenced by a decrease in the number of days with a minimum temperature of 12 °C. 

Temperature analysis results from meteorological stations in Harare, Bulawayo and Beitbridge 

indicated an increase in the daily minimum temperatures of about 2.6 °C, coupled with a rise in 

daily maximum temperatures of about 2 °C in the 20th century. Future scenarios have predicted 

increases in global mean temperature of between 1.3 °C and 4.6 °C by 2100, representing global 

warming rates of between 0.1 °C and 0.4 °C per decade. Zimbabwe is predicted to warm more 

rapidly than the global average in the future due to its continental interior location. The 1990s were 

the warmest and driest decade of the century. The number of cold days is decreasing at a rate of 

about fifteen days per 100 years (UNDP, 2007b).  

 

According to Madamombe (2006), analysis of available data indicated that the past decade has 

witnessed an increase in the frequency of floods in Kanyemba in the middle-Zambezi river basin 

of Zimbabwe. In the month of February 2000, the Middle-Zambezi Basin was affected by cyclone 

Eline which brought intense storms. In March 2003, the same area was again affected by cyclone 

Japhet which also caused flooding. In 2010 the area was also flooded. Muzarabani, which is located 

in the Northern Lowveld of Zimbabwe within the Zambezi Basin is also one of the most flood-

prone areas in Zimbabwe (Mavhura et al., 2013). Societies in Zimbabwe have encountered major 

climatic events which include the droughts of 1981-1982, 1991-1992, 1994-1995, 1997-1998, 

2002-2003 and 2008-2009 seasons. Zimbabwe was also affected by the El-Niño which brought 

about the floods of 1997–1998 (Dilley, 2000). According to IPCC ( 2007), floods and droughts are 

expected to get worse, as it is projected that the degree and occurrence of floods and droughts will 

increase during the 21st century due to variations linked to climate change and variability. 

Therefore there is great need to carry out an assessment of the impacts of climate change on surface 

water resources so as to continuously monitor the impacts of climate change on the surface water 

resources. 

 

1.2. Problem statement 

The impacts of climate change on the hydrology of Upper Manyame sub-catchment are not yet 

established. This is despite the fact that more than 2 million people depend on the water resources 

from the sub-catchment which houses Harare and other dormitory towns such as Norton and 

Chitungwiza. Previous efforts to analyse impacts of climate change on the hydrology of Upper 
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Manyame sub-catchment focused on trend analysis and not the actual effects of these parameters 

on the hydrology. The weakness of such methods is that there is no detailed or in-depth 

methodology on how the predicted climate change would translate to change in available water 

resources, particularly runoff in the sub-catchment. Therefore there is need to carry out a 

comprehensive study which incorporates downscaling of GCM projections, modelling (rainfall-

runoff), Geographical Information System (GIS) and remote sensing techniques.  

 

1.3. Justification 

The determination of the impacts of climate change on the hydrology is very important mainly 

because it enables proper planning and forecasting as well as design of adaptation and mitigation 

measures in response to climate change. The study also uses remote sensing based methods which 

are advantageous because they are able to quantify meteorological variables in space and time. In 

addition, such techniques are also able to prepare inputs required by rainfall-runoff models in order 

to translate and relate magnitudes of change in rainfall and temperature into quantifiable 

magnitudes of surface water resources. The United Nations Sustainable Development Goal (SDG) 

13 is to take urgent action to combat climate change and its impacts. This goal also emphasizes 

the need to increase resilience and adaptive capacity to climate change hazards and natural 

adversities in all countries as well as encouraging the integration of climate change measures into 

national policies, strategies and planning (Osborn et al., 2015). Zimbabwe launched the National 

Climate Change policy which has the National Climate Change Response Strategy in November 

2015. This include the need to come up with adaptation measures to reduce the impacts of climate 

change. The Conference of Parties (COP) 21 which was held from 30 November 2015 to 11 

December 2015 in France targets to keep global warming below 2 °C (UN, 2015). It also puts 

emphasis on the importance for countries to come up with effective climate change adaptation 

measures. By carrying out this research there will be information which will be useful in coming 

up with measures to adapt to climate change. The Upper Manyame sub-catchment is facing a 

population increase due to rural to urban migration and this will put pressure on the available water 

resources and also the effects of climate change in the area are not well researched hence the need 

to carry out this study. 
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1.4. Objectives 

 

1.4.1. Main Objective 

The main objective of this study is to assess the impacts of climate change on the hydrology of 

Upper Manyame sub-catchment. 

 

1.4.2. Specific objectives. 

i. To determine historical trends in temperature and precipitation in the Upper Manyame 

sub-catchment.  

ii. To downscale the projected temperature and precipitation in the Upper Manyame sub-

catchment for the 2030s and 2060s from HadCM3 scenarios and CanESM2 RCPs. 

iii.  To establish the impacts of the projected temperature and precipitation on runoff and 

reservoir inflows in the Upper Manyame sub-catchment for the 2030s and 2060s. 

 

1.4.3. Research Questions 

i. What type of trend exists in the temperature and precipitation in the Upper Manyame sub-

catchment? 

ii. What are the variations in the downscaled projected temperature and precipitation for 

scenarios HadCM3A2a, HadCM3B2a and RCPs 2.6 and 8.5? 

iii.  To what extent can the HEC-HMS model be used for the simulation of the runoff of the 

Upper Manyame sub-catchment? 

iv. Is there a significant change in the predicted runoff for the Upper Manyame sub-catchment 

for the 2030s and 2060s?  
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CHAPTER 2: LITERATURE REVIEW 
2.1. Climate change 

Climate change is caused by natural factors and anthropogenic activities. Anthropogenic activities 

have turned out to be the current major causes of climate change. This is mainly due to increases 

in levels of industrialization which cause production of more greenhouse gases emissions thereby 

increasing the rate of global warming (Houghton, 2001). For climate change prediction, there is 

utilization of Global Circulation Models (GCMs). The GCMs predict climate variables such as 

temperature and precipitation. The predictions are based on different emission scenarios which are 

basically as a result of different levels of socio-economic development (IPCC., 2000). 

 

2.2. Climate change impacts 

Climate change impacts primarily refer to the effects of extreme weather and climate events on 

natural and human systems (IPCC., 2014a). Over the past 1000 years the earth has experienced a 

general increase in temperature by about 0.6 °C (IPCC., 2014b). Impacts of climate change are 

many and they have a cumulative effect on natural resources as well as food production. This 

causes suffering to human life due to lack of food and water. The main impacts of climate change 

include prolonged droughts, frequent flooding, increased occurrence of veld fires, poverty, 

malnutrition and several health and socio-economic consequences (Dumenu and Obeng, 2016).  

  

2.2.1. Global climate change impacts  

The spatial and temporal hydro-climatic variables trends are changing and there is also a rise in 

sea levels as well as an increase in the incidence of extreme events which are causing risks to 

future food security in all parts of the globe (Zhao et al., 2015). The climate regime of the earth 

system has become unusual and this has in turn raised the concerns to think global climate change 

as a strongest stressor for the agriculture and world food production (Kersebaum and Nendel, 

2014).  

 

The warming of the earth’s system since the last five decades has caused the world to frequently 

experience several unprecedented changes in climate. This is supported by the Intergovernmental 

Panel on Climate Change assessment report which identified the changes in climatic variables as 
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well as giving various projections in future climatic variables. The report went on to reveal that 

1983 – 2012 was the warmest 30-year period in the Northern Hemisphere in the last 1400 years 

(IPCC., 2014b).  

 

According to Arnell and Gosling (2013) results for projected impacts of climate change on runoff 

under a General Circulation Model known as HadCM3 and AIB scenario  revealed that the mean 

annual runoff will decrease significantly in Central and Eastern North America, Central and 

Western Europe, Brazil, the Arabian Peninsula and much of  North, Western and Southern Africa. 

However, the study revealed that average annual runoff will increase across South and East Asia, 

Eastern Africa and South America. 

 

2.2.2. Impacts of climate change in sub-Saharan Africa 

Impacts of climate change are bound to be more severe in sub-Saharan Africa, partially due to its 

geographical location (Eboh, 2009). This is as a result of the fact that, the tropical and subtropical 

regions which are highly vulnerable to rising temperatures and semi-desert zones which are greatly 

threatened by decreasing water availability happen to house the low-income countries. There are 

predictions that by 2080, agricultural output in developing countries may decline by 20 % due to 

climate change, while output in industrial countries is expected to decrease by 6 % (Cline, 2007). 

According to UNDP (2007a), the number of undernourished children in sub-Saharan Africa may 

triple between 1990 and 2080 and the report also revealed that climate change impacts can also 

erode the long-term opportunities for human development and could exacerbate inequalities within 

countries. 

 

Sub-Saharan Africa has warmed by about 0.7 °C in the 20th century (Hulme et al., 2001). 

According to the fifth assessment report by IPCC (2014), projected temperature trends for Africa 

are expected to rise more quickly than in other land areas. The projections went on to reveal that 

increases in average temperatures are likely in the mid and late 21st century under both low and 

high emissions scenarios. Under the high emissions scenario, average temperature will rise by 

more than 2 °C and more than 4 °C during the mid-21st and late-21st century respectively. 

Temperature is likely to increase more in North Africa as well as Southern Africa. However, for 

the low emissions scenario the temperature will increase by less than 2 °C. 
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During the second half of the 20th century, western parts of southern Africa which include countries 

like Congo, Namibia and Angola had less summer precipitation than the first half of the 20th 

century (Hoerling et al., 2006; New et al., 2006). Countries such as Botswana and Zimbabwe also 

experienced decreases in precipitation amounts by between 20 and 30 % with time. Generally areas 

in sub-Saharan Africa experienced changes in the onset of the rain season as well as increased 

frequency of mid-season droughts (Kniveton et al., 2009; Tadross et al., 2009; Thomas et al., 

2007). Precipitation projections are less certain than projections for temperature. Most areas of the 

African continent do not show changes in annual average precipitation under low emissions 

scenarios. Projections show decrease in annual average rainfall over areas of southern Africa 

beginning in the mid-21st century for the same high emissions scenario (IPCC, 2014). 

  

2.2.3. Climate change impacts in Zimbabwe 

Zimbabwe’s climate is mostly semi-arid because the country lies in a region with limited and 

unreliable precipitation patterns, and has a national mean annual precipitation of 655 mm. Mean 

annual precipitation ranges from 300 mm in the low lying Limpopo valley in the South to over 

3000 mm per annum in the Eastern Highlands. On average, one to three droughts occur every ten 

years, largely due to changes in the phases of the El Niño-Southern Oscillation (ENSO) 

phenomenon and periodic sea surface temperature changes (Frost, 2001).  

 

Zimbabwe has also experienced an increase in mean annual temperatures by about 0.4 °C since 

1900, and 5 % decline in precipitation nearly across the country (UNDP, 2007b). These statistics 

point towards a serious crisis due to climate change and there is great need to come up with 

adaptation measures to reduce the impacts of climate change. 

 

Simulations carried out for the Zambezi River Basin, for example, indicated a possible 15 % 

decrease in precipitation, increased evaporation losses of about 15 – 25 % and diminishing runoff 

of about 30 – 40 % (Arnell, 1999). The last few decades have shown a trend towards reduced 

precipitation and occurrence of mid–season drought in Zimbabwe.  
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2.3. Time series analysis of climatic data. 

A time series is defined as a sequence of numerical data points in successive order, usually 

occurring in uniform intervals. In hydrology, it is simply data points measured typically at 

successive time instants spaced at uniform time intervals. Time series analysis is basically the 

identification of the components of a time series which are oscillations, trends and shifts. One of 

the assumptions in any time series analysis modeling is that some aspects of the past pattern will 

continue to remain in the future. A time series is assumed to be based on past values of the main 

variable but not on explanatory variables which may affect the system. This makes the system to 

act as a black box and we may only be able to know what will happen rather than why it happens 

(Agrawal et al., 2012). 

 

There are many approaches that can be used to detect trends in hydrological data. The choice of 

approach should however be based on the validity of the test procedure. The data should meet the 

required test assumptions and also the procedure must be useful through correctly detecting the 

changes. There is need to assume a normal distribution of the data and also that the observations 

are independent. For many hydrological series, these assumptions are not appropriate. 

Hydrological series rarely have a normal distribution and there is often temporal dependence in 

hydrological series, particularly if the time series interval is short for example today’s flow tells 

us quite a bit about what tomorrow’s flow is likely to be (Kundzewicz and Robson, 2000). 

 

2.3.1. Wilcoxon signed rank test 

The Wilcoxon signed rank test is a statistical test for assessing the significance of a difference in 

two data sets. The paired data sets are naturally linked. The test sums up the ranks of the positive 

differences and also the ranks of the negative differences. If the mean rank for the positive 

differences is greater than that for the negative differences it means that period 2 has more higher 

values compared to those of period 1 and vice versa (Oyeka, 2009). Ogungbenro and Morakinyo 

(2014) used the Wilcoxon signed rank test in a study on rainfall distribution and change detection 

across climatic zones in Nigeria. The results showed significant changes in the rainfall distribution.  
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2.3.2. Mann-Kendall trend test 

The Mann–Kendall trend test is a commonly used non-parametric test to detect trends in hydro-

meteorological time series. The test compares the relative magnitudes of sample data rather than 

the data values themselves. The advantages of this test are that the data does not need to conform 

to any particular distribution and it is less sensitive to sudden breaks due to inhomogeneous time 

series (Jaagus, 2006).  

 

Tabari et al (2011) used the Mann-Kendall trend test in a study for testing long term trends in 

climatic variables in Iran to detect any changes in the climate. The study was mainly focusing on 

temperature and precipitation for a period of 40 years. The trend tests detected significant 

increasing trend in the annual temperature but for precipitation there was no visible decreasing or 

increasing trend. Addisu et al (2015) also carried out a trend analysis of precipitation and 

temperature in Lake Tana Sub-basin, Ethiopia to determine the existence of signals for climate 

change. 

 

2.4 Climate change projection 

Climate change projection is accomplished by using data downscaled from Global Circulation 

Models (GCMs). According to the IPCC Data Distribution Centre, GCMs depict climate change 

in a three dimensional grid over the globe. The GCM has a resolution of between 250 km and 600 

km, 10 to 20 vertical layers in the atmosphere and as many as 30 layers in the oceans. One of the 

source of uncertainty in the use of GCMs is its coarse resolution which makes it impossible to 

model some physical processes related to clouds which take place at smaller scales (Houghton, 

2001). However, a technique known as parameterization is used to average the known properties 

over a large scale. Figure 2.1 shows the schematic diagram of the General Circulation Model. 
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Figure 2.1: Schematic diagram of the General Circulation Model 

Source: National Oceanic and Atmospheric Administration (NOAA, 2012). 
 

2.4.1 Climatological baseline 

A climatological baseline is defined as a thirty year period which can provide a reference for 

climate change impact studies. This baseline provides the basis from which the future change in 

climate is calculated. One of the most important selection criterion for the climatological baseline 

period is its representativeness for the present day, recent average climate and sufficient duration 

to include a range of climatic variations (Nigatu, 2013).  

 

2.4.2 Emission scenarios 

According to the IPCC (2000), scenarios are defined as images of how the future might unfold and 

are a very useful tool used to analyse how driving forces may influence future emission outcomes 

and to assess the associated uncertainties. Greenhouse gas (GHG) emissions are a result of 

complex dynamic systems, determined by driving forces such as demographic development, socio-

economic development and technological change. Scenarios are used in climate change analysis, 

including climate modeling and the assessment of impacts, adaptation and mitigation. The chance 
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that any single emissions path will occur as described in scenarios is highly uncertain. Some of the 

scenarios are described as follows as highlighted in the IPCC report on emission scenarios:  

 

A1 scenario  

This scenario describes a future world of very rapid economic growth, a global population that 

peaks in mid-21st century and declines thereafter and the rapid introduction of new and more 

efficient technologies. The underlying themes include capacity building and increased socio-

cultural interactions with a substantial reduction in regional differences in per capita income. The 

A1 scenario has the A1B group which has a balanced reliance on all sources of energy. This is 

described as a result of similar improvements for all the energy sources and end user technology. 

 

A2 scenario 

Describes a very heterogeneous world. The underlying theme is self-reliance and preservation of 

local identities. It involves continuously increasing global population. Economic development is 

primarily regionally oriented and per capita economic growth and technological change are more 

fragmented and slower than in other scenarios. 

 

B1 scenario  

This scenario describes a world with global population that peaks in the mid-21st century and 

declines thereafter, as in the A1 scenario, but with rapid changes in economic structures towards a 

service and information economy, with reductions in material intensity, and the introduction of 

clean and resource-efficient technologies. The emphasis is on global solutions to socio-economic 

and environmental sustainability, including improved equity, but without additional climate 

initiatives. 

 

B2 scenario 

The B2 scenario describes a world which emphasize on local solutions to socio-economic and 

environmental sustainability. It is a world with continuously increasing global population at a rate 

lower than A2, intermediate levels of economic development, and less rapid and more diverse 

technological change than in the B1 and A1 scenarios. The scenario is also oriented towards 

environmental protection and social equity (IPCC., 2000). 
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Soliman et al (2009), carried a study in assessing the future climate change for the Blue Nile using 

the A1B emissions scenario and the findings indicated that there will be variations in changes in 

future rainfall over different areas of the Upper Nile basin in Ethiopia. Elshamy et al (2009) also 

studied impacts of climate change on the Nile river flows using HadCM3 and CGM2 (A2 and B2) 

scenarios and the results revealed that the range of differences between the scenarios is model 

dependent and time dependent. 

 
2.4.3 Representative Concentration Pathways (RCPs). 

RCPs are new scenarios which were developed by the IPCC in its Fifth Assessment Report (AR5) 

of 2014. There are four pathways which are: RCP2.6, RCP4.5, RCP6 and RCP8.5. The name 

Representative Concentration Pathways emphasizes the rationale behind their use. They are 

referred to as pathways so as to emphasize the fact that the primary purpose is to provide time-

dependent projections of atmospheric greenhouse gases (GHG) concentrations (IPCC, 2007). They 

are representative due to the fact that they are one of several different scenarios that have similar 

radiative forcing and emissions characteristics. Each RCP represents a specific emission trajectory 

and subsequent radiative forcing. A radiative forcing is defined as a measure of the influence a 

factor has in altering the balance of incoming and outgoing energy in the earth atmosphere system, 

measured in Watts/m2. Each RCP has its value for the radiative energy for example RCP2.6 

represents 2.6 Watts/m2. The higher the value the more the emissions (Wayne, 2013). Scenarios 

A2 and B2 are generally comparable to RCP8.5 and RCP2.6 respectively in terms of the levels of 

emissions and global warming. 

 

2.5 Climate data downscaling 

GCMs do not account for fine scale heterogeneity of climate change because of its coarse spatial 

resolution. However, many methods have been developed to downscale GCMs information to be 

suitable for use in predicting local conditions. Downscaling allows addition of information to the 

coarse GCM output so that the information is more realistic at a finer scale. Downscaling can be 

done both spatially and temporally. Spatial downscaling is whereby the spatial climate information 

of a GCM with a spatial resolution of say 500 km x 500 km is downscaled to 20 km x 20 km spatial 

resolution over a specific location whilst temporal downscaling is the derivation of fine scale 

temporal information for example daily precipitation sequences from monthly or seasonal 
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precipitation amounts. There are basically two main downscaling methods namely the dynamic 

downscaling method which relies on the Regional Climate Model (RCM) and the Statistical 

DownScaling Model (SDSM) (Houghton, 2001). 

 

2.5.1 Regional climate model 

RCMs are nested in a GCM and they incorporate more complex topography and other surface 

heterogeneities and it has a very high spatial resolution of about 20 km - 50 km. The quality of the 

RCM results mainly depend on the GCM output (Seaby et al., 2013). RCMs are developed by 

research institutions that have sufficient computational capacity and technical expertise. They 

normally differ in their numerical, physical and technical aspects. The most commonly used RCMs 

in climate change downscaling studies include: 

i. U.S. Regional Climate Model Version 3 (RegCM3) 

ii. Canadian Regional Climate Model (CRCM) 

iii.  UK Met Office Hadley Centre’s Regional Climate Model Version 3 (HadRM3) 

iv. German Regional Climate Model (REMO) 

v. Dutch Regional Atmospheric Climate Model (RACMO) 

vi. German HIRHAM.  

 

The above models can be adapted to any region of the globe by incorporating appropriate 

information on terrain, land-cover and hydrology. This is despite the fact that they were developed 

in  North America and Europe (USAID., 2014). 

 

Advantages of dynamic downscaling are that it is based on consistent physical mechanisms and 

the fact that it resolves atmospheric and surface processes occurring at sub-GCM grid scale. 

Dynamic downscaling is also not constrained by historical records so that scenarios can be 

simulated and the experiments involving an ensemble of RCMs are becoming available for 

uncertainty analysis (Wilby et al., 2009). However, it has its own setbacks such as being 

computationally intensive which cause it to be typically driven by only one or two GMC/emission 

scenario simulations. The other disadvantages are that a limited number of RCMs are available 

and there are no model results for many parts of the globe. Also there is need for further 
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downscaling and bias correction of RCM outputs. The results depend on RCM assumptions 

therefore causing different RCMs to give different results (Daniels et al., 2012). 

 

2.5.2 Statistical downscaling model (SDSM) 

Statistical DownScaling Model involves establishment of empirical relationships between 

historical and current large scale atmospheric and local variables. The future global climatic 

variables projected by GCMs are used to predict future local climate variables. Statistical 

downscaling has an advantage over RCMs because it can produce site specific climate projections 

(USAID., 2014). Statistical downscaling consists of a heterogeneous group of methods that vary 

in sophistication and applicability. They are all relatively simple to implement but require a 

sufficient amount of high-quality observational data.  

 

Advantages of statistical downscaling are that it is computationally inexpensive and efficient. This 

allows many different emissions scenarios and GCM pairings. The statistical downscaling methods 

are also simple and flexible enough to be applied for specific purposes. The same method can be 

applied across regions or the entire globe, which facilitates comparisons across different case 

studies and it relies on the observed climate as a basis for driving future projections (Fowler et al., 

2007). The disadvantages of statistical downscaling are that high quality observed data may be 

unavailable for many areas and it assumes that relationships between large and local-scale 

processes will remain the same in the future (stationarity assumptions) (STARDEX, 2005). 

 

Shaka (2008) used the SDSM in the assessment of the impacts of climate change on the hydrology 

of the Gilgel Abbay Catchment in Lake Tana Basin, Ethiopia. The projected results of the study 

showed that there will be significant variation in the seasonal and monthly flow. The results also 

showed that the runoff will be reduced by 12 % in the 2080s during the main rainy season. Also 

the results from the incremental scenario indicated that the catchment is sensitive to climate change 

resulting in a reduction in annual runoff by 33 % if an increment of 2 °C in temperature and 

reduction of 20 % precipitation occur simultaneously in the catchment.  

 

According to Wilby et al (2009) statistical downscaling model methods can be classified into three 

main categories:  
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Linear methods 

These establish linear relationships between predictor(s) and predictand. They are straightforward, 

widely used and they can be applied to a single predictor-predictand pair or spatial fields of 

predictors-predictands.  

 

Weather classifications 

The local variables are predicted based on large-scale atmospheric “states.” The states can be 

identifiable synoptic weather patterns or hidden, complex systems. The future atmospheric state, 

simulated by a GCM, is matched with its most similar historical atmospheric state.  

 

Weather generators 

These methods are used in temporal downscaling and they are data-intensive. They are used to 

generate daily sequences of weather variables such as precipitation, maximum and minimum 

temperature and humidity that correspond to monthly or annual averages. Temporal downscaling 

is necessary for some impact models that require local spatial data at a daily resolution. Figure 2.2 

shows the layout of the downscaling process. 
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Figure 2.2: Layout of the downscaling process: Source: (Viner, 2012) 

 

2.6. Estimating climate change impacts using hydrological models 

A rainfall-runoff hydrological model is defined as a mathematical formulation which determine 

the runoff which leaves a catchment area from the rainfall received by the catchment area (Jiang 

et al., 2015). Global climate change has significant impacts on the local hydrological regimes. This 

makes it useful to utilize hydrological models to conceptualize and investigate the relationship 

between climate and water resources.  

 

The investigation of impact of climate change on water resources is accomplished by adoption of 

the following steps: 

i. Simulation of climatic effect of increased atmospheric concentration of greenhouse 

gases using a climate model. 

ii. Use of downscaling techniques to link climate models and catchment scale 

hydrological models. 
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iii.  Simulation of hydrological impacts of climate change using hydrological models 

(Shaka, 2008). 

 

The hydrological modeling of impacts of climate change are highly sensitive to model 

parameterization in most regions. Normally, uncertainty arises in the method used and in the 

capability of the model to estimate hydrological parameters of real systems. In addition, 

uncertainties may be as a result of the model structure. This uncertainty relates to system 

identification which involves the selection of appropriate structures for representation of a real 

system. Another source of uncertainty is during the actual model development as a result of the 

initialization of quantitative diagnostic measures which may be attributed to expert knowledge and 

subjectivity (Liu and Gupta, 2007). 

 

There are various rainfall-runoff models which may be used to estimate the impacts of climate 

change. These models include the ToPographic Model (TOPMODEL), Soil and Water Assessment 

Tool (SWAT), Hydrologiska Byrans Vattenavdelning (HBV) and the Hydrologic Engineering 

Center- Hydrologic Modeling System (HEC-HMS).  

 

2.6.1. TOPMODEL 

The ToPographic MODEL (TOPMODEL) is based on topography and was developed by Beven 

and Kirkby (1979). It uses topographic derivatives such as slope and position (Gumindoga et al., 

2011). Examples of basins where the model has been applied include Gilgel Abbay in Ethiopia 

(Gumindoga, 2010), Upper Manyame (Gumindoga et al., 2014) and Upper Save (Gumindoga et 

al., 2011) in Zimbabwe. 

 

According to Devia et al (2015) the TOPMODEL is a physically based model because its 

parameters can be theoretically measured. The major factors considered in TOPMODEL are the 

catchment topography and soil transimissivity. The TOPMODEL computes storage deficit or 

water table depth at any location. The storage deficit value is a function of the topographic index 

(a/tan ß), where: 

a          =         Drained area per unit contour length. 

tan ß    =         Slope of the ground surface at the location. 
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The performance of the TOPMODEL is poor in semi-arid regions mainly because it considers a 

single overland flow generation mechanism. It is emphasized that both infiltration excess and 

saturation excess runoff mechanisms should be considered in rainfall-runoff models of semi-arid 

areas. The other issue is that TOPMODEL is complex and requires substantial hydrological, 

meteorological and high resolution watershed physical property data in semi-arid regions due to 

high rainfall variability. This makes this model not to provide accurate runoff as compared to 

simple models (Jiang et al., 2015). 

 

According to a research by Chang et al (2015) on the assessment of the impact of climate 

variability and human activity on streamflow variation for Jinhe basin, China, TOPMODEL results 

revealed that both human activity and climate variability can have major impacts on streamflow. 

TOPMODEL results showed that climate variability caused reduction in flows by approximately 

16.5 % during the 2001-2010 decade as compared to the baseline decade 1961-1970. 

 
2.6.2. Soil and Water Assessment Tool (SWAT) model 

The SWAT model was developed by the U.S. Department of Agricultural Research Services 

(ARS). This model is continuous, semi-distributed and also physically based. SWAT is mainly 

used for the simulation of streamflow though it has various other applications which also include 

sediment and nutrient flow simulation. SWAT has an advantage that it can be coupled with GIS in 

ArcSWAT and ArcGIS (Vilaysane et al., 2015). 

 

SWAT model is flexible in catchment discretization, it allows placement of control points 

anywhere in the catchment and this in turn allows acquiring of simulation results for each selected 

point. The disadvantage of this model is that it cannot be used to analyse runoff processes in the 

sub-basins (Meaurio et al., 2015). 

 

Equation 1 shows the basic equation used in SWAT. 

���                      = ���	+	∑ (�	
� + ���� − �
 −����� − ��)���� 	   ……………...….Equation 1  

Where: 

���          =      Final soil water content 
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���         =      Initial soil water content 

�	
�         =     Precipitation on day i (mm/day) 

����       =      Surface runoff on day i (mm/day) 

�
         =      Evapotranspiration on day i (mm/day) 

�����        =     Water entering the vadose zone from the soil profile on day i (mm/day) 

��          =      Return flow on day i (mm/day) 

 

The catchment is divided into Hydrological Response Units (HRUs) which comprise of distinct 

soil type, slope class and land cover (Vilaysane et al., 2015). 

 

Awotwi et al (2015) carried out a research on predicting hydrological response to climate change 

in the White Volta in West Africa using the SWAT. The results showed that the model can be used 

well for simulating the flows in the catchment. Results obtained from the investigation revealed 

that the catchment is sensitive to climate change. The comparison of flows for the period from 

1995-2008 and those from the projected time periods from 2030-2043 showed that there will be 

an increase in annual surface runoff by approximately 26 %. The SWAT model was also used by 

Faramarzi et al (2013) in modeling the impact of climate change on freshwater availability in 

Africa’s Sudano-Sahelian catchment. The results of this study were that the runoff is projected to 

decrease by 60 - 65 % during the late 21st century under the HadCM3 emissions scenarios. 

 

2.6.3. HBV model 

The Hydrologiska Byrans Vattenavdelning (HBV) model was developed at the Swedish 

Meteorological and Hydrological Institute (SMHI) in around 1970s. The HBV model is a semi-

distributed model meaning that it regards a catchment as nonhomogeneous. The heterogeneity of 

the catchment is put into consideration by diving the catchment into different sections based on 

the physical characteristics such as elevation and vegetative cover. HBV models are made up of 

different routines which simulate discharge on a daily time step. This will be based on the time 

series of precipitation, temperature and potential evapotranspiration. Also in the soil routine 

groundwater recharge and actual evaporation are simulated as functions of actual water storage. In 

the response, runoff is computed as a function of water storage. Finally in the routing routine a 
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triangular weighing function is used to simulate the routing of the runoff to the catchment outlet 

(Seibert and Vis, 2012). 

 

An important aspect of the HBV model is that it has relatively few parameters needed to 

parameterize the model. The most sensitive parameters used in the HBV model are: 

FC          =    Maximum soil moisture storage (mm) 

BETA    =    Parameter of power relationship to simulate indirect run-off (-) 

LP          =     Limit above which evapotranspiration reaches its potential value (-) 

ALFA    =     Measure for non-linearity of flow in quick runoff reservoir (-) 

Kf           =     Recession coefficient for runoff from quick runoff reservoir (day-1) 

Ks                 =    Recession coefficient for runoff from base flow reservoir (day-1) 

PERC     =    Constant percolation rate occurring when water is available (mmday-1) 

 

According to Rientjes (2014), the general water balance that is solved in the approach can be 

described as in Equation 2: 

� − � −  = 	(�� �! "# $# $%&'�)
	� …………………………………………Equation 2 

Where: 

�             =           Precipitation 

�             =           Evapotranspiration 

             =           Runoff 

													��            =           Snow pack 

																											�(           =           Soil moisture 

	)*          =           Upper groundwater zone. 

 +*           =           Lower groundwater zone 

LAKES    =           Lake volume  

 

The model has the advantage of limited demand on data coverage and computer facilities, which 

makes it very versatile. The HBV model is very popular and widely used and it is now a standard 

tool for runoff simulations in more than 50 countries all over the world. Some of these applications 

are made by modified model versions of the model developed in European basins (Bergström, 
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2006) and African basins such as Middle Zambezi Basin (Garedondo, 2015) and Mazowe Basin 

(Nhedzi, 2008) in Zimbabwe. 

 

The HBV model was used by Nigatu (2013) in assessing the hydrological impacts of climate 

change on Lake Tana’s water balance. The research utilized projected climate variables for three 

future time horizons namely the 2020s, 2050s and 2080s. The study involved three scenarios which 

are A2, B2 and A1B. The results revealed that the inflows to the Lake will increase for scenarios 

A2 and B2 during all the three future time horizons. However, for scenario A1B, the model 

simulated that the inflows will decrease during the three time horizons. 

 

Hamadudu and Killingtveit (2016) also incorporated the HBV model in a study to assess the 

impacts of climate change on the hydropower production in Angola and the results revealed that 

the hydropower production will increase due to the increase in streamflow by upto 10 % for 

different climate scenarios. 

 

2.6.4. HEC-HMS model 

The Hydrologic Engineering Center- Hydrologic Modeling System model (HEC-HMS) was 

developed by the US Army Corps of Engineers (Feldman, 2000). The HEC-HMS model was 

designed to simulate the surface runoff response of a catchment to precipitation by representing 

the catchment with interconnected hydrologic and hydraulic components. In HEC-HMS, the basin 

model comprises three vital processes; the loss, the transform and the base flow. Each element in 

the model performs different functions of the precipitation-runoff process within a portion of the 

catchment or basin known as a sub-basin (Oleyiblo and Li, 2010). 

 

The HEC-HMS comprises of four main components which are:  

i) An analytical model to simulate surface runoff as well as channel routing,  

ii) An advanced graphical user interface illustrating hydrologic system components with 

interactive features,  

iii) A system for storing and managing data, specifically large, time variable data sets, and  

iv) A means for presenting and reporting model outputs (Bajwa, 2002).  
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Examples of model applications in African basins include Middle Zambezi by Phiri (2011) on a 

study on an analysis of the Cahora Bassa Dam water balance and reservoir operations and their 

flooding impact on upstream settlements and Upper Manyame by Gumindoga et al (2016) for 

simulation of ungauged runoff. 

 

HEC-HMS was used by Alemu (2011) in a research to evaluate impact of climate change on 

extreme hydrological events in Addis Ababa, Ethiopia. The model performance was very 

satisfactory with calibration and validation R2 values of 0.78 and 0.81 respectively. The results 

showed that the impact of climate change may cause a decrease in monthly mean flow by up to 41 

% in the 2030s and an increase of up to 126 % in the 2090s. Gebre and Ludwig (2015) also used 

HEC-HMS to simulated the impacts of climate change in the Upper Blue Nile under two 

Representative Concentration Pathways, RCP4.5 and RCP8.5. The results revealed that the runoff 

will increase by 55.7 % (RCP4.5) and 74.8 % (RCP8.5) during the 2030s whereas during the 2070s 

the runoff was projected to increase by 73.5 % (RCP4.5) and 127.4 % (RCP8.5). 

 

The HEC-HMS model was selected for this study mainly because it is physically based, spatially 

distributed and gives more details concerning the surface water resources because it can be used 

to model reservoir inflows. 
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CHAPTER 3: STUDY AREA 
 

Zimbabwe is divided into seven catchment areas namely: Gwayi, Manyame, Mazowe, 

Mzingwane, Runde, Sanyati and Save. The study focused on the Upper Manyame sub-catchment. 

The areas encompassed by Upper Manyame sub-catchment include: Harare, Chitungwiza, Ruwa, 

Dawerndale and Bromely (Rwasoka et al., 2011). Figure 3.1 shows the location of the Upper 

Manyame sub-catchment. 

 

               

  

Figure 3.1: The location of Upper Manyame sub-catchment 

 

3.1. Hydro-meteorological information 

According to the Meteorological Services Department of Zimbabwe, the mean maximum 

temperature in the Upper Manyame sub-catchment ranges from 24 °C to 32 °C and the mean 

annual rainfall ranges from 750 mm to 900 mm (Rwasoka et al., 2011). The major rivers in this 

sub-catchment are Manyame, Gwebi, Marimba, Umzururu, Nyatsime, Mukuvisi and Ruwa. The 
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sub-catchment covers an area of approximately 3 786 km². The major surface water sources in 

Upper Manyame sub-catchment are Lake Manyame and Lake Chivero.  

 

3.2. Soils and geology 

Mafic parent material characterizes the soils of the area. The general geology of Upper Manyame 

sub-catchment consists of greenstones of the Bulawayan group, older gneisses and granites of the 

Basement complex, Great dyke mafics and ultra-mafics, doleritic and gabbroic dykes. The varied 

nature of the geology is easily discernible from the persistent stretches in the soil pattern. Soil 

types range from heavy textured clays to sandy clay loams. The soils are well drained on slopes 

and are poorly drained near drainage lines or watercourses. The heavy textured clay soils have 

vertic properties, when wet the soils expand; when dry the soils shrink and form cracks 

(Mazvimavi et al., 2005). 

 

3.3. Socio-economic activities  

Upper Manyame sub-catchment has many socio-economic activities which comprise, industrial 

manufacturing, engineering, farming, recreation, tourism and mining. This sub-catchment 

harbours the country’s capital city, Harare and a fast growing town, Chitungwiza as well as satellite 

towns of Ruwa, Epworth and Norton and the provincial capital of Mashonaland East, Marondera 

Town. These towns have become highly industrialized and the population is continuously surging. 

This scenario although improving the livelihood of the people, it has increased demand for water 

(Mazvimavi et al., 2005). The population of the Upper Manyame sub-catchment is estimated to be 

more than 2.4 million people (ZIMSTAT, 2012).  

 

3.4. Land use and land cover 

The Upper Manyame sub-catchment comprises of a combination of open grasslands, rain-fed and 

irrigated croplands, urban areas, water surfaces and shrublands. The area has a mosaic vegetation 

pattern that is consistent with the distribution of vegetation in Savannah areas. There is spatial 

heterogeneity of the Upper Manyame sub-catchment land surface due to the combination of these 

land cover types (Dlamini et al., 2016). 
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CHAPTER 4: MATERIALS AND METHODS 
 

4.1. Data requirements 

 

4.1.1. Hydro-meteorological data 

Daily temperature and precipitation data was obtained from the Meteorological Services 

Department (MSD) of Zimbabwe. The daily temperature data was from 1970 to 2013 whilst the 

precipitation data ranged from 1900-2013 (monthly) and 1970-2013 (daily). The daily runoff data 

for the period 2000-2012 for Mukuvisi and Marimba gauging stations was obtained from the 

Zimbabwe National Water Authority (ZINWA). 

 

4.1.2. Global Climate data 

The global projected climatic data (precipitation and temperature) was obtained from two GCMs: 

The Hadley Coupled Model version 3 (HadCM3) (http://www.cccsn.ec.gc.ca/?page=pred-

hadcm3) and the Canadian Earth System Model-second generation (CanESM2) (http://ccds-

dscc.ec.gc.ca/?page=pred-canesm2.). The HadCM3 data was for HadCM3A2a and HadCM3B2a 

scenarios. For CanESM2 the data was for RCP2.6 and RCP8.5. The projections were for the 2030s 

and 2060s.  

 

4.1.3. GIS and Remote sensing data 

An Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation 

Map (ASTERGDEM) at 30 m resolution was obtained from http://www.gdem.aster.ersdac.or.jp. 

Soils data was obtained from FAO GIS database. The soils data help to estimate HEC-HMS 

parameters. Google image was used to estimate percentage imperviousness. 

 

4.2. Assessing precipitation and temperature trends  

The precipitation and temperature time series were subjected to normality tests to determine 

whether the data was normally distributed or not. This is very important because it helps to choose 

whether to use parametric tests or non–parametric tests for the trend analysis. Parametric tests are 

used when the data is normally distributed whilst non-parametric tests are used when the data is 
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not normally distributed. Statistical and graphical methods can be utilized to carry out normality 

tests. Statistical methods have an advantage over the graphical methods in the sense that they test 

the significance of the difference between sample distribution and the normal distribution. 

Graphical methods only provide information on the shape of the distribution which is not that 

conclusive (Razali and Wah, 2011). For the robustness of results, this study employed both 

methods. The test was carried out using Statistical Package for the Social Sciences (SPSS) and the 

tests done were Kolmogorov-Sminorv test, Shapiro-Wilk test and Q-Q plots. The null hypothesis 

was that data is normally distributed and the alternative hypothesis being that the data is not 

normally distributed. 

 

4.2.1. Homogeneity tests 

Homogeneity tests were performed to evaluate the significance of changes in the mean value of a 

time series. There are various methods which can be used to check for homogeneity of 

meteorological data. The methods include von Neumann ratio test, Cumulative deviations, 

Bayesian test, Pettitt test, Standard Normal Homogeneity Test (SNHT) and Buishand range test 

(Machiwal and Jha, 2012). For this study the Pettitt, SNHT, von Neumann ratio and Buishand 

range tests were used. The main reasons for choosing these methods were that they have different 

sensitivity to a shift in the time series. The Pettitt (Pettitt, 1979) and Buishand range tests are more 

sensitive to shifts in the middle of the time series whilst the SNHT is more sensitive to a break 

near the beginning and the end of a time series. The von Neumann ratio test is sensitive to 

departures of homogeneity of a nature other than strict stepwise shift and cannot detect the location 

of the shift (Supari, 2012). The tests were performed using a statistical package called XLSTAT. 

 

4.2.2. Mann-Kendall trend test 

The Mann-Kendall trend test was used to test for the presence of trends in the precipitation and 

temperature data. The null hypothesis being that there is no trend in the time series whilst the 

alternative hypothesis was that there is a trend in the time series. The Mann-Kendall trend tests 

were performed in XLSTAT. The tests were carried out at 5 % level of significance. The major 

variables for test interpretation were the p-value and the Sen’s slope.  

The test statistic, S is estimated using the formula: 
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� = ∑ ∑ ��,(-./-0	)1.2034124024
56 ………………………………………………………………..Equation 3  

 

Where: 

 7�                =            Standard deviation 

 n                  =            Number of data sets 

 89 and 8�	      =            Data values in consecutive periods. 

                                      1 if 89 − 8�	 > 0 

<=>?89 − 8�	@ 			=										 0 if 89 − 8�	 = 0 

                                     -1 if 89 − 8�	 < 0 

 

A positive <=> value in equation 3 indicates an increasing trend in the data, while a negative <=> 

value represents a decreasing trend (Kendall, 1975; Mann, 1945).  

 
4.2.3. Wilcoxon signed rank test 

To improve the robustness of the results, the Wilcoxon signed rank test was also used for detecting 

the significance of changes in two groups of data sets divided according to time periods.  

 

The data sets for temperature (maximum and minimum) and precipitation were divided into two 

periods that is, period 1 and period 2 of which period 2 was the latest period. The Wilcoxon signed 

rank test is a non-parametric paired test which compares the medians of two distributions. The null 

hypothesis in this test states that there is no difference in the datasets for the two periods whilst the 

alternative hypothesis is that there is a difference in the datasets for the two periods. There was 

computation of the test statistic as well as the corresponding p-value. The computation follows the 

following procedure: 

 

Firstly for each pair i of data from the same dates but different period (for example 1 January 1970 

and 1 January 2000), the difference between each pair is computed. 

 

Secondly there is the sorting of the absolute values from the smallest to the largest and ranking of 

the values accordingly. 
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Lastly, the mean ranks were calculated for both the positive and negative ranks. These mean ranks 

were used to determine whether there was an increase or a decrease in the variables of the data sets 

depending on whether there were more negative or positive mean ranks. A higher value for the 

positive mean ranks meant that there were more high values for period 2 than those for period 1 

whilst a higher value for the negative mean ranks meant that there were more high values for period 

1 than those for period 2 (Oyeka, 2009). 

 
4.3. Estimation of the projected climate variables for the Upper Manyame sub-catchment. 

The projected climate variables were acquired from two GCMs that is HadCM3 and Canadian 

Earth System Model2 (CanESM2) (CIMP5 experiment). The HadCM3 GCM was selected mainly 

because it was widely applied successfully in African countries and the CanESM2 GCM was also 

chosen because it is a latest model which incorporates the Representative Concentration Pathways. 

The projections were done by the HadCM3 experiment and the CIMP5 experiment. The 

projections were for two future time periods that is the 2030s and 2060s. The HadCM3 has two 

scenarios: HadCM3A2a and HadCM3B2a whilst for the CanESM2 two representative 

concentration pathways were used that is RCP2.6 and RCP8.5. The downscaling of the global 

projected climatic data was done using the Statistical DownScaling Model (SDSM). The Statistical 

DownScaling Model was downloaded freely from http://www.sdsm.org.uk. It establishes statistical 

relationships between output from GCM at large-scale (i.e. predictors) and observed data from 

meteorological stations at local-scale (i.e. predictands) climate using multiple linear regression 

techniques.  

 

The predictor variables of HadCM3 were downloaded from 

http://www.cccsn.ec.gc.ca/?page=pred-hadcm3. These were provided for the African window and 

for a grid box of the coordinates of the catchment area. When the downloaded zip file was 

unpacked, it gave the following folders: 

NCEP_1961-2001: This contained 41 years of daily observed predictor data, derived from the 

NCEP (National Centre for Environmental Prediction). 

H3A2a_1961-2099: This folder contained 139 years of daily GCM predictor data derived from the 

HadCM3 A2 (a) experiment. 
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H3B2a_1961-2099: This folder contained 139 years of daily predictor data, derived from the 

HadCM3 B2 (a) experiment. 

The NCEP data sets are from the National Centre for Environmental Prediction which was gridded 

to match the grid system of the HadCM3. This is the data which was used for calibration of the 

SDSM. Table 4.1 shows the predictor variables available for the NCEP. These predictor variables 

were used during the calibration phase of the SDSM. The predictors were screened to determine 

those predictors which have a high correlation with precipitation and temperature variables. Each 

variable has a generic nomenclature of the form: variable, grid box. For example rhumaf; rhum for 

relative humidity and af for the African window. 

 

Table 4.1: Predictor variables for NCEP  
 

No. Predictor variable Predictor description No. Predictor 

variable 

Predictor description 

1 mslpaf Mean sea level pressure 14 p5zhaf 500hpa divergence 

2 p_faf Surface air flow strength 15 p8_faf 850hpa airflow strength 

3 p_uaf Surface zonal velocity 16 p8_ufaf 850hpa zonal velocity 

4 p_vaf Surface meridional velocity 17 p8_vfaf 850hpa meridional velocity 

5 p_zaf Surface vorticity 18 p8_zaf 850hpa vorticity 

6 p_thaf Surface wind direction 19 p850af 850hpa geopotential height 

7 p_zhaf Surface divergence 20 p8thaf 850hpa  wind direction 

8 p5_faf 500hpa airflow strength 21 p8zhaf 850hpa divergence 

9 p5_uaf 500hpa zonal velocity 22 pr500af Relative humidity at 500hpa 

10 p5_vaf 500hpa meridional velocity 23 pr850af Relative humidity at 850hpa 

11 p5_zaf 500hpa vorticity 24 rhumaf Near surface relative humidity 

12 p500af 500hpa geopotential height 25 shumaf Surface specific humidity 

13 p5thaf 500hpa wind direction 26 tempaf Mean temperature at 2m 

 

The predictor variables for CanESM2 which is under the CIMP5 experiment were downloaded 

from the following website: http://ccds-dscc.ec.gc.ca/?page=pred-canesm2. 

The data sets included the following predictor variables: 

NCEP-NCAR_1961-2005: This contained predictor variables from the National Centre for 

Environmental Prediction. 

CanESM2_rcp2.6_2006-2100: This contained predictor variables for the representative 

concentration pathway of 2.6 Watts/m2 (radiative energy). 
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CanESM2_rcp8.5_2006_2100: This contained predictor variables for the representative 

concentration pathway of 8.5 Watts/m2 (radiative energy). 

Daily maximum temperature, minimum temperature and precipitation were downscaled by using 

the following discrete processes: 

 

Predictand data quality control 

Data collected from meteorological stations might not be 100 % complete and accurate. In SDSM, 

quality control of time series data is a very critical step to handle missing or imperfect data. The 

missing data for the precipitation and temperature time series was filled in SPSS and the gaps were 

less than 1%.  

 

Setting of the Statistical DownScaling Model parameters 

The parameters were set so that the model conforms to the recommended settings as highlighted 

in the SDSM manual by Wilby and Dawson (2004). 

 

Year length 

 For the NCEP predictor variables, 366 days in a year were used and it allows 29 days for February 

of a leap year. For the HadCM3, 360 days per year were selected since the model uses 360 days 

per year (Wilby and Dawson, 2004). 

 

Event threshold 

The event threshold was set to 0 °C for temperature and 0.1 mm/day for precipitation in order to 

treat trace rain days as dry days (Wilby and Dawson, 2004). 

 

Model transformation 

This transformation was applied to precipitation which is conditional and has skewed data. The 

fourth root transformation was used for precipitation. No transformation was used for temperature 

since it is unconditional (Nigatu, 2013). 
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Variance inflation 

It controls the magnitude of variance inflation in the downscaled daily weather variables. This 

parameter was adjusted during the calibration period so that the model replicates the observed data. 

After several iterations, a value of 12 was used for maximum and minimum temperature whilst 18 

was used for precipitation because these values gave the best results. 

 

Bias correction 

It compensate the tendency to over or underestimate the mean of variables. After several trials 

during calibration the values were set at 1.99 for maximum and minimum temperature and 0.9 for 

precipitation (Shaka, 2008). 

 

Screening downscaling predictors 

The screening of variables was carried out following a manual written by Wilby and Dawson 

(2004). In this study, predictors with a relatively high partial correlation value and P value less 

than 0.05 were selected. Partial correlation is defined as the correlation between two variables after 

removing the linear effect of the third or more other variables. It is calculated by using equation 4.  

 

��9,C = D0./D0E	D.E
F(�/D0EG)(�/D.EG)

………………………………………………………………..Equation 4 

 

Equation 4 shows the partial correlation between variable i and j while controlling the third 

variable k where ��9 	is the correlation coefficient between j and i. 

 

The p-value was estimated by transforming the correlation ‘R’ to establish a t-statistic with n-2 

degrees of freedom and was used to eliminate any one of the predictors in partial correlation 

method with the n number of observations.  

 

SDSM Model Calibration 

According to Wilby and Dawson (2004), for model calibration, the conditional stepwise regression 

was set for precipitation while for maximum and minimum temperature the unconditional process 

was applied. In stepwise regression, initially all predictors are included during predictor screening. 
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During the analysis, the least significant terms are removed at every step. In unconditional 

processes, a direct relationship is assumed between the predictor and predictand. In conditional 

processes there is an intermediate process between the regional forcing and weather for example 

local precipitation amount depends on wet/dry-day occurrences which in turn depend on regional 

scale predictors such as humidity and atmospheric pressure. For each station, the model calibration 

result was checked by visual inspection (i.e. frequency analysis and graphs of the model output 

versus the observed). The calibration result of SDSM was also checked by the Nash Sutcliffe 

Efficiency (NSE) which was calculated using equation 5.  

 

NSE = 1-	∑ (�H!�/IJ��)G10K4
∑ (�J��/IJ�LLLLLL�)G10K4

…………………………………………………….………….Equation 5 

Where: 

 �M(N              =   Simulated value for day i 

OP�N   =   Observed value at day i 

 OP�LLLLLLN   =   Mean of the observations for the period  

n  =   Number of days for the period of SDSM run and observed data 

 

Scenario Generation  

The scenario generation process produced daily data for maximum temperature, minimum 

temperature and precipitation for the period 1961-2099. Twenty ensembles (sets of data) of 

synthetic daily time series were generated for the two emission scenarios that are the HadCM3 A2 

(a) and HadCM3 B2 (a) using the HadCM3 scenario predictors as inputs in the SDSM. For the 

CanESM2 daily data for precipitation, maximum and minimum temperature for a period from 

2006-2100 was also generated for the two RCPs that are RCP2.6 and RCP8.5 using the CanESM2 

RCP predictors as inputs in the SDSM. Lastly, the average for the 20 ensembles was calculated by 

dividing the sum of the variables by 20 for maximum and minimum temperature and precipitation. 

Each predictand that is precipitation, maximum and minimum temperature scenario was generated 

in SDSM based on the parameters set during calibration and the predictor variables for HadCM3 

scenarios and CanESM2 RCPs. The main assumption for SDSM is that predictor-predictand 

relationships under the current condition remain valid under future climate conditions too. 
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The SDSM was used for this study mainly because it worked well for African countries which 

have the same climatic conditions as Zimbabwe and also the method can produce site specific 

climate projections and it is not highly computationally intensive as compared to the dynamic 

downscaling models like the regional downscaling model. 

 

4.4. HEC-HMS model set up, calibration and validation. 

HEC-HMS is a model that simulates runoff volume and provides long-term runoff forecasting 

which accounts for system changes during and between precipitation events. The model is 

described by the water balance equation, in which the system is composed of inputs and outputs, 

plus a variation in soil moisture content (HEC-HMS, 2010).  

 

� = �Q
 + M> + �� + �� ± ∆T……………………………………………………….Equation 6 

Where: 

	P  = Precipitation 

	ETX  = Actual evapotranspiration. 

 M> = Interception 

EY  = Runoff 

 �� = Percolation 

∆T  = Soil moisture variation 

 

The first step was to download the Digital Elevation Model (DEM) for the Upper Manyame sub-

catchment from the Advanced Spaceborne Thermal Emission and Reflection Radiometer 

(ASTER). Then this step was followed by importing the Upper Manyame sub-catchment DEM 

into ILWIS. The next step was to perform the DEM hydroprocessing using ILWIS software. The 

process of DEM hydroprocessing was carried out according to Maathuis and Wang (2006) and it 

involved the following sub-processes: 

 

Filling in of sinks  

This operation was done to fill the artificial depressions and pits of the DEM to allow water to 

flow across the landscape. 
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Flow direction 

The operation was carried out in order to define the direction of the steepest descent in each cell, 

from the classical eight directions of the compass.  

 

Flow accumulation 

The flow accumulation operation was used to perform a collective count of the number of pixels 

that naturally drain into outlets. The output map of the flow direction was used as an input of the 

flow accumulation operation. The output of the flow accumulation operation contained the 

cumulative hydrologic flow values that represent the number of pixels which contribute any water 

to any outlets. 

 

Stream definition. 

This involved the drainage network extraction that is to associate each cell having a flow 

accumulation bigger than a certain threshold with the stream network.  

 

Stream segmentation 

This was now the drainage network ordering which involved dividing the stream grid previously 

found into segments, connecting junctions, drainage divides and outlets.  

 

Catchment extraction 

This operation was done to define a catchment or sub-basin for each drainage segment created. 

The threshold value was the one which was adjusted until the desired number of micro-catchments 

was attained (Sormain, 2012). The threshold value representing the number of pixels defining a 

stream was adjusted to 24 500 based on the 30m DEM. In this case ten micro-catchments were 

extracted for the Upper Manyame sub-basin. The micro-catchments are Gwebi, Umzururu, Lake 

Manyame basin, Lake Chivero Basin, Marimba, Mukuvisi, Ruwa, Musitwe, Manyame upstream 

and Nyatsime. 

 

The basin file with the ten micro-catchments was exported to HEC-HMS as an ArcShapefile and 

then followed by the calibration process. Figure 4.1 shows the schematic of the basin model 

showing the micro-catchments, reservoirs as well as the networks. 
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Figure 4.1: Schematic showing the basin model for Upper Manyame sub-catchment 

 

The loss method used in HEC-HMS 

The loss method is the one which controls the proportion of the precipitation between water that 

infiltrates and the water that leaves the catchment as direct runoff. In this case all the water which 

survives the loss method leaves the catchment as quick flow. The loss method which was used for 

this study was the deficit and constant loss method mainly because it is the one suitable for long 

periods of simulations. The deficit and constant loss is a quasi-continuous model of precipitation 

loss. The maximum deficit represents the total soil storage depth while the initial deficit represents 

the empty storage depth at the beginning of the simulation (HEC-HMS, 2010). The soil data for 

the sub-catchment was found from the Food and Agricultural Organisation (FAO). This data was 

used to come up with the values for the inputs. The constant loss rates were obtained from the Soil 

Conservation Service (SCS) soil groups and infiltration (loss) rates. The percentage impervious 
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values were estimated by exporting the Upper Manyame sub-basin shapefile to Google Earth 

viewer in order to have a better view of what percentage is impervious for each micro-catchment. 

 

Transformation method in HEC-HMS 

Transformation methods control the period that takes surface runoff to concentrate into the 

channel. The concentration of water is recorded in a hydrograph, so transformation methods 

attempt to build the right hydrograph after catchment characteristics (Gumindoga et al., 2016). 

 

The Snyder unit hydrograph method was used to model the transformation of precipitation excess 

into direct surface runoff. The Snyder unit hydrograph method enables the derivation of unit 

hydrographs for ungauged micro-catchments (Snyder, 1938). The unit hydrograph technique was 

used in the runoff component of a rain event to transform rainfall excess to out flow and it 

represents direct runoff at the outlet of a basin resulting from one unit of precipitation excess over 

the basin. The Snyder method requires the lag time. The lag time was obtained by using the SCS 

unit hydrograph to calculate the time of concentration and then the lag time. These values were 

calculated for each basin using data on catchment parameters derived from the DEM 

hydroprocessing. Equations 7 and 8 were used to calculate the time of concentration and lag time 

respectively for each micro-catchment based on the California Culverts Practice (HEC-HMS, 

2010). 

 

Z[= 60[��.^$_` ]�.bcd………………………………………………………………………………Equation 7 

Where: 

Z[					=       Time of concentration (min) 

+							=       Length of longest watercourse (miles) 

e						=       Elevation difference between divide and outlet (feet) 

 

Zf
� =0.6Z[……………………………………………..…….……Equation 8 

Where: 

Zf
�							=      Lag time (min) 

Z[									=    Time of concentration (min) 
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Routing of runoff in the Upper Manyame sub-catchment 

Routing methods apply to reaches. The Muskingum routing method was used for this study. It uses 

a simple conservation of mass approach to route flow through the stream reach as shown by 

equation 9 (Oleyiblo and Li, 2010).  

 

gh
gi = I-O…………………………………………………………………….…………..Equation 9 

 

Where: 

 S           =           Storage in m3 

 I             =          Flow input in m3/s  

 O           =           Flow output in m3/s. 

 

The Muskingum K is the travel time through the reach. It was estimated from the cross section 

properties as well as flow properties. The Muskingum X is a weighing between inflow and outflow 

influence and the values range from 0 to 0.5. 

 

The performance of the model was assessed by comparing the simulated and observed flows in 

terms of the Relative Volume Error (RVE) and the bias. Values for the RVE range from		−∞ to + 

∞ with 0 as the optimum value. A RVE value of 0 indicates that there is no difference between 

simulated and observed flow volume. A RVE between -5 % and +5 % indicates that a model 

performs well whereas a RVE between -5 % and -10 % and +5 % and +10 % indicates a model 

with a reasonable performance (Krause et al., 2005).  

RVE%    =    
∑kl/∑km
∑km  x 100………………………………………………..…………Equation 10 

 

Where: 

	∑ �              =          Summation of simulated discharge 

 ∑I              =          Summation of observed discharge. 

 

Bias = 
∑ (km0/kl0)1024

, …………………………………………………………..........….……Equation 11 
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Where: 

I�		        =         Observed discharge for day i 

��	         =          Simulated discharge for day i 

>             =          Total number of days for the time series 

 

The values for bias range from -∞ to +∞ but recommended values should be 0 or close to zero. 

 

Meteorological model in HEC-HMS 

The data required for the meteorological model of HEC-HMS is precipitation, evapotranspiration 

and the gauge weights of different weather stations. The weather data was obtained from the 

Meteorological Services Department of Zimbabwe for the calibration (2000-2010) and validation 

(2010-2012) periods. Thiessen polygons were produced in ArcGIS to determine the spatial 

distribution of rainfall in the study area and also to determine the gauge weights of each rainfall 

station. The average monthly potential evapotranspiration was calculated using the Blaney-Criddle 

method. This method was chosen mainly because it is not data intensive and also its main variable 

is mean temperature which was also calculated from the projected data since the GCMs only 

projected temperature and precipitation. Equation 12 shows the Blaney-Criddle formula. 

 

�Q�	=	n(0.46Qq�
, + 8)……………………………………………………………Equation 12 

Where: 

�Q�      =     Potential Evapotranspiration (mm/day) 

n										 =    Mean daily percentage of annual daytime hours. 

Qq�
, 		=    Mean daily temperature (°C) 

 

Figure 4.2 shows the Thiessen polygons for Upper Manyame sub-catchment showing the area of 

influence of each of the four weather stations: B-Belvedere, A-Harare Airport, K-Kutsaga and M-

Marondera. 
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Figure 4.2: Thiessen polygons for Upper Manyame sub-catchment 

 

Table 4.2 shows the Thiessen weights for each of the four weather stations in Upper Manyame 

sub-catchment. They are comparable to the weights obtained by Gumindoga et al (2016) using 

the same interpolation technique in the ILWIS GIS software. 

 

Table 4.2: Thiessen weights for weather stations in the Upper Manyame sub-catchment. 

Weather station Thiessen weight 

Belvedere 0.61 

Kutsaga 0.17 

Marondera 0.13 

Harare Airport 0.09 

Total 1 

 

Calibration and validation of the model 

The model was calibrated using daily rainfall data from the four weather stations which are 

Belvedere, Airport, Kutsaga and Marondera and daily flow data from Marimba gauging station 

(C24) and Mukuvisi gauging station (C22) for the period 01 October 2000 to 30 September 2010. 

The HEC-HMS parameters subjected to calibration were the Muskingum K and X values as well 
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as the percentage imperviousness. Validation was done with data from the same stations, for the 

same parameters obtained during calibration but for a different period from 1 October 2010 to 30 

September 2012. 

 

4.5. Simulation of the runoff in Upper Manyame sub-catchment 

The impact of climate change on runoff was assessed using the precipitation obtained from 

statistical downscaling as input to the calibrated HEC-HMS model. The results were compared 

with the baseline period from 2000-2010. To detect if there has been any changes as a result of 

climate change all the optimized parameters of the HEC-HMS model derived from the model setup 

in the 2000-2010 period were held constant. The parameters which were held constant include soil 

parameters, land cover parameters and elevation parameters. By holding all these model 

parameters as constants from a reference period 2000-2010 any changes in runoff will be explicit 

to climate change only. Similar techniques are in the study by Gumindoga et al (2014) on 

hydrological impacts of urbanization in Harare, Zimbabwe whereby the model parameters were 

held constant to reveal the impacts explicit to urbanization only. The simulation was done for the 

2030-2040 decade and the 2060-2070 decade for scenarios HadCM3A2a and HadCM3B2a as well 

as RCP2.6 and RCP8.5. Figure 4.3 shows the flow chart for modelling runoff. 
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Figure 4.3: Flow chart for modelling runoff.
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CHAPTER 5: RESULTS AND DISCUSSION 
 

5.1 Normality test, homogeneity test and trend analysis for precipitation and temperature. 

Normality test results for monthly precipitation for all the four stations, Belvedere, Harare Airport, 

Kutsaga and Marondera revealed that the data does not follow a normal distribution. This was 

shown by the p-values for both the Shapiro-Wilk test and the Kolmogorov-Sminorv test being less 

than 0.05 which meant that the null hypothesis (data is normally distributed) was rejected. In 

addition, the visual inspection of the histograms, normal Q-Q plots and the box plots showed that 

the precipitation distributions were not normally distributed. 

  

Maximum and minimum temperature distribution results for all the four stations showed that the 

Kolmogorov-Sminorv test p-value was less than 0.05. This meant that the data was also not 

normally distributed. However, results for the graphical methods notably the histograms, Q-Q plots 

and box plots showed that the data was approximately normally distributed though it was not 

statistically significant as revealed by the Kolmogorov Sminorv test.  

 

5.1.1 Homogeneity tests for precipitation 

Figure 5.1 shows the Pettitt homogeneity test results for monthly rainfall at the four weather 

stations namely: Belvedere, Airport, Kutsaga and Marondera. In Figure 5.1, mu represents the 

mean monthly rainfall. In addition Table 5.1 shows a summary of the homogeneity test results for 

monthly precipitation showing the time of shift, t, the p-value and the level of significance, alpha. 
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Figure 5.1: Pettitt homogeneity test results for monthly precipitation. 
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Table 5.1: Summary of the homogeneity test results for monthly precipitation. 

Station Homogeneity test t p-value Alpha 

Belvedere Pettitt Oct-2010 0.525 0.05 

  SNHT Oct-2010 0.009 0.05 

  Buishand Nov-1995 0.634 0.05 

  von Neumann - <0.0001 0.05 

Harare Airport Pettitt Apr-1986 0.641 0.05 

  SNHT Mar-2001 0.949 0.05 

  Buishand Mar-1981 0.944 0.05 

  von Neumann - <0.0001 0.05 

Kutsaga Pettitt Apr-1986 0.605 0.05 

  SNHT Nov-2005 0.252 0.05 

  Buishand Apr-1981 0.986 0.05 

  von Neumann - <0.0001 0.05 

Marondera Pettitt Apr-1963 0.957 0.05 

  SNHT Oct-2005 0.19 0.05 

  Buishand Mar-1981 0.879 0.05 

  von Neumann - <0.0001 0.05 

 
Results for homogeneity tests of the precipitation time series for the four weather stations namely 

Belvedere, Harare Airport, Kutsaga and Marondera showed that the data was generally 

homogeneous. This is despite the fact that some homogeneity tests showed shifts in the datasets. 

However these shifts were not statistically significant as revealed by the p-values which were 

greater than the 5% level of significance. The von Neumann test had p-values less than 0.05 for 

all the stations. 

 

5.1.2 Homogeneity test for daily temperature 

Figures 5.2 and 5.3 shows the Pettitt homogeneity test results for daily maximum and minimum 

temperature respectively. The symbols mu1 and mu2 are the mean daily maximum and minimum 

temperature before and after the shift in time series. 
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Figure: 5.2 Pettitt homogeneity test results for daily maximum temperature. 
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Figure 5.3: Pettitt homogeneity test results for daily minimum temperature. 

The homogeneity test results for daily maximum and minimum temperature for three of the 

weather stations namely Belvedere, Airport and Kutsaga showed an increase in both maximum 

and minimum temperature whilst for Marondera weather station results showed that there was a 
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decrease in both the maximum and minimum temperature. Tables 5.2 and 5.3 show the summary 

homogeneity test results for daily maximum and minimum temperature respectively. 

Table 5.2: Summary homogeneity test results for maximum temperature. 

Station Homogeneity test t p-value Alpha 

Belvedere Pettitt  9-Sept-1982  <0.0001 0.05 

  SNHT  8-Sept-1981  <0.0001 0.05 

  Buishand  9-Sept-1982  <0.0001 0.05 

  von Neumann  -  <0.0001 0.05 

Harare Airport Pettitt  26-Aug-1986  <0.0001 0.05 

  SNHT  30-Sept-2003  <0.0001 0.05 

  Buishand  24-Aug-1986  <0.0001 0.05 

  von Neumann  -  <0.0001 0.05 

Kutsaga Pettitt  6-Sept-1986  <0.0001 0.05 

  SNHT  30-Sept-2003  <0.0001 0.05 

  Buishand  6-Sept-1986  <0.0001 0.05 

  von Neumann  -  <0.0001 0.05 

Marondera Pettitt  29-Mar-1981  <0.0001 0.05 

  SNHT  29-Mar-1981  <0.0001 0.05 

  Buishand  29-Mar-1981  <0.0001 0.05 

  von Neumann  -  <0.0001 0.05 
 

Table 5.3: Homogeneity test results for daily minimum temperature. 

Station Homogeneity test t p-value Alpha 
Belvedere Pettitt  6-Oct-1982  <0.0001 0.05 
  SNHT  28-Sept-2003  <0.0001 0.05 
  Buishand  5-Oct-1982  <0.0001 0.05 

  von Neumann  -  <0.0001 0.05 
Harare Airport Pettitt  12-Sept-1983  <0.0001 0.05 

  SNHT  12-Sept-1983  <0.0001 0.05 
  Buishand  12-Sept-1983  <0.0001 0.05 

  von Neumann  - 
 <0.0001 

0.05 

Kutsaga Pettitt  30-Sept-1995  <0.0001 0.05 

  SNHT  23-Sept-2002 
 <0.0001 

0.05 

  Buishand  11-Sept-1995 
 <0.0001 

0.05 

  von Neumann  - 
 <0.0001 

0.05 

Marondera Pettitt  30-Mar-1981  <0.0001 0.05 

  SNHT  1-Apr-1979  <0.0001 0.05 

  Buishand  19-Apr-1980  <0.0001 0.05 
  von Neumann  -  <0.0001 0.05 
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Results for homogeneity tests carried out for daily temperature for all the four stations revealed 

that there are statistically significant shifts in all the time series. However, the time at which these 

shifts occur differ depending on the type of test. For example the Pettitt and Buishand tests revealed 

a shift on 6 September 1986 whilst the SNHT test revealed a shift on 30 September 2003 for daily 

maximum temperature data at Kutsaga weather station. This is mainly due to the differences in the 

sensitivity of each test. These shifts were attributed to changes in the environmental conditions 

which triggered increases in temperature. 

 

5.1.3 Monthly summer precipitation trends. 

The data was separated according to seasons. The summer season (October, November, December, 

January, February and March) data was analyzed mainly because it is the period when significant 

precipitation is received. Figure 5.4 shows the monthly summer precipitation trends.  

 

Figure 5.4: Monthly summer precipitation trends 

Table 5.4: Statistical results for monthly precipitation trends 
Station Mann-Kendall trend test Wilcoxon signed rank test 

p-value Sen’s slope Mean rank p-value 

Belvedere 0.771 0.005 Negative:168.63 

Positive: 172.44 

0.917 

Harare Airport 0.549 -0.022 Negative: 112.13 

Positive: 100.37 

0.873 

Kutsaga 0.756 -0.015 Negative: 85.87 

Positive: 82.92 

0.318 

Marondera 0.825 -0.008 

 

Negative: 116.12 

Positive: 94.40 

0.319 
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The Mann-Kendall trend analysis results for summer monthly precipitation showed that for all the 

four stations, there was no significant trend though the trends are negative for Harare Airport, 

Kutsaga and Marondera. This showed that the amount of precipitation was decreasing with time.  

 

The Wilcoxon signed rank test results showed that for three of the stations that is Airport, Kutsaga 

and Marondera the values for mean negative ranks were higher than the mean positive rank values. 

This basically means that there were higher precipitation values for period 1 as compared to those 

for period 2. This means that the precipitation amounts were getting low with time. However, the 

p-values were greater than the level of significance in this case 0.05 which reveals that though the 

precipitation amounts were getting low the differences were not statistically significant between 

the two time periods. These results are almost the same as those obtained in the Mann-Kendall 

trend test whereby falling trends in precipitation were revealed for most of the stations. 

 

The trend analysis results for this study also tally with a precipitation trend analysis of data for a 

period from 1953-2008 in a study on the operation on Rozva dam in Bikita district, Zimbabwe 

which showed a generally declining trend with time. This was predicted to cause a reduction in 

the runoff and hence the amount of available surface water (Ncube et al., 2011). The decline in the 

amount of rainfall was also highlighted by Brown et al (2012) especially around 2007 and this 

caused a reduction in the reservoir volumes across Zimbabwe. Mazvimavi (2010) used the Mann- 

Kendal trend test for trend analysis of precipitation data (1892-2000) from 40 stations in 

Zimbabwe and the results showed that there was no significant trend in the precipitation time 

series. In addition, Chamaille-Jammes et al (2007) also detected a decline in the precipitation with 

time in a study in Hwange, Zimbabwe though the trend was not statistically significant. 

Precipitation and temperature are the major climate variables. Any change in these variables with 

time for a prolonged period is a signal for climate change. The detected falling trend in the 

precipitation time series signals climate change in the Upper Manyame sub-catchment. 

 

5.1.4 Daily maximum temperature trends. 

Temperature is also an important variable with regard to climate change. This triggered the trend 

analysis of maximum temperature. Figure 5.5 shows daily maximum temperature trends. 
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Figure 5.5: Daily maximum temperature trends. 

Table 5.5 shows statistical results for daily maximum temperature trends. Mann-Kendall trend 

analysis results for Belvedere, Harare Airport, Kutsaga and Marondera stations showed that there 

was a significant positive trend in the daily maximum temperature. The Harare Airport station had 

a relatively steeper slope as compared to other stations.  

 

The Wilcoxon signed rank test results show that for Belvedere, Airport and Kutsaga there was a 

statistically significant increase in temperature between the two periods of data sets. This is shown 

by the higher mean positive rank values which basically means that there are more positive 

differences between the temperature values of period 2 and those of period 1. This means that 

temperature is increasing with time. Again these results are the same as those found when the trend 

test was carried out using the Mann-Kendall trend test. 

 

According to a report by UNDP ( 2007b), temperature analysis results from meteorological 

stations in Beitbridge, Bulawayo and Harare indicated a statistically significant positive trend in 

daily maximum temperatures in the 20th century. In addition, future scenarios by the same report 

have predicted increases in global mean temperature of between 1.3 °C and 4.6 °C by 2100, 

representing global warming rates of between 0.1 °C and 0.4 °C per decade. This is as a result of 

global warming and climate change which will impact negatively on the surface water resources 

by increasing the rates of evaporation thereby reducing dam levels. A study by Brown et al (2012) 

also highlighted that around 2007 there was an increase in average temperature which led to 

increased rates of evaporation thereby leading to low water levels in most reservoirs in Zimbabwe. 
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Table 5.5: Statistical results for daily maximum temperature trends  

Station Mann-Kendall trend test Wilcoxon signed rank test 

p-value Sen’s slope Mean rank p-value 

Belvedere <0.0001 1.088x10-u Negative:  2904.81 

Positive:    3198.86 

0 

Harare Airport < 0.0001 1.216x10-u Negative :  2916.03 

Positive:     3203.26 

0 

Kutsaga <0.0001 4.767x10-d Negative:   2998.17 

Positive:     3145.66 

0 

Marondera <0.0001 2.345x10-d Negative:    3169.73 

Positive:      2963.11 

0 

  

5.1.5 Daily summer and winter maximum temperature trends. 

To get a clearer trend analysis, the maximum temperature was separated with seasons. This is 

mainly because temperatures differ significantly with seasons that is summer and winter 

temperatures. Figure 5.6 shows the daily summer and winter maximum temperature trends. 

 

Figure 5.6: Daily summer and winter maximum temperature trends. 

Table 5.6 shows statistical results for daily summer and winter maximum temperature trends. All 

the stations showed a significant positive trend for daily summer maximum temperature. The 

slopes for daily summer maximum temperature are relatively steeper as compared to those for 

daily winter maximum temperature. This means that there will be relatively higher temperature 
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rises in summer as compared to winter. Three of the stations which are Belvedere, Harare Airport 

and Marondera had significant positive trends. This also shows that the winter days will be warmer 

with time.  

 

According to a study by Tshiala et al (2011), the analysis of temperature trends in South Africa 

revealed that the mean annual temperature will increase by 0.12 °C per decade over a period from 

1950-1999. The seasonal temperature trends showed that temperature will increase by about 0.18 

°C per decade in winter and 0.09 °C per decade in summer. This means that this positive trend in 

temperature is common in most Southern African countries. This positive temperature trend will 

continuously impact negatively on the available surface water resources if it continues into the 

future. 

Table 5.6: Statistical results for daily summer and winter maximum temperature trends. 
Station p-value(summer) p-value(winter) Sen’s slope(summer)  Sen’s slope(winter)  

 

Belvedere <0.0001 <0.0001 2.191x10-u 1.492x10-u  

Harare Airport <0.0001 <0.0001 2.549x10-u 1.115x10-u  

Kutsaga <0.0001    0.778 1.320x10-u 0  

Marondera <0.0001    0.020 3.451x10-u 4.227x10-d  

 

5.1.6 Minimum daily temperature trends 

Apart from maximum temperature trend analysis, the trend analysis was also done for minimum 

temperatures. Figure 5.7 shows the daily minimum temperature trends. 

   

Figure 5.7: Daily minimum temperature trends. 
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Table 5.7 shows the statistical results for daily minimum temperature trends. The Mann-Kendall 

trend test results for Belvedere, Harare Airport and Marondera showed that there was a significant 

positive trend for daily minimum temperature. Kutsaga station did not show a significant trend 

though the Sen’s slope showed that the temperature was increasing with time. The trend for Harare 

airport was the steepest as compared to other stations.  

 

The Wilcoxon signed rank test results for minimum temperature as well show that the mean 

positive ranks values are higher than the mean negative rank values. This means that there were 

more minimum temperature values for period 2 which were higher than those for period 1. 

Therefore the minimum temperature was increasing with time and this difference in temperature 

is statistically significant as shown by the p-values which were less than 0.05. These results again 

tally with those of the Mann-Kendall trend test for minimum temperature. 

 

According to a study on climate change and variability in Southeast Zimbabwe by Chikodzi et al 

(2013), the mean summer and winter mean temperature have increased from 1960-2010 for data 

from Zaka weather stations. The study went on to reveal that the summer mean temperatures 

increased by a wider margin (2 °C) as compared to the winter mean temperatures which increased 

by at most 1.5 °C over the same period. These results showed almost the same general trends as 

revealed by the trend analysis done for the data from weather stations in Upper Manyame sub-

catchment which also showed that the summer temperature trends were steeper as compared to the 

winter temperature trends. 

 
Table 5.7: Statistical results for daily minimum temperature trends. 

Station Mann-Kendall trend test Wilcoxon signed rank test 

p-value Sen’s slope Mean rank p-value 

Belvedere <0.0001 7.865x10-d Negative:  2920.34 

Positive:    3172.14 

0 

Harare Airport <0.0001 2.274x10-u Negative:   2655.66 

Positive:    3313.95 

0 

Kutsaga 0.055 2.991x10-d Negative:   2964.02 

Positive:    3109.82 

0.031 

Marondera <0.0001 8.830x10-v Negative:   2998.08 

Positive:    3071.23 

0.025 
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5.1.7 Daily summer and winter minimum temperature trends. 

The daily minimum temperature trends were also done for summer and winter in order to come up 

with trends for each season. Figure 5.8 shows the daily summer and winter minimum temperature 

trends. 

 

 

Figure 5.8: Daily summer and winter minimum temperature trends. 

 

Table 5.8 shows the statistical results for daily summer and winter minimum temperature trends. 

All the stations showed a significant positive trend for summer and winter minimum temperature. 

The relatively steeper slope for summer minimum temperature was for Marondera station followed 

by the Harare Airport station. Belvedere and Harare Airport had significant positive trends for 

winter minimum temperature. However, two of the stations which are Kutsaga and Marondera had 

significant negative trends. 
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Table 5.8: Statistical results for summer and winter minimum temperature trends. 

Station p-value(summer)   p-value(winter) Sen’s slope(summer) Sen’s slope(winter) 

Belvedere <0.0001 <0.0001 1.460x10-u 1.223x10-u 
Harare Airport <0.0001 <0.0001 3.207x10-u 4.753x10-u 
Kutsaga <0.0001  <0.012 1.100x10-u -4.263x10-d 
Marondera <0.0001 <0.0001      4.752x10-u -1.457x10-u 

 

5.2 Statistical downscaling model results 

5.2.1 Calibration results 

The model efficiency was measured using the Nash Sutcliffe Efficiency (NSE). The values were 

below 20 % for precipitation and ranged from 40-45 % for maximum temperature and from 70-75 

% for minimum temperature. The calibration results show that the model (NSE) values for 

precipitation were generally lower for all the stations as compared to the values for maximum and 

minimum temperature. This is as a result of the fact that precipitation is not as spatially 

homogeneous as temperature (Nigatu, 2013).  

 

Nguyen et al. (2004) in the greater Montreal region revealed NSE values of 6-10 % for 

precipitation, 71-79 % for minimum and maximum temperature. Bekele (2009) showed 38 % NSE 

for precipitation and between 55 and 62 % NSE for temperature in the Upper Blue Nile basin, 

Ethiopia. These studies used the SDSM and as highlighted they also showed that the model 

efficiency was generally low for precipitation and high for temperature. 

 

5.2.2 Change in minimum and maximum temperature for HadCM3 

Figure 5.9 shows the change in temperature between the baseline period (1971-2000) and the 

projected periods 2021-2050 (2030s) and 2051-2080 (2060s) for scenarios HadCM3A2a and 

HadCM3B2a. 
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Figure 5.9: Change in temperature between the baseline period and the projected periods. 

 

Figure 5.9 shows that the maximum mean monthly temperature will increase incrementally for 

both scenarios HadCM3A2a and HadCM3B2a for the two projected periods that is the 2030s and 

the 2060s. Maximum temperature for HadCM3A2a scenario will increase by approximately 0.39 

°C between the baseline period and the 2030s whilst the increase in temperature will be 

approximately 0.64 °C between the baseline period and the 2060s. The results showed that the 

maximum mean monthly temperature will also increase by about 0.35 °C between the baseline 

period and the 2030s and 0.51 °C between the baseline period and the 2060s for HadCM3B2a 
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scenario. This increase is however not as high as that for the HadCM3A2a mainly because of the 

different levels of emissions (IPCC., 2000). 

 

The mean monthly minimum temperature will increase by 0.15 °C between the baseline period 

and the 2030s and 0.25 °C between the baseline period and the 2060s for the HadCM3A2a 

scenario. Results for HadCM3B2a show that the mean minimum temperature will on average 

increase by 0.11 °C and 0.20 °C between the baseline period and the 2030s and 2060s respectively. 

This increase in temperature will take place for most of the months in the year that is around more 

than six months. The results showed that the minimum temperature will increase during the same 

months that the maximum temperature will also increase. This means that the average temperature 

will increase during this period.  

 

According to a Climate Risk and Vulnerability Handbook for Southern Africa by Davis ( 2011), 

the results of projected temperature variables downscaled from GCM Models data using SDSM 

showed that there will be an increase in both maximum and minimum temperature by at most 3 

°C. The countries which will experience these changes include Zimbabwe, South Africa and 

Botswana. The increase in temperature will be higher for the HadCM3A2a scenario as compared 

to the HadCM3B2a scenario. This is because the HadCM3A2a scenario is the worst case scenario 

with more emissions as compared to the HadCM3B2a scenario which involves the adoption of 

cleaner technology and environmentally friendly production. 

 

5.2.3 Variation in monthly potential evaporation for HadCM3 

The monthly potential evaporation values calculated using the temperature based Blaney Criddle 

formula (Equation 12) were compared between the baseline period and the projected periods for 

scenarios HadCM3A2a and HadCM3B2a. Figure 5.10 shows the graphs for the monthly potential 

evaporation in mm/month. 
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Figure 5.10 Variation in potential monthly evaporation between the baseline period and the projected periods 

 

Figure 5.10 shows that the rate of evaporation will increase for all the months of the year. The 

analysis shows that the average percentage increase in the monthly evaporation will be 0.95 % 
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(2030s) and 1.4 % (2060s) for HadCM3A2a scenario. The average percentage increase in the rate 

of monthly potential evaporation will be approximately 0.81 % (2030s) and 1.13 % (2060s) for 

HadCM3B2a scenario. This analysis reveals that the rate of water loss from the reservoirs is 

projected to increase with time. This will impact negatively on the water availability. 

 

5.2.4 Change in average monthly precipitation for HadCM3. 

The average monthly precipitation was compared between the baseline period and the projected 

periods for the two scenarios. Figure 5.11 shows the variation of average monthly precipitation 

between the baseline period and the projected scenarios HadCM3A2a and HadCM3B2a.  

 

 
 
Figure 5.11: Variation of average monthly precipitation between the baseline period and the projected scenarios 
HadCM3A2a and HadCM3B2a. 
 

The results for precipitation projection did not show a consistent increase or decrease in the future 

periods. Figure 5.11 shows that for the HadCM3A2a scenario, the precipitation amounts will 

decrease for the month of October (28 %) and increase for the months of November (14 %) and 

December (2 %) during the 2030s. For the second half of the summer season precipitation amounts 

will decrease for the month of January (25 %), increase in February (2 %) and decrease again in 

March (8 %) for the 2030s. During the 2060s the precipitation will decrease by 37 % in October, 

increase by 12 % in November and also increase by 5 % in December. During the second half of 
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the summer season the amount of precipitation will decrease by 9 % in January, increase by 9 % 

in February and decrease by 13 % in March during the 2060s. 

 

With regards to HadCM3B2a scenario, average monthly precipitation will decrease in October by 

approximately 23.2 %, increase in November by about 14.7 % and decrease by about 0.2 % in 

December for the 2030s. In January precipitation was projected to decrease by 10.5 %, increase 

by 1.1 % in February and decrease by approximately 11.4 % in March during the 2030s. During 

the 2060s precipitation will decrease by 26.2 % in October, increase by 11.4 % in November and 

also increase by 3.3 % in December. During the second half of the rain season precipitation will 

decrease by 8.1 % in January, increase by 7.5 % in February and decrease by 7.6 % in March.  

 

This shows that there will not be either a consistent increase or decrease in the amount of 

precipitation for the future periods but the precipitation will vary within the summer season. This 

will impact negatively on the planning for water use and management due to the shift in seasonal 

precipitation distribution. There will be a decrease in the amount of precipitation during the onset 

of the summer season that is October. Also there will be an increase in the duration of the mid-

season dry spell as revealed by the projected decline in the amount of precipitation for the months 

of December and January. The other challenge will be that the summer season is estimated to end 

earlier as shown by the reduction in the amounts of precipitation in March. 

 

5.2.5 Change in minimum and maximum temperature for CanESM2. 

Figure 5.12 shows the change in minimum and maximum temperature between the baseline 

period (1971-2000) and the projected 30 year periods 2021-2050 (2030s) and 2051-2080 (2060s) 

for RCP2.6 and RCP8.5. 
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Figure 5.12: Change in temperature between the projected periods and the baseline period 

Figure 5.12 shows that the maximum temperature will increase for both the 2030s and 2060s for 

most of the months except for very few months that is July, August, September and November 

when the temperature will drop as compared to the baseline period. The temperature will increase 

by on average 0.57 °C from the baseline period to the 2030s and 0.9 °C from the baseline period 

to the 2060s for RCP2.6. Results for RCP8.5 show that the maximum temperature will increase at 

a higher margin as compared to RCP2.6. This is because RCP2.6 has a lower radiative energy as 

compared to RCP8.5 which has a higher radiative energy due to more emissions. The maximum 
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temperature will increase by about 0.68 °C from the baseline period to the 2030s and 0.95 °C from 

the baseline period to the 2060s for RCP8.5.  

 

The minimum temperature will increase in February, March, May and June between the baseline 

period and both the 2030s and 2060s for RCP2.6. The temperature will however decrease from 

July to December. The approximate increase in minimum temperature will be 0.34 °C and 0.75 °C 

from the baseline period to both the 2030s and 2060s respectively. Results for RCP8.5 show that 

the average minimum temperature will increase for the first months of the year that is from January 

to June and it will decrease from July to December. The average increase in temperature will be 

0.28 °C from the baseline period to the 2030s and 0.86 °C from the baseline period to the 2060s. 

 

RCP8.5 is the worst case situation as defined by the level of radiative energy which is 8.5 Watts/m2. 

This high radiative energy is triggered by the fact that this representative concentration pathway 

has more greenhouse gas emissions (Rashid et al., 2015). The temperature increase will be 

generally high for this representative concentration pathway as compared to the increase in 

temperature for the two scenarios HadCM3A2a and HadCM3B2a. A study done in India on 

assessing the impacts of climate change using RCPs under the CIMP5 revealed that the whole of 

India will experience an increase in annual temperature. The increase in temperature was projected 

to be 1.7 - 2.02 °C by 2030s and 2 - 4.8 °C by 2080s. The study also showed that RCP2.6 

experiences the least temperature increases compared to RCP8.5 which is associated with the 

highest warming rates (Chaturvedi et al., 2012). 

 

5.2.6 Variation in monthly potential evaporation for CanESM2 

The potential evaporation was compared between the baseline period and the projected time period 

using the projected temperature as the major input. Figure 5.13 shows the variation in temperature 

between the baseline period and the Representative Concentration Pathways, for RCP 2.6 and 

RCP8.5. 
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Figure 5.13: Variation of monthly potential evaporation between the baseline period and projected RCPs. 
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Figure 5.13 shows that the evaporation will generally increases with time for all the RCPs. The 

analysis showed that the average increase in the rate of evaporation will be approximately 1.51 % 

(2030s) and 2.24 % (2060s) for RCP2.6 as compared to the baseline period. The percentage change 

in evaporation will be about 1.7 % (2030s) and 2.8 % (2060s) for RCP8.5 as compared to the 

baseline period. However, from September to November the rate of evaporation will generally 

decrease but at a very low margin. The general increase in the rate of evaporation will impact 

negatively on the surface water resources by reducing the volume due to the increased water loss. 

 

5.2.7 Change in average monthly precipitation for CanESM2. 

The variation of average monthly precipitation between the baseline period (1971-2000) and the 

projected periods 2021-2050 (2030s) and 2051-2080 (2060s) for RCP2.6 and RCP8.5 was 

analyzed. Figure 5.14 shows the variation in mean monthly precipitation for the projected periods.  

 
Figure 5.14: Variation of average monthly precipitation between the baseline period and the projected periods for 
RCP2.6 and RCP8.5. 

Figure 5.14 shows that for RCP2.6, the average monthly precipitation amount is projected to 

decrease for almost all the summer months except October and November where it is projected to 

increase with time that is during the 2030s and the 2060s. The average monthly precipitation will 

drop by approximately 20 % to 40 % for January, February, March and December for the 2030s. 

During the 2060s the average monthly precipitation will decrease by between 22 % and 43 % for 

the same months. Average monthly precipitation will drop by a higher margin for RCP8.5 as 
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compared to RCP2.6. The percentage drop is projected to reach as high as 50 % as compared to 

the baseline period for the month of December during the 2060s. 

 

In comparison, the projected decline in precipitation will be relatively higher for the RCPs as 

compared to the HadCM3 scenarios. This is due to the differences in the factors which constitute 

the HadCM3 and RCPs in terms of the anticipated levels of emissions which in turn affect the 

degree of global warming. From the analysis of the results it was noted that the degree of global 

warming is high for the RCPs as compared to the HadCM3 scenarios as revealed by the higher 

change in temperature and more decline in precipitation for the RCPs as compared to the HadCM3 

scenarios. 

 

5.3 Impacts of projected climate variables on runoff  

5.3.1 Calibration and Validation  

The calibrated HEC-HMS model for the Marimba micro-catchment revealed a relative volume 

error of 9.5 % and a bias of 0.15. For the Mukuvisi micro-catchment the relative volume error was 

found to be 4.3 % and the bias was 0.1. The positive RVE reveal that the runoff was somewhat 

overestimated by the model. However, the RVE value for Mukuvisi is within the range -5 % to 5 

% which reflects a good model performance whilst that for Marimba RVE is within the range -10 

% to 10 % which reflects a fairly reasonable performance of the model. Figures 5.15 and 5.16 

show the hydrographs of observed and simulated flow for the Mukuvisi and Marimba micro-

catchments. 
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Figure 5.15: Calibration hydrograph for Mukuvisi micro-catchment. 

 

 
Figure 5.16: Calibration hydrograph for Marimba micro-catchment. 

From the visual inspection the simulated and observed flows are generally in sync regardless of 

some differences of the magnitude in peak values. The validation was done using data from 01 
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October 2010 to 30 September 2012. Figures 5.17 and 5.18 show the validation hydrographs for 

Mukuvisi and Marimba micro-catchments respectively. 

 

 
Figure 5.17: Validation hydrograph for Mukuvisi micro-catchment. 
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Figure 5.18: Validation hydrograph for Marimba micro-catchment 

 

From visual inspection the curves for validation show that the observed and simulated hydrographs 

are almost the same in terms of showing the peak and low flows for both the micro-catchments. 

The relative volume error was however higher than that for calibration for both micro-catchments. 

The value for the relative volume error was found to be 11 % for Mukuvisi and 14 % for Marimba. 

 

5.3.2 Simulation results for HadCM3 scenarios 

Table 5.9 shows the variation of runoff and reservoir inflows between the baseline period (2000-

2010) and the projected decades for the two scenarios HadCM3A2a and HadCM3B2a. In addition, 

the percentage change in runoff is shown in brackets for each micro-catchment and scenario 

period. A positive percentage change reflects an increase in runoff whilst a negative percentage 

change reflects a decrease in runoff.
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Table 5.9: Comparison of runoff between the baseline period and the projected scenario periods.  
*=gauged micro-catchments 

 

Micro-catchment 

Baseline 

2000-2010 HadCM3A2a(2030-2040) HadCM3A2a(2060-2070) HadCM3B2a(2030-2040) HadCM3B2a(2060-2070) Variable 

Mukuvisi*  29.14 12.9 12.3 14 13.6 Peak discharge (m3/s) 

  785.8 684.7 (-12.9 %) 680.1 (-13.5 %) 727.7 (-7.4 %) 694 (-11.7 %) 10 year cumulative volume (x10v	m3) 

Marimba*  58.03 9.9 8.9 11.7 9.4 Peak discharge (m3/s) 

  505.9 434.2 (-14.2 %) 424.1 (-16.2 %) 468.7 (-7.4 %) 441.5 (-12.7 %) 10 year cumulative volume (x10v	m3) 

Gwebi 319.5 11.3 10.6 12.7 12.4 Peak discharge (m3/s) 

  591.5 454.9 (-23.1 %) 435.4 (-26.4 %) 491.7 (-16.9 %) 459.7 (-22.3 %) 10 year cumulative volume (x10v m3) 

Lake Manyame Basin 183.2 25.5 23.9 30 24.5 Peak discharge (m3/s) 

  1372 1120 (-18.4 %) 1139.4 (-17 %) 1204.8 (-12.2 %) 1152.9 (-16 %) 10 year cumulative volume (x10v	m3) 

Umzururu 21.1 2.7 2.6 3.3 3.1 Peak discharge (m3/s) 

  131.9 101.4 (-23.1 %) 97.1 (-26.4 %) 109.6 (-16.9 %) 102.5 (-22.3 %) 10 year cumulative volume (x10v	m3) 

Musitwe 2.5 0.5 0.4 0.5 0.5 Peak discharge (m3/s) 

  27.2 23.5 (-13.6 %) 22.1 (-18.8 %) 25.1 (-7.7 %) 23.1 (-15.1 %) 10 year cumulative volume (x10v m3) 

Nyatsime 12.8 1.7 1.6 2 1.9 Peak discharge (m3/s) 

  109.6 94.7 (-13.6 %) 90.5 (-17.4 %) 101.2 (-7.7 %) 93.7 (-14.5 %) 10 year cumulative volume (x10v m3) 

Lake Chivero Basin 162.4 23.5 22.9 27.6 22.9 Peak discharge (m3/s) 

  1215.9 1034.6 (-14.9 %) 1093.3 (-10.1 %) 1109.5 (-8.8 %) 1077.8 (-11.4 %) 10 year cumulative volume (x10v m3) 

Ruwa 160.6 19.5 21.8 22.6 21.7 Peak discharge (m3/s) 

  914.2 801.1 (-12.4 %) 751.4 (-17.8 %) 828 (-9.4 %) 783.3 (-14.3%) 10 year cumulative volume (x10v m3) 

Manyame Upstream 11 1.4 1.4 1.7 1.6 Peak discharge (m3/s) 

  93.6 80.7 (-13.8 %) 77.1 (-17.6 %) 86.7 (-7.4 %) 79.9 (-14.6 %) 10 year cumulative volume (x10v m3) 

 

.
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The results in Table 5.9 generally showed that there will be a decrease in runoff for both scenarios 

and the two projected decades as compared to the baseline decade 2000-2010 which was used for 

calibration. There will be a relatively lower decline in runoff for the HadCM3B2a scenario as 

compared to the HadCM3A2a scenario for all the micro-catchments. Within the HadCM3A2a and 

the HadCM3B2a scenarios the results show that the decline in runoff will increase with time from 

the 2030-2040 decade to the 2060-2070 decade. For Mukuvisi micro-catchment the runoff is 

projected to decrease by 12.9 % and 7.4 % respectively for scenarios HadCM3A2a and 

HadCM3B2a during the decade (2030-2040) as compared to the baseline decade (2000-2010). 

During the decade 2060-2070 the runoff is projected to decrease by 13.5 % and 11.7 % for the 

HadCM3A2a and HadCM3B2a scenarios respectively. Umzururu micro-catchment will have the 

highest decline in runoff which will be at most 26.4 % for the HadCM3A2a scenario. 

 

However, some catchments notably Mukuvisi, Ruwa, Musitwe and Manyame upstream are 

projected to have relatively lower decline in runoff of at most 14 % for the HadCM3A2a scenario 

(2030-2040) and at most 18 % for the 2060-2070 decade for the same scenario. The decline in 

runoff for the HadCM3B2a will be relatively lower for most of the micro-catchments as compared 

to the HadCM3B2a scenario. The percentage decline will range from 7 % to around 16 % for most 

of the micro-catchments. Notably, for Marimba the runoff volume will decrease by 14.2 % and 7.4 

% for the HadCM3A2a and HadCM3B2a scenarios respectively for the 2030-2040 decade. The 

runoff will also decrease for the 2060-2070 decade by approximately 16.2 % for scenario 

HadCM3A2a and 12.7 % for scenario HadCM3B2a. 

  

Table 5.10 shows the comparison of the reservoir inflows between the baseline period (2000-2010) 

and the projected scenario periods. Shown in brackets is the percentage change in inflows for each 

reservoir.  

 

Table 5.10: Comparison of reservoir inflows between the baseline period and the projected scenario periods. 

Reservoir 

Baseline 

2000-2010 

HadCM3A2a 

(2030-2040) 

HadCM3A2a 

(2060-2070) 

HadCM3B2a 

(2030-2040) 

HadCM3B2a 

(2060-2070) Variable 

Lake Manyame 5868 4831 (-17.7 %) 4812 (-18 %) 5154 (-12.2 %) 4909 (-16.3 %) Inflow (x10v m3) 

Lake Chivero 3738 3154 (-15.6 %) 3139 (-16 %) 3347 (-10.5%) 3193 (-14.6 %) Inflow (x10v m3) 
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Results for major surface water sources that is Lake Manyame and Lake Chivero showed that the 

inflows will decrease during the 2030-2040 decade as well as the 2060-2070 decade for both 

scenarios. Lake Chivero will experience a decrease in inflows of 15.6 % and 10.5 % for the 

HadCM3A2a and HadCM3B2a scenarios respectively between the baseline period and the 2030-

2040 decade. Between the baseline period and the 2060-2070 decade the reservoir will experience 

a decline in inflows of 16 % and 14.6 % for the HadCM3A2a and HadCM3B2a scenarios 

respectively. Lake Manyame will also experience decrease in inflows of 17.7 % and 12.2 % for 

the HadCM3A2a and HadCM3B2a scenarios respectively between the baseline period and the 

2030-2040 decade. During the 2060-2070 decade the inflows are projected to decline by 18 % and 

16.3 % for the HadCM3A2a and HadCM3B2a scenarios respectively.  

 

5.3.3 Simulation results for CanESM2 RCPs. 

Table 5.11 shows the change in runoff between the baseline period used for calibration that is 2000 

to 2010 and the 2030-2040 decade as well as the 2060-2070 decade for the RCP2.6 and RCP8.5. 

Shown in brackets is the percentage change in runoff for each micro-catchments during the 

projected periods. A positive percentage change represents an increase in runoff whilst a negative 

percentage change represents a decrease in runoff. 
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Table 5.11: Comparison of runoff between the baseline period and the projected periods for RCP2.6 and RCP8.5 
*=gauged micro-catchments 

 

Micro-catchment 

Baseline 

2000-2010 RCP2.6(2030-2040) RCP2.6(2060-2070) RCP8.5(2030-2040) RCP8.5(2060-2070) Variable 

Mukuvisi*  29.14 30 22.1 24.8 18.3 Peak discharge (m3/s) 

  785.8 750.8 (-4.5 %) 660.6 (-15.9 %) 648.8 (-17.4 %) 547.4 (-30.3 %) 10 year cumulative volume (x10v m3) 

Marimba*  58.03 19.6 14.5 16.3 12.2 Peak discharge (m3/s) 

  505.9 493.4 (-2.5 %) 444.8 (-12.1 %) 441.3 (-12.8 %) 374.2 (-26 %) 10 year cumulative volume (x10v m3) 

Gwebi 319.5 15.6 13.3 13.8 11.1 Peak discharge (m3/s) 

  591.5 536.5 (-9.3 %) 479.5 (-18.9 %) 476.2 (-19.5 %) 401.8 (-32.1 %) 10 year cumulative volume (x10v m3) 

Lake Manyame Basin 183.2 46.7 35.2 39.4 29.9 Peak discharge (m3/s) 

  1372 1172.4 (-14.5 %) 1078.6 (-21.4 %) 1067.6 (-22.2 %) 914.9 (-33.3%) 10 year cumulative volume (x10v m3) 

Umzururu 21.1 4 3.2 3.5 2.6 Peak discharge (m3/s) 

  131.9 119.6 (-9.3 %) 106.9 (-19 %) 106.2 (-19.5 %) 89.6 (-32.1 %) 10 year cumulative volume (x10v m3) 

Musitwe 2.5 1.1 0.8 0.9 0.6 Peak discharge (m3/s) 

  27.2 28.1 (3.3 %) 22.4 (-17.6 %) 21.8 (-19.9 %) 17.8 (-34.6%) 10 year cumulative volume (x10v m3) 

Nyatsime 12.8 4.6 3.2 3.5 2.5 Peak discharge (m3/s) 

  109.6 110.9 (1.2%) 89.8 (-18.1 %) 87.4 (-20.3 %) 71.8 (-34.5 %) 10 year cumulative volume (x10v m3) 

Lake Chivero Basin 162.4 39.5 30.5 34.1 26.2 Peak discharge (m3/s) 

  1215.9 993.6 (-18.3 %) 935 (-23.1 %) 923.1 (-24 %) 800.3 (-34.2 %) 10 year cumulative volume (x10v m3) 

Ruwa 160.6 38.9 27.6 30.6 21.7 Peak discharge (m3/s) 

  914.2 969.8 (6.1 %) 777.5 (-15 %) 750.5 (-17.9%) 610.1 (-33.3 %) 10 year cumulative volume (x10v m3) 

Manyame Upstream 11 3.9 2.7 3 2.1 Peak discharge (m3/s) 

  93.6 94.2 (0.6 %) 76.2 (-18.6 %) 74.3 (-20.6 %) 61.1 (-34.7 %) 10 year cumulative volume (x10v m3) 
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The results in Table 5.11 show that there will be a decline in runoff for most of the micro-

catchments. The decline in runoff will be relatively higher for RCP8.5 as compared to RCP2.6. 

Lake Chivero basin will experience a relatively higher decline in runoff as compared to other 

micro-catchments. The runoff for Lake Chivero basin will decrease by at most 23.1 % for RCP2.6 

and at most 34.2 % for RCP8.5. Marimba micro-catchment will experience the least decline in 

runoff. The runoff will drop by 2.5 % and 12.1 % between the baseline period and the 2030-2040 

and 2060-2070 decades respectively for RCP2.6. For RCP8.5 the runoff volume will decrease by 

12.8 % between the baseline period and the 2030-2040 decade and 26 % between the baseline 

period and the 2060-2070 decade. However, some micro-catchments will experience a slight 

increase in runoff during the 2030-2040 decade for RCP2.6. These micro-catchments include 

Musitwe (3.3 %), Nyatsime (1.2 %), Ruwa (6.1 %) and Manyame Upstream (0.6 %).  

 

Table 5.12 shows the comparison of reservoir inflows into Lake Manyame and Lake Chivero 

between the baseline period and the projected periods. 

 

Table 5.12: Comparison of reservoir inflows between the baseline period and the projected periods for RCP2.6 and 
RCP8.5. 

Reservoir 

Baseline 

2000-2010 

RCP2.6 

(2030-2040) 

RCP2.6 

(2060-2070) 

RCP8.5 

(2030-2040) 

RCP8.5 

(2060-2070) Variable 

Lake Manyame 5868 5277 (-10.1 %) 4679 (-20.3 %) 4605 (-21.5 %) 3895 (-33.6 %) Inflow (x10v m3) 

Lake Chivero 3738 3441 (-8 %) 3007 (-19.6 %) 2947 (-21.2 %) 2483 (-33.6 %) Inflow (x10v m3) 

 

The main reservoirs in the sub-catchment that is Lake Manyame and Lake Chivero will experience 

a decline in the inflows between the baseline period and the projected time periods. Lake Chivero’s 

inflows will decrease by between 8 % and 19.6 % between the baseline period and the 2030-2040 

and 2060-2070 decades respectively for RCP2.6. The decrease in inflows for RCP8.5 will be 21.2 

% and 33.6 % between the baseline period and the 2030-2040 and the 2060-2070 decades 

respectively. Lake Manyame will also experience a decline in the inflows by 10.1 % and 20.3 % 

between the baseline period and the 2030-2040 and 2060-2070 decades respectively for RCP2.6. 

For RCP8.5 inflows will drop by 21.5 % and 33.6 % between the baseline period and the 2030-

2040 and 2060-2070 decades respectively. 
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Generally, the decrease in runoff will be higher for RCP8.5 as compared to RCP2.6 because this 

is a representative concentration with more emissions and hence a higher value of radiative energy 

which is 8.5 Watts/m2. This means that there will be more global warming and the impacts of 

climate change will be higher as compared to RCP2.6 with a relatively lower radiative energy and 

less emissions. According to a study done by Mbaye et al. (2015) on the assessment of impacts of 

climate change on water resources in the Upper Senegal basin, the results revealed that runoff will 

decrease mainly during the usually high flow season. The decline in runoff was projected to be 

relatively higher for RCP8.5 (0.8 mm/day) as compared to RCP4.5 (0.2 mm/day). The study 

attributed this difference in magnitude of runoff decline to the differences in levels of emissions 

and global warming between the two RCPs. RCP8.5 was said to have more emissions and higher 

levels of global warming as compared to RCP4.5. 

 

The results showed that there will be a reduction in the available surface water due to the decline 

in runoff and inflows into the major reservoirs that is Lake Manyame and Lake Chivero. The 

reduction in reservoir volume will also be exacerbated by the increase in the rate of evaporation 

mainly triggered by an increase in mean temperature. This will impact negatively on the residents 

due to the anticipated water shortage as a result of climate change. 

 

Many countries in Southern Africa are projected to have a decrease in runoff due to reduction in 

precipitation amounts in future time periods. Countries in the Zambezi basin will experience a 

decline in runoff by approximately 20 % by 2050. Areas around Harare, Zimbabwe are projected 

to experience a 19 % reduction in runoff due to decrease in precipitation amounts (Beilfuss, 2012). 

These predictions are in line with this study’s predictions that the runoff will decrease with time 

for all the scenarios and Representative Concentration Pathways. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
 

Conclusions 

i. The trend analysis of historical daily temperature (1970-2005) and monthly precipitation 

(1900-2013) data showed that there was a statistically significant rising trend in both 

maximum and minimum temperature. However, for precipitation there was a falling trend, 

though it was not statistically significant. This showed signals for climate change. 

 

ii. The statistical downscaling model indicated that daily minimum and maximum 

temperature will increase in all projected future periods and for the two scenarios that is 

the HadCM3A2a and HadCM3B2a as compared to the baseline period (1971-2000). The 

projected temperature analysis through the HadCM3A2a scenario showed that the daily 

maximum temperature will increase by about 0.39 °C and 0.64 °C for the 2030s and 2060s 

respectively as compared to an increase by 0.35 °C and 0.51 °C for the same time periods 

using the HadCM3B2a scenario. The daily minimum temperature will generally increase 

by 0.15 °C and 0.25 °C for the 2030s and 2060s respectively for HadCM3A2a scenario as 

compared to an increase by approximately 0.11 °C and 0.2 °C for the same periods 

respectively in the HadCM3B2a scenario. The daily maximum and minimum temperature 

will increase for most months of the year for downscaled data from the CanESM2 GCM. 

Daily maximum temperature will increase by upto 0.95 °C for RCP8.5 and upto 0.9 °C for 

RCP2.6. For daily minimum temperature the increase will be higher again for RCP8.5 as 

compared to RCP2.6. The projected monthly potential evaporation will approximately 

increase as a result of increased mean temperature for most of the months for both the 

HadCM3 scenarios and CanESM2 RCPs. 

 

iii.  The downscaled precipitation did not show a consistent increase or decrease in all the 

projected periods. The general percentage drop in average monthly precipitation will be 

between 8 % and 28 % in October, January and March during the 2030s for HadCM3A2a. 

The decline in precipitation will be approximately 9 %-37 % for the same months in the 

2060s. For the HadCM3B2a scenario the rainfall will drop by upto 23 % for the 2030s and 
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by at most 26 % for the 2060s. There will be a decline in the amount of precipitation during 

the onset of the rains that is October and also an increase in the duration of the mid-season 

dry spell as shown by the decline in the amount of precipitation received in December and 

January. Precipitation will drop during almost all months of the summer season for the two 

RCPs. The percentage drop will be higher for RCP8.5 as compared to RCP2.6.  

 

iv. Results for the HEC-HMS model calibration and validation showed that the model can 

simulate runoff and reservoir inflows at a recommended RVE and bias. Calibration of the 

HEC-HMS model for a period from 2000 to 2010 in the Mukuvisi and Marimba basins 

revealed satisfactory model efficiencies of 4.3 % (RVE) and 0.1 (Bias) and 9.5 % (RVE) 

and 0.15 (Bias) respectively. 

 

v. The impacts of the HadCM3 projected climate variables on runoff and reservoir inflows is 

that the runoff will decrease by approximately 7 - 27 % for all the micro-catchments. The 

reservoir inflows for Lake Manyame and Lake Chivero will also decrease by 10 - 18 %. 

The results for the CanESM2 projected variables also revealed that the runoff will drop by 

2 - 35 % for most of the micro-catchments though some will experience slight increases in 

runoff. The reservoir inflows for Lake Chivero and Lake Manyame will also drop by at 

most 34 % due to the effects of the two RCPs. 

 

In summary, the results showed that there will be a decline in the amount of precipitation during 

the onset of the summer season, increased duration of the mid-season drought and an earlier end 

of the summer season. In addition, there will be an increase in temperature leading to higher 

evaporation rates and more water loss from the lakes. The results also revealed that the runoff and 

reservoir inflows will decrease significantly thereby reducing the available surface water volumes. 

 

Recommendations 

i. There is need for future studies to also consider the impacts of climate change on 

reservoir yields of the major lakes (Lake Chivero and Lake Manyame). 
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ii. Future studies should consider as many GCM models as possible depending on their 

accessibility.  

iii.  The GCMs were downscaled using the Statistical DownScaling Model therefore there 

is need to also test the dynamic downscaling method in further studies.  
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Appendix 1: HEC-HMS model inputs and parameters for Upper Manyame sub-catchment. 

Micro-
catchment Mukuvisi Marimba Gwebi 

Lake Manyame 
Basin Umzururu Musitwe Nyatsime 

Lake Chivero 
Basin Ruwa 

Manyame 
Upstream 

Gauge name C22 C24               
Initial deficit 
(mm) 100 100 85 90 85 85 85 90 100 85 

Perimeter(m) 96263 85792 229735.6 144181 129765.8 83858.3 152281.4 158857 78332.2 184187.5 

Area(km2) 223.1 220.5 812.4 498.3 362.2 216.2 563.2 368.8 224.5 359.8 
Maximum 
deficit(mm) 200 200 170 190 170 170 170 190 200 170 
Constant 
rate(mm/hr) 5.75 5.75 8.75 6.25 7.5 8.75 8.75 6.25 5.75 7.5 

% Impervious 75 80 2 40 5 2 3 50 65 4 
Elevation divide 
(m) 1598 1537 1565 1386 1501 1598 1567 1422 1589 1662 
Elevation 
outlet(m) 1338 1381 1409 1337 1409 1338 1381 1338 1375 1375 
Longest flow 
path length(m) 44659.2 38595 98209 35730.3 53568 34807.2 63250 35097 32943.6 74016 
Longest 
drainage length 
(m) 38604.5 29887.7 89111.9 44175.1 42283.5 26818.4 59867 38322.7 26371.9 66572.3 
Drainage 
density(m/km2) 190.27 219.73 168.12 224.15 189.58 142.36 208.74 193.43 159.42 211.22 
Total drainage 
length(m) 42453.3 48449.5 136579.5 111693.5 68668.6 30783.7 117572.1 71327.7 35794.7 75998.3 
Time of 
concentration, tc 
(min) 538 553.3 1627.4 790.6 990.2 403.4 914.9 629.3 408.1 928.3 
Time lag, tlag 
(min) 322.8 332 976.4 474.3 594.1 242.1 548.9 377.6 244.8 557 
Peaking 
coefficient 0.45 0.45                 

 


