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This study focused on the Upper Manyame sub-catchment which covers an area of approximately 3 786 km2 
and forms part of the Manyame catchment, one of the seven catchments of Zimbabwe. Manyame catchment 
has its source in Marondera town and drains into the Zambezi River downstream of the Kariba Dam and 
upstream of the Cahora Bassa Dam, in the northern part of the country. This study assessed potential climate 
change impacts on the streamflow and reservoir inflows in the Upper Manyame sub-catchment. Hydrologic 
simulations for future climate (2030s and 2060s) were carried out using statistically downscaled bias-corrected 
variables from the HadCM3 (HadCM3A2a and HadCM3B2a scenarios) and CanESM2 (RCP2.6 and RCP8.5) global 
circulation models. The HEC–HMS hydrological model was set up for two gauged micro-catchments and eight 
ungauged tributary micro-catchments. Model calibration for gauged micro-catchments of Upper Manyame 
over the period from 2000–2010 revealed satisfactory model performance of 4.3% (RVE) and 0.1 (bias) for 
Mukuvisi micro-catchment and 9.5% (RVE) and 0.15 (bias) for Marimba micro-catchment. Model simulations 
resulted in a projected decrease in streamflow by 7.4–26.4% for HadCM3. For CanESM2, simulations resulted 
in a projected decrease in streamflow by 2.5–34.7%. Reservoir inflows into Lake Chivero and Lake Manyame, 
the main water supply sources for Harare, will decrease by 10.5–18% for HadCM3 and by 8–33.6% for CanESM2.
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INTRODUCTION

Globally, the evidence of climate change is compelling, with sea levels rising, precipitation patterns 
changing, glaciers retreating, and the world getting warmer (Adedeji et al., 2014; IPCC, 2014). In 
Africa, there are unprecedented floods in West Africa and an increase in ocean acidity around Africa’s 
southern coast (Urama and Ozor, 2010). Climate change projections for sub-Saharan Africa point to 
a warming trend, particularly in the inland subtropics, frequent occurrence of extreme heat events, 
increasing aridity and changes in rainfall, with a particularly pronounced decline in Southern Africa 
and an increase in East Africa (Serdeczny et al., 2016). Altered weather patterns and climate extremes 
threaten agricultural production and food security, health, water and energy security, which in turn 
undermine Africa’s ability to grow and develop. Countries in Southern Africa have experienced 
temperature increases by 0.4°C over the past 100 years, and the temperatures are expected to further 
increase at a rate of 0.05°C per decade (Kandji et al., 2006). Inter-annual rainfall variability over 
Southern Africa has increased since the late 1960s, and droughts have become more intense and 
widespread in the region. Alternating patterns of above-normal/below-normal rainfall periods 
in Southern Africa have resulted in some of the most extreme wet and dry years ever recorded. 
As a result of these cycles, floods and droughts have affected the hydrologic, ecological and socio-
economic systems in the region (Hulme et al., 2001).

In Zimbabwe, the past few decades have shown considerable spatial and temporal variability in 
rainfall, characterised by shifts in rainfall onset periods, increases in the proportion of low rainfall 
years and increases in the frequency and intensity of mid-season droughts (Chamaille-Jammes  
et al., 2007; Mason and Jury, 1997). The country is being affected by climate change as evidenced by 
an increase in mean annual temperatures of about 0.4°C since 1900, and a 5% decline in precipitation 
(Unganai, 2009). According to Brazier (2015), an analysis of studies on the impacts of climate change 
in Zimbabwe reveals that it is likely that by 2050 and until the end of the century there will be a modest 
decrease in total amount of rainfall, changes to the onset and end of the season, more frequent and 
longer mid-season dry periods, reduced groundwater recharge, erratic rainfall distribution across 
the country as well as temperature increases of between 1°C and 3°C, which is greater than the global 
average. These changes are likely to lead to reduced water supply for domestic and agricultural use 
from both surface and groundwater sources.

Sibanda et al. (2018) analysed trends in temperature and extreme weather events in Mzingwane 
catchment. The results revealed a statistically significant increase in the occurrence of extreme dry 
events from 1980. Makuvaro et al. (2017) showed statistically significant increasing temperature 
changes in Gweru of 0.02°C per year over 43 years. Dube and Nhamo (2018) found significant 
increasing temperature trends in Livingstone, Zambia. However, there have also been contradictory 
results in terms of increasing or no rainfall trends in some studies, such as Makuvaro et al. (2017), 
Dube and Nhamo (2018) and Mazvimavi (2010). Regardless of the contrary observations, studies 
have shown that monotonic trends, seasonal shifts and increased hot/cold or wet/dry cycles have 
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impacted a number of sectors and activities in Zimbabwe such as 
crop farming, animal husbandry, local planning and knowledge 
systems, wildlife and rural development initiatives.

Utete et al. (2018) assessed the impact of climatic and non-
climatic factors on fish catches and species composition in Lake 
Chivero and Manyame. They concluded that climatic variability 
was contributing to the declines in fish catches and changes in 
species composition. Marshall (2017) noted that the thermocline 
in the Lake has weakened, with much smaller density and thermal 
gradients compared to the 1980s. Mhlanga et al.(2018) found that 
under climate change scenarios RCP 8.5 and 6.0 areas suitable for 
dairy farming will decrease by 25.4% and 2.7%, respectively. Dube 
and Nhamo (2018) argued that increased climate variability that 
they observed over Livingstone could potentially affect tourism at 
Victoria Falls. Jinga and Ashley (2019) argued that climate change 
could see a decrease in areas with wet miombo woodland species, 
as the areas become drier. Dry miombo areas will expand. Efforts 
are being made to improve weather and climate forecasting by 
integrating local indigenous knowledge systems (Gwenzi et al., 
2016). However, literature surveys show that there has been limited 
work on hydrological and water resources climate change impact 
assessment in Zimbabwe. Whilst climate change is anticipated to 
significantly impact on hydrological regimes (Arnell and Gosling, 
2013; Mbaye et al., 2015; Nigatu et al., 2016), there is no critical 
mass of knowledge on the impacts on hydro-systems in Zimbabwe.

Catchment-level hydrologic climate change impact studies 
need data at finer spatial and temporal scales than the ones 
produced by global circulation models (GCMs) (Nguyen et al., 
2008). In order to bridge the spatial and temporal gap between 
the GCM predictions and the hydrologic scale, downscaling of 
GCM data is undertaken. Downscaling can be done statistically 
or dynamically. Statistically downscaling involves establishing 
some regression between the GCM data and local point data and 
then transforming the local catchment or point data. Dynamic 
downscaling involves using advanced physics, numerical weather 
prediction models in a telescopic framework (Maraun et al., 2010; 
Vaittinada Ayar et al., 2016).

Masimba et al. (2019) used the Statistical DownScaling Model 
(SDSM) to downscale the projected precipitation and temperature 
for the 2030s and 2060s with data from HadCM3 and CanESM2 
in a study of the Upper Manyame sub-catchment of Zimbabwe. 
The projected temperature and precipitation analysis showed that 
the temperature will increase whilst precipitation will decrease 
significantly in most months. However, downscaling studies 
are faced with many uncertainties, which mainly emerge from 
uncertainties in GCMs, uncertainties in greenhouse gas (GHG) 
emission scenarios, issues with observations of hydroclimatic 
variables, issues with different statistical downscaling techniques 
and issues with predictor selection and prepossessing criteria 
(Sachindra et al., 2014). However, the finer the temporal resolution 
the greater the uncertainties in the GCM outputs (Prudhomme 
et al., 2002). The GCMs introduce uncertainty through the 
limitations in the modelling capturing the processes correctly, 
difficulties in estimation of parameter values and difficulties 
finding the correct numerical solution for the equations.

There are various rainfall-runoff models that can be used to 
estimate the impacts of climate change on hydrology. These 
models include: the ToPographic Model (TOPMODEL) (Beven 
and Kirkby, 1979), Soil and Water Assessment Tool (SWAT) 
(Arnold et al., 1998), Hydrologiska Byrans Vattenavdelning (HBV) 
(Bergström, 1976) and the Hydrologic Engineering Center–
Hydrologic Modeling System (HEC–HMS) (USACE, 2000).

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 and can 
be used to model reservoir inflows (HEC–HMS, 2010). HEC–
HMS was designed to simulate the surface runoff response of a 
catchment to precipitation by representing the catchment with 
interconnected hydrologic and hydraulic components. Examples 
of the HEC–HMS model applications in African basins include 
Middle Zambezi in a study by Phiri (2011) involving analysis of 
the Cahora Bassa Dam water balance and reservoir operations 
and their flooding impact on upstream settlements, and in 
Upper Manyame by Gumindoga et al. (2016) for simulation of 
ungauged runoff. Few studies have been done that have applied 
the HEC–HMS model in the Zambezi basin for climate change 
impact studies. Gebre and Ludwig (2015) used HEC–HMS to 
simulate the impacts of climate change in the Upper Blue Nile 
in Ethiopia under two representative concentration pathways, 
RCP4.5 and RCP8.5. Ethiopia is a direct distance of approximately 
3  088 km from Zimbabwe, in a direction 17° from north. The 
results revealed that the runoff is projected to 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).

To the best of our knowledge, the impacts of climate change on 
the reservoir inflows and streamflows of Upper Manyame sub-
catchment have not yet been established, despite the fact that more 
than 2 million people in the urban area of greater Harare depend 
on the water resources from this sub-catchment. Previous efforts 
to analyse impacts of climate change on the streamflow of Upper 
Manyame sub-catchment focused on trend analysis and not the 
actual impacts of precipitation and temperature on the streamflow 
and reservoir inflows. Thus, this study is aimed at addressing this 
knowledge gap by using a rainfall-runoff model (HEC–HMS) 
to simulate impacts of downscaled projected precipitation and 
temperature on streamflow and reservoir inflows.

METhODS

Description of the study area

This study focused on the Upper Manyame sub-catchment in 
Manyame catchment, one of the seven catchments in Zimbabwe 
(Fig. 1). Manyame catchment has its source in Marondera town, 
Zimbabwe, and drains into the Zambezi River downstream 
of the Kariba Dam and upstream of the Cahora Bassa Dam, 
in the northern part of the country. In Fig. 1, on the extreme 
left is the map of Zimbabwe showing all the country’s seven 
hydrological catchments. On the right side is the map of the 
Upper Manyame sub-catchment. The sub-catchment covers an 
area of approximately 3 786 km2 and originates near Marondera 
town, drains through rural areas and then encompasses the most 
urbanized area in Zimbabwe, comprising Harare, Chitungwiza, 
Ruwa, Norton, Darwendale and Bromely (Rwasoka et al., 
2011). According to the Meteorological Services Department 
of Zimbabwe, the mean maximum temperature in the Upper 
Manyame sub-catchment is around 28°C and the mean annual 
rainfall is 810 mm/year. The sub-catchment is divided into two 
hydrological sub-zones, CH4 and CH5. This is based on the 
mean annual rainfall (Mazvimavi et al., 2005). Upper Manyame 
sub-catchment falls under Agro-ecological Region II, with CH4 
and CH5 falling into agro-ecological sub-regions II (a) and  
II (b), respectively (Mugandani et al., 2012). Sub-region II (a) is 
characterized by intensive farming systems with fewer dry spells 
during summer, while sub-region II (b) is characterized by more 
severe dry spells during the rainy season or the occurrence of 
relatively short rainy seasons. According to Nhapi (2009), the 
spatio-temporal variation in the rainfall patterns in the Upper 
Manyame sub-catchment has increased due to the effects of 
climate change and/or climate variability.
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The main socio-economic activities include: manufacturing 
industry, farming, mining, tourism and recreation. Harare, the 
capital city of Zimbabwe, and the surrounding satellite towns 
of Chitungwiza, Ruwa, Epworth and Norton are fast growing 
and all rely on the catchment for their water supply (Mazvimavi  
et al., 2005). The source of Manyame River, Marondera Town, is 
the provincial capital of Mashonaland East. The Upper Manyame 
ends at the Manyame Dam outlet. Based on ZIMSTAT (2012) 
census data the Upper Manyame catchment is estimated to have 
a population of more than 2.4 million people. Figure 1 shows the 
location of Upper Manyame sub-catchment.

The area has soil types which range from heavy textured clays 
to sandy clay loams. The heavy textured clay soils have vertic 
properties; the soils expand when wet and shrink and form cracks 
when dry. The soils are well drained on slopes and are poorly 
drained near drainage lines or watercourses (Mazvimavi et al., 
2005). The maximum slope is 68° whilst the average slope is 19°.  
The sub-catchment comprises open grasslands, rain-fed and 
irrigated croplands, urban areas, water surfaces, and shrublands.  
The land cover of Upper Manyame sub-catchment as of 2016  
consists of bare land (50%), settlements (22%), grasslands (20%) 
cultivation area (4%), water and marshy (2%) and forest (2%) 
(Gumindoga et al., 2016). However, the rate of increase of settle-
ments is rapid, as a result of increased rural to urban migration.

Sources of data

Hydro-meteorological data

Daily temperature and precipitation data for Belvedere, Harare 
Airport, Kutsaga and Marondera meteorological stations were 
obtained from the Meteorological Services Department (MSD) of 
Zimbabwe. The daily temperature and precipitation data were from 
1970 to 2013. The daily runoff data for the period 2000–2012 for 
Mukuvisi and Marimba gauging stations were obtained from the 
Zimbabwe National Water Authority (ZINWA). The percentage gaps 
in the temperature, precipitation and runoff data series were less than 
1%, and the gaps were filled using the linear interpolation method in 
the Statistical Package for the Social Sciences (SPSS). The data were 
used for calibration and validation of the HEC–HMS model.

Global climate data

The statistically downscaled projected precipitation and temp-
erature data from a study by Masimba et al. (2019) were used as 
inputs into the HEC–HMS model. The projected climate variables 
were acquired from two GCMs that are HadCM3 and CanESM2 
of the Coupled Model Intercomparison Project phase 5 (CMIP5) 
experiment. The HadCM3 scenarios were HadCM3A2a (worst-
case scenario with more emissions and high levels of population 
growth) and HadCM3B2a (emphasis on local solutions to promote 
socio-economic and environmental sustainability and involves 
the adoption of cleaner production) whilst for the CanESM2 two 
representative concentration pathways were used: RCP2.6 (very 
stringent mitigation) and RCP8.5 (business as usual). The observed 
baseline period (1971–2000) precipitation and temperature data 
and GCM generated data for the same period were compared. The 
projections were for the 2030s (2021–2050) and 2060s (2051–2080).

Soils and elevation data

An advanced spaceborne thermal emission and reflection 
radiometer global digital elevation map (ASTERGDEM) at  
30m resolution was obtained from http://www.gdem.aster.
ersdac.or.jp. This was used as an input for digital elevation model 
hydroprocessing to extract micro-catchments. Soil data were 
obtained from FAO GIS database. The soil data helped to estimate 
HEC–HMS parameters.

hEC–hMS model set up, calibration and validation

The DEM hydroprocessing was done using ILWIS software. The 
process of DEM hydroprocessing was carried out according to 
Maathuis and Wang (2006). In this case, 10 micro-catchments, 
namely: Gwebi, Lake Chivero basin, Lake Manyame basin, Manyame 
upstream, Marimba, Mukuvisi, Musitwe, Nyatsime, Ruwa, and 
Umzururu were extracted for the Upper Manyame sub-catchment.

The deficit and constant loss method was used for this study 
mainly because it is the one suitable for long periods of simulations 
(USACE, 2008). The constant loss rates were obtained from the Soil 
Conservation Service (SCS) soil groups and infiltration (loss) rates. 

Figure 1. Location of Upper Manyame sub-catchment, Zimbabwe

http://www.gdem.aster.ersdac.or.jp
http://www.gdem.aster.ersdac.or.jp
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The percentage impervious values were estimated by exporting the 
Upper Manyame sub-catchment shapefile to Google Earth viewer.

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).

Before transferring Snyder unit hydrograph parameters from the 
gauged Marimba and Mukuvisi micro-catchments to the ungauged, 
a catchment hydrological response similarity was first established 
(Sreenivasulu and Bhaskar, 2010). Data from DEM hydro-processing 
were used for hydrologic similarity assessment by comparing the 
physical catchment characteristics. Runoff and hydrograph shape 
are normally affected by drainage and rainfall characteristics. In this 
study rainfall intensity, duration, spatial and temporal distribution 
and storm motion were used as rainfall characteristics. Linking 
physical and hydrological catchment characteristics provided an 
understanding of the hydrological behaviour of the different micro-
catchments (Sreenivasulu and Bhaskar, 2010). The Muskingum 
routing method, which uses a simple conservation of mass approach 
to route flow through the stream reach, was used for this study.

The performance of the model was assessed by comparing the 
simulated and observed flows in terms of the relative volume 
error (RVE) (Eq. 1) and the bias (Eq. 2). 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% S O

O
� ��� �

�
Q Q

Q
100                                  (1)

where:

∑QS = summation of simulated discharge

∑Q0 = summation of observed discharge

Bias Oi� � ��i
n Q Q

n
Si1( )                                    (2)

where:

QOi = observed discharge for day i

QSi = simulated discharge for day i

n = total number of days for the time series

The values for bias range from −∞ to +∞, but recommended 
values should be equal to zero or almost zero.

Meteorological model in HEC–HMS

The data required for the meteorological model of HEC–HMS 
are precipitation, discharge (Mukuvisi and Marimba micro-
catchments), evapotranspiration and the gauge weights of different 
weather stations. The calibration period was from 1 October 
2000 to 30 September 2010, and the validation period was from 
1 October 2010 to 30 September 2012. Thiessen polygons were 
produced in ArcGIS software 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. Eq. 3 shows the Blaney-Criddle formula.

ET mean0 0 46 8p T( . )                                   (3)

where:

ET0 = potential evapotranspiration (mm/day)

p = mean daily percentage of annual daytime hours

Tmean = mean daily temperature (°C)

Figure 2 shows the Thiessen polygons for Upper Manyame 
sub-catchment showing the area of influence of each of the 
four weather stations: Belvedere, Harare Airport, Kutsaga and 
Marondera. The Thiessen weights are based on area of influence 
of each weather station.

Figure 2. Thiessen polygons for Upper Manyame sub-catchment
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Table 1 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.

Simulation of the streamflow in the Upper Manyame sub-
catchment

The impact of climate change on streamflow was assessed using 
the projected temperature and precipitation obtained from 
statistical downscaling as input to the calibrated HEC–HMS 
model. The results were compared with the baseline period with 
observed climate data from 2000−2010. Streamflow modelled 
with projected GCM-derived future climate was compared 
against streamflow modelled with observed historical climate. 
To detect if there have 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 included 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 streamflow will be explicit to 
climate change only. Similar techniques were used 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 (very stringent mitigation) and RCP8.5 (business as 
usual). The decade-long simulations were chosen for comparison 
purposes with the reference period, which was from 2000−2010.

RESULTS AND DISCUSSION

Calibration and validation

Calibration was done using observed climate and streamflow data. 
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 RVEs reveal that the 
streamflow was somewhat overestimated by the model. 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. However, the simulation resulted in an overestimation. 
Figures 3 and 4 show the hydrographs of observed and simulated 
flow for the Mukuvisi and Marimba micro-catchments.

From visual inspection of the hydrographs, the simulated and 
observed flows are generally in sync regardless of some differences 
in the magnitude of peak values. The validation was done using 
data from 1 October 2010 to 30 September 2012. Figures 5 and 6  
show the validation hydrographs for Mukuvisi and Marimba 
micro-catchments, respectively.

From visual inspection, the hydrographs for validation (Figs 5 and 6) 
show that the observed and simulated hydrographs are almost the 
same in terms of showing the peak and low flows for both micro-
catchments. The relative volume error was however higher than that 
for calibration for both micro-catchments. The water uses/abstractions 
were not taken into account in the simulations, hence the higher 
simulated volumes compared to observed flow. It is recommended 
future studies to make efforts to capture water use/abstraction data 
and incorporate it in the research so as to reduce uncertainty.

Table 1. 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

Figure 3. Calibration hydrograph for Mukuvisi micro-catchment

Figure 4. Calibration hydrograph for Marimba micro-catchment

Figure 5. Validation hydrograph for Mukuvisi micro-catchment

Figure 6. Validation hydrograph for Marimba micro-catchment
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Figure 7 shows the calibration scatter plots for Marimba and 
Mukuvisi micro-catchments.

Figure 8 shows validation scatter plots for Marimba and Mukuvisi 
micro-catchments

Simulation results for hadCM3 scenarios

Streamflow

Table 2 shows the variation of streamflow between the baseline 
period (2000−2010) and the projected decades for the two 
scenarios HadCM3A2a and HadCM3B2a. In addition, the 
percentage change in streamflow is shown in brackets for each 

micro-catchment and scenario period. A positive percentage 
change reflects an increase in streamflow whilst a negative 
percentage change reflects a decrease in streamflow.

The results in Table 2 generally showed a decrease in streamflow 
for both scenarios and the two projected decades as compared to 
the baseline decade 2000–2010 which was used for calibration. 
Table 2 also shows an undersimulation of peak flow compared to 
observed data. It is projected that there will be a relatively lower 
decline in streamflow 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 streamflow will increase with time from the 

Table 2. Comparison of streamflow between the baseline period and the projected scenario periods

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 (x 106 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 (x 106 m3)

Gwebi 319.5 11.3 10.6 12.7 12.4 Peak discharge (m/3/s)
591.5 454.9 (−23.1%) 435.4 (−26.4%) 491.7 (−16.9%) 459.7 (−22.3%) 10-year cumulative volume (x 106 m3)

Lake Manyame 
Basin

183.2 25.5 23.9 30 24.5 Peak discharge (m3/s)
1 372 1 120 (−18.4%) 1 139.4 (−17%) 1 204.8 (−12.2%) 1 152.9 (−16%) 10-year cumulative volume (x 106 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 (x 106 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 (x 106 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 (x 106 m3)
Lake Chivero 
Basin

162.4 23.5 22.9 27.6 22.9 Peak discharge (m3/s)

1 215.9 1 034.6 (−14.9%) 1 093.3 (−10.1%) 1 109.5 (−8.8%) 1 077.8 (−11.4%) 10-year cumulative volume (x 106 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 (x 106 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 (x 106 m3)

*gauged catchments

Figure 7. Calibration scatter plots for (a) Marimba and (b) Mukuvisi Figure 8. Validation scatter plots for (a) Marimba and (b) Mukuvisi
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2030−2040 decade to the 2060–2070 decade. For Mukuvisi micro-
catchment the streamflow 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 streamflow is 
projected to decrease by 13.5% and 11.7% for the HadCM3A2a 
and HadCM3B2a scenarios, respectively. Umzururu micro-
catchment is projected to have the highest decline in streamflow 
which will be at most 26.4% for the HadCM3A2a scenario.

However, some micro-catchments, notably Mukuvisi, Ruwa, 
Musitwe and Manyame upstream, are projected to have 
relatively lower decline in streamflow, of at most 14% for the 
HadCM3A2a scenario (2030–2040) and at most 18% for the 
2060–2070 decade for the same scenario. The percentage decline 
is projected to range from 7.4% to around 16% for most of the 
micro-catchments. Notably, for Marimba the streamflow volume 
is projected to decrease by 14.2% and 7.4% for the HadCM3A2a 
and HadCM3B2a scenarios, respectively, for the 2030–2040 
decade. The streamflow is projected to decrease for the 2060–2070 
decade by approximately 16.2% for scenario HadCM3A2a and 
12.7% for scenario HadCM3B2a. The decrease in streamflow in 
the projected periods is mainly due to a decrease in the projected 
rainfall. Also, the temperature is projected to increase with 
time, which suggests a potential increase in evaporation. The 
combination of lower rainfall and higher temperature/evaporation 
will result in a reduction in streamflow. The high temperature will 
cause an increase in water loss through evaporation. The decline 
in streamflow is projected to be higher for the HadCM3A2a 
scenario as compared to the HadCM3B2a scenario, mainly 
because the HadCM3A2a scenario is the worst-case scenario with 
high emissions and hence more pronounced impacts of climate 
change. The HadCM3B2a scenario is constructed based on 
assumptions of fewer emissions and the use of environmentally 
friendly technology leading to reduced impacts of climate change.

A paired t-test was run to determine whether there was a 
statistically significant difference between the baseline flows and 
projected flows for all the HadCM3 projected time scenarios. 
Table 3 shows the two tailed p-values.

The results show that there are statistically significant differences 
between the baseline flow and the projected flow for the HadCM3 
scenarios.

Reservoir inflows

Table 4 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.

Results for major surface water sources, i.e., Lake Manyame and 
Lake Chivero, showed a projected decrease of inflows during 

the 2030–2040 decade as well as the 2060–2070 decade for both 
scenarios compared to the baseline period of 2000–2010. Lake 
Chivero is projected to have 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 is projected to have a decline in inflows of 16% 
and 14.6% for the HadCM3A2a and HadCM3B2a scenarios, 
respectively. Lake Manyame is projected to have a 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. The projected decrease in 
reservoir inflows into the major reservoirs of the sub-catchment 
that is Lake Manyame and Lake Chivero will cause water 
shortages for the Harare residents who depend on these reservoirs 
for their water supply. Again, the projected decrease in rainfall 
and increase in temperature will lead to this decrease in reservoir 
inflows. Also, the increase in temperature will cause a rise in open 
water evaporation which will greatly reduce the available surface 
water. However, 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).

Simulation results for CanESM2 RCPs

Streamflow

Table 5 shows the change in streamflow between the baseline 
period used for calibration (2000–2010) and the 2030–2040 
decade as well as the 2060–2070 decade for the two representative 
concentration pathways: RCP2.6 and RCP8.5. Shown in brackets 
is the percentage change in streamflow for each catchment during 
the projected periods. A positive percentage change represents 
an increase in streamflow while a negative percentage change 
represents a decrease in streamflow.

The results in Table 5 show that there will be a decline in 
streamflow for most of the micro-catchments. The decline in 
streamflow will be relatively higher for RCP8.5 as compared to 
RCP2.6. Lake Chivero basin will experience a relatively higher 
decline in streamflow as compared to other micro-catchments. 
The streamflow 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 streamflow. 
Streamflow is projected to drop by 2.5% and 12.1% between the 
baseline period and the 2030–2040 and 2060–2070 decades, 
respectively, under scenario RCP2.6. For the RCP8.5 scenario, 
streamflow volumes 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 streamflow during 

Table 3. Paired t-test p-values 

Catchment HadCM3A2a(2030s) HadCM3A2a(2060s) HadCM3B2a(2030s) HadCM3B2a(2060s)

Mukuvisi 0.000 0.000 0.000 0.000

Marimba 0.000 0.000 0.009 0.000

Table 4. 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 5 868 4 831 (−17.7%) 4 812 (−18%) 5 154 (−12.2%) 4 909 (−16.3%) Inflow (x 106 m3)

Lake Chivero 3 738 3 154 (−15.6%) 3 139 (−16%) 3 347 (−10.5%) 3 193 (−14.6%) Inflow (x 106 m3)
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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%).

Generally, the decrease in streamflow 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. 
This means that there will be more global warming and the 
impacts of climate change will be greater as compared to RCP2.6 
with a relatively lower radiative energy and less emissions. In 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 streamflow will decrease mainly during the 
usually high-flow season. The decline in streamflow 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 streamflow 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 rainfall and temperature projections under these 
representative concentration pathways also revealed that there 
will be a decline in the amount of rainfall and an increase in the 
temperature. The decrease in rainfall will be higher for RCP8.5 

than RCP2.6 and, the increase in temperature was also projected 
to be higher for RCP8.5 as compared to that for RCP2.6.

A paired t-test was run to determine whether there was a 
statistically significant difference between the baseline flow and 
projected flow for all the CanESM2 RCP projected time scenarios. 
Table 6 shows the two-tailed p-values.

The paired t-test results show that there are statistically significant 
differences between the baseline flow and projected flow for most 
of the time periods, except for RCP2.6 (2030s) where there is no 
statistically significant difference between the baseline flow and 
the projected flow.

Reservoir inflows

Table 7 shows the comparison of reservoir inflows into Lake 
Manyame and Lake Chivero between the baseline period and the 
projected periods.

Lake Manyame and Lake Chivero are projected to have a decline 
in 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 

Table 5. Comparison of streamflow between the baseline period and the projected periods for RCP2.6 and RCP8.5

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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 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%) 10year cumulative volume (x 106 m3)

*gauged catchments

Table 6. Paired t-test p-values

Catchment RCP2.6(2030s) RCP2.6(2060s) RCP8.5(2030s) RCP8.5(2060s)

Mukuvisi 0.083 0.000 0.000 0.000

Marimba 0.469 0.001 0.000 0.000



367Water SA 48(4) 359–368 / Oct 2022
https://doi.org/10.17159/wsa/2022.v48.i4.3920

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. Under RCP8.5 
inflows will drop by 21.5% and 33.6% between the baseline period 
and the 2030–2040 and 2060–2070 decades, respectively.

The decline in streamflow and inflows into the major reservoirs of 
Lake Manyame and Chivero suggest that there will be a reduction 
in the available surface water in Upper Manyame sub-catchment. 
This will be exacerbated by the increase in the rate of evaporation, 
mainly triggered by an increase in mean temperature. Reductions 
in available surface water will impact negatively on the water 
supply to the residents of greater Harare. Furthermore, reduced 
water availability will increase the tension between urban water 
demands and agricultural water demands upstream of the lakes. 
This calls for forward planning and stakeholder engagement by 
water management authorities in the sub-catchment.

Many countries in Southern Africa are projected to have a 
decrease in streamflow due to reduction in precipitation amount 
in future. Countries in the Zambezi basin are projected to have 
a decline in streamflow by approximately 20% by 2050. Areas 
around Harare, Zimbabwe, are projected to experience a 19% 
reduction in streamflow due to decrease in precipitation amount 
(Beilfuss, 2012). These predictions are in line with this study’s 
predictions that the streamflow will decrease with time for all 
the scenarios and representative concentration pathways. It is, 
however, recommended that future studies should consider as 
many GCM models as possible depending on their accessibility.

The projected decrease in inflows presents a potential challenge 
from a water quality perspective. Lake Chivero has been 
established as a eutrophic, if not hypertrophic, Lake. Nhapi  
et al. (2007) established that a significant cause of the nutrient 
enrichment of Lake Chivero is sewage effluent. In such a system, 
reservoir inflows play an important role in annual flushing, and 
to some extent vertical mixing, of the water column. Projected 
decrease in reservoir inflows of 8–34% over the coming years will 
worsen the current water quality status of the lake. Fish catches 
and fish composition that were noted by Utete et al. (2018) to 
be on the decline will, most likely, further decline. This calls for 
better management of the lake and the sub-catchment as a whole.

CONCLUSIONS

Results for the HEC–HMS model calibration and validation 
showed that the model can simulate streamflow and reservoir 
inflows at a recommended RVE and bias. The impacts of 
the HadCM3 and CanESM2 projected climate variables on 
streamflow is that streamflow is projected to decrease for most of 
the micro-catchments. The reservoir inflows for Lake Manyame 
and Lake Chivero are projected to decrease. Climate change is 
projected to continue to affect the area in the future time periods 
as signaled by the reduction in streamflow and reservoir inflows. 
There is therefore a need to strengthen climate change mitigation 
and adaptation measures to reduce the projected impacts.

In summary, the results revealed that the streamflow and reservoir 
inflows are projected to decrease significantly, thereby reducing 
the available surface water volumes.
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