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Abstract. We investigate the impacts of land cover changes on the river flows of the Middle Zambezi tributary
catchments in Zimbabwe. Trend analysis on rainfall and streamflow was carried out using the Mann-Kendall
test at monthly and annual time steps. Rainfall analysis indicated an increasing trend which was not statistically
significant (p < 0.05) for all stations. Annual streamflow time series indicated negative decreasing trends which
were not statistically significant (p < 0.05) except for the rainfall months of November and December. The study
deduced that the changes in rainfall did not affect hydrological catchment behaviour and changes in streamflow
were thus caused by anthropogenic factors such as land cover changes. Statistical tests indicated a weak but
significant correlation between rainfall and streamflow which also supports the fact that changes in streamflow
are mainly driven by land cover changes. Land cover change assessments were done through supervised clas-
sification of Landsat images for the years 1989, 1998, 2008 and 2014. All catchments exhibited increases in
cultivation area and decreases in forest and grassland. The semi-distributed HBV-Light model was applied for
change detection modelling of the gauged Musengezi catchment. We conclude that the HBV Light model can be

successfully used to simulate flows for the catchment.

1 Introduction

The Zambezi River Basin is the fourth largest African fresh-
water catchment and the largest river system in Southern
Africa covering an area of 1.37 million km? with a discharge
averaging around 2600 m>s~! into the Indian Ocean (Beil-
fuss, 2012). The population of the basin is estimated at over
30 million (World Bank, 2010). Approximately 7.5 million
(25 %) live in the main urban centres and the remainder in ru-
ral areas (ZAMCOM/SADC/SARDC, 2015). The expected
increase in population, hence increase in consumptive use,
will be coupled with land use changes that may, in turn,
have an impact on the flow regimes of the basin. The Middle
Zambezi part of the basin in Zimbabwe is also experienc-
ing these increased pressures including increasing demands
for water. Besides population increase, changes in agricul-
tural practices and deforestation have been witnessed. It is
necessary to investigate to what level these environmental
pressures influence river flow changes and, also, to propose
measures to mitigate negative impacts on river flow regimes.

Land use and land cover change drives many environmental
models such as hydrological models within large and smaller
river basins. The recent interests towards integrated manage-
ment of land and water has renewed the need of quantifying
the hydrological impacts of land use changes (Gumindoga et
al., 2014) The integrated management of land and water re-
sources will facilitate more productive and sustainable utili-
sation of the natural resources available in the basin.

This study seeks to understand and quantify the impacts
of land cover changes on river flows in the Middle Zambezi
Basin so as to devise ways of mitigating their impacts. GIS
and remote sensing techniques will be integrated into a semi-
distributed hydrological model to evaluate the historical im-
pacts. This improved understanding on hydrology, land use
management, land cover change interactions is critical for
improved water and ecosystem management.
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Figure 1. Zambezi River Basin with sub basins, major lakes, rivers, elevation. The location of Angwa, Lower Manyame and Musengezi

Catchments from the Zambezi Basin is also shown.

Table 1. Runoff stations in study area.

Catchment Station Name Code Subzone Period Avaible No. of years availabe
From to

Angwa Angwa-Chengu C86 CA2 1975 1994 19

Lower Manyame  Manyame-nyakupunu Co4 CH2 1993 2013 20

Manyame-Yomba Manayame-Balancing C77 CH2 1988 2011 23

Dam C101 CH2 1989 2010 21

Musengezi Musengezi C68 CUG2 1966 2011 43

2 Study area

The Middle Zambezi Basin stretches from Victoria Falls to
Lake Cabora Bassa. On the Zimbabwe side it has many trib-
utaries and amongst them are the Angwa, Lower Manyame
and Musengezi catchments all these draining directly into
Lake Cabora Bassa (Fig. 1). Only Manyame River is peren-
nial, with the rest being ephemeral. These three river sys-
tems are part of the Manyame Catchment of Zimbabwe.
The Angwa catchment has a total area of 9479 km2, and is
made up of two subzones CAl and CA2 according to the
ZINWA subzone demarcations. The Lower Manyame catch-
ment, comprising of two sub zones CH1 and CH2, has a total
area of 6308 km”. The Musengezi catchment with subzones
CUG1 and CUG?2 has a total area of 6925 km?. All, except
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for the Manyame, are independent of upstream flow contri-
butions.

The lower parts of these catchments lie in the Zambezi
Valley in the Mbire and Muzarabani districts and experience
flash floods which are partly a result of backwater effects
when the downstream Lake Cahora Bassa records high stor-
ages as well as flows from upper catchments of the main
rivers (Matingo, 2017). Average daily temperatures in the
three catchments range from 24 to 32 °C, with the highest
temperatures recorded on the northern parts of the catch-
ments in the Zambezi valley reaching as high as 40 °C. The
Mbire and Muzarabani districts receive low rainfall of ap-
proximately 450-650 mmyear~! and is classified as one of
the driest agro ecological regions of Zimbabwe.
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3 Material and methods

3.1 Data acquisition
3.1.1 Hydro-meteorological data

Runoff data was obtained for four stations (C86, C64, C77,
C77, C101 and C68) in the lower Manyame, Musengezi
and Angwa catchments. The stations have varied lengrhs of
records ranging between 19 and 43 years. The details of
runoff and rainfall stations are outlined in Table 1.

3.1.2 Satellite images

Freely available Landsat images were acquired from https://
earthexplorer.usgs.gov/ (last access: 23 May 2018). The data
was used for land use and land cover change mapping for
Angwa, Lower-Manyame and Musengezi catchments. Land-
sat TM, ETM+ and Landsat 8§ images were acquired between
the years 1989 and 2014 which had approximately similar
rainfall and distribution for each study catchment. The im-
ages were for the same season between June and September
being the dry season for the three catchments. During the
dry season, chances of obtaining minimum cloud cover of,
preferably 0 %, are high. In addition, during this cool dry sea-
son, grass would have senesced, while the crops would have
been removed from the fields thus allowing for better clas-
sification of land cover. The Angwa catchment is covered
by four tiles with path/row combination 170/071, 170/072,
171/071 and 171/072. The lower Manyame catchment is cov-
ered by 2 tiles path/row combination 170/071 and 170/072.
The path/row combination for the 3 tiles covering Musengezi
catchment is 170/071, 170/072 and 169/071.

3.1.3 Digital Elevation Data

In hydrologic modelling, high-resolution spatially distributed
elevation data is required. The ASTER (30 m resolution)
DEM required for DEM hydro-processing (catchment ex-
traction) in ILWIS Software was downloaded from https:
/learthexplorer.usgs.gov/ (last access: 23 May 2018).

3.1.4 Evapotranspiration

Evapotranspiration was derived from Moderate Resolution
Imaging Spectroradiometer (MODIS 16) satellite. The data
was obtained for monthly time steps and was then processed
in ILWIS to get the monthly average evapotranspiration over
the gauged part of Musengezi catchment.

3.2 Trend analysis in rainfall and stream flow

The hydrological functions of a catchment can be altered
by climatic factors and human interferences which can be
evaluated through trend analysis of hydro-meteorological
records (Rientjes et al., 2011). The study determined trends
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in streamflows at stations C68, C86, C77 and C101. Rain-
fall data was obtained for Guruve, Muzarabani, Kanyemba,
Karoi, Rukomiche, Mvurwi and Mt. Darwin stations.

The data was tested for normally distribution, stationar-
ity, consistency and homogeneity as described in Dahmen
and Hall (1990). The hydro-meteorological data was visu-
ally screened perfore perfoming normality tests, plausibil-
ity checks, data consistency and homogeneity tests and trend
analyses (Uhlenbrook et al., 2010). The Mann—Kendall (MK)
test, a non-parametric rank based method was used to test
for trends in the streamflow records and long-term rainfall
(Mann, 1945; Kendall, 1975) as given in Eq. (1):
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n is the number of data

Y; and Y; are the data values in two consecutive periods

t; is the number of ties, i.e. equal values, of extent i and
n is the number of tied groups.

The test statistic S is asymptotically normal with zero mean
and standard deviation oy; as computed from Eq. (3) (Hirsch
and Slack, 1984). For cases where the sample size n is larger
than 10, the standard normal variate p is computed by using
the following equation (Rientjes et al., 2011).

S—1
if $>0
85
p=10 if §=0 (3)
_— if §<0
85

Upward trends are characterised by a positive value of S,
whilst downward trends signal a negative value (Partal and
Kahya, 2006).

3.3 Change detection in rainfall and streamflow

The year at which there was a change in stream flow was
identified using the moving average ¢ test (Rientjes et al.,
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2011; Zheng et al., 2007). The test statistic of the ¢ test is
given by:

X1 —Xx2
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Where:

— x1 and xp =mean annual stream flow of the N years
before the potential change point and the N years after
the potential change point, respectively;

— Np and N = the number of years in the first and second
period;

— 51 and sy = standard deviations in the first and second
periods;

— s =pooled standard deviation.

Np and N, was equal for this study. Flow indices in each
period were estimated, after having identified periods where
mean annual flows are significantly different. These statis-
tics include a high flow index (Qs/Qs0) and a low flow in-
dex (Qo5/Q50), where Qy is the flow with probability of ex-
ceedance of k % of the time. The Weibull plotting position
formula was applied to estimate exceedance probabilities as
the approach relates to minima (i.e. smallest extreme values)
as compared to Gumbel and Fréchet formula, for instance,
that relate to maxima (i.e. largest extreme values).

3.4 Image classification for Land use/cover Changes

Processing of the downloaded images involved image recti-
fication or geo-referencing and image enhancement. Image
enhancement was done by preparing a colour composite of
Landsat bands 5, 4 and 3 for Landsat TM images and bands 6,
5, 4 for Landsat 8 images (images visualised in their true
colour) for each study year and catchment. The ILWIS soft-
ware was used to perform image analysis and classification to
obtain the land cover map. Ground truthing was achieved us-
ing a handheld GPS where a total of 150 points correspond-
ing to the different landcover classes were taken for accuracy
assessment.

3.5 Determining the impacts of land use and land cover
changes on the streamflows using the HBV Light
Model

The HBV light model (Seibert and McDonnell, 2010) was
applied to examine the time series of model residuals which
basically means calibration for a period before (or after)
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change and simulation of runoff that would have been ob-
served without land-cover changes (reconstruction of natu-
ral runoff series) following Seibert and McDonnell (2010).
Runoff was simulated at a daily timesteps with daily pre-
cipitation and temperature and monthly long term potential
evapotranspiration as input variables to the model (Seibert
and Vis, 2012). Areal rainfall and temperature time series
were interpolated for different elevation zones. The semi-
distributed model structure was adopted with three vegeta-
tion zones for each of the 6 elevation zones. The classified
land cover maps for the year 2008 were then used to define
vegetation zones in each catchment which include cultiva-
tion, water and forest. The DEM was used for estimation of
catchment boundaries and elevation.

Daily discharge data obtained from ZINWA for gauging
station C68 was also used as input into the model as well
as average daily rainfall and mean temperatures of the sur-
rounding stations (Mvurwi, Guruve and Muzarabani) ob-
tained from the Meteorological Office.

3.6 Model Calibration and validation

Model calibration (October 1998 to September 2006) was
achieved by use of Monte Carlo simulations (MCs) proce-
dure, where best performing parameter sets were randomly
generated from various model simulations. Model param-
eters were then manually adjusted, in order to obtain a
process-based representation of the hydrological character-
istics in the study catchments (Uhlenbrook et al., 2010). The
objective of MCS is to explore the entire parameter space to
find the best performing parameter sets. The Nash—Sutcliffe
efficiency (Nash and Sutcliffe, 1970) (NSE) and the rela-
tive volumetric error (RVE) were used to assess the model
efficiency. Model validation was done for the period Octo-
ber 2007 to September 2008.

3.7 Model application for land cover change impacts

The land cover map for the year 2008 was used in calibrating
the model and obtaining of optimal parameter sets as avail-
able meteorological data was up to the year 2008. Parame-
ters were calibrated for a reference period and the simulated
runoff compared to observed runoff in periods with poten-
tial change (Seibert and McDonnell, 2010). To detect if there
has been any changes as a result of land use, all the opti-
mized parameters and the input variables derived from run-
ning the model for the period 2000 to 2008 were held con-
stant as in Gumindoga et al. (2014), then the land cover pa-
rameters were varied to 1989, 1998 and 2014 ones and the
model simulated again to observe if there were any differ-
ences to the runoff simulated In the model setup, only the
catchment characteristics derived from land cover maps were
changed, the precipitation, temperature and evapotranspira-
tion values which were applied to simulations for the period
1998 to 2008 remained unchanged thus model forcing re-
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Table 2. The Mann Kendal test statistic (Test Z) for trend analysis for monthly and annual rainfall for Mvurwi, Guruve and Muzarabani and

the Sen’s slope estimate (Q).

Time Series Mvurwi (1970-2008) Guruve (1970-2013) Muzarabani (1991-2013)
n Testz  Sig 0 n Testz  Sig 0 n Testz  Sig 0
ANNUAL 38 —1.207 —5.104 40  +0.198 0.451 23 40.106 1.065
The “+” sign means an increasing trend and the “—” sign means a decreasing trend. *: statistically significant at 5 % level.
Angwa catchment 2008 2014
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Figure 2. Middle Zambezi catchment land cover classification results for the years 1989, 1998, 2008 and 2014.

mained unchanged making the effect of land cover change
explicit in the model though this maybe an over simplifica-
tion.

4 Results and discussion

4.1 Rainfall trend analysis

Results of the trend test for Mvurwi, Guruve and Muzarabani
indicated that there was a decreasing trend in the monthly
received rainfall for September, October and December to
July (Table 2). The month of May is the only month that
had a statistically significant decreasing trend at 5 % level
of significance.

The Sen’s estimator (Q) for true slope of linear trend
showed negative slopes for seven months of the year that in-
clude the rainfall season months for Zimbabwe and a posi-
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tive slope for November. The dry season periods of June to
September showed zero for the Sen’s slope.

Similarly, trends for Kanyemba station were not signifi-
cant for all months while Rukomiche station showed an in-
creasing trend for months of December, January and March
which are all in the wet season.

Trends for Karoi station were found to be statistically in-
significant for all months of the year. All the trends for Mt
Darwin station were not significant.

4.2 Streamflow trend analysis

Analysis of annual streamflow for station C68 located in
Musengezi catchment showed a negative trend that is not sta-
tistically significant (p = 0.05). Analysis on monthly stream-
flows showed negative, downward trends for eleven months
of the year and a positive trend for February only. Months in
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Figure 3. (a) Observed and simulated streamflow at C68 (1998-2008) and (b) streamflow hydrograph comparisons under the four land cover

change periods.

the dry season between May and August showed statistically
significant negative downward trends.

Statistically significant trends were also indicated for the
months of November and December which all fall within the
rainy season. Streamflows at station showed three clear seg-
ments where change of trend was detected. The mean annual
discharge was 3.26m>s~! for the period 1967 to 1972, then
increased to 4.97 m3s~! for the period 1976 to 1983 and de-
creased to 4.74 m3s~! between 1995 to 2011.

Monthly streamflows at C101 in Lower Manyame Catch-
ment showed significant negative, downward trends for the
months of July, August and November while trends for all
the other months were not significant at p = 0.05 with June
and September showing negative trends and the rest of the
months showing positive increasing trends.

4.3 Results of image classification

Land cover changes were analysed for the period 1989, 1998,
2008 and 2014 for the three study catchments of Angwa,
Lower Manyame and Musengezi. All catchments exhibited
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increases in cultivation area and decreases in forest and
grassland (Fig. 2). The overall accuracy for Angwa catch-
ment, Lower-Manyame and Musengezi Catchment is 88.57,
85.71 and 86.54 % respectively. Results of the overall accu-
racies are all above 85 % which means the images represent
well the land cover features on the ground and are therefore
suitable for further use. Highest accuracies were obtained for
Bareland, Water and Marshy, Cultivation and Irrigation.

4.4 Model calibration and validation results

For calibration period, a reasonably good model performance
with a Nash Sutcliffe Efficiency (NSE) of 0.61 was obtained
using the land cover map of 2008 which were considered as
the baseline conditions. A Relative Volume Error (RVE) and
Percentage Bias (PBIAS) of 7.2 and 8.5 % respectively were
obtained which as well indicates a reasonable performance.
The model underestimated the peak flows and overestimated
the low flows. The model validation was for the period 2006
to 2008. The model reproduced the observed streamflow hy-
drograph but under estimated the peak flows as a result un-
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derestimating the total observed streamflows. A NSE of 0.57
was obtained with a RVE and PBIAS of 8.9 and 8.7 % respec-
tively indicating a reasonable model performance as well.

4.5 Simulation results under land cover changes

Simulation results for the period 1998 to 2008 served as
the reference to simulations of the historic and future pe-
riods (Fig. 2: top). The simulations followed the pattern in
the observed streamflow. However, it was observed that peak
flows were under estimated and low flows over estimated.
The simulated hydrographs represented the baseflows well.
Figure 3b shows the streamflow hydrograph comparisons un-
der the four land cover change periods.

5 Conclusions and recommendations

1. Increasing but insignificant trends were observed in
rainfall received over the studied catchments while de-
creasing insignificant trend were observed in stream-
flows. This strongly suggests that the changes observed
in streamflows are not directly caused by changes in
rainfall but other drivers such as, possibly, land use
changes.

2. Angwa, Lower Manyame and Musengezi have under-
gone notable land use and land cover changes over time.

3. Change detection modelling results indicated that
changes in streamflows are caused by land use and land
cover changes as was indicated by the changed simula-
tion results of the mean flows and peak flows between
the period 1989 and 1998 to 2014.

We recommend for policies that curb massive human in-
duced deforestation that has been affecting the Middle Zam-
bezi Basin. The cultivation of flood-prone land should also
be prohibited. The regular analysis of land cover change on
hydro-meteorological time series is urgently needed to as-
certain the scales of changes from time to time. Integrated
land use plans should be developed and implemented. Future
studies should estimate actual evapotranspiration to evaluate
how the basin water balance is affected by deforestation and
land use changes.

Data availability. Data are not publicly accessible due to restric-
tions imposed by the supplier of the data.
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