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ABSTRACT
The Lower Middle Zambezi Basin is sandwiched between three hydropower dams; Kariba, Kafue (Itezhi-tezhi) and Cahora
Bassa. The operation of the upstream dams impacts on the inflows into the downstream Cahora Bassa Dam which, in turn,
affects the area inundated upstream of the Cahora Bassa Dam. This study applied a rainfall-runoff model (HEC-HMS) and
GIS techniques to estimate both the gauged and ungauged runoff contribution to the water balance of Cahora Bassa. The
rivers considered in the study are the Zambezi, Kafue, Luangwa, Chongwe, Musengezi and Manyame. Missing data were
generated using the mean value infilling method. The DEM hydro-processing technique was used to determine the spatial
extent of the ungauged area. A hydrological model, HEC- HMS, was used to simulate runoff from the ungauged catchments.
Results from the study show that the ungauged catchment contributes about 12% of the total estimated inflows into the
Cahora Bassa Dam. Averaged results over 30 years show total inflows of 71.73 x 10° m*/yr, total outflows of 52.25 x 10° m*/
yr and a residual storage of 20 x 10° m*/yr. The study successfully estimated the water balance of the Middle Zambezi Basin
which, in turn, may help to inform the operation of the Cahora Bassa Dam and management of artificial floods in the basin.
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INTRODUCTION

The increased water demands in the Zambezi Basin have led to
the construction of dams to store excess flows for release during
periods of low flows and to be used for hydropower generation,
irrigation and other requirements (Tumbare, 2005; Magadza,
2006). In addition to these uses, the dams have also benefitted
the inland fishing industry and hydro-tourism (Chenje et al.,
1998; IFRC, 2007). However, negative effects such as flooding of
settled and cultivated areas have also been associated with the
operation of these reservoirs. The middle Zambezi River water-
course system, which stretches from the Victoria Falls up to the
Cahora Bassa Dam wall, currently has three large hydroelectric
dams namely, Kafue (Itezhi tezhi), Kariba and Cahora Bassa.
These dams have full supply capacities of 5.6 km?, 180 km® and
55.8 km® respectively. The Kariba and Cahora Bassa dams lie

on the Zambezi while the third lies on the Kafue River, a major
tributary of the Zambezi. As these reservoirs were constructed in
the Zambezi Basin primarily for hydropower production pur-
poses, they maintain a high hydraulic head in order to maximise
power production.

Natural floods in the basin are caused by high-intensity and
short-duration rainfall from upstream catchments while artificial
floods are due to the operation of the reservoirs whose main
objective is power generation. Parts of Mbire and Muzarabani
districts in Zimbabwe and Luangwa District (Zambia) extend
into the low-lying Zambezi Valley. Muzarabani District has
experienced at least one flood every year since 2000 (IFRC,
2007). The frequency and intensity of these floods is a source
of concern especially when contrasted with the human and
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livestock population increases in these areas (Beilfuss and Dos
Santos, 2001). Luangwa and Kanyemba have a lower flood fre-
quency with the most severe flood in Luangwa realised in 2001
when an estimated 30 000 people were affected (Du Toit, 1993;
IFRC, 2007).

In addition, the biggest challenge faced in trying to under-
stand the hydrological and environmental conditions in this
basin is the lack of hydrological data since some of the catch-
ments are ungauged. Examples of these ungauged catchments
are Angwa, Rukomechi and Lower Manyame. Hydrometric
measurements are fundamental for the understanding of water
balances of hydrological systems. For the middle Zambezi Basin,
it is important to understand water balances as this informs
the operation of reservoirs and management of floods. Many
catchments have inadequate measurements of hydrologic vari-
ables to facilitate comprehensive water resource assessments.

In some cases where data are available they are very limited

and of questionable quality thus rendering many catchments
ungauged (Beven, 2001; Sivapalan, 2003). Attempts at improving
some traditional hydrologic tools such as the unit hydrograph
and flow duration curves for ungauged basins have resulted in
unnecessary sophistication of the tools (Sivapalan, 2003; Wale

et al., 2009). The quest to assess water resources and stream flows
in such ungauged catchments remains at the centre of hydrologic
sciences and water resources planning and management in the
Middle Zambezi Basin.

The integration of remote-sensing data into hydrological
studies and water balance studies has progressed over the past
decades (Kite and Pietroniro, 1996; Weissling and Xie, 2008;
Delrieu et al., 2009; Gumindoga et al., 2011; Silvestro et al.,
2013). Remote sensing can provide land surface data relevant
to specific hydrologic problems such as streamflow or runoff
modeling. In several studies, remotely-sensed data have served as
input variables to semi-distributed and distributed hydrological
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models (Beven, 1997; Beven, 2001; Biftu and Gan, 2004;
Gumindoga et al., 2014). At various spatial and temporal scales,
remote sensing has provided numerous solutions and conveni-
ence to characterizing biophysical and geophysical land surface
processes and properties, many of which relate to hydrological
science (Schmugge et al., 2002; Santillan et al., 2012). Satellite
data have emerged as a viable alternative or supplement to in-situ
observations (Gumindoga et al., 2014) due to their easier acces-
sibility and applicability over vast ungauged parts of the Middle
Zambezi basin.

This study therefore sought to establish the applicability of
a combination of in-situ measurements and remotely-sensed
data to predict ungauged runoft from Middle Zambezi Basin
using the Hydrologic Engineering Centre Hydrologic Modelling
System (HEC-HMS) rainfall-runoftf model, with the aim of
improving water balance estimation.

MATERIALS AND METHODS
Study area

The study area lies almost entirely within the Middle Zambezi
valley from 28.27°E to 32.75°E and 14.83°S to 17.08°S at an eleva-
tion range of approx. 145 m amsl at Cahora Bassa Dam to 1 700
m amsl in the plateau areas of the Angwa catchment. The area is
shared by three countries Zambia, Mozambique and Zimbabwe
(Fig. 1). The study area provides runoff into the Cahora Bassa
Dam and is an area that is either ungauged or the gauging sta-
tions are located further upstream of the main Zambezi River.

This research focused on the contributing catchment into
Cahora Bassa Dam covering the Zambezi, Luangwa, Chongwe,
Kafue, Musengezi and Manyame rivers. The vegetation of the
study area is predominantly savanna and perennial forest,and
falls within the miombo woodland ecoregion that occurs across
Zambia, Zimbabwe and Mozambique (Du Toit, 1993).

The climate is influenced by the Congo air masses, north
easterlies and the Inter-Tropical Convergence Zone (ITCZ). The
tropical cyclones from the Indian Ocean also affect the Zambezi
basin, bringing large storms which, of late, have caused destruc-
tion of property and loss of lives through flooding. The local
climate of the basin is also affected by the presence of large water
bodies such as Lake Kariba, Lake Malawi and Cabora Bassa
(Madamombe, 2004). The rainy season is largely dependent on
the low-pressure system of the ITCZ, which moves southwards
across Zambia in November and reaches its peak between
January and February. The ITCZ peak period also coincides with
the period when river flows are maximum thus making the basin
more prone to flooding at this time of the year (Madamombe,
2004). Because of high temperatures during this period, convec-
tional rainfall is also common. Although, on average, the area
receives rainfall of about 650 mm/yr, the basin is characterized
by extreme variations in rainfall, both spatially and temporally.
For example, the Lower Manyame river catchment has a mean
annual precipitation (MAP) of 836 mm, an evaporation rate of
2 092 mm/yr and a mean annual runoff (MAR) of 96 mm. The
Musengezi river catchment has a MAP of 816 mm, evaporation
rate of 2 094 mm/yr and a MAR of 102 mm (Garedondo, 2015).
Maximum rainfall is recorded from December to February aver-
aging approximately 200 mm in Luangwa river catchment with
along dry period extending from April to October across the
whole basin. The rainfall season extends from October to March.
Average daily temperatures in places such as Chongwe river
catchment range from 24°C to 32°C, with the highest tempera-
tures recorded in the Zambezi Valley (Mbire and Muzarabani
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districts) reaching as high as 40°C (Baudron et al., 2011). Such
high temperatures, in particular those recorded across Southern
Africa in the 2015/2016 rainfall season, are associated with
droughts. Floods of unprecedented magnitudes experienced in
the years 2000 and 2003 were mainly caused by tropical cyclones.

Data collection and filling

Observed flow data at Kafue, Chongwe, Luangwa, Manyame,
Dande and Musengezi Rivers were used to analyse gauged flow
contributions. Releases from Kariba and Kafue Dams were also
considered as inflow with the main assumption here being that
there are no transmission losses in between. This is logical given
the rocky terrain traversed by the Zambezi River between these
dams and Cahora Bassa Dam.

The daily time-step rainfall and runoft data used in this
study had missing values of, on average, 1-3 days per month.
Therefore, the mean value infilling method was employed after
the data was divided into wet and dry seasons. Winsorised values
were substituted for missing values to dampen the effects of
outliers by estimating the mean and standard deviation of the
symmetric distribution (Gilbert, 1987). This method was used
because it is easy to apply and because it provides accuracy equal
to the standard error of the mean (Shih and Cheng, 1989). The
mean value infilling method was validated using the Pearson
correlation coefficient method whereby the original time series
with gaps was correlated with the filled time series for all the
rainfall and runoff gauging stations.

Determination of the flow contribution from the
ungauged catchments

In addition to the gauged flows, a component of the inflows

into the Cahora Bassa comes from ungauged areas. According
to Winsemius et al. (2009), a large portion of the Lower Middle
Zambezi is ungauged. For hydrologists, it is always a con-
siderable challenge to extrapolate information from gauged

to ungauged basins (Sivapalan, 2003), yet contributions of
ungauged systems may be significant (Ibrahim and Cordery,
1995). In order to estimate the ungauged component of the
water balance and so determine its significance, GIS and remote
sensing were used to extract the ungauged areal extent through
the DEM hydroprocessing tool in the Integrated Water and Land
Information System (ILWIS) software. Therefore, the extent of
the ungauged area was extracted using a Hydro-IK DEM (1 km
spatial resolution) of the Middle Zambezi Basin with the bound-
ary of the ungauged area being determined by the locations of
the most upstream gauging stations.

Simulation of flow contributions

The HEC-HMS rainfall runoff model of the US Army Corps
of Engineers was used to simulate flows in both the gauged
and ungauged catchments. In the absence of input data for the
catchments under study, neighbouring catchments with simi-
lar characteristics were used to generate the input aided by the
GIS ILWIS software. The similarity between the gauged and
ungauged catchments was established through a physical param-
eter comparison (Adib et al., 2010; Wale et al., 2009). A similar
approach was used in the Upper Manyame Basin (Gumindoga
et al., 2016).

After conducting the physical parameter comparison, the
HEC-HMS was then used to simulate flows based on inputs

642



of rainfall, evaporation, soil type, hydrologic group, total flows
from the gauged rivers and the managed releases from the
Kariba Dam. Additional model inputs are catchment area, lag
time, peaking coefficient and runoff coefficient. Simulation
was conducted on a daily time step. The HEC-HMS model was
selected because it has the Snyder Unit Hydrograph transforma-
tion subroutine specifically designed for ungauged catchments
(Scharffenberg, 2015), making it more suitable for use in this
study. The Snyder Unit Hydrograph was used to calculate the
basin lag time and the runoff coefficient as it is the most docu-
mented analysis for ungauged catchments using HEC-HMS
(Adib et al., 2010) which solves the Soil Conservation Service
(SCS) unit hydrograph to get the time of concentration (z)
based on the California Culverts Practice (US Army Corps of
Engineers, 2015). The time of concentration is given by Eq. 1:

0.385

(132 w

where: L =length of longest watercourse, miles and H = eleva-
tion difference between divide and outlet (in feet) (US SCS,
1986). The standard lag was obtained using Eq. 2:

t,=0.6% 2

where: £, = standard lag in minutes.

The peaking coeflicient (cfs) is also used in the model. This
value represents the peak flow for the unit at the point of analy-
sis. The peaking coefficient was calculated by using historical
data for rainfall-runoff events.

Meteorological inputs into HEC-HMS model

Weather data was obtained from Hidro Electrica de Cahora
Bassa (HCB) and the meteorology departments of Zambia and
Zimbabwe for stations in Kanyemba, Muzarabani, Luangwa,
Petauke, Marongora and Rukomechi, for a period ranging from

1990 t02007. Pan evaporation (cumulated to monthly time step
from available daily values) from HCB for the same time period
was used, and was multiplied by a factor of 0.8 so that it closely
reflected plant water use (Lidén et al. 2001; Gumindoga et al.
2016). The average monthly evaporation rates as required in the
model were calculated from the daily pan evaporation obtained.
All the simulation results of runoff were converted into yearly
time units for consistency with the other datasets.

Model calibration, validation and parameter optimization

The model was calibrated with flow data from the Upper
Musengezi Catchment at Station C68 for the period 1990 to 1994
and the Upper Luangwa Catchment at the Luangwa Bridge sta-
tion for the period 1995 to 2000. The model was then validated
with flow data for the Upper Musengezi for the period 1998 to
1999 and the Upper Luangwa catchment for the period 2004 to
2007. Selection of these periods was dictated by availability of
common data. In order to improve the model performance, the
parameter optimisation function in the model was then applied
to come up with optimal parameter values for calibration.

Assessing model efficiency

The evaluation of hydrological model behaviour and perfor-
mance is commonly made and reported through comparisons
of simulated and observed variables (Krause et al., 2005). In this
study, the flows were both simulated and observed at the gauged
Upper Musengezi and Upper Luangwa catchments. The Nash-
Sutcliffe Efficiency (NSE) for model efficiency was used to deter-
mine the goodness of fit of the simulated to the observed values
(Krause et al., 2005; Sharad and Sudheer, 2007). The efficiency is
calculated using Eq. 3:
2
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Figure 1
The Lower Middle Zambezi Basin with major rivers and gauging stations. Country boundaries are also shown.
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where:
E = Nash-Sutcliffe model coefficient [-]

Q, = observed discharge (m3/s)
Q,, = modelled discharge (m3/s)

Qf; = observed discharge (m3/s) at time t
Q = the mean of observed data (m3/s)

Catchment parameter comparison

One method of estimating runoff from an ungauged area is
through the application of the catchment parameter comparison
approach where a catchment is paired with another of similar
characteristics. In order to come up with a sound hydrological
basis for transferring the parameters obtained after the valida-
tion process (Snyder Unit Hydrograph parameters) from the
gauged catchment to the ungauged catchments, a similarity in
catchment hydrological response needed to be established as
described by Sreenivasulu and Bhaskar (2010). This was done
through a comparison of the physical catchment characteristics
based on data obtained from the hydro-processing of a DEM
of the study area in GIS software. The hydro-processing results
yielded the catchment area, the drainage network, the drain-
age density, upstream and downstream elevation, catchment
perimeter and the longest flow length. The land cover and the
soil types of the different sub-catchments were also compared
so as to understand the hydrological response of the different
watersheds. Rainfall from 7 different stations in the study area
was also compared to see if it varied significantly between sta-
tions. This comparison of the above parameters gave the authors
confidence to apply the similarity of catchments approach that
was eventually used in estimating ungauged flows.

Runoff simulation for the ungauged catchments

After assessing model efficiency from the Upper Musengezi
and Upper Luangwa catchments, the simulation of runoff was
done for the ungauged catchments. This was also based on the
changes made in catchment area, soil types, rainfall, initial

soil moisture deficit and the maximum deficit from the catch-
ment parameter comparison results. An established similarity
between the gauged Musengezi and Luangwa and the ungauged
catchments based on catchment characteristics and peak dis-
charge resulted in the average of these two gauged catchment
runoff coefficients being transferred to the ungauged catch-
ments. Finally, the model was run for the ungauged catchments
based on the Snyder Unit Hydrograph method with the basin
lag time and the runoff coefficient as key parameters in the
HEC-HMS (Adib et al., 2010)

Determination of the Cahora Bassa Dam water balance
The water balance of the lake is described by Eq. 4.

P+ quuged + Qungauged - E()_ Qaut = ds/dt (4)

where:

P = lake’s areal rainfall (Mm?*/t)

Quged = gauged surface water inflow into the reservoir (Mm?®/t)
ngauged = ungauged surface water contribution (Mm?/t)

E = open water evaporation (Mm?®/t)

o

Q,  =outflow (Mm*/t) consisting of normal releases, releases
for power generation and spillage
ds
/dt = change in storage (Mm?®) over a given time interval ¢
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The demarcations between the gauged and ungauged por-
tions of these rivers were determined by the location of gauging
stations. The flow data were collected from the Department
of Water Affairs in Zambia, the Zimbabwe National Water
Authority (ZINWA), the Zambezi River Authority (ZRA) which
operates the Kariba Dam and the Zambia Electricity Supply
Corporation (ZESCO) which operates the Kafue Gorge Dam
hydro-electric scheme. Inflow and outflow hydrographs were
then plotted to determine the attenuation effects of the Cahora
Bassa Dam on flows.

The direct contribution of rainfall into the lake was based
on the rainfall data provided by the HCB for the Cahora
Bassa Dam.

Reservoir releases from Cahora Bassa as a result of power
generation, spillage and evaporation were considered as outflow
variables. Records of releases from the dam based on reservoir
operations combined with estimated evaporation were obtained
from HCB, the operator of the reservoir.

Catchment area ratio method

The area ratio method is used in hydrological modelling to
transfer the parameter set of gauged catchments to ungauged
catchments of comparable area based on the assumption that
the runoff coeflicient is similar (Wale et al. 2009). In this study,
the results of the HEC-HMS model simulation were then
compared with the results of the catchment area ratio method.
The catchment area was obtained by GIS hydro-processing of
the study area DEM while the gauged catchment used was the
Upper Musengezi with the outlet at Station C68 as shown in
Fig. 2.

RESULTS and DISCUSSION
Validation of the data infilling method

Table 1 shows the correlation coeflicients performed on the
rainfall and runoff datasets after the mean value infilling
method was performed. The original time series with gaps was
compared with filled-in time series using the Pearson correla-
tion coeflicient method. The results show that the mean value
infilling method is reliable to apply as a data quality check-
ing method since all of the correlation coeflicient values are
above 0.85.

Extent of ungauged area

According to the results of DEM hydro-processing down in
ILWIS using the 1 km Hydro IK DEM of the study area, the
spatial extent of the ungauged area is just over 71 000 km? with
a perimeter of 2 171 km. The ungauged catchment covers parts
of the Lower Luangwa, Lower Chongwe, the Mombasha, the
Kafue River downstream of the Kafue Gorge dam, Chewore,
Rukomechi, Sapi, Runese, Mwanza Mtanda, Angwa, Lower
Manyame, Kadzi, Mkumbura and the Lower Musengezi (Refer
to Fig. 1).

The spatial distribution of rainfall in the study area
The rainfall data as input into the HEC-HMS model were aver-
aged through the Thiessen polygons, as shown in Fig. 3, from

the seven stations in Kanyemba, Muzarabani, Luangwa, Petauke,
Marongora, Rukomechi and HCB.
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Results of HEC-HMS Model Calibration and Validation

Model calibration for the Upper Musengezi gave an average
outflow of 70.5 mm?*/yr against an observed outflow of 68 mm’®/yr
with a relative volume error (RVe) of 1.54%. This error is within
the acceptable range of —10 to 10% (Janssen and Heuberger,
1995); hence the model was considered to perform satisfactorily,
and using this performance indicator provided enough justifica-
tion to transfer model parameters to ungauged parts of the basin.
However, the model efficiency, as given by Nash Sutcliffe effi-
ciency (NSE), was 0.47, which is not considered satisfactory since
avalue of 1 (perfect fit) would have been desirable. The perfor-
mance of the model using the NSE performance indicator for the
Upper Musengezi catchment may have been affected by the large
number of impoundments in the upper catchment. The attenua-
tion effect of these dams causes a time lag resulting in observed
and simulated graphs being out of sync. The effect of the many
dams in the catchment produced the equivalent of a 2-month

lag time between the observed and simulated hydrograph peaks.
Because of a lack of rating curves for these numerous dams, they
were not included in the simulation. For the Luangwa catchment,
model simulation gave an RVe of 8.42 and an NSE of 0.69 after
parameter optimisation, indicating that the model was able to
better simulate the catchment response.

Model validation for the Upper Musengezi gave an RVe of
2.71% and a NSE of 0.41 which is interpreted as satisfactory
(Fig. 4). Model validation for the Luangwa Catchment gave a
RVe of —8.11 and a Nash-Sutcliffe coefficient of 0.61 which is
also satisfactory.

The model was then further validated with one season’s flow
data from the Manyame at Mapomha Village station, set up as
part of this project’s objective of gauging ungauged catchments.
The results of the validation with the Manyame Mapombha station
flows give the hydrograph presented in Fig. 5. This gave an RVe
of 3.20% while the Nash-Sutcliffe coefficient was 0.66 suggesting
a good fit between simulated and observed flows at the gauging
station. Even though the simulation for Manyame catchment was
for a short season (1 year only) when most of the flows were low,
the fact that the model efficiency is satisfactory in an additional
catchment is justification that HEC-HMS can be used for the
ungauged catchment simulations.

Catchment comparison and transfer

The catchment comparison based on the physical catchment
parameters from the results of DEM hydro-processing in ILWIS
shows the catchment area, drainage length, drainage density,
longest drainage length and the elevation of the various sub-
catchments. These parameters are most important in influenc-
ing the catchment runoff and other hydrological processes. One
of the most important comparison parameters is the drainage
density which shows how well drained an area is. The drainage
density in the study area ranges between 32 m/km? and 88 m/
km? Both the ungauged area and the Luangwa and Musengezi are
predominantly flat terrain with more than half of the catchment
area below 600 m amsl (Fig. 6).

The comparison of the catchments showed that the predomi-
nant soils in the study area have similar hydrologic properties
as given by the Hydrological Soil Group. Over 66% of the soils
are in groups C and D indicating soils that are of a clayey nature
or sandy but shallow and so tend to promote runoff rather than
infiltration (Fig. 7).

As rainfall is another important determinant of runoft from
any catchment, the rainfall pattern for seven different stations
was compared. The stations at Nyamepi Camp (Mana Pools),
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TABLE 1

Correlation coefficient values for rainfall and runoff data

Raini.‘all Correlation Run?ff Correlation

gauging coefficient gauging coefficient

station station

Luangwa 0.94 Zambezi 0.97
Rukomichi 0.89 Luangwa 0.96
Kanyemba 0.91 Manyame 0.89
Muzarabani 0.88 Chongwe 0.88

Nyamepi 0.95 Kafue 0.90
Marongora 0.96 Musengezi 0.87

HCB 0.99
Manyame Catchment

Legend
Gauging Stations

*  Closed
o Open

major dams
—— iives
Subcatchments

[:| Angwa - Rukomechi
[:] Lower Manyame
Cl Middle Manyame
I:l Musengezi

El Upper Manyame

Figure 2
Location of gauging stations within the Manyame catchment

[ 782 - 797

A ramFaLL sTATIONS

2 3 ® a =

Figure 3
Rainfall pattern in the study area and location of rainfall stations

Muzarabani, Kanyemba and Luangwa showed a similar trend.
Figure 8 shows the rainfall pattern in the study area. Based on
correlation coeflicient analysis, there was a positive correlation
(p<0.05) between the gauged (Musengezi and the Luangwa)
catchment parameters and the ungauged catchments. Significant
correlation was shown for the parameters: catchment area, drain-
age length, drainage density, longest drainage length, elevation of
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the various sub-catchments. Thus it was confirmed that runoff is
influenced by catchment parameters besides rainfall distribution.

Ungauged area simulation results

Before simulating discharge from the ungauged catchments,
parameters from the gauged catchments were transferred through
the Snyder Unit Hydrograph transformation technique using

the calculated values of catchment lag time and peaking coef-
ficient. Based on the parameters from the Upper Musengezi and
the Luangwa, stream flows were simulated for the remaining
ungauged rivers in the catchment to come up with the ungauged
contributions to the flows into the Cahora Bassa Dam. Figure 9
shows the delineation of the outline of the basin model of the
HEC-HMS used to model runoff so as to come up with discharge
figures for the different sub-catchments and a total for the whole
ungauged area. Averaged runoff from these catchments using a
7-year simulation run gave a mean outflow of 8 760 x10° mm?®/yr
which is 11. 8% of the total inflows into the Cahora Bassa Dam.

Cahora Bassa Dam water balance
Direct rainfall on lake surface

The contribution from direct rainfall on the lake surface was
calculated based on the average areal rainfall and the average lake
surface area during the rainy season. The rainfall pattern on the
lake surface was given by Thiessen polygons with data from the
four rainfall stations at Luangwa, Kanyemba and Mzarabani and
HCB which are shown in Fig. 3. The calculation of areal rainfall
based on the average surface area of the lake during the rainy
season and the total annual rainfall for the period under consid-
eration gave a rainfall contribution directly on the lake surface
as 1.637 x 10°m?, a value representing about 2.5% of the total
Cahora Bassa Dam inflows.

Gauged inflows
The total inflow into Cahora Bassa Dam is based on the con-

tribution from all the rivers flowing into the dam’s catchment.
However, the absence of gauging stations on some of the smaller

rivers resulted in the initial inflow series being based on a sum-
mation of the gauged flows from the Upper Luangwa, Upper
Musengezi, Upper Manyame and Upper Chongwe with the
releases from the Kariba and Kafue Dams. Figure 10 shows

the total flows from the gauged portions of the Luangwa River,
Chongwe River and Musengezi River and the managed releases
from the Kariba Dam from 1980 to 2005. Because the Luangwa
is unregulated, the hydrograph of the Luangwa River gives a very
good indication of the catchment response to rainfall activity.
The contribution from Musengezi and Chongwe Rivers is much
less; hence the use of a secondary axis. However, despite the
Chongwe River being regulated and of a smaller magnitude than
the Luangwa, it shows a similar trend of flow with similar peaks
and troughs.

Figure 11 shows the relative contribution of the various
gauged rivers to the total inflows into the Cahora Bassa Dam,
showing that the managed releases from the Kariba Dam consti-
tute the largest source of water entering the Cahora Bassa fol-
lowed by the Luangwa and the Kafue Rivers. These three sources
contribute about 97% of the gauged flows entering the Cahora
Bassa Dam.
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Performance of the model when used on the Upper Musengezi Catchment
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Figure 5
Performance of the model when used on the Manyame Catchment
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Figure 6
Digital elevation of the ungauged study area compared to that of the gauged Upper Luangwa area

il
il 5
£

il
i

|
o

.

Figure 7
Dominant soil types in the study area and the gauged Upper Luangwa catchment
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Outflows

The outflow from the Cahora Bassa Dam was determined based
on discharge recorded at the Cahora Bassa Dam outlet. For the
period from 1980 to 2010, the outflow from the Cahora Bassa
ranged from a minimum of 19 x 10° m?/yr to a maximum of
137 x 10° m*/yr, with an average of 48 x 10° m*/yr. Evaporation
data provided by the HCB adds up to 3.8 x 10° m*/yr thus con-
tributing 7.32 % of the total outflows.

The improved water balance

With rainfall contribution directly on the lake surface esti-
mated at 1.64 x 10° m*/yr, this contributed to about 2.5%

of the total Cahora Bassa inflows. After simulating flows a
refined water balance that incorporates both the ungauged
and gauged flow was developed and is presented in Table

2. In hydrological modelling, each time contributions from
ungauged catchments are considered in water balance and
runoff estimations, water balance simulations improve
(Ibrahim and Cordery, 1995; Wale et al. 2009; Odiyo et al.,
2012). Overall, the study sought to use improved techniques
such as hydrological modelling, GIS and remote sensing
techniques to estimate the water balance of the Lower Middle
Zambezi Basin, thus rendering the new surface water balance
estimates improved.

The improved surface water balance of the Cahora Bassa
shows an average inflow over the 30-year period of 7 110 x
10° m®/yr, an average annual outflow of 5 200 mm?/yr and
a residual storage of 20 680 mm’®/yr. A contribution of 86%
of the inflows comes from gauged catchments while 11.78%
comes from the local ungauged catchment.

CONCLUSIONS

In largely ungauged systems such as the tributaries of the
Zambezi River, GIS and remote sensing techniques can pro-

vide significant information and analytical capability to water
resource assessment of the given basin. This study has confirmed
the complementary approaches of remote sensing, hydrologi-

cal modelling techniques and observed in-situ data to refine

the water balance of the Middle Zambezi Basin. Through the
application of these techniques, it has been established that about
12% of the inflow into Cahorra Bassa Dam is generated from the
ungauged basins.

The improved water balance estimates facilitate easy water
management in the basin as they inform the Cahora Bassa Dam
operators of the peak flows to expect and their timing. This
is important for flood prediction especially in this study area
where artificial or natural flooding can occur either separately or
simultaneously.

Although the simulations estimate flow contributions rea-
sonably well, even at monthly time-steps, a more refined analysis
at daily time-steps would capture some peaks which may have
significant impacts on communities in the basin.
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The managed releases from the Kariba Dam (left axis) and the total flows
from the gauged portions of the Luangwa River, Chongwe River and
Musengezi River (right axis)
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Figure 11
Contribution from the different gauged sources over the period
1980/81-2008/09

TABLE 2
The surface water balance of the Cahora Bassa including
the ungauged flow
Contribution to
Average volume
Source water balance (*10°m3/yr)
(%) Y

Gauged flows 85.99 62536
Ungauged flows 11.97 8569

Lake rainfall 2.25 1637

Total inflow 71107
Evaporation 7.30 3810
Discharge 92.69 48 245

Total outflow 52056
Residual storage 20 686
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