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Abstract. The management and allocation of water from multi-reservoir systems is complex and thus requires
dynamic modelling systems to achieve optimality. A multi-reservoir system in the Southern Lowveld of Zim-
babwe is used for irrigation of sugarcane estates that produce sugar for both local and export consumption. The
system is burdened with water allocation problems, made worse by decommissioning of dams. Thus the aim of
this research was to develop an operating policy model for the Lowveld multi-reservoir system.

The Mann Kendall Trend and Wilcoxon Signed-Rank tests were used to assess the variability of historic
monthly rainfall and dam inflows for the period 1899–2015. The WEAP model was set up to evaluate the water
allocation system of the catchment and come-up with a reference scenario for the 2015/2016 hydrologic year.
Stochastic Dynamic Programming approach was used for optimisation of the multi-reservoirs releases.

Results showed no significant trend in the rainfall but a significantly decreasing trend in inflows (p < 0.05).
The water allocation model (WEAP) showed significant deficits (∼ 40 %) in irrigation water allocation in the
reference scenario. The optimal rule curves for all the twelve months for each reservoir were obtained and
considered to be a proper guideline for solving multi- reservoir management problems within the catchment.
The rule curves are effective tools in guiding decision makers in the release of water without emptying the
reservoirs but at the same time satisfying the demands based on the inflow, initial storage and end of month
storage.

1 Introduction

Effective water resources management requires optimal wa-
ter resources allocation systems that maximizes set objec-
tives such as crop yield (Reddy and Kumar, 2007); hydro-
electric power generation (Mujumdar and Nirmala, 2007)
and other uses such as flood control (Sharma et al., 2016).
Optimal water allocation is the consideration of all the water
users and allocation of water equitably.

Man-made reservoirs are among the most efficient in-
frastructures to manage water supply as well as minimise
the enormous impacts of droughts. These infrastructures,
coupled with the need for improved operational skills of
watershed-scale reservoirs and water distribution networks

necessitates the development and application of water allo-
cation models (Namchaiswadwong, 2004; Sert et al., 2007;
Juízo and Lidén, 2010). Simulation-based allocation mod-
els are used to meet this need and they simulate water al-
location with pre-determined water use priorities and reser-
voir operation rules. These models have poor flexibility
if anthropogenic and hydro-climatic factors are taken into
consideration as they operate in a “what-if-then” scenario
(Jha and Gupta, 2003). Therefore considering these limi-
tations, integrated optimal water resources allocation mod-
elling should consider all the water users and equitably al-
locate water amongst users, whilst taking into considera-
tion hydro-climatic variability. (Tsoukalas and Makropoulos
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1972; Evers, 1992; Arranz and McCartney, 2007; Tilmant et
al., 2010; Sharma et al., 2016). A variety of methodologies
have been proposed and developed in order to embody in op-
timal water allocation the uncertainties of various influenc-
ing factors and hydro-system characteristics, such as avail-
able water flows, water demands, variations in water sup-
plies, corresponding cost and benefit coefficients and policy
regulations.

Most water resources systems decisions have to be made
in the face of hydrologic uncertainty (Ajami et al., 2008).
Rainfall, reservoir inflows, crop evapotranspiration are hy-
drologic variables which influence water resources decision
making and all these variables are stochastic. Therefore ap-
plication of optimization models for water management have
to be formulated in a manner that considers the inherent hy-
drologic uncertainty in arriving at optimal water allocation
decisions.

Stochastic Dynamic Programming (SDP) is a framework
for modelling optimisation problems whose variables exhibit
some uncertainty. It has been widely used by different re-
searchers and professionals in optimization of reservoir op-
erating policies with uncertainty in inflows.

Sharma et al. (2016) used the SDP approach to optimize
the Ukai Reservoir in India. This SDP model which was
based on the minimization of least squares sum of actual re-
leases and storages from the respective targets was formu-
lated by Buras (1985).

In the South-Eastern Lowveld of Zimbabwe, water is pro-
vided from five reservoirs namely Mutirikwi, Muzhwi, Ban-
gala, Manjirenji and Siya on different river systems for sug-
arcane production. At present, all sugarcane for milling is
grown under irrigation in the South-Eastern part of Zim-
babwe. The current water allocation policy of using water
permits has resulted in rising conflicts between the water au-
thority and the users as it is a priority based policy. Also,
due to the prolonged drought in the country, the reservoirs
have been having very low volumes of water which has not
been sufficient for irrigation of the crop throughout the past
three years. In 2016, three reservoirs, Muzhwi, Bangala and
Mutirikwi were temporarily decommissioned (reservoir has
a minimum supply of domestic water for twenty one months)
due to very low volumes and this put a lot of pressure on the
remaining two reservoirs, the farmers and Runde Catchment
Council (the authority responsible for water resource man-
agement in the basin) on how best to allocate the limited wa-
ter resources. Thus an optimal multi-reservoir operating pol-
icy is needed whereby the releases from the five reservoirs
meet existing water demands as much as possible, without
emptying the reservoirs and without relying on one reservoir.

2 Study Area

The Lowveld of Zimbabwe falls under Runde catchment
which is located in the South-Eastern part of Zimbabwe.

Zimbabwe is divided into 7 catchment areas presented in
Fig. 1, managed by seven Catchment Councils and 47 sub-
Catchment Councils. The catchment is situated 21◦ S, 21◦ E
and is 400 to 500 m above sea level. It has an area of ap-
proximately 41 000 km2 which constitutes 22 % in area of
Zimbabwe and 40 % of this catchment area is communal
lands (Anderson et al., 1993). It lies in the dry parts of the
country which cover Natural Regions III, IV and V with an
average of 684 mm of rainfall per annum and temperatures
as high as 43 ◦C are experienced (Meteorological Services
Department (MSD)). The country is divided into five natu-
ral regions based on soil quality, rainfall regime, and vege-
tation amongst other factors. The land resource quality de-
clines from Natural Region (NR) I through to NR V (Moyo,
2000; Vincent and Thomas, 1961). NR I receives average an-
nual rainfall of more than 1000 mm, NR II between 700 and
1050 mm, NR III receives 500–800 mm, NR IV from 450–
650 mm and NR V receives below 450 mm (Moyo, 2000;
Vincent and Thomas, 1961). Approximately 90 % of the
precipitation occurs during the period of mid-November to
early April (MSD). The winter season is from April to Au-
gust, and the hottest and driest period is from September to
mid-November. The catchment is characterized by frequent
droughts and an annual average evaporative demand of about
1500 mm (MSD). As a result of the combination of low rain-
fall and high evaporation, crop production is only possible
with irrigation (Anderson et al., 1993).

Sugarcane production has been the mainstay of the
Lowveld’s economy. The sugar industry has produced sig-
nificant foreign exchange for the national exchequer not to
mention employment, ethanol, various industrial products,
and the raw cane sugar which is consumed in large amounts
in Zimbabwe. The sugar industry represents 1.4 % of national
GDP, and a massive 95 % of Masvingo Province’s accounted-
for GDP (Scoones et al., 2017). Rainfall and runoff has an
impact on the socio-economy of the people living in the
Runde catchment and Zimbabwe as a whole hence the need
to understand the temporal and spatial variability of both
rainfall and runoff which determines the reliability of water
supply.

3 Methodology

Observed hydrological and meteorological data; reservoir
characteristics and operation rules; and water use for the
catchment was used in the methodology. Figure 2 shows the
flowchart of the methodology used in this study.

3.1 Assessment of precipitation and flow variability

The Mann-Kendall (MK) trend and the Wilcoxon signed rank
tests were used to assess the presence of trends in the rain-
fall and inflow data from 1899 to 2015 on a monthly time
scale. Data from the four rainfall stations indicated in Fig. 1
was used in the analysis. Eleven gauging stations were used
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Figure 1. Study area map showing sugarcane estates and the water
supplying reservoirs.

as these are the ones which measure the inflow into the five
reservoirs. Mann Kendall test was used as there is no need for
the data to confirm to any particular distribution and it is less
sensitive to sudden breaks due to time series which are inho-
mogeneous (Jaagus, 2006). To improve the robustness of the
results the Wilcoxon Signed rank test was used in detection
of significance of difference between two groups of data sets
which were divided according to time periods so as compare
the medians of two distributions.

3.2 Assessment of the current water allocation scenario
for the catchment

The Water Evaluation and Planning System (WEAP) model
was used to come up with a reference scenario for the
2015/2016 hydrologic year on the water allocation of the
catchment and this was used as a baseline for optimization. A
default scenario known as the “Reference Scenario” carries
forward the Current Accounts data into the entire project pe-
riod and serves as a point of comparison for other scenarios
in which changes may be made to the system data. WEAP
was used due to its basic principle of water balance account-
ing, priority based approach and user friendliness. The Zim-
babwe National Water Act (1998) priorities were used in set-
ting up the demand nodes. Water for primary needs is given
the first priority, the environment comes second, Mining and

Figure 2. Methodology General Flow Chart.

Industries have a third priority, plantations such as fruit and
forestry at the fourth, plantation-crops such as sugar cane are
given the fifth priority and lastly seasonal crops have the sixth
priority.

3.3 Optimisation Model (SDP Approach)

A backward recursive approach was used in coming up with
the optimal policy. The SDP model developed was pro-
grammed in MATLAB® 2017. Different combinations of
reservoir storage states (k) and inflows (i) were considered
in coming up with the optimal policy for the reservoirs.

The optimal policies for each reservoir for each month
were tabulated for different initial storage classes, inflows
and end of month storage. The first-order Markov chain
was used in computation of inflow transition probabilities
(Vedula and Mujumdar, 2005) for the different months. The
transition probabilities were used in the optimisation model
represented by Fig. 3.

4 Results and Discussion

4.1 Variability Analysis for precipitation and flow

4.1.1 Trend test results for Rainfall

Precipitation trend tests showed a decreasing trend although
not statistically significant. A negative Sen’s slope from
Mann Kendall test as well as more negative ranks compared
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Figure 3. SDP Method Flow chart (Source: Sharma et al., 2016).

to positive ranks from Wilcoxon Signed Rank test were ob-
served. This was predicted to cause a reduction in the runoff
and hence the amount of available surface water due to a re-
duction in the reservoir volumes not only for the Lowveld,
but across Zimbabwe.

4.1.2 Mann Kendall Trend and Wilcoxon Signed Rank
Test Results for flows

There was need to understand the temporal and spatial vari-
ability of both rainfall and runoff which determines the re-
liability of water supply. Both tests showed that there were
significant trends in the flows into all the five reservoirs from
the eleven gauging stations. An overall decreasing trend was
observed in the inflows, thereby a temporal variation expe-
rienced in the catchment over the years. The MK results
showed nine out of eleven gauging stations having a neg-
ative Sen’s slope. The Wilcoxon Signed Rank Test results
also showed nine of the eleven stations having more nega-
tive ranks than positive ranks. Thus there was a significantly
decreasing trend in the flows.

4.2 Assessment of the current water allocation scenario
for the catchment

Table 1 shows the different total annual demand and total un-
met annual demand of the subcatchment irrigation demand
sites for each individual subzone in the study area map in
Fig. 1. A first order validation of the WEAP model was done
comparing the simulated flows to the observed flows. The

Table 1. 2015/2016 hydrologic year total demand and unmet de-
mand for Irrigation.

Irrigation Total Demand Total Unmet
Demand site (cumecs) Demand (cumecs)

EC1 112.80 91.93
EC2 292.49 238.38
EL1 282.00 157.99
EL2 52.92 11.64
ET1 12.16 6.35
ET2 40.64 21.25
ET3 143.21 93.90
ET4 3.53 1.85
ET5 0.90 0.47
EUT1 240 134.48
EUT2 1550.08 1199.64
EUT3 2.8 2.13
EUT4 1.2 0.91
EUT5 7.42 5.65

Total 2742.13 1966.579

Nash-Sutcliffe efficiency (NSE) was used as an indicator of
the model performance. The NSE for the different river sys-
tems ranged from 0.66–0.99. A large monthly variation in ir-
rigation water demands existed with the dry season of July to
November having the highest unmet demand. Unmet demand
is the amount of water not satisfied to the user (shortage).

The high unmet demands could be due to the decommis-
sioning of the three major reservoirs which supply irrigation
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Figure 4. Muzhwi March Rule curve.

water to the estates and also due to the current water alloca-
tion priorities of the water authority.

4.3 (SDP) Optimal Policy

Figure 4 shows that in March, the target release was
32.94 MCM whilst the target storage was expected to be the
full reservoir capacity of 158 MCM because this will be to-
wards the end of the rainy season to ensure maximum effi-
ciency of the project in meeting conservation demands dur-
ing the lean period.

For Siya reservoir, in February, the target release was
38.92 MCM and storage was 90 MCM. The target storage is
not met for most of the different combinations. The demands
are mostly met by the different combinations of initial stor-
ages and the inflows as shown in Fig. 5.

From the five different reservoirs, for all the different com-
binations of initial storage states and inflows coming into the
reservoirs, the model tries its best to get a balance between
the target storage and the target release. All the results from
the different reservoirs show that at any particular moment,
there is a possible amount of water that can be released in
trying to meet the target release and at the same time the
reservoir would not be emptied. All the minimum storages
were above the decommissioning level (twenty-one months’
supply of primary water use), thus it can be used as a flexible
tool for allocation tool in the semi-arid catchment which has
competing and conflicting uses.

Operating one reservoir at a time might not fully satisfy all
the desired targets but if water can be released from all the
different reservoirs depending on the initial state of storage
and the inflow received, the demands can be fully met.
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Figure 5. Siya February Rule Curve.

5 Conclusions

There was no statistically significant trend in monthly rainfall
for the period 1899–2010 but there was a statistically signifi-
cant decreasing trend for the monthly reservoir inflows from
1959–2015.

The current water allocation method has huge deficits
within the catchment which compromises the crop yield and
thereby economic benefits not recognised as expected. The
irrigation unmet demand (approximately 70 % of the total
annual demand) is the largest due to the priority based al-
location approach and therefore there is need for a better wa-
ter allocation approach in the study area which can optimise
benefits to the different water users.

The operation policies derived from the SDP model for
each month and for each reservoir are more stable and adapt-
able for release decisions due to fluctuations in the inflows
into the reservoir.

A crop yield optimisation approach for the study area may
yield better results as it addresses the optimal yield that can
be obtained depending on the amount of water released at
any particular time. This may consider the critical stages of
the crop growth which have to be given priority so as to max-
imise the crop yield.

The proposed rule curves can serve as a decision-making
tools for long-term operation of the reservoirs, thereby max-
imizing the benefits derived from the reservoir.

Data availability. The data used in the research can be accessed
on request from the researchers.
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