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Introduction  
Dams have a prominent role in the Zambezi River Basin (ZRB). Affecting local economies, ecosystems and society, 
they are vital for electricity generation, flood management, and seasonal transfers of water for irrigation. In spite of 
its already relevant regional impact, hydropower in the ZRB still has a large potential for expansion. 

While holding great development opportunities to be seized, Africa has been identified as particularly vulnerable to 
climate changes, and the ZRB is no exception to that. With increasing demands to the Zambezi system in terms or 
water and energy, and rising challenges in the form of less runoff due to climate change, it is paramount to plan 
ahead. In particular, it must be understood how major hydropower schemes will interact with large and ecologically 
invaluable wetlands in order to support balanced decisions for the future of the basin. 

The present contribution constitutes an attempt to quantify how future climate developments can affect the system 
while accounting for modelling uncertainty and, more relevantly, while taking into account adaptation through 
optimizations to the operation of major dams. A data-driven approach was adopted to model the runoff produced by 
Regional Climate Models (RCM) and, based on its results, predictive uncertainty was estimated. In order to run the 
optimization model, runoffs at input locations were artificially generated as to allow them to 1) incorporate climate 
changes stemming from the chosen scenario and RCM, and 2) reflect modelling uncertainty. 

Results show that, using a data-driven approach, modelling errors and uncertainty do not allow for a clear 
quantification of how the water resources in the ZRB are going to be affected. Despite this, in the case of a high rise 
in mean temperatures there will be a substantial loss of water due to increased evaporation. Under more moderate 
changes impacts on energy production and ecosystems are difficult to distinguish from the climate variations that are 
characteristic of the region. 

1. Background 
This work focuses on the upper and middle regions of the ZRB (Fig. 1). In these regions, the river flows from its 
headwaters in Northwestern Zambia past the vast Barotse Floodplain, down the world-renowned Victoria Falls, 
along the border with Zimbabwe, and through the massive Kariba reservoir to the edge of the Cahora Bassa lake, on 
the Mozambican border. The main stem of the Zambezi is joined by several tributaries flowing from the south and, 
relevantly, the Kafue river, from the North. A detailed description of the ZRB can be found in Schleiss and Matos 
[2016]. 

The largest impoundment in the area is Kariba hydropower system, with 1450 MW installed capacity which can be 
increased. Also, Kariba lake is the largest reservoir in the world by volume with approximately 180 km3. About 80% 
of its inflows are runoff from the upper Zambezi that pass over Victoria Falls, while the remaining 20% come from 
tributaries mainly to the South. A new hydropower project, the Batoka Gorge dam, is planned for the reach between 
Victoria Falls and Kariba (1600 MW). To the north, the Kafue hydropower system relies on the Itezhi-Tezhi 
reservoir (6 km3) for flow regularization. While the Itezhi-Tezhi dam is not a large producer of electricity, its 
releases flow through approximately 250 km of wetland – the Kafue Flats – before being turbined at the Kafue 
Gorge dam (900 MW), downstream of which the Kafue Gorge Lower dam is under development (750 MW). These 
five dams and the Kafue Flats comprise the system studied here (Fig. 2). 
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While the computation of the produced energy is straightforward given the hydraulic system’s characteristics, 
evaluating hydrological impacts is more complex. In line the work by Cohen Liechti et al. [2015], environmental 
criteria were based on the Range of Variability Approach (RVA) proposed by Richter et al. [1997]. The flow was 
analysed according to magnitude, volume, timing, and duration: 

• 30QD  – Discharge matched or exceeded 30 days during the year. Characterizes the annual flood peak; 

• 335QD  – Discharge matched or exceeded 335 days during the year. Characterizes the low flow period; 

• 30VolQD  – Volume of the discharge matched or exceeded 30 days during the year. Characterizes the annual 
volume; 

• 1DateQD  – Date of the maximum discharge. Characterizes the timing of the annual flood peak; 

• ˆ 30DurQ
D  – Duration of the flood peak. Characterizes the duration of the annual flood peak, taken as the 

number of days in the year in which the flow is higher than a certain threshold. This threshold was taken as 
the 0.92 quantile of the observed discharge. 

For each chosen indicator, the degree of alteration is a function of the simulated years which fall within the band 
delimited by the 25th and 75th “unaltered or natural” percentiles. It is computed according to Eq. (1): 
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where kD  is the degree of alteration for indicator k , o
kN  is the number of years in which the indicator falls within 

the specified “natural” band, and e
kN  represents the expected number of years to be in the same range (in this case 

50%). 

The aggregation of the results for the various indicators and selected locations of environmental interest is done 
resorting to Eq. (2): 
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Where D  stands for the total degree of alteration, N  represents the number of locations, K  is the number of 
indicators, and ,k iD  is the indicator kD  computed at location i . 

3. Results and discussion 
The results of the optimization procedure are presented in Fig. 7. In it the Pareto sets spanned between maximal 
energy production and minimum degree of alteration are depicted. Before interpreting results, however, some 
aspects should be emphasized: 

• The RCM data that was used does not necessarily lead to good flow predictions in the ZRB. Of course, it 
presents series of precipitation and temperature that can converted into runoff, but whether that runoff is 
truly characteristic of the ZRB is a matter of debate. In fact, the historical predictions based on MPI RCM 
data could be considered poor (Fig. 4). If it is difficult to reproduce observations at Victoria Falls and 
Kafue Hook Bridge from 1950 to 2005, there is a high chance that future predictions will be equally, if not 
more, affected by errors. 

• A data-driven approach such as an ANN relies on training data to “learn” a certain functional relationship. 
In this case, that functional relationship translates precipitation and temperature into runoff. Training is, 
however, bound to historical observations (1950 to 2005). This poses a problem when evaluating the effects 
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energy production, and this in spite of increased evaporation in the Kariba reservoir due to the higher temperatures. 
These results are counter-intuitive and, in light of the expected difficulty of the ANN models to cope with high 
temperatures, they are considered unreliable. It is hard to tell whether regional precipitation will increase or decrease 
in the far-future (Fig. 3b). If it remains within historical bounds, though the effect of added evaporation alone (in the 
Kariba reservoir, the Barotse Floodplain, the Itezhi-Tezhi reservoir, and the Kafue Flats) the available runoff should 
be significantly reduced. 

It is believed that the use of a conceptual or physically based hydrological model to characterize future runoff 
scenarios [e.g. Kling et al., 2014] should be preferred to a data-driven one. Despite that, it remains unclear whether 
the RCM models are sufficiently detailed and accurate to depict the true hydrological responses of the ZRB. Due to 
this, accounting for predictive uncertainty is paramount. 

4. Conclusions 
The present contribution constituted an attempt to quantify how future climate developments can affect the ZRB 
while accounting for modelling uncertainty and, more relevantly, while taking into account adaptation through 
optimizations to the operation of major dams. 

Overall, it appears that ecological flow pulses (artificial floods) that are beneficial to the maintenance of historical 
hydrological regimes can be introduced in the system with relatively small impacts on energy production. Despite 
this, given the data-driven modelling strategy that was used, it is hard to draw reliable conclusions for high 
temperature increase scenarios such as RCP8.5. Under the RCP4.5, which is arguably more likely to take place than 
RCP8.5 due to the increasing societal awareness towards climate change and the mounting political will to engage 
the problem, modeling uncertainty does not allow for clear-cut results regarding whether the Upper and Middle 
ZRB’s hydropower systems will be significantly affected by climate change. At least using the methodology 
employed in this work, it appears the regional hydropower systems may be capable of coping with future 
hydrological changes without major impacts on energy production or strongly augmented hydrological alterations. 
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