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Abstract. Lake Victoria, the second largest freshwater lake in the world, is one of the major sources of the Nile River. The outlet
to the Nile is controlled by two hydropower dams of which the allowed discharge is dictated by the Agreed Curve, an equation
relating outflow to lake level. Some regional climate models project a decrease of precipitation and an increase of evaporation
over Lake Victoria, with potential important implications for its water balance and resulting level. Yet, little is known about
the potential consequences of climate change for the water balance of Lake Victoria. In this second part of a two-paper series,
we feed a new water balance model for Lake Victoria presented in the first part with climate simulations available through the
Coordinated Regional Climate Downscaling Experiment (CORDEX) Africa framework. Our results reveal that most regional
climate models are not capable of giving a realistic representation of the water balance of Lake Victoria and therefore require
bias correction. For two emission scenarios (RCP 4.5 and 8.5), the decrease in precipitation over the lake and an increase in
evaporation are compensated by an increase in basin precipitation leading to more inflow. The future lake level projections
show that the dam management scenario and not the emission scenario is the main controlling factor of the future water level
evolution. Moreover, inter-model uncertainties are larger than emission scenario uncertainties. The comparison of four idealized
future management scenarios pursuing certain policy objectives (electricity generation, navigation reliability and environmental
conservation) uncovers that the only sustainable management scenario is mimicking natural lake level fluctuations by regulating
outflow according to the Agreed Curve. The associated outflow encompasses however ranges from 14 m® day™' (-85%) to 200
m? day™! (+100%) within this ensemble, highlighting that future hydropower generation and downstream water availability
may strongly change in the next decades even if dam management adheres to he Agreed Curve. Our results overall underline
that managing the dam according to the Agreed Curve is a key prerequisite for sustainable future lake levels, but that under

this management scenario, climate change might potentially induce profound changes in lake level and outflow volume.

1 Introduction

Lake Victoria is directly sustaining 30 million people living in its basin and 200 000 fishermen operating from its shores.
Therefore, the water level fluctuations of the lake are of major importance. Declining water levels may affect the local com-
munities by their ability to access water, to fish and to transport goods (Semazzi, 2011). Further downstream, the livelihood of

about 300 million people in the Nile Basin is supported by the natural resources of Lake Victoria, as it is one of the two major
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sources of the Nile (Semazzi, 2011). Originating from Lake Victoria, the White Nile provides a more constant flow during
the year, providing 70 to 90% of the total Nile discharge during the dry season in the Ethiopian highlands, where the second
major source is located (Di Baldassarre et al., 2011). A drop in the water level could imply a decreasing outflow, which may
have major implications downstream in the Nile Basin. The countries of the Nile Basin require sufficient water resources for
their future development and welbeing, considering the population growth and economic development (Deconinck, 2009; Taye
etal., 2011). Consequently, there are a lot of tensions between countries in the Nile Basin. The outflow of the lake is controlled
by the Nalubaale and Kiira dams for hydropower generation, located in Jinja (Fig. 1). Human strategies towards regulating
the outflow might therefore play a crucial role in the downstream Nile Basin water resources and associated political tensions.
This will be even more relevant in the light of climate change, where water will become an even more important resource, both
around the lake and downstream in the Nile Basin (Taye et al., 2011). While the released outflow affects the lake level, climate-
driven lake level fluctuations also influence the outflow volume released by the dam. The hydropower potential, and thus
energy availability in the region therefore strongly depends on the interplay between outflow and lake levels. Information on

the future evolution of the levels and outflow volumes of Lake Victoria is thus vital for future generations living along its coasts.

The water levels of Lake Victoria are determined by the Water Balance (WB) of the lake, consisting of precipitation on the
lake, lake evaporation, inflow by tributary rivers and dam outflow. Since the construction of the dam complex in 1954, a rating

curve called the "Agreed Curve" was established relating the lake level and outflow in natural conditions (Sene, 2000):

Qout = 66.3(L — 7.96)%°1 (1)

In this equation, the dam outflow Q,,; (m® day™!) is calculated based on the lake level, L (m), as directly measured at the
dam. The Agreed Curve can be used to calculate outflow volumes based on lake levels which lie in the historical observed

range going from 10 to 13.5 measured at the dam (Sutcliffe and Parks, 1999).

The climate in East Africa experiences large interannual variability in precipitation (Nicholson, 2017). The region is a
hotspot for climate change, as it is very likely that climate change will have a major influence on precipitation (Nicholson,
2017; Kent et al., 2015; Otieno and Anyah, 2013; Souverijns et al., 2016). Precipitation over the Lake Victoria Basin (LVB)
experiences a seasonal cycle with two main rainfall seasons: the long rains in March, April and May and the short rains in
September, October and November (Williams et al., 2015). In the last decades, the long rain seasons in East Africa have expe-
rienced a series of dry anomalies (Lyon and Dewitt, 2012; Rowell et al., 2015; Souverijns et al., 2016; Nicholson, 2016, 2017;
Thiery et al., 2016), while there was no trend observed for the short rains due to a large year-to-year variability (Rowell et al.,
2015). This drying trend of the long rains is in contrast with climate model projections for the upcoming decades, projecting
an increase in precipitation over East Africa (Otieno and Anyah, 2013; Kent et al., 2015). This apparent contradiction has been
called the East African climate paradox of which the causes remain unclear (Rowell et al., 2015). To find explanations Rowell

et al. (2015) stated that more research is needed on the reliability of climate projections over East Africa, to the attribution
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of changing anthropogenic aerosol emissions and to the role of natural variability in recent droughts. However, Philip et al.
(2017) found that the severe drought in northern and central Ethiopia in 2015 is attributable to natural variability and therefore

conclude that there is no paradox for this type of events.

Future climate simulations with Regional Climate Models (RCMs) project a decreasing mean precipitation and an increasing
evaporation over Lake Victoria (Thiery et al., 2016; Souverijns et al., 2016). Compared to Global Climate Models (GCMs),
RCMs have a high spatial resolution and are therefore able to represent regional and local scale forcings (Kim et al., 2014;
Giorgi et al., 2009). In East-Africa, accounting for local variations in topography, vegetation, lakes, soils and coastlines is of
major importance, as these variations have a significant effect on the regional climate. Over the LVB, models with sufficiently
high resolution are needed to reproduce key circulation features such as the lake-land breeze system (Williams et al., 2015).
High resolution (~7km grid spacing) coupled lake-land-atmosphere climate simulations for the African Great Lakes region
with the Consortium for Small-Scale Modelling in climate mode (COSMO-CLM?) regional climate model were therefore per-
formed by Thiery et al. (2015). These simulations outperform state-of-the-art regional climate simulations for Africa conducted
at ~50km grid spacing, because of the coupling to land surface and lake models and enhanced model resolution, which allows

a better representation of the fine-scale circulation and precipitation patterns (Thiery et al., 2015, 2016).

At the moment, almost no research is dedicated to the potential consequences of climate change for the WB of Lake Victo-
ria. This is remarkable, since the evolution of the future levels of lake Victoria is vital information for the future generations
living on its coasts. Tate et al. (2004) used simulations with one fully coupled GCM to model future fluctuations of the lake
level. Model disparities were however very high over East-Africa and the GCM was not capable to sufficiently model precip-
itation over the African Great Lakes (Tate et al., 2004). Therefore, the results from Tate et al. (2004) serve as an illustration
of the sensitivity of lake levels and outflows to climate change scenarios, rather than as an actual lake level projection. Re-
cently, high resolution ensemble climate projections became available for Africa through the Coordinated Regional Climate
Downscaling Experiment (CORDEX; Nikulin et al., 2012). Operating at 0.44° (~50 km) horizontal resolution, these mod-
els attempt to resolve the lake and its mesoscale circulation. When these simulations are used as input for a water balance
model (WBM) for Lake Victoria, future lake level projections can be generated. The ensemble approach ensures that the model

spread incorporates uncertainties associated with individual model deficiencies, concentration pathways and natural variability.

Here, we use the WBM constructed in the first part of this two-paper series (Vanderkelen et al., 2018) and drive it with cli-
mate simulations from the CORDEX over the Africa domain from 1950 to 2100. First, we assess the ability of regional climate
models from the CORDEX ensemble to reproduce the historical lake level of Lake Victoria. Based on this analysis it appears
that it is not possible to use a subset of models for which the WB closes. Therefore, a bias correction based on observations
is applied on these simulations. Last, the future evolution of the water level of Lake Victoria under various climate change

scenarios is investigated, together with the role of different human management strategies at the outflow dams based on three
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policy objectives (electricity generation, navigation reliability and environmental conservation).

2 Data and methodology
2.1 CORDEX ensemble

In recent years, RCM downscalings of the Coupled Model Intercomparison Project Phase 5 (CMIP5) GCMs have become
available through the CORDEX framework. The CORDEX-Africa project provides simulations over the Africa domain, which
includes the whole African continent with a spatial resolution of 0.44° by 0.44° and a daily output frequency (Nikulin et al.,
2012). In CORDEX-Africa, there are currently simulations with six RCMs available (CCLM4-8-17, CRCM5, HIRHAMS,
RACMO22T, RCA4 and REM02009) for the historical (1950-2005) and future period (2006-2100) under Representative Con-
centration Pathways (RCPs) 2.6, 4.5 and 8.5. In the CRCMS5 and RCA4 model, lakes are represented by a one dimensional
lake model FLake (Samuelsson et al., 2013; Herndndez-Diaz et al., 2012; Martynov et al., 2012), while the other RCMs have
no lake model embedded. By using different GCMs as initial and lateral boundary conditions, there are in total 25 historical
model simulations, 11 simulations for RCP 2.6, 21 simulations for RCP 4.5 and 20 simulations for RCP 8.5 (see appendix table
A1l). The use of model ensembles is essential, because separate simulations show larger biases than ensemble means when they
are compared to the observed climate (Nikulin et al., 2012; Endris et al., 2013; Kim et al., 2014; Davin et al., 2016). Next to
the historical and RCP simulations, the CORDEX framework also provides an evaluation simulation for each RCM, driven by
the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis as initial and lateral boundary
conditions for the period 1990-2008. Here we use these reanalysis downscaling simulations to evaluate the skill of the RCMs

by comparing them with observations.

2.2 Water balance model

For a detailed description of the WBM used in this paper, we refer to Vanderkelen et al. (2018). In summary, the WB is
modelled following Eq. 2 in which the change in lake level per day dL/dt (m day™') is calculated based on the precipitation on
the lake P (m day™!), the evaporation from the lake E (m day™!), the inflow from tributary rivers Q;, (m® day!) and the dam
outflow Q,,; (m? day!) divided by the lake surface area A (6.83- 10' m?).

dL Qin - Q(mt
— =P+ =" 2
o + " 2

First, relevant spatial variables provided by the CORDEX simulations are regridded using a nearest neighbour remapping to
the WBM grid with a resolution of 0.065°by 0.065°(about 7 by 7 km) containing Lake Victoria and its basin. P is computed
by taking the daily mean over the lake cells of the regridded CORDEX precipitation. Basin and lake cells are defined by using
masks based on lake and basin shapefiles. E is calculated from the latent heat flux (W m2) simulated by the CORDEX models,
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using the latent heat of vaporization, which is assumed to be constant at 2.5-10° J kg'!. This term is aggregated in the same
way as the precipitation term. The inflow term is calculated from the daily gridded basin precipitation with the Curve Number
method as described in Vanderkelen et al. (2018) using daily basin precipitation retrieved from the CORDEX precipitation
simulations. The same land cover classes based on the Global Land Cover 2000 data set (GLC 2000; Mayaux et al., 2003) and
the hydrological soil groups are applied to all CORDEX simulations. Note that this approach does not account for potential
influences of future land use changes on runoff. However, the Curve Number does change based on the antecedent moisture

condition for a particular day, derived from the preceding 5-day precipitation.

First, a set of WBM integrations is conducted by driving the WBM with the six CORDEX evaluation simulations. As these
evaluation simulations are driven by ‘ideal’ boundary conditions, this WBM simulation allows to examine the ability of the
RCMs to represent precipitation, lake evaporation, inflow and the resulting lake levels during the period when observations
for these terms are available (1990-2008). Therefore, the outflow is given by observations too. Second, the WBM is driven by
the 25 historical CORDEX simulations for the period 1951-2005. Finally, future WBM runs are conducted following the RCP
2.6, 4.5 and 8.5 scenarios. One GCM-RCM combination is excluded from the analysis because of inconsistencies between the
historical and future simulations (see appendix A). To be comparable, the input terms to the transient WBM need to adhere to
the same calendar. Therefore, the number of days are adjusted in a number of historical and future CORDEX simulations, as
described in appendix B. Finally, the WBM requires an initial lake level. The evaluation simulations start with the observed
lake level in 1990 (1135 m a.s.l.) and the historical simulations with the observed lake level in 1950 (1133.7 m a.s.1.). For the

future simulations, the last lake level calculated by the corresponding historical simulation is used.
2.3 Dam management scenarios

The evaluation WBM simulations use recorded outflow values. In the historical WBM simulations, the outflow is calculated
based on the Agreed Curve. While observed outflow volumes are available for the historical period, these cannot be used in
the WBM as RCMs driven by GCMs represent the general climatology and do not account for the actual observed weather,
reflected in the recorded outflow volumes. Considering the known deviations of water release from the Agreed Curve during
the period 2000-2006 (Kull, 2006; Vanderkelen et al., 2018), future outflow is subject to uncertainty. Therefore, we start from
three main policy objectives concerning the environmental conservation, navigation reliability and constant electricity genera-
tion to determine future dam management scenarios. These policy objectives lead to four idealized dam management scenarios:
(i) managing outflow following the Agreed Curve, reflecting natural conditions by mimicking natural outflow, (ii) managing
outflow so that the lake level remains constant, to keep the lake accessible for fishing boats from the harbors in shallow bays,
and (iii) managing outflow to provide a constant supply of hydropower from the dams: one scenario prescribing the historical
mean production of hydropower and the other an elevated hydropower production, reflecting the supply needed to meet the
rising power demand in Uganda (Adeyemi and Asere, 2014). These scenarios are highly simplified and reflect very different

management; they were chosen to investigate the effect of extreme dam management scenarios on the lake level fluctuations
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of Lake Victoria. Each scenario will thereby be applied with lake levels constrained to their physical boundaries.

A first assumption is that future outflow starts following the Agreed Curve again. In this Agreed Curve scenario, daily out-
flow is calculated following Eq. 1 based on the lake level of the previous day. Lake level fluctuations are restricted to fluctuate
within the historical observed range (10 m to 13.5 m measured at the dam, corresponding to 1130 m to 1136.5 m a.s.1), as this
is the range for which the Agreed Curve is known. If the lake level of the previous day drops below the lower limit, the outflow

is set to 0 m* day! and if the lake level rises above the upper limit, all additional water is discharged.

Another possibility is to manage future outflow in such a way that the lake level remains constant and the water balance is
closed. In this constant lake level scenario, daily outflow is calculated as residual of the water balance, with the lake level kept
constant at the last known lake level, ranging between 1134.5 and 1135.2 m for the different simulations. If the water balance
is negative, there is no outflow, but the lake level is allowed to decrease. When the water balance is positive again, the lake
level is first restored to its predefined constant height. The possible remainder from the positive water balance results then in

outflow for that day. By consequence, the lake level in this scenario is constant apart from short negative excursions.

In the last defined scenarios, future outflow is regulated in order to provide a constant hydropower production without
interruptions while lake levels fluctuate in their physical range. In the study of Koch et al. (2013), hydropower production of a

reservoir is quantified as

Pel:QoutXth 3

with Qo the outflow of the reservoir in m? day", P,; the electricity produced (kW), h the water head (m) and % the
efficiency factor (kN/m?). After rearranging this equation and adding a constraint to maximum outflow, the outflow needed to

produce a firm amount of electricity is given by

Pel

out = MIN
Qout (hxk

) Caphpp) (4)

with Capp,, the maximum turbine flow capacity (m?/s). Lake Victoria is controlled by both the Nalubaale and Kiira dams.
As these dams operate parallel of each other, we simplified the analysis by assuming only one dam regulating the outflow, with
the combined hydropower capacity of both real dams. This results in a C'app,, of 1150 m¥/s (the average of 1200 m/s for
Nalubaale and 1100 m3/s for Kiira; Kizza and Mugume, 2006). h is assumed to be equal to the relative lake level, as measured
at the dam. For the efficiency factor k a value of 13.77 kN/m? is used, calculated from eq. 2 using the values for maximum
turbine flow C'apy,pp,, maximum water head (A4, =24 m) and the sum of maximum electricity production, 380 MW (180 MW
for Nalubaale and 200 MW for the Kiira dam; Kull, 2006). Based on this, two management scenarios providing a constant

hydropower production (HPP) are defined. The historical HPP management scenario prescribes a daily HPP equal to the mean
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historical HPP (P,l = 168 MW), which is calculated using eq. 3 with the historical observed mean outflow (88 - 10¢ m?/day)
and the mean relative lake level (11,9 m). Second, in the high HPP management scenario, HPP is set equal to the electricity

produced in the year in which the outflow was maximum (P,; = 247 MW, in 1964 with an outflow of 138 - 10° m? day™).

In both the constant lake level scenario and the HPP management scenarios, we impose physical constraints to the lake level
fluctuations: the lake level should fluctuate between O m and 26 m as measured at the dam, 1122.9 m and 1146.9 m a.s.l. (the
height of the dam is 31 m with a safety level of 7 m). Similar to the limits of the Agreed Curve, the outflow is set to 0 m* day™!
whenever the lake level drops below 1122.9 m a.s.1. and all additional water is discharged by the sluice gates if the lake level
rises above 1146.9 m a.s.1. These are merely theoretical limits. In extreme cases, lake levels could drop under the lower limit if

there is more water evaporating than precipitating and flowing in the lake.
2.4 Bias correction method

In this study, we applied a bias correction on the three WB terms derived from the CORDEX simulations (daily mean lake
precipitation, lake evaporation and inflow). For every historical simulation from the CORDEX ensemble, a transformation
function is calculated based on the WB terms from the observational WBM presented in Vanderkelen et al. (2018). This is
done for the overlapping period of 22 years ranging from 1983 until 2005. Next, the transformation functions specific to each
simulation are applied on the full historical simulation and on the available corresponding future simulations for all three RCPs.
Finally, the resulting lake levels are calculated by forcing the WBM with the bias corrected WB terms. The main assumption

of bias correction is that the bias in the RCM simulations is stationary for all scenarios (historical, RCP 2.6, 4.5 and 8.5).

WB closure is adhered with two of the 7 tested bias correction methods of the gmap package, provided in the R language
by Gudmundsson et al. (2012). The first method uses a linear parametric transformation to model the quantile-quantile relation

between the observed and modelled data according to

Po =a+ me (5)
with Po the best estimate of P,, the distribution of the observed values, P,, the modelled values and a, b calibration param-
eters. An overview of the a and b parameters generated per WB term for the different simulations can be found in table D1

in the appendix. The second method is the non-parametric quantile mapping method and is described in the appendix section E.
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3 Results
3.1 Evaluation water balance simulations

Results of the evaluation WBM runs are compared directly to the terms used in the observational WBM (Vanderkelen et al.,
2018). Precipitation observations are retrieved from the Precipitation Estimation Remotely Sensed Information using Artificial
Neural Networks - Climate Data Record (PERSIANN-CDR; Ashouri et al., 2015). Evaporation is estimated from the latent
heat flux output of the high resolution reanalysis downscaling of the COSMO-CLM? regional climate model (Thiery et al.,
2015).

The modelled annual precipitation over the study area during the evaluation period (1990 - 2008) shows different spatial
distributions (Fig. 2). Compared to the observed precipitation, the majority of the models (CCLM4-8-17, RACMO22T, RCA4
and REMO2009) underestimates the amount of lake precipitation up to -79% compared to the reference. Only HIRHAMS
gives a large overestimation of precipitation over the lake of +78% compared to the reference. The mean annual lake evapora-
tion varies a lot among the models as well (Fig. 3). The evaporation amount is underestimated by CCLM4-8-17, RACMO22T
and REMO2009 up to -71% compared to the reference and overestimated by HIRHAMS and RCA4 up to +39 %. Similar
conclusions can be drawn from the comparison of the histograms of observed and simulated lake precipitation (Fig. 4). The
difference between the distributions is also found for inflow and the resulting lake levels. The seasonal cycles of the water
balance terms, lake precipitation, evaporation and inflow (Fig. 5b, ¢ and d) show the same over- and underestimations com-
pared to the observed values. This indicates that even RCMs downscaling reanalysis data still entail important precipitation
and evaporation biases. In most cases, the biases in precipitation and evaporation result in drifting lake levels (Fig. 5a). The
overestimation of HIRHAMS in the precipitation term is too large to be compensated by its overestimated evaporation term.
The modelled HIRHAMS lake levels shows therefore an unrealistic increase. The lake levels modelled with CCLM4-8-17,
RACMO22T, RCA4 and REMO2009 show a large, unrealistic drop up to 13.3 m, which is mainly due to the underestimation

of lake precipitation and inflow. Overall, only CRCMS is able to represent the lake level within an acceptable range.

3.2 Simulations with bias corrected water balance terms

As only CRCMS is able to close the WB and there are only two simulations following RCP 4.5 with this RCM available, it
is not possible to base the analysis of lake level projections on an observationally-contrained RCM ensemble. Therefore, we
applied two bias correction methods to be able to use all CORDEX simulations. After applying the linear parametric transfor-
mation on the CORDEX evaluation simulations, the seasonal cycle of the lake precipitation, lake evaporation and inflow term
approximates the observations (Fig. 6). Consequently, the resulting lake levels lie within the range of observed lake levels. As
the linear parametric bias correction method provides a closed WB for all six RCMs, it is applied on the WB terms of the
historical and future CORDEX simulations. Using the second bias correction method, with empirical quantiles, also leads to

WB closure. Applying this bias correction method on the historical and future CORDEX simulations yields similar results as
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the linear parametric transformation. Therefore, only results from the linear parametric transformation are shown hereafter.

Results with the empirical quantile bias correction method are presented in the appendix.

After applying the linear parametric bias correction, we quantified the future change of the three WB terms according to
the three RCP scenarios for all simulations. This is achieved by computing the difference between the future (mean of the
period 2071-2100) and the historical (mean of the period 1971-2000) simulations (Fig. ??). The climate change signal for
lake precipitation differs between the simulations in every RCP scenario (Fig ??a, b, ¢). For some simulations, lake precipita-
tion demonstrates a strong decrease (e.g. CCLM4-8-17 driven by EC-EARTH, CRCMS driven by CanESM2 and REMO2009
driven by EC-EARTH) while other simulations show an increase (e.g. RACMO22T driven by HadGEM2-ES and REM0O2009
driven by CM5A-LR). The model simulations with a smaller increase or decrease also vary in sign. In contrast to lake precipita-
tion, the lake evaporation signal is more consistent for the different simulations, with generally an increasing trend (Fig. ??d, e
and f). The future changes in the inflow term are generally consistent as well and show an increase of inflow under all three RCP
scenarios. As lake inflow is directly related to precipitation, the increase in inflow can be attributed to the increase of precipita-

tion over the LVB. For all three WB terms, the width of the 95% confidence intervals is larger for strong climate change signals.

The signs of the signals are broadly consistent with the signs of the original, non bias corrected WB terms (see appendix
Fig. E1). The amplitude of the signals, however generally decreases after applying the bias correction. This decrease is larger

for the simulations with the more extreme signals, with important effects on the multi-model means.

3.3 Future lake level and outflow projections

Lake level projections following different dam management scenarios are computed from the CORDEX simulations, bias cor-
rected with a linear parametric transformation (Fig. 8). Future lake levels according to the constant lake level scenario are
not represented in this figure, as they are constant at their 2006 level per definition. Under the historical HPP scenario, the
ensemble mean projects a lake level increase of 1.03 m for RCP 2.6, 2.2 m for RCP 8.5 and a decline of -0.36 m for RCP 4.5
in 2100, compared to the 2006 level (Fig. 8a). The ensemble mean lake levels projections thereby all stay within the observed
range. The model uncertainty increases over time for three RCPs with an enveloped width ranging up to 24 m. The uncertainty
range encompasses both rising and decreasing lake levels (e.g. up to +12 m and -12 m in 2100 under RCP 8.5). The different
simulations tend to diverge with a more or less constant ensemble mean as a result, as is shown by their inter quartile range
(Fig. C1 in the appendix). Overall, lake level projections thus encompass large uncertainties within this management scenario.
In the high HPP scenario the ensemble mean projections of the three RCPs project a decrease in lake level (-3.9 m for RCP
2.6, -3.2 m for RCP 4.5 and -1.5 m for RCP 8.5; Fig. 8b). The model uncertainty again increases with time for the three RCPs,

consistent with the rising spread in the historical HPP management scenario.
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In the Agreed Curve scenario, the outflow is adjusted every day based on the lake level of the previous day. In this scenario,
the modelled lake levels stay within the range of the historical fluctuations and show no clear trend (Fig. 8c). The seasonal
cycles in lake level are clearly visible in the ensemble mean. In 2100, the uncertainty has increased to 1.1 m for RCP 2.6, 3.1 m
for RCP 4.5 and 3.9 m for RCP 8.5. It is not surprising that the lake level modelled with this scenario stays within the historical
range, as the approximated WB equilibrium is maintained by adjusting the outflow based on the lake level on a daily basis.
Moreover, the Agreed Curve relation between lake level and outflow is originally made to mimic natural outflow, accounting

for the natural climate variability (Sene, 2000).

The outflow projections following the Agreed Curve scenario fluctuate around the historical observed outflow volume for
RCP 2.6 and 4.5. For RCP 8.5 the model projects a slight increase towards the end of the century, resulting in an averaged
outflow volume being 6.7 - 106 m?® day™' (+7.6 %) higher than the historical observed outflow. This increase in outflow results
from outflow volumes for some simulations that are larger than prescribed by the Agreed Curve, as the lake level for these sim-
ulations reaches the prescribed maximum lake level and all additional water is discharged. The uncertainty of the projections
is therefore very large, ranging from 14 - 106 m® day! to 209 - 106 m® day! for RCP 8.5, whereby the latter constitutes more

than double the historical observed outflow (88 - 106 m?® day™').

In the constant lake level scenario, the outflow volume varies following a spiky pattern (fig. 9b). Since the outflow is altered
each day to maintain a constant lake level given the precipitation, inflow and evaporation terms of that day, the outflow volume
greatly varies on daily time scales with an average standard deviation of 172 - 10 m? day™!. Fig. 9b therefore shows annually
averaged daily outflow values. The three RCPs show no clear trend, but uncertainties range up to 253-10° m?® day™'. Fluctuating
around a multi-model mean of 88.9 - 10 m3 for RCP 2.6, 90.3 - 10% m? for RCP 4.5 and 95.5 - 106 m? for RCP 8.5, annual
average outflow volumes are higher than historical outflow, with an average outflow volume of 88 -10% m? day™', measured
from 1950 until 2006.

Finally, outflow volumes following the historical HPP scenario decrease slightly until roughly 2055, whereas outflow vol-
umes following the high HPP scenario remain constant until 2055 (fig. 9c and d). Afterwards, the ensemble mean outflow
projections start to diverge and uncertainties strongly increases. From this moment, most lake level projections reach the im-
posed minimum or maximum levels (Sect. 2.3). No outflow is released for projections which drop to the minimum level, while
all additional water is discharged for lake levels which reach the maximum level. Consequently, with outflow volumes reaching
these extremes, it is not possible to maintain a constant hydropower supply, despite the management scenario being designed

for this aim.

10
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4 Discussion
4.1 Model quality and projected changes

None of the RCMs, except for CRCMS, are able to provide reliable estimations of the water balance terms in the LVB (Figs
4 and 5). Endris et al. (2013) found that most RCMs simulate the main precipitation features reasonably well in East-Africa.
Over the whole CORDEX-Africa domain, all RCMs capture the main elements of the seasonal mean precipitation distribution
and its cycle, but also inhibit significant biases are present in individual models depending on season and region (Nikulin et al.,
2012; Kim et al., 2014). Here, a specific region is investigated wherein lakes act as main driving features of the regional climate
(Thiery et al., 2015, 2016, 2017; Docquier et al., 2016). Therefore, model performance is primarily determined by how lakes
are resolved in the models. A correct representation of lake surface temperatures in the models is crucial to account for the
lake-climate interactions and associated mesoscale circulations (Stepanenko et al., 2013; Thiery et al., 2014a, b). The good
performance of CRCMS can be attributed to the presence of the lake model FLake, ensuring a realistic representation of lake
surface temperatures, while the other models have no lake model embedded. The fact that RCA4, which also uses FLake as
lake model, gives no accurate representation of the water balance terms in the LVB, is most likely due to other model biases

apart from the lake model.

Thiery et al. (2016) performed high resolution simulations (~7km grid spacing) with the coupled land-lake-atmosphere
model COSMO-CLM? under RCP 8.5 over the LVB. In these simulations, the precipitation shows a decrease of -7.5% towards
the end of the century over the lake surfaces of the African Great Lake region, which is a higher decrease than found in this
study (-2.3%). The increase in lake evaporation following RCP 8.5 according to Thiery et al. (2016) (+ 142 mm year™') confirms
the sign of the evaporation signal of most CORDEX simulations of this study (Fig. E1f). However, the effect is not visible in
the bias-corrected multimodel mean ( -0.07 mm year!) which results from the negative signal of three CORDEX simulations
(Fig. E1f). While COSMO-CLM? generally outperforms CORDEX-Africa simulations, these simulations are only available in

time slices and could therefore not be used to drive the WBM.

The decrease in lake precipitation for RCP 4.5 and 8.5 (respectively -2.5% and -2.3% is not visible in the lake level projec-
tions following the Agreed Curve or the HPP scenarios. This is due to the fact that the decrease in lake precipitation is largely
compensated in the total WB by the increase in lake inflow, which is determined by the increase in precipitation over the LVB.
In the bias corrected simulations using the linear parametric transformation, the deficit in lake precipitation is compensated for
184 % (RCP 4.5) and 450 % (RCP 8.5) by an increase in inflow. In RCP 2.6, this effect is not present.

4.2 Water management and climate change

The analysis reveals that the management scenario has an important influence on the future lake levels and outflow volumes.

The physical lake level constraint makes that the effect of unsustainable management scenarios is reflected in the outflow vol-
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umes, which become highly variable once the lake level limit is reached. In both constant HPP scenarios, various simulations
reach these limits, leading to very high or almost no outflow anymore, and a hydropower production which does not meet the
goal for which it was designed. The multi-model mean lake level projections following these management scenarios appear
sustainable, but are the result of averaging two branches of drifting lake levels, as illustrated by the interquartile range being
large compared to the Agreed Curve (see appendix fig. C1). Lake levels diverge towards their limits, leading to extreme situa-
tions where the lake extent is altered substantially, causing various impacts along the shoreline, such as reduced accessibility
of fishing grounds and harbours located in shallow bays. Therefore, the dam management scenarios aiming at constant hy-
dropower production are not sustainable. Furthermore, to meet the goal of a constant lake level, the outflow volumes have to
be highly variable, which is not realistic if hydropower generation is pursued. Therefore also the constant lake level scenario

can be qualified as unsustainable.

If the released dam outflow follows the Agreed Curve, the lake level will reflect the climatic conditions and it will fluctuate
within its natural range. Moreover, the corresponding outflow following the multi-model mean stays also within the observed
range. However, the uncertainties of the outflow simulations reach up to 229% of the projected multi-model mean, highlight-
ing that future lake level trajectories may strongly differ even under a single climate change realisation. This has important
implications for the potential hydropower generation and water availability downstream: while the lowest projected outflow
volumes close to zero inhibit hydropower potential and exacerbate hydrological drought in the White Nile, increased outflow
volumes could lead to more flooding downstream. Hence, strong changes in downstream water availability may occur in the
next decades even if dam managers adhere to the Agreed Curve. Nevertheless, considering the multi-model mean, the Agreed
Curve scenario can be denoted as a sustainable management scenario. However, violations against the prescribed outflow can
have important consequences for the lake levels, as shown by the observed drop in lake level in 2004-2005, which was for 48%
attributable to an enhanced dam outflow (Vanderkelen et al., 2018). In Uganda, hydropower provides up to 90% of the elec-
tricity generated (Adeyemi and Asere, 2014). There is a rapidly growing gap between electricity supply and a rising demand,
as the electricity consumption per capita in Uganda is among the lowest in the world. The Kiira and Nalubaale hydropower
stations, managing Lake Victoria’s outflow, are the largest power generators in the country (Adeyemi and Asere, 2014). The
third largest capacity is provided by the new Bujagali hydropower dam located 8 km downstream of Lake Victoria. Therefore,
operations at those dams will become even more important in the future. If there are again violations against the Agreed Curve
because of the increasing hydropower demand, this may have substantial consequences for the future evolution of the lake
level. A relative stable lake level is however necessary for local water availability providing resources to the 30 million people

living in its basin and to the 200 000 fisherman operating from its shores (Semazzi, 2011).

Within each management scenarios, the climate model uncertainty appears to be larger than the uncertainty related to the
emission scenario. This could be seen by the large spread around the multi-model mean and the coinciding RCP curves and
spread (Fig. 8 and 9). The spread according to the RCP 2.6 scenario is the smallest. This scenario contains only 11 simulations,

while there are 19 simulations following RCP 4.5 and 17 simulations following RCP 8.5. The future projections provide no
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clear differentiation between the three RCP scenarios, indicating that uncertainties associated with the model deficiencies and
initial conditions play a more important role. Therefore, to further refine lake level projections presented in this study, it is of

vital importance to account for model deficiencies and natural variability.

Apart from the large climate model uncertainties, this approach using the WB model has some other shortcomings. First,
we do not account for future land cover changes in the inflow calculations, as a static land cover map for the year 2000 is
used (Vanderkelen et al., 2018). Changes in land cover are however very important in future simulations, as they affect the
Curve Number and therefore the amount of runoff (Ryken et al., 2014). Moreover, future changes in land use could induce
changes in precipitation in tropical regions (Akkermans et al., 2014; Lejeune et al., 2015). Second, the employed management
scenarios are based on three simple assumptions. The management scenario exerts a major influence on future lake level
fluctuations and future lake levels appeared to be sustainable only if the Agreed Curve is followed. As the importance of dam
management in response to rising hydropower demand increases, more sophisticated management scenarios accounting for the

rising hydropower demand could be developed and examined for their ability to preserve historical lake level fluctuations.

5 Conclusions

In this second part of a two paper series, a water balance model developed for Lake Victoria is forced with climate projec-
tions from the Coordinated Regional Climate Downscaling Experiment (CORDEX) ensemble following three Representative
Concentration Pathways (RCPs 2.6, 4.5 and 8.5). Lake level fluctuations are projected up to 2100 using four different dam

management scenarios, which emerge from three policy objectives.

This study identified the following key messages: (i) regional climate models incorporated in the CORDEX ensemble are
typically not able to reproduce Lake Victoria’s water balance, and therefore require bias correction. Applying the bias cor-
rection closes the water balance and results in realistic simulated lake levels. (ii) The projected decrease in lake precipitation
under RCP 4.5 and RCP 8.5 is compensated by an increase in lake inflow, which is directly determined by precipitation over
the Lake Victoria Basin. (iii) The choice of management strategy will determine whether the lake level evolution remains sus-
tainable or not. Idealized dam management pursuing a constant hydropower production (electricity policy objective) leads to
unsustainable lake levels and outflow fluctuations. The management scenario in which the lake level is kept constant, targeting
a reliable navigation policy, leads to highly variable outflow volumes, which is not realistic in terms of hydropower production.
(iv) When outflow is managed following the Agreed Curve, mimicking natural outflow pursuing environmental policy targets,
the evolution of lake level and outflow remains sustainable for most realizations. (v) The outflow projections following the
Agreed Curve however encompass large uncertainties, ranging from 14 - 106 m* day™! to 209 - 105 m? day™! (up to 229% of
the historical observed outflow). Although the multi-model mean projected lake levels demonstrate no clear trend, these large
uncertainties show that even if the Agreed Curve is followed, future lake levels and outflow volumes could potentially rise

or drop drastically, with profound potential implications for local hydropower potential and downstream water availability.
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(vi) Next to the management scenario, we found that climate model uncertainty (RCM-GCM combination) is larger than the

uncertainty related to the emission scenario.

In this study, we provide the first indications of potential consequences of climate change for the water level of Lake Victoria.
The large biases and uncertainties present in the projections stress the need for an adequate representation of lakes in RCMs to
be able to make reliable climate impact studies in the African Great Lakes region. Finally, the evolution of future lake levels of
Lake Victoria are primarily determined by the decisions made at the dam. Therefore, the dam management of Lake Victoria is
of major concern to ensure the future of the people living in the basin, the future hydropower generation and water availability

downstream.
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Figure 1. Map of Lake Victoria and its basin with surface heights from the Shuttle Radar Topography Mission (SRTM). Taken from Van-
derkelen et al. (2018).
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Figure 7. Barplots showing the relative projected climate chance following RCP 2.6, 4.5 and 8.5 for lake precipitation (a-c), lake evaporation
(d-f) and inflow (g-i) for the CORDEX simulations bias corrected with the linear parametric transformation. The climate change signal is
defined as the mean difference between the future (2071-2100) and the historical (1971-2000) simulations. The whiskers indicate the 95%

confidence interval of the change based on the 30-year annual difference.
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Code and data availability. The Water Balance Model code is publicly available at https://github.com/VUB-HYDR/WBM_LakeVictoria.
The qmap R-package is available on the Comprehensive R Archive Network (https://cran.r-project.org/). Data from the Coordinated Regional
Climate Downscaling Experiment (CORDEX) Africa framework is available at http://cordex.org/data-access/esgf/

Appendix A: Details on used CORDEX simulations

The CORDEX ensemble simulations used in this study are listed in table Al. From all available simulations, the simulation of
HIRHAMS driven by EC-EARTH following RCP 4.5 is not used because it exhibits discrepancies between its historical and

future simulation. These discrepancies are nonphysical and inhibit the application of a bias correction.

23



Table A1. Overview of the different CORDEX simulations and their availability. (* data not used because of discrepancy between historical

and future simulation).

RCM Driving GCM RCP2.6 RCP45 RCP8S5
CCLM4-8-17 EC-EARTH N Y Y
CCLM4-8-17 HasGEM2-ES N Y Y
CCLM4-8-17 MPI-ESM-LR N Y Y
CCLM4-8-17 CNRM-CM5 N Y Y
CRCM5 MPI-ESM-LR N Y N
CRCM5 CanESM2 N Y N
HIRHAMS EC-EARTH N Y* Y
RACMO22T EC-EARTH N Y Y
RACMO22T  HadGEM2-ES Y Y Y
RCA4 CanESM2 N Y Y
RCA4 EC-EARTH Y Y Y
RCA4 MIROCS Y Y Y
RCA4 HadGEM2-ES Y Y Y
RCA4 NorESM1-M Y Y Y
RCA4 GFDL-ESM2M N Y Y
RCA4 CMS5A-MR N Y Y
RCA4 CNRM-CM5 N Y Y
RCA4 MPI-ESM-LR Y Y Y
RCA4 CSIRO-Mk3-6-0 N Y Y
REMO2009 MIROCS Y N N
REMO2009 GFDL-ESM2G Y N N
REMO2009 CMS5A-LR Y N Y
REMO2009 HadGEM2-ES Y N N
REMO2009 EC-EARTH N Y Y
REMO2009 MPI-ESM-LR Y Y Y
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Appendix B: Correction of CORDEX ensemble members for number of days

Not all simulations from the CORDEX ensemble have the same number of days. As a fixed number of days is a necessary

condition to compare the WBM simulations, a correction was applied on the daily WB terms of some simulations.

First, simulations driven by HadGEM2-ES (CCLM4-8-17, RACMO22T, RCA4, REM02009), have 30 day-months and only
go until 2099. To account for the missing days, 5 extra days are added for every 72 days in the year, starting after the 36th day.
The index of these 5 extra days within each year are given in table B1. The added days are the average of the respective WB
terms during the previous and next day. In addition, we accounted for the fact that these model simulations do not include the
year 2100, by repeating the year 2099. The simulations with HadGEM2-ES for RCP 4.5 have no december month in the year
2099. This is also the case for the HadGEM2-ES CCLM4-8-17 simulation for RCP 8.5. In both cases, December 2099 is added

by repeating the month November of the same year.

Table B1. Indices where extra days are added per year

Original index 36 108 180 252 324
Index of addedday 37 110 183 256 329

Finally, in all simulations that do not account for leap years (RCMs driven by CanESM2, NorESM1-M, MIROCS5, GFDL-
ESM2M, CM5A-MR and CSIRO-Mk3-6-0), an extra day in the leap years is added by taking the average WB term value of
the days corresponding to the 28th of February and the 1st of March. Overall, compared to the total number of days of the
future projections (34698 days), we note that corrections on single days (up to 888 days depending on the simulations) have a

little influence on the outcomes of this study.

Appendix C: Inter quartile ranges of lake level projections

The interquartile range of the lake level projections (fig. C1) compared with their Sth and 95th percentile envelope shows a large
decrease in uncertainty range for outflow following the Agreed Curve, while the uncertainty following the HPP management

scenarios knows a smaller decrease.
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Figure C1. As in Fig. 8, but the envelope shows the inter quartile range of the CORDEX simulations.

Appendix D: Overview of the parameters used in the linear parametric transformation

Table D1 shows the @ and b calibration parameters for the different CORDEX simulations used in the linear parametric trans-

formation to bias correct the lake precipitation, evaporation and inflow terms of the WB.
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Table D1. Parameters a and b of the linear parametric transformation of the WB terms for the different CORDEX simulations (Eq. 5).

Lake precipitation Lake evaporation Inflow

RCM Driving GCM a (107) b a (10°) b a (10% b

CCLM4-8-17 CNRM-CMS5 0.65 0.350 2.30 0.476 27.0 0.257
CCLM4-8-17 EC-EARTH 1.68 0.574 2.82 0.536 38.1 0.315
CCLM4-8-17 HadGEM2-ES 1.69 0.425 2.88 0.339 47.6 0.404
CCLM4-8-17 MPI-ESM-LR 1.20 0.342 2.05 0.556 36.6 0.261
CRCMS5 MPI-ESM-LR 1.06 0.810 1.71 0.676 -16.5  0.705
CRCMS5 CanESM2 -1.54 0.850 2.86 0.655 -15.0  0.647
RACMO22T EC-EARTH -0.01 0.528 1.95 0.206 -31.1 2.041
RACMO22T  HadGEM2-ES 0.43 1.823 2.98 0.944 -16.0  2.225
HIRHAMS EC-EARTH 1.04 1.630 1.59 0.424 0.90 0.730
RCA4 CanESM2 1.78 0.926 1.78 0.658 16.0 0.759
RCA4 CM5A-MR 1.81 0.860 1.86 0.629 244 0.691
RCA4 CNRM-CM5 1.95 0.982 1.78 0.643 27.6 0.916
RCA4 EC-EARTH 1.64 0.794 1.66 0.706 19.0 0.657
RCA4 GFDL-ESM2M 2.04 0.878 1.73 0.699 36.8 0.652
RCA4 HadGEM2-ES 2.40 1.125 2.70 0.433 36.5 1.177
RCA4 MIROCS 1.73 0.885 2.00 0.593 239 0.767
RCA4 MPI-ESM-LR 1.79 0.889 1.76 0.657 21.8 0.812
RCA4 NorESM1-M 2.04 0.994 1.81 0.657 313 0.946
RCA4 CSIRO-Mk3-6-0 1.74 1.048 1.89 0.648 229 0.971
REMO02009 HadGEM2-ES 0.16 0.425 2.90 0.241 335 0.525
REMO02009 MPI-ESM-LR 1.23 0.639 2.50 0.519 422 0.814
REMO02009 EC-EARTH 1.76 0.923 2.59 0.703 40.7 1.013
REMO02009 CMS5A-LR 0.73 0.414 2.81 0.271 19.7 0.453
REMO02009 GFDL-ESM2G 0.51 0.415 2.58 0.327 133 0.470
REMO2009 MIROCS 0.57 0.481 2.88 0.279 23.1 0.524

Appendix E: Simulations with empirical quantiles bias correction

Next to bias correction method using a linear parametric transformation (see section 2.4), WB closure was adhered with a
second method which is the non-parametric quantile mapping method, a common approach for statistical transformation (e.g.
Panofsky and Brier, 1968; Wood et al., 2004; Boé et al., 2007; ThemeBl et al., 2011; ThemeBl et al., 2012). Following Gud-
mundsson et al. (2012) and Boé et al. (2007), this method uses the Cumulative Density Function (CDF) based on the empirical

quantiles from the observed variable to transform the modelled variable. First, the cumulative density functions of the three
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WB terms following each historical simulation in the overlapping period (the reference simulations) are matched with the cu-
mulative density function of the WB terms from the observational WBM (observations). This generates a correction function,
relating the quantiles of both distributions. Next, this correction function is used to unbias the WB term simulations for the

whole simulation period quantile by quantile (Boé et al., 2007).

When a bias correction based on empirical quantiles is used, very similar results are found (compare Figs. E2, E3, E4 and
E6). Based on this, we conclude that the bias correction methods has very little effect on the results presented in this study.

In this study, applying a bias correction on the WB terms of the CORDEX simulations was necessary to be able to make
lake level and outflow projections, as subsetting as not possible. RCMs are often bias corrected, as their simulations inhibit
errors (Christensen et al., 2008; Teutschbein and Seibert, 2013; Maraun et al., 2010; ThemeB]l et al., 2012; Lange, 2018). Both
linear parametric transformation and the quantile mapping bias correction methods are used. The advantage of the first is the
simplicity and transparency of the method (Teutschbein and Seibert, 2013). The quantile mapping method on the other hand,
is a non-parametric method and is able to correct for errors in variability as well (Themefl et al., 2011). Yet, no substantial
differences could be noted between the resulting projections of both methods, which supports that there is no single optimal
way to correct for RCM biases (ThemeBl et al., 2011). It is however important to consider the limitations concerning the
bias correction methods. In both methods, each WB term is corrected independently, whereas biases may not be independent
among the terms, which may be important in the context of climate change (Boé et al., 2007). The consistency between the
variables could be preserved by using a more sophisticated method using a multivariate bias correction (Cannon, 2017; Vrac
and Friederichs, 2015). However, Maraun et al. (2017) showed that bias correction could lead to improbable climate change

signals and cannot overcome large model errors.
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Figure E1. Barplots showing the relative projected climate chance following RCP 2.6, 4.5 and 8.5 for lake precipitation (a-c), lake evaporation
(d-f) and inflow (g-i) for the CORDEX simulations without bias correction. The climate change signal is defined as the difference between
the future (2071-2100) and the historical (1971-2000) simulations. The whiskers indicate the 95% confidence interval of the change based

on the 30-year annual difference.
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Figure E3. As in Fig. 7, but bias corrected using empirical quantiles.
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