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Abstract. Lake Victoria is the largest lake in Africa and its outflows strongly influence flows in the White Nile,
including the availability of water for hydropower generation, irrigation and water supply. Understanding the
water balance is a major challenge since the lake is large enough to influence the local climate and its catchment
spans several countries. Hydrometeorological monitoring networks are also sparse in some parts of the basin. In
this paper, we consider the history of water balance estimates for the lake and how the science has developed
as new information and techniques have become available, including in areas such as seasonal flow forecasting
and estimating the potential impacts of dam operations and climate change. These findings are placed into a
wider context including the challenges arising from a changing climate and evolving ideas from international
research programmes, which lead to some suggestions for future research priorities for Lake Victoria and other

sub-Saharan/Rift Valley lakes.

1 Introduction

Lake Victoria is the largest lake in Africa and the main source
of water for the White Nile. It has a mean surface area of
approximately 68 000km? and the surrounding catchment
area is more than three times as large, at about 194 000 km?
(e.g. WMO, 1974, 1982). Inflows to the lake arise from
Rwanda, Burundi, Kenya, Tanzania, Uganda, and the Demo-
cratic Republic of the Congo.

Whilst the hydrology of the lake has been surveyed since
the early 20th century, the first significant studies were asso-
ciated with the design of Owen Falls (now Nalubaale) Dam
which was commissioned in 1953. Typically, these focused
on the long-term water balance of the lake (Sutcliffe and
Parks, 1999) but, by the 1970s, several computer simulation
studies had been conducted using raingauge averaging meth-
ods to estimate lake and catchment rainfall, and conceptual
rainfall-runoff models to estimate ungauged inflows. Pio-
neering work had also been performed on the use of stochas-
tic models to estimate future outflows. Piper et al. (1986) pro-
vide a useful overview of techniques in use at that time.

More recently, novel approaches have been developed to
meet the challenges of new applications, such as for short-
range weather forecasting, seasonal flow forecasting, and
assessing the potential impacts of climate change. The hy-
dropower generating capacity of the White Nile also contin-
ues to be exploited further, with several schemes now along
the river. The techniques used have included regional and
mesoscale atmospheric models, and stochastic approaches,
as discussed later.

Following a brief literature review, this paper presents in-
sights into how modelling techniques have evolved over the
decades and some key lessons learned. This includes per-
spectives gained from new applications in areas such as cli-
mate change, seasonal flow forecasting and assessing the im-
pacts of dam operations. These findings are then placed into a
wider context including the challenges arising from a chang-
ing climate and evolving ideas from international research
programmes.
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Figure 1. Map of the lake region (source: IAHS Press and Sutcliffe and Parks, 1999).

2 The study area

Figure 1 shows the location of Lake Victoria. The lake rain-
fall is dominated by the annual progression of the Intertrop-
ical Convergence Zone resulting in two rainfall seasons, al-
though lake temperature influences are large enough to affect
the local atmospheric circulation.

Regular lake level observations began in the 1890s.
Some raingauge observations started in the following
decade, whilst routine monitoring of outflows commenced
in the 1940s. Monitoring reached a peak during the land-
mark World Meteorological Organisation (WMO) Hydrom-
eteorological Survey of the 1960s, 1970s and 1980s. More
recently, there been major improvements associated with
regional bodies such as the Lake Victoria Basin Commis-
sion (LVBC) and the Nile Basin Initiative (NBI).

Figure 2 shows the lake level variations from 1896 to 2017.
An interesting feature is how seasonal variations in levels
are superimposed on much longer-term storage influences,
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meaning that long record lengths, over periods of decades,
are required to understand the lake response.
The water balance for a lake can be expressed as Eq. (1):

AAh = AN - Q, )

where A is the surface area, A# is the change in water level in
atime interval, N is the net inflow and Q,, is the lake outflow
(e.g. Piper et al., 1986). The term N is sometimes called the
Net Basin Supply (NBS) and is given by Eq. (2):

oi( ) Qo(1)

N({t)=P(@t)—E(lt)+ —— A0 +e(t)=Ah+— A0 2)
where 7 is time, P is the lake rainfall, E is the lake evapora-
tion and Qj is the tributary inflow. The surface area is often
assumed to be constant whilst the additional term e repre-
sents relatively minor items which are usually neglected as
they are difficult to estimate, such as water abstractions and
groundwater seepage.
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Figure 2. Lake Victoria water levels from 1896 to 2017 (source: NCSU et al., 2018).

In some studies, an empirical rainfall scaling term, c, is
introduced so that the net basin supply can be expressed as
Egs. (3) or (4):

N=cP—E+Qi/A 3)
N=c(P—E)+ Qi/A. (€)]

This value is then estimated by specifying closure of the wa-
ter balance over the chosen calibration period, with a further
refinement being to consider individual factors for each of
the monitoring stations considered.

3 Modelling challenges

3.1 Water balance approaches

Given the importance of Lake Victoria in the region, there
have been numerous studies of its water balance; far too
many to list here. Table 1 presents some landmark studies, se-
lected both for the techniques considered and the large num-
ber of citations they include. Additional references appear
later for specific applications.

Of the terms in the water balance, the direct rainfall on the
lake surface provides the majority of the input but is the most
difficult component to estimate. Typically, this is achieved by
area-weighting raingauge observations although, as noted in
the table, recent studies are increasingly using satellite pre-
cipitation estimates. However, one challenge with both ap-
proaches is that the lake is large enough to affect the local at-
mospheric circulation, causing rainfall to be higher over the
water surface. This means that raingauge observations, even
from the lakeshore, may not be representative, whilst the in-
terpretation of satellite observations is made more challeng-
ing due to the impacts of enhanced cloud cover over the lake,
affecting both rainfall and water temperatures.
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The lake evaporation is another important component and
is typically estimated from a Penman-type approach using
observations from weather stations. As with raingauge ob-
servations, the local atmospheric circulation introduces ad-
ditional uncertainty, with the added complication that there
are relatively few weather stations. However, as might be ex-
pected, evaporation is much less variable than rainfall so of-
ten a long-term monthly average is assumed in simulations.

The tributary inflows, in comparison, are relatively small,
but many studies have noted that much of the variability in
lake levels arises from this term, due to the fine balance be-
tween lake rainfall and evaporation, which are of a similar
magnitude. However, many of the tributaries are ungauged
or have short record lengths, making rainfall-runoff model
calibration difficult for infilling and extending records. For-
tunately, though, the longest and best quality records are for
the main rivers which flow into the lake, so the combined
inflow from these rivers is often scaled to estimate the to-
tal inflow. For example, the catchments of the Kagera, which
flows into the lake from Tanzania to the west, and the Nzoia,
Yala, Sondu and Awash Kaboun from Kenya to the northeast,
represent about 40 % of the total catchment area.

Given these challenges, one innovative aspect in many
studies of Lake Victoria has been the recognition that much
can be understood about the lake response by considering the
NBS alone, estimated from lake levels and outflows. This ap-
proach has the attraction that both terms are monitored with
greater precision than the inflow components so that, in prin-
ciple, estimates should be more accurate. Also, since level
records now span more than a century, there is the benefit of
a dataset that represents a wide range of historical lake levels
and their frequencies of occurrence. Linked to this, another
innovation was the early adoption of stochastic models for
the NBS to explore variations in future levels.

Proc. IAHS, 384, 141-147, 2021
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Table 1. Summary of key investigations of the water balance of
Lake Victoria.

Publication date  Findings

1938 First published attempt to close lake water balance,
based on minimal observations from around the lake
(Hurst and Phillips, 1938)

1970 Technical note to Uganda Water Development Dept
including a first lake rainfall series (De Baulny and
Baker, 1970)

1974-1982 Initiated systematic measurements of tributary inflows
and other components of the water balance (WMO,

1974, 1982)

1981 Demonstrated that the 1960s rise in lake levels was
caused by natural variability and consecutive heavy
rainfall seasons (Kite, 1981)

A series of reports to ODA! (now FCDO2) and
associated papers, reviewing the hydrology of Lake
Victoria, and presenting methodologies for estimating
lake rainfall, evaporation and tributary inflow,

including the use of stochastic techniques, and using a
simple conceptual model to extend the monthly lake
water balance back to 1925, and annual lake water
balance back to 1900 (Institute of Hydrology, 1984,
1985, 1993; Piper et al., 1986; Sene and Plinston, 1994)

1984-1994

1996 Used 3 GCMs to drive a lake water balance model to
investigate impacts of climate change on Nile flows
(Conway and Hulme, 1996)

1998-2001 Reconstructed lake level trends back to 1780s using
historical witness accounts and reports of
meteorological conditions, and interpreted the trends
in terms of components of water balance (Yin and

Nicholson, 1998; Nicholson and Yin, 2001)

2002 Report to LVBC updating lake water balance (COWI
Consulting Engineers and Planners AS, 2002)

2004 Updated water balance to 2000, and did sensitivity
analysis of levels and outflows to climate change (Tate
et al., 2004)

2008 Applied SWAT? model to Nzoia tributary using
5 GCMs with focus on climate change impacts on
catchment high flows (Githui et al., 2008)

2011 Applied VHM#* and NAM? models to Nyando
tributary using 17 GCMs with focus on catchment
hydrological extremes (Taye et al., 2011)

2017 AGU® conference presentation describing application
of GR4J7 model to Katonga tributary using CP4A3
climate data (Stratton et al., 2018; Macdonald et al.,
2017)

2018 Tested lake water balance for recent past climate then
applied ensemble of 6 CORDEX® RCMs!? to quantify
future levels and outflows (Vanderkelen et al., 2018a, b)

2019 Weighted and post-processed remote sensing satellite
products to quantify components of water balance
(Khaki and Awange, 2019)

I ODA: Overseas Development Administration (UK); 2 FCDO: Foreign, Commonwealth and
Development Office (UK); 3 SWAT: Soil and Water Assessment Tool; 4 VHM: Dutch abbreviation
for “generalized lumped conceptual and parsimonious model structure identification and
calibration™; 5 NAM: Nedbgr—Afstrgmnings-Model; 6 AGU: American Geophysical Union; 7 GR4J:
“modele du Génie Rural a 4 parametres Journalier”; 8 CP4A: Pan-African Convection-Permitting
Regional Climate Simulation with the Met Office Unified Model (UM); 9 CORDEX: Coordinated
Regional Climate Downscaling Experiment; 10 ReM: Regional Climate Model.
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3.2 Newer techniques from recent applications
3.2.1 Climate change studies

One key application of water balance models has been to help
understand whether sudden changes in water levels were due
to climatic or other causes.

For example, based on this approach, the sudden rise in
levels in the period 1961-1964 has been widely attributed to
increased rainfall in East Africa at that time, rather than to
other factors such as dam operations (e.g. Piper et al., 1986;
Yin and Nicholson, 1998; Sutcliffe and Parks, 1999). Water
balance models have also suggested that the sudden fall in
levels around 2005 was caused by a drier climatic period and
increased releases at Nalubaale Dam (Sutcliffe and Petersen,
2007).

Water balance models can also be used to estimate fu-
ture levels, with the potential impacts of climate change of
particular interest. The earliest studies were typically based
on simple scaling factors for rainfall from a single climate
model, but nowadays a more sophisticated approach is used.
For example, one of the most recent (NCSU et al., 2018)
describes the application of change factors from an ensem-
ble of 36 General Circulation Models (GCMs) under a high
emissions scenario (Representative Concentration Pathway
RCPO08.5) to estimate future impacts on lake rainfall, lake
evaporation and tributary inflows for input to a water balance
model. Houghton-Carr et al. (2021a, b) also describe stochas-
tic modelling approaches that generated many possible future
sequences of climate-modified NBS.

An important point is that many of the current regional at-
mospheric models do not explicitly represent Lake Victoria
(NCSU et al., 2018). For example, Thiery et al. (2016) have
shown that temperature differences between the lake and sur-
rounding land affect the strength of the lake-land breeze and,
hence, the storms and precipitation that occur on and around
the lake. As a result, one current research priority is to rep-
resent the rainfall due to convective storms over the lake
in GCMs.

3.2.2 Lake operating rules

For hydropower operations, the outflows from Lake Victo-
ria are governed by an internationally agreed relationship
between lake levels and outflows. This is called the Agreed
Curve and is designed to mimic the behaviour of the natural
lake, before hydropower operations first began.

In recent years, proposed changes to the operating rules
for Nalubaale Dam have led to further in-depth studies of the
lake outflow characteristics (Houghton-Carr et al., 2021b).
As part of these studies, one innovation has been to extend
existing models to consider additional terms not usually in-
cluded, such as water abstractions, allowing rapid assess-
ment of the implications of increases in water use for domes-
tic, agricultural and industrial water use. However, NCSU et
al. (2018) demonstrate the potential effect of future changes
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in abstraction to be relatively minor compared to the possible
impact of future changes in climate.

3.2.3 Seasonal flow forecasting

Another developing area is that of seasonal flow forecasting
with operational or pre-operational systems now running in
several countries at a regional or national scale.

For Lake Victoria, some forecasting challenges include
the additional rainfall generated by the lake, its huge catch-
ment area, and the availability of real-time data. In contrast,
the large storage in the lake provides some persistence in
outflows, which can be exploited in a seasonal forecasting
model.

To explore some key drivers on lake response, Sene et
al. (2018) used a data-driven approach to derive stochastic
estimates for future lake levels and outflows, which demon-
strated forecast skill several months ahead. Some innovative
features included use of a data assimilation component, in-
corporating climate indices, and interpretation of the results
using performance metrics better suited to the non-stationary
response than more conventional measures. The climate in-
dices chosen were linked to the El Nifio Southern Oscillation
and the Indian Ocean Dipole, which are the primary known
drivers of East African inter-annual rainfall variability.

The potential for seasonal flow forecasting for the Nile has
also been explored using indices representative of the Pacific
and Indian Oceans (Siam and Eltahir, 2015). More generally,
there have been many investigations into the links between
regional rainfall and atmospheric and ocean conditions us-
ing both statistical and atmospheric modelling approaches
(e.g. Nicholson, 2017). Looking to the future, the Lake Vic-
toria basin is also a pilot project under the WMO Hydro-
logical Status and Outlooks (HydroSOS) initiative (https:
//public.wmo.int/en, last access: 25 October 2021).

4 Conclusions

When considering the history of hydrological studies of Lake
Victoria, there is much to celebrate, from innovations in esti-
mating the water balance and the early adoption of stochas-
tic techniques, to increasing recognition of the utility of re-
mote sensing information across data-sparse regions and the
embracing of basin-wide solutions through the auspices of
the LVBC and others. The development and application of
hydrological science in the basin has evolved as new data
sources and more advanced computing techniques have be-
come available.

One fundamental challenge is that, due to the lake dynam-
ics, long-term records are required to understand its response,
spanning many decades. This requires long, good quality ob-
servational records and a common recommendation in many
of the studies cited here is the need to improve monitoring,
whether ground-based and/or by satellite; and the need for
further research to fill gaps in observations in both regional
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meteorology and hydrology, particularly for the lake rainfall
and tributary inflows. This can also reduce uncertainties to
improve decision-making going forward, helping to inform
a risk-based approach combining probabilities and conse-
quences.

Another priority is to improve forecasting skill at a range
of timescales, from short-range weather forecasting to sea-
sonal flow forecasting. Improved climate change impact
projections are also required over timescales of years and
decades ahead. Internationally, there is an increasing empha-
sis on a seamless approach, using the same or mutually con-
sistent models and datasets at all timescales.

The challenges and issues faced for Lake Victoria are com-
mon to many regions and include the impacts of climate
change and human intervention on water resources. In the
Lake Victoria region these are compounded by rapid urban-
isation, growing population and their associated water de-
mands, and unsustainable exploitation of resources.

These themes are strongly endorsed by evolving ideas
from international research programmes, such as the
GEWEX (Global Energy and Water Exchanges programme)
HyVic project (2012—present), the IAHS (International As-
sociation of Hydrological Sciences) Decade on Predictions
in Ungauged Basins (PUB; 2003-2012) and the UNESCO
(United Nations Educational, Scientific and Cultural Organi-
zation) Flow Regimes from International Experimental and
Network Data programme (FRIEND-Water; 1984—present).
In particular, these emphasise the need for a cooperative ap-
proach to the management of the water resources of interna-
tional river basins, including the free exchange of data, infor-
mation, expertise and ideas.

Some of the key challenges for practitioners are how fu-
ture change will affect water resources, and what adapta-
tion strategies are available to best equip key stakeholders.
The recent and ongoing unprecedented changes in climate
and population in the Lake Victoria basin, and the associ-
ated pressures on and demands for water and other natural
resources, have driven the requirement for state-of-the-art
scientifically-based assessments of the status and future im-
pacts of various environmental and socio-economic change
scenarios on water resources, to inform robust, coherent
basin management plans. These issues apply to other sub Sa-
haran/Rift Valley lakes too.
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