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Abstract 
 
This study explores shallow lake numerical hydrodynamic processes that support model 
development and validation, extreme events and effects of water circulation in Lake Victoria. Lake 
Victoria is the second largest freshwater lake in the world, and the largest in East Africa. It is the 
major freshwater reservoir and source for domestic, agriculture, industrial, fishery, and transport. 
The resources support livelihoods and ecosystem services for over 40 million people. The lake is 
severely affected by water quality degradation by pollution. This thesis aims at improving the 
understanding by following recommendation of the Lake Victoria Environment Management 
Project, Lake Victoria Basin Commission climate change adaptation strategy and action plan 2018-
2023, Lake Victoria Basin Commission operational plan 2015-2020, and Lake Victoria Basin 
Commission report. These reports suggested detailed lake bathymetry survey, modelling of lake 
flow, study of lake hydrometeorological processes by modelling and simulation, to identify extreme 
weather events, assess water circulation effect, and study lake pollution near the shore. A numerical 
hydrodynamic model was built in the COMSOL Multiphysics (CM) software for assessing lake flows 
and water turn-over from river inflows which carry pollution. The work included the development of 
systematic methods for lake bathymetry that are relevant for lake numerical and hydrodynamic 
modelling. The hydrometeorological driven simulation model was employed to assess lake water 
balance, water circulation and soluble transport. Paper 1 creates a bathymetry from several methods 
and from several data sources, and a vertically integrated free surface flow model was implemented 
in CM. The model was used to investigate outflow conditions, mean velocities driven by river inflow, 
outflow, precipitation and evaporation. It is shown to be exactly conservative and give water level 
variation in reasonable agreement with measurements. The results indicate that the shallow water 
model is close to linear. An outflow model, linear in water level, predicts water level reasonable 
agreement with measurements. The findings suggest that the model should consider wind stress 
driven flow to provide more accurate lake flow behavior. Paper 2 performed an assessment of the 
hydro-meteorological processes and extreme weather events that are responsible for changing the 
characteristics of lake water balance, and changing streamflow variations, and lake transportation. 
We compare historical data over a long time with data from the model including water balance, 
sources of data uncertainty, correlations, extreme rain and inflow years, and seasonal variations. 
Solute loading and transportation was illustrated by tracing the water from the river inflows. The 
results indicate that the lake rainfall has a strong seasonal variation with strong correlations 
between tributary inflows and precipitation, and between lake outflow and water level. The tracer 
transport by mean flow is very slow. Flow increases somewhat in wet periods and is faster in the 
shallow Kenya lake zone than in the deeper Uganda and Tanzanian lake zones, where the major 
inflow, from the Kagera River, appears to strongly influence transportation.  

 

Keywords 
 
Lake bathymetry model; Steady-state analysis; Numerical model validation; Lake water balance; 
Correlation and seasonal variations; Solute transport. 
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Summary in Swedish 
 

Denna studie undersöker med numerisk metodik hydrodynamiska processer i den mycket grunda 
Victoriasjön och hur de påverkas av extrem väderlek, inflöden, och nederbörd.  Victoriasjön är den 
andra största sötvattensjön i världen, och den största i Afrika. Den är färskvattenförråd och källa för 
hushåll, jordbruk, industri, fiske och transporter. Resurserna ger livsuppehåll och ekosystem-
tjänster för mer än 40 miljoner människor. Sjön är utsatt för allvarliga föroreningar som försämrar 
vattenkvaliteten. Detta arbete avser att förbättra förståelsen genom att följa rekommendationer som 
givits ut av Lake Victoria Environment Management Project (LVEMP), och Lake Victoria Basin 
Commissions (LVBC) rapporter om strategi för anpassning till klimatförändringar, åtgärdsplan 
2018-2023 och översiktsplan 2015-2020. Rapporterna föreslår detaljerad genomgång av 
djupkartor, modellering av strömning i sjön i syfte att identifiera extrema väderhändelser, 
undersöka vattencirkulationen, och studera föroreningarna nära stränder. En hydrodynamisk 
numerisk modell har byggts i simuleringspaketet COMSOL Multiphysics (CM) för uppskattning av 
strömning och vattenutbyte från förorenade inflöden. Arbetet innefattade utveckling av metoder för 
vattendjups-modeller för hydrodynamiska studier. Simuleringsmodellen drivs av 
hydrometeorologiska data och används för vattenmängds-balans, cirkulation och 
föroreningstransport.  

Artikel 1 skapar vattendjupskartan från flera data-mängder med olika metoder. En vertikalt 
integrerad modell med fri yta implementerades i CM. Modellen ger vertikalt medelvärdesbildade 
hastigheter drivna av flodinflöden, utflöde, nederbörd och avdunstning. Modellen representerar 
vattenbalansen exakt och ger variationer i vattennivå i rimlig överensstämmelse med mätningar. 
Resultaten antyder att modellen är nära linjär och tids-invariant. En utflödesmodell ansatt som 
linjär i vatten-nivån kan anpassas noggrant till historiska data. Bättre realism kan uppnås om 
vindens pådrivande verkan inkluderas.  

Artikel 2 går igenom de hydro-meteorologiska processer och extrema väder-händelser som ändrar 
vattenbalans, strömningsmönster och transport. Vi har jämfört data över femtio år med modellens, 
inkluderande vattennivå, källor för osäkerhet i data, korrelationer, år med extrema regn och 
inflöden, och årstidsvariationer. Resultaten tyder på att nederbörden varierar kraftigt med 
årstiderna, och signifikanta korrelationer ses mellan nederbörd och inflöden, och mellan utflöde och 
vattennivå. 

Transport av lösliga föroreningar illustrerades genom spårning av vatten från de olika inflödena. 
Spårämnestransport med vertikalt medelvärdesbildade hastigheter är mycket långsam. 
Strömningen ökar något i våta årstider och är snabbare i den grunda zonen i Kenya än i de djupare 
delarna i Uganda och Tanzania. Det största inflödet som kommer från Kagera tycks ha stor inverkan 
på transporten. 

Nyckelord 
Vattendjupskarta; Validering av numerisk modell; Vattenbalans; Korrelationer och 
säsongs-variation; Transport av lösliga ämnen. 
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1. Introduction 

1.1. Background 
Lake Victoria is the second largest freshwater lake in the world, and the largest in Africa lying in three East 
African countries: Uganda (43 %), Kenya (6 %), and Tanzania (51 %) (Hassan and Jin, 2014; Christopher et al., 
2014; Kundu et al., 2017). The tributary areas are composed of many sub-basins in 5 riparian states - Kenya 
(21.5 %), Uganda (15.9 %), Tanzania (44.0 %), Rwanda (11.4 %), Burundi (7.2 %) (UNEP, 2006). The lake is the 
major freshwater reservoir and source of water for domestic, agriculture, industrial, fishery, and transport 
purposes in the surrounding region (LVFO, 2015; Kundu et al., 2017). Its resources support livelihoods and 
ecosystem services for over 40 million people (Kundu et al., 2017), and the Basin’s population has grown from 
35 million in 2006 to 45 million in 2017 (World Bank, 2018). The economy in the riparian areas is heavily 
dependent on Lake Victoria, over 80 % of Lake Victoria basin population rely on agriculture and livestock 
activities for their livelihood, which generates 30-40 % of the regional GDP (World Bank, 2018). Other 
important sectors are: waterway transport, hydropower generation, agro-processing, tourism, and small scale 
manufacturing. The gross economic product of the lake catchment is in the order of US$ 400-500 million 
annually and the lake catchment supports nearly one-third of the total population of East Africa (Kayombo and 
Jorgensen, 2005; World Bank, 2018). Regular monitoring of lake water level is crucial for the basin’s population 
because it has effects on access to water, food via fishing, and transport (Semazzi, 2011). 

Lake Victoria is shallow with an average depth of 40 meters and a maximum depth of 80 meters, and horizontal 
extent of 355 km (Kayombo and Jorgensen, 2005; Cheruiyot and Muhandiki, 2014). The flow dynamics in 
lakeshore areas are complex due to variations in morphometry that affect water, sediments, concentrations of 
chemicals, and ecological diversity in the lake (Luyiga et al., 2015; Gikuma-Njuru et al., 2018). It is on the 
equator and has a long shoreline with numerous gulfs and bays, many of which are recipients of river discharge 
and municipal and industrial effluents (Gikuma-Njuru and Hecky, 2005; Cornelissen et al., 2014; MacIntyre et 
al., 2014).  

In Kenya, most of the lake nutrients originate from organic and inorganic waste from intensive agriculture, 
municipality sewage, and livestock. Some rivers carry industrial discharges directly draining along the shoreline 
and shallow Winam Gulf, near Kisumu (Kyomuhendo, 2003; Longgen et al., 2009; Kundu et al., 2017). 
Malfunctioning sewage plants discharge inadequately treated sewage into tributary rivers and thence into the 
lake. Agricultural and chemical industries discharge pollutants directly into the lake (Christopher et al., 2014). 
The Tanzania senario is different: small-scale gold mining activities have increased the sources of heavy metals 
(LVEMP, 2005), while pesticide and nutrient-rich effluents are also discharged into Lake Victoria (Shayo and 
Limbu, 2018). In Uganda, heavy metals originating from major cities and remote inland areas (Ljung, 2002), 
major food processing, textile, leather, paper production and metallurgy industries in Jinja (Oguttu et al., 
2008), and pollution from Murchison Bay affect the near-shore areas (Kabenge et al., 2016). These activities 
severely affect lake water quality, polluting lake shore as well as deeper lake areas continuously.  

Shallow water bodies are environmentally sensitive and their flow management complex (Curtarelli et al., 
2014). Climate change and severe and prolong drought have imposed additional pressure on water availability, 
water accessibility, and water demand in the Lake Victoria basin (LVBC, 2018).  The flow variations, solute 
transport, and water levels are affected by extreme weather events. There is a need to understand the lake 
hydrodynamics processes that affect the chemical, biological and ecological systems as well as the physical 
processes and their driving forces, which are crucial for the management of these systems (Pacini and Covelli, 
2002). Nowadays, lake hydrodynamic simulation models with detailed lake bathymetry survey have also 
become an important tool for managing water resources, especially in modeling pollutant dispersion and 
euthrophication.  Water level fluctuations (WLF) may have massive implications for the ability of local 
communities (Semazzi, 2011). WLF is also influence the amount of outflow released by the dam, with 
consequences for hydropower generation and energy availability in the region. Thus, WLF are therefore 
controlled by both climate conditions and human management (Vanderkelen et al., 2018). The hydro-
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meteorological process determines the water level, and frequent events create surface and sub-surface runoff, 
which contribute sources of pollution and sedimentation to the lake (Okungu et al., 2014).   

Previous Lake Victoria model analyses, including thermodynamics and hydrodynamic characteristics were 
based on Princeton Ocean Model (POM) 3D simulations (Song et al., 2003; Anyah and Semazzi, 2004; Anyah et 
al., 2006; Anyah and Semazzi, 2009). They considered an elliptic lake with surface wind stress to investigate the 
vertical lake temperature profiles. Nyamweya et al. (2016) have used the Regional Oceanographic Model System 
(ROMS) to investigate temperature and currents that have an effect on the dial, seasonal, and annual variations 
in stratification, vertical mixing, and inshore-offshore exchanges. The National Oceanic and Atmospheric 
Administration (NOAA) built a model for Lake Victoria with meteorological data as first part of an integrated 
physical and ecological model with focus on eutrophication to be operable by 2022 (Damsgaard, 2012). Water 
level, pollution, eutrophication, and sediment flow analysis were partly covered also by Hecky & Kendall 
(LVEMP, 2005; Kendall, 2016) but research considering a lake hydrodynamic model with detail bathymetry 
survey is non-existent.  

In November 2014, the author in the Comsol conference (Paul et al., 2014) presented the Lake Victoria 
bathymetry model available on Comsol website (Comsol, 2014). The work included different systematic 
methods for development of a detailed bathymetry model for a lake hydrodynamic and solute transport model. 
In 2016 Hamilton et al. (2016) presented a bathymetry raster data model by a Cokriging technique on points 
from the Admiral Bathymetry map and filed data. The data points were filtered and modified for shoreline, 
consistency etc., (Sichangi and Makokha, 2017). 

The starting point for our work are the report from the Lake Victoria Basin Commission, LVBC (Mwanuzi et al., 
2005), the LVBC climate change adaptation strategy and action plan, 2018-2023 (LVBC, 2018), the LVBC 
operational plan 2015-2020 (USAID, 2015), and the Lake Victoria Environmental Management Project III 
(World Bank, 2018). These reports identify needs for further research as well as mitigation actions to be 
undertaken in the near term. The goal is to improve water quality; however, addressing the sources of pollution 
is a major socio-economic challenge. As logical steps in filling knowledge gaps they recommend:  

i) A detailed bathymetric survey of Lake Victoria  to support model development, calibrations, and/or 
validation; and 

ii) To monitor the hydro-meteorological processes and use simulation models to assess effects of possible 
interventions. 

iii) To monitor and identify the special climate risks with impact on the Lake Victoria basin.  

The research problem has solved by using vertically integrated two-dimentional St.Venant Shallow Water 
Equations (SEWs) methods that have introduced for the Lake hydrodynamic model. The model was 
implemented in CM as a free surface model of the whole lake with development detailed bathymetry. The 
hydrodynamic model needs flow sources and fluxes of lake surface areas and on lake flow boundaries. We have 
used the river discharge data – for all inflows, and the only outflow, the Nile – located eastern region of Uganda, 
as well as used precipitation and evaporation data which on surface extrapolation from onshore stations. The 
SWE allow a steady-state solutions and make a comparison with measured water levels provides partial 
validation of the model. An advection-dispersion model has added to the hydrodynamic model to assess 
extreme events on hydro-meteorological processes, and to assess numerical solute transportation to establish 
basic transport patterns in the lake.  

 
 



Data preparation, hydrodynamic and contaminant transport shallow-water simulations of Lake Victoria  

3 
 

1.2. Aim of this study 
The study aims to investigate the hydrodynamic processes of Lake Victoria, especially the mixing between river 
inflows and the lake water body. This requires development of a bathymetry model as basis for a numerical 
shallow-water hydrodynamic model in COMSOL. The model is used for verification/analysis of water flow, 
based on the limited data available, to fundamental mean flow transport.   

This thesis attempts to develop detailed bathymatry model as a basis for numerical hydrodynamic and solute 
transport model with the following specific objectives: 

 To develop a bathymetry model from data available in 2014 when the work started. 

 To develop and implement a numerical hydrodynamic model;  

 To analyses how the hydro-meteorological processes  influence the  lake water balance; and 

 To use the model to analyse how water from selected rivers replace and mix with lake water 
 
The work is summarized in two papers. In paper I, systematic methods are developed for analysis of lake 
bathymetry. The developed bathymetry is used in a vertically integrated lake numerical hydrodynamic model 
using measured data for preicipitayion, river inflows, evaporation, and outflow. The model predicts very low 
mean flow speeds and is thus close to being linear and time invariant. This allows long-time simulations with 
long time-steps to produce low-pass filtered velocity and water level time series. Paper II employs the numerical 
model to evaluate the hydro-meteorological processes that affect the lake water balance and seasonal lake flows. 
The driven model driven by hydro-meteorological data can describe the vertically integrated circulation and 
hence the transport of soluble contents from inflows to outflow.   

 

2. Detailed lake bathymetry model 

2.1. Study Area and Data 
Lake Victoria, the largest tropical lake in the world, is located between the Eastern and Western Branches of the 
East African Rift System in an elevated plateau (ALT. 1135 m) in the western part of Africa’s ‘Great Rift Valley’. 

Its total catchment area is 251,000 , the lake surface area is approximately 68,800  and its volume 

2,760 (Kayombo and Jorgensen, 2005). Its shoreline is very irregular, with a total length of 30,000 km 
(NBS, 2002). The northeastern part of the lake catchment is relatively steep and forested, while the 
southeastern part is drier and flatter (Lipzig and Thlery, 2017). The lake stretches 412 km from north to south, 
between latitudes 0031’N and 3012’S and 355 km from west to east between longitudes 31037’W and 34053’E.  

It occupies a shallow depression (80 m deep) with many small islands and numerous streams. The surrounding 
areas contain different environments and a total of twenty-three rivers deliver significant inflow. The largest 
contributing river, the Kagera, originates from the southwestern part of the mountains of Rwanda and Burundi. 
The Victoria Nile is the only outflow, situated in the city of Jinja in Uganda. The Nalubaale Dam complex (Lipzig 
and Thlery, 2017) controls the outflow essentially by the lake water level.  

Lake water balance is determined by tributary inflow, outflow, rain over the lake and evaporation (Vanderkelen 
et al., 2018). Outflow and water level are easily measured, but tributary inflows, precipitation and evaporation 
are difficult to measure or estimate (Sene et al., 2018). The major contributor to water level variability is rainfall 
on the lake.  The El Nino-Southern Oscillation (ENSO) dominates the East African rainfall distributed over the 
lake by the movement of the Inter-Tropical Convergence Zone (ITCZ) (Smith and Semazzi, 2014; Kite, 1982). 
Rain is measured on meteorogical stations onshore and extrapolation to rain over the lake itself adds 
uncertainty (Thiery et al., 2015; Sene et al., 2018). Evaporation is very sensitive to air humidity on the lake and 

2km 2km
3km
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near-shore surface (Kite, 1981; Piper et al., 1986; Sene and Plinston, 1994; Tate et al., 2004; Smith and Semazzi, 
2014), while the air temperature is nearly constant so is of minor influence in evaporation variation.     

The Water Resources Management Authority (WRMA) and Lake Victoria Basin Commission (LVBC) provided 
the raw data for the study. The LVBC and WRMA data differed slightly from each other, 3 % for lake inflow and 
evaporation, and 9 % for precipitation.  

2.2. Bathymetry mapping  

The lake surface elevation is likely the most fundamentally important property, and the lake bathymetry is 
relevant for a wide range of research topic and societal needs.  Because knowing the exact water depth or the 
morphology of the lake bottom topography is vital, but its underwater equivalent, remains uncertain in many 
parts of the world lakes, rivers and oceans (Hell, 2011). This thesis covers the obtention and merging of raw data 
as well as filtering and interpolation into a Digital Elevation Model (DEM) to be imported into the simulation 
software.    

The bathymetry  is a map of the elevation of the “bed” or “floor” of a water body. We assume free 

surface gravitational flow over a bottom topography fixed in time. The free surface vertical position from a 
reference datum, often referred to as celerity or wave height, is 

 
 (1) 

The water depth is 

 
 (2) 

where is the vertical coordinate, is the celerity, and the water depth, as presented in Figure 1. The data 

needed includes also the localization of the tributary inflows and the outflow on the shoreline.   

 

 

Figure 1. Vertical cut through the water body, were z is the vertical coordinate,  is the celerity, h is the water 

depth, 𝐵(𝑥, 𝑦)  is the lake bathymetry. 

 

( , )B x y

 , ,z x y t
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Figure 2. Development of bathymetry and boundary condition data 

2.3 Digital Elevation Model for Lake Bathymetry 
Accurate representation of the topography is essential for accurate lake hydrodynamics. An elevation model 
contains elevation values at specific locations (Lophaven et. al., 2002). Conventionally, the values are collected 
from maps and field surveys. The representation of the topography is called a digital elevation model, DEM. 
Commonly, the model is represented by a rectangular grid, also called an Elevation Matrix Structure, by a 
Triangulated Irregular Network (TIN), or by iso-depth contours (Shingare and Kale, 2013). NASA (STRM – 
Shuttle Radar Topography Mission) and U.S. Geological Survey (USGS)  are open sources providing geological 
images, including satellite data with data available in different DEM file formats. When the work started (2014) 
we found no such source for Lake Victoria bathymetry. Our model has data from old depth soundings taken in 
different regions, and old depth contours, which were merged with modern echo-sounding data (Paul et al., 
2014). Thereafter, added details lake bathymetry model together with vertically integrated hydrodynamic and 
solute transport model.   

Hamilton (2016) used similar old data and SRTM data sources to generate a DEM using raster interferometry 
and Kriging. In the fall of 2017, HARVARD Dataverse made the map accessible online (Hamilton, 2017)   

2.4 Coordinate system 
Let  be the latitude, 0 at the equator and +90 on the North Pole.  is the longitude, 0 at Greenwich (UK) and 

increasing east (+). The lake extent is small enough to be considered a plane normal to gravitational 
acceleration,  west-east, and  south-north. The   

  (3) 

 

where  is the earth radius,  and  is some arbitrary central point in the lake..   

2.5 Bathymetry from several sources 
Lake water depth can be measured by several methods. Historically, soundings were carried out with hand lines. 
In the last few decades, the use of echo sounders has expanded enormously for its efficiency, accuracy and 
resolution in shoreline and ocean mapping (Hell, 2011).  Two different sources of lake depth data were available 
in this study: 

Depth
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 Existing old Admiral Bathymetry maps merged with iso-depth curves data, Figure 3a; and  

 Modern digitized sets of points obtained from the National Fisheries Resources Research Institute, 
Jinja-Uganda (NaFIRRI, 2014), Figure 3b.  

 
(a) 

 
(b) 

Figure 3. Bathymetry sources: a) depth iso-curves, and b) NaFIRRI data.  

The NaFIRRI data have used satellite spectral remote sensing data methods together with echo-sounders to get 
clear lake bathymetry. The satellite data cover the lake surface and extends 15 km east to west and south to 
north of the lake (Figure 3b).  

The bottom slopes are the driving forces for the hydrodynamic model that consequently requires 

at the integration points of the finite element mesh. This is a scattered data interpolation task, 

from given depth data points to finite element integration points. It is accomplished by first creating an 

elevation matrix structure, a rectangular grid of B(x,y) , dense and smooth enough to allow 

differentiation by differences. Since derivatives are needed, the task is challenging. Two methods were tried to 

create the table , a Kriging method as implemented in the Matlab DACE toolbox (Section 2.6), and 

Delaunay triangulation of the points followed by interpolation and spatial filtering (Section 2.7). The surfaces 
produced by Kriging showed small-scale wiggles in the slope calculation which could not be sufficiently reduced 
by choice of appropriate correlation lengths. The old data that had a well-defined shoreline 𝐵(𝑥, 𝑦)  =  0 must be 
combined with the much more voluminous modern data. There were obvious discrepancies in the shoreline 
locations. The fusion of the data is described in Section 2.8.  The whole process used is illustrated in Figure 2. 

2.6. Interpolation by Kriging with DACE 
Kriging is a geostatistical interpolation technique, widely used in the design and analysis of computer 
experiments for response surface models, meta-models, or surrogate models. DACE is a MATLAB toolbox for 
implementation of a Kriging approximation (Lophaven et al., 2002). Kriging considers the data as samples of a 
stochastic field, for which to obtain the best linear unbiased estimator. It relies on the variogram R(x,y) which 

describes how the covariance of the data at two points    , ,x y and u v depends on their relative location. 

DACE supports variograms of the form Equation (4), 

 ,B x B y   

x yN N

 ,i jB X Y
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𝑅(𝑥, 𝑦; 𝑢, 𝑣) = 𝑓
(𝑥 − 𝑢)

𝑅
+

(𝑦 − 𝑣)

𝑅
  (4) 

 

where 𝑅  and 𝑅  represent the correlation lengths. These must be chosen to create the estimator, and the 

automatic procedure implemented in DACE is a nonlinear minimization. This approach becomes more difficult 
when the data distribution is very different from essentially isotropic. In our case, the points are on a few 
densely sampled curves so the distances between points on curves are much shorter than the distances between 
curves. Extensive manual trial-and-error choices of 𝑅  and 𝑅  could also not produce smooth accurate 

interpolants for lake topography from available data.   

2.7. Delaunay triangulation and interpolation 
The Delaunay triangulation is an essentially unique, minimum edge length triangulation (Lee and Schachter, 
1980) of the convex hull of a given point set. The circumcircle of each triangle contains only the points which are 
vertices of that triangle. It is widely used for finite element mesh generation and for scattered data interpolation 

and can be computed in  time for n points.   

The Delaunay structure is used to interpolate a fine rectangular grid covering the convex hull of the set 

of points. It was observed that some triangles in the shore regions had all vertices on the shoreline and thus 
vanishing depth. Near-shore points were then added manually to avoid such configurations. Figure 4 
illustrates the Delaunay triangulation of the old iso-curve data plus the added points on Figure 3a (without 
NaFIRRI data). Some of the data points are shadowed in the plot by the depth colouring.  

 

Figure 4: Delaunay triangulation and interpolation to old iso-curve data and a few manual points close to 
shore.  

The Delaunay interpolant is only continuous (see Figure 4) but the model requires slopes, i.e. a smooth 
interpolant. Thus, the grid data were subsequently filtered by an isotropic Gaussian filter with a width chosen as 
a compromise between the distance between filtered and original data and smoothness. 

 logO n n

x yN N
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2.8. Merging two different lake depth sources 
The shore geometry was well defined as a zero depth level curve in the old data points. The NaFIRRI data points 
did not explicitly show the shoreline. When the older iso-depth curve data points (Figure 3a) were added to the 
set of NaFIRRI points with 0-10 m depth, there was an obvious discrepancy in the shoreline, Figure 5a. To 
mitigate the problem, the locations of the new data points were slightly modified by a bilinear transformation, 
defined by 2 x 2 control points, moved to obtain the best overall fit as judged by the eye, Figure 5b. 

 
(a) 

 
(b) 

Figure 5. Bilinear transformation to map old shoreline to new depth data (a) original, and (b) after bilinear 
transformation 

3. The hydrodynamic transport model 

3.1. St. Venant Shallow Water Equations 

The shallow water equations (SWE) are based on the assumption , where and are the 

characteristic values for the vertical (i.e. depth) and horizontal length scales, respectively (Pedlosky, 1987; Paul 
and Rick, 2005). They describe motions in a thin layer of fluid of constant density in hydrostatic balance, 
bounded from below by the bottom topography and from above by a free surface. The flow is excited by body 
forces such as gravity and prescribed accelerations (Chinnayya et al., 2004; Saiduzzaman and Ray, 2013) in 
addition to fluid sources. The SWE are normally used as a model for (Navon, 1979) tidal flow, surface runoff, 
estuary and coastal flows, dam-break floods, tsunamis, etc.  

Any stable numerical scheme for time-accurate simulation must be dissipative. For some schemes the 
dissipation is implicit in the discretization. Other schemes explicitly add dissipative terms, referred to as 
artificial viscosity or diffusion, to the equations, (Hirsch, 1990). The standard Galerkin formulation employed in 
CM requires such explicit definition of the numerical dissipation. The recipe is to choose the artificial kinematic 

viscosity  isotropic, proportional to the maximal characteristic speed, i.e. gravity wave speed plus advection, 

the element size ∆ and an O(1) tuning parameter μ, thus, 

  
 (5) 

The Coriolis acceleration follows from the Earth’s rotation rate 𝜔 =  7.272 10  𝑠  with the vertical component 
1211.4 10 Y

  where Y [m] is the distance to the equator.  The model equations are detailed in Paper I.  

1H L  H L

A

 2 2
A g h U V      
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3.2. Lake level variations 

The hydro-meteorological processes are summarized into the lake water balance (LWB) responsible for the 
changing lake water level, (Melesse et al., 2008). The variability in river flows plays a significant role in hydro-
meteorological modeling. Assuming that the shoreline L is fixed, the SWEs integrated over the lake area (A) 
give: 

 

(6) 

 
for the mean water level: 

 

  (7) 

The finite element model conserves a consistent approximation to the total water volume exactly only if all 
equations are solved exactly. Exact solution is not possible for non-linear models and a check on the overall 
water balance is necessary to verify the model simulations. The lake flow is determined by the initial and 

boundary conditions. The initial velocity field and celerity are arbitrarily set to zero at . The shoreline 
integral vanishes except at river inflows and outflows. The inflows and outflow are measured, probably quite 

reliably, so the uncertainty in their values should be much smaller than that in precipitation and 

evaporation values. was extrapolated by LVBC and WRMA, using methods unknown to us, from 

meteorological stations on land. was modeled from temperature, wind, etc., also using data from land-based 
meteorological stations. The data were almost constant over 20 years (see Figure 9) which indicates that 
measurements were missing and/or were estimated from a ‘typical’ year. Smith and Semazzi (2014) and Kite 
(1982) also comment on the near-constancy of lake evaporation values.  

3.3. Transport of dilute solution  
Advection is the process by which a contaminant moves with a fluid and dispersion is the combination of two 
processes, molecular diffusion and turbulent mixing. Transport was modeled by the advection-dispersion 
equation, including streamline artificial diffusion Dart for numerical stability,  

  (8) 

with vertically averaged velocity field , the mean concentration  [mol/m3],
 
D [m2/s] is the 

dispersion coefficient modelling the turbulent mixing,  is a  tensor which adds dissipation in the 

streamline direction only (Hansbo, 1992),  and  [m/s] is the net source of water volume, precipitation minus 

evaporation.  At the shoreline, the flux vanishes, at outflow, the diffusive flux vanishes, and at inflow river mouths 
concentration is specified. 

3.4. Boundary Conditions 

3.4.1. SWE, model boundary conditions 
The original SWE is a hyperbolic set of PDEs, so the number of boundary conditions to be prescribed for a 
mathematically well-posed boundary value problem is related to the characteristsic velocities, see e.g. (Hirsch, 
1990).  

   x y
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The numerical finite element hydrodynamic model as described above includes an artificial (kinematic) 

viscosity . This means that the numerical model is parabolic and requires three boundary conditions, 

formulated in terms of the state variables and their normal derivatives. 

  3.4.2. Shoreline boundary conditions 

The shoreline is a no-flow-through boundary for the hyperbolic SWE with normal velocity zero.  The whole 

velocity  ,U V can be specified to vanish together with the boundary flux in the numerical model 

  3.4.3. In- and Out-flow conditions 

In- and out-flow is volume discharge modeled by a boundary volume flux condition for the celerity equation, i.e. 
wall normal velocity and artificial viscosity contribution. Conversion of flow to flux or velocity requires an 
assumption of the flow cross section area: width and depth. This “width” of river mouth was chosen large 
compared to the real river, to avoid extremely small finite elements, yet small compared to shoreline geometry 
scales. The mass flux condition gives exact water volume conservation, and no direct contribution to the 
momentum equations. 
 

4. Results and Discussion 

4.1. Lake Hydrodynamics 

There are numerous shallow water simulators around, but for many of them the time step is limited by 
numerical stability properties. CM supports implicit time-stepping which enables the simulation of a 51 years’ 
time series with rain, evaporation, inflow and outflow as monthly averages of recorded data. It is argued from 

computed Froude number 2 2F U V gh   and gradients of celerity that the model is almost linear. 

Thus, the result of such a simulation, with temporally averaged data, is actually close to a time-averaged time-
resolved solution.  

The simulation used monthly averages for fifty one years WRMA data of precipitation, evaporation, inflows and 
outflows and the situation in 2000 is presented in Figure 6. The initial data in 1950 are unknown and were set 
to still water and vanishing celerity, and flux boundary conditions apply to the whole boundary. Outflow 
boundary condition and steady-state analysis are discussed in section 4.2 below. Note that the shorelines are 
fixed, not changing with water level, so the choice of reference height is arbitrary. 

 
(a) 

 
(b) 

Figure 6. Flow patterns of Lake Victoria in 2000, a) Streamlines with vorticity, and b) Kagera river vorticity 
effect/influence  

A
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The streamlines in Figure 6a show a well-ordered flow from the tributaries to the outflow with no indications 

of re-circulatory regions. It is indeed close to a flow with vanishing vorticity, , as substantiated by 

the vorticity plots. This is to be expected, since the flow starts from still water, and the gravity driving force is 
irrotational, because the artificial viscosity with flux boundary conditions cannot produce vorticity. The only 
sources of vorticity are wind stress, bottom friction, and the weak singularities at the boundary points between 
inflow and no-flux shore portions. In Figure 6b, vorticity shows up as small red and blue regions, i.e. positive 
vorticity on one side of the tributary, and negative on the other. 

4.2 Water level validation 
Generally, the lake water level is influenced by the seasonal and climate variation, lake hydrology, and land 
uses. It has changed significantly over the years and rose by about 2.8 𝑚 1962-- 1964 (Figure 7 ). The data 
provided by NaFIRRI contains discharge from the tributaries (In), the outflow at Jinja (Out), the precipitation 
(P) and Evaporation (E). The data gives an estimate of the mean water level h, as shown in Equation (10) where 
the lake area is assumed constant in time. The CM simulation (Equation 7) was compared to the water balance 
equation - 

 
  
(10) 

for the 57-year period 1950-2006. To avoid excessively small time steps, the daily data were low-pass filtered by 
a monthly moving average.   

 
 

Figure 7. CM mean water level (wl) and water balance Eq. 10 (water level) 
 

4.3. Outflow conditions and steady-state 

The inflow boundary conditions used specify the amount of water entering the lake, unaffected by the lake water 
level. A “natural” outflow boundary condition, on the other hand, should react to the water level such that 
increasing levels increase the outflow. Data is available on both inflows and outflow, and can be applied as 
boundary conditions. Since the outflow is regulated by a power station at Jinja, also other signals influence the 
actual outflow. Two candidates for “natural” outflow conditions are the weir condition (see section 4.3.1.) and 
a linear outflow condition (see section 4.3.2.) fitted to historic data. Both give well posed steady state 
solutions.  

y xU V  

d
A P E In Out

dt
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4.3.1. Weir boundary condition 
The weir condition models outflow as if it were flowing over a weir of a given height (Zhao et al., 1994; Cozzolino 
et al., 2014) and is detailed in Paper I.  The flow increases non-linearly with water level and sets a definite 
steady-state water level, when inflow, evaporation, and precipitation are constant. 

4.3.2. Linear Outflow conditions 

The simplest choice is a linear relation to water level, measured from some reference height. Thus, we wish to 

find the initial water level and the constant in 

𝐴𝑟𝑒𝑎 ∙ 𝑑ℎ 𝑑𝑡⁄ = 𝐼𝑛 + 𝑃𝑟𝑒𝑐𝑖𝑝 − 𝐸𝑣𝑎𝑝 − 𝐶ℎ  (11) 

 

such that the modeled outflow matches the measured outflow as closely as possible. In Paper I, 

the optimal values are found from a minimizing the sum of squared monthly discrepancies. The agreement 
between Out(t) and Ch(t) is excellent, Figure 8, in view of the simplicity of the model. One issue is that the Nile 
outflow should react primarily to the local rather than mean water level. This effect is mitigated by two factors, 

 Net precipitation is a dominant source and is assumed to be homogeneous over the whole lake area;  

 The travel time for a gravitational wave across the lake, assuming a mean depth of , is around 
hours. Thus, water level differences would equalize over the lake in much shorter time than a month. 

Short-time discrepancies between the linear approximate model and the measured outflow are seen at 1966, 
1969, and 1990 (Figure 8). This shows that the regulation at the power station in Jinja acts on more input than 
water level. Overall, the linear model agrees with the “agreed curve” (Kull, 2006) for outflow regulation from 
water level, so the good fit was to be expected – if the Jinja regulation has followed the agreed curve. 

 

 
Figure 8. Mean water level simulations comparing fitted linear outflow model to measured outflow 

4.4. Lake Water balance 

Large variations in rainfall are responsible for changing the lake water balance and circulation variations. 
Historical data on annual and seasonal stream flow variations and particular month fluctuations for specific 
river discharges were analyzed. The WRMA and LVBC 51 years’ (1950-2000) historical data differ about 8% 

(0)h C

(0) 0h h

( )Ch t ( )Out t

60m 3.5
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from (Kayombo and Jorgensen, 2005), the largest difference appearing for the Jinja outflow. Direct 
precipitation and evaporation dominates the lake water balance. The uncertainty of river in- and outflow is 
probably dwarfed by the uncertainties in precipitation and, above all, evaporation. 

These data are from reliable sources, but as described in (Sewagudde, 2009), the raw data needs significant 
manipulation. Gaps must be filled and data extrapolated from actual measurement positions to the whole lake 
area. Table 1 shows the percentage contribution of the terms in Equation 10, according to the WRMA/LVBC 
for 1950-2000, the Sewagudde data (2009) for 1950-2004, and data reported by Vanderkelen et al. (2018) for 
1993-2014.  

Table 1.  Contribution of different sources ( % ) to the water balance in Lake Victoria 

Data source Data period Precipitation, % Inflow, % Evaporation, % Outflow, % 

Vanderkelen et al. 1993-2014 76 24 77 23 

Sewagudde 1950-2004 82 18 76 24 

WRMA/LVBC 1950-2000 86 14 85 15 

The percentage contributions to LWB have changed significantly in the past two decades. From 2001 to 2003, 
the frequency and intensity of flows from surrounding areas of the lake increased, but from late 2003 to 2006, 
the water level in the lake dropped because of drought and excessive outflow (Kull, 2006). All estimated inflows 
and outflows are susceptible to error (Sewagudde 2009). In that work the data were corrected by balancing all 
the flows and comparing the results with the modeled lake water level. The WRMA/LVBC and Sewagudde data 
differed significantly in terms of outflow fraction, resulting from differences in evaporation estimates, despite 
referring to almost the same period and using data from the same source, the Lake Victoria Environment 
Management Project (LVEMP). (Sewagudde, 2009) used different methods for data averaging. The differences 
in input and output result in differences in lake water level. Since the sum of the terms (P-E+In-Out) is much 
smaller than the terms, even a small bias in one of these terms could lead to large variations in the water 
balance. The components of the water balance and the measured water level WL 1950-2000 are shown in 
Figure 9. 

 
Figure 9. Lake Victoria water balance by measured data: water level, monthly inflow, outflow, rainfall, and 
evaporation for the period 1950-2000 (WRMA and LVBC). 
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As can be seen from the diagram, precipitation, and evaporation are larger than lake inflow and outflow. Based 
on reference water balance data for 1956/57 to 1977/78 (Gibb & Partners, 1984), it is estimated that annual 
rainfall directly into the lake is increasing. The rainfall pattern and water level changed over the period 1950 to 
1980 (Kite, 1981; Kite, 1982; Sene & Plinston, 1994) and in the period 1995 to 2007 (Vanderkelen et al., 2018). 
In particular, in the period January 1960 to June 1964, mean annual rainfall increased by 33% and lake water 
level rose by around 2.8 m (Kite, 1982; Sene & Plinston, 1994). Piper et al. (1986) recorded a water level rise in 
late 1961 and early 1962, caused by increased rainfall and tributary inflows. In 1978 and early 1979, water level 
and rainfall increased in almost the same way as in 1964 (Kite, 1982) (Figure 9). As expected, there is strong 
correlation between annual precipitation and total river inflow, and between lake outflow and lake water level, 
detailed in Paper II.  

The measured data shows river discharge to vary much more than on-lake precipitation. Therefore, in a hydro-
meteorological survey we made a detailed analysis of all of the tributaries and precipitation over the lake. River 
discharge, rather than precipitation, is an important indicator for climate change analysis, because changes in 
rainfall are usually amplified in runoff (Awange et al., 2008). The water level is also influenced by the river 
discharges on Lake Victoria. Lake Victoria regions have three distinguishable seasons and two rainy seasons 
with peak river flows. These are: Dec-March (dry period), April-July (wet season), and August-November 
(moderate rains), long-term rain (March-July) and short-term rain (Oct-Dec) (Aguko et al., 2014; Chamberlain 
et al., 2014; Yang et al., 2015). 

The most influential tributary Kagera in the southwestern part of the lake Basin, has delayed inflow by storage 
in wetlands and an inner lake. The rainfall and runoff from the Kagera river catchment is relatively high. The 
catchments of the tributaries discharging to the most northeast parts of the lake, such as the Nzoia, Yala, and 
Sondu, have relatively fast runoff and highly intensive and prolonged rainfall. The southeastern tributary Mara 
has greater inflow variability, caused by lower rainfall (Sutcliffe & Parks, 1999; Tate et al., 2004). Tributary 
inflow increased by 50 % during the study period (1950-2006). The other most influential tributaries are Nzoia, 
East-shore stream, Yala, Mara, Gucha-Migori, and Sondu, situated off the northern and northeastern lake shore 
in Kenya in areas with high rainfall and a more prolonged wet season. Magogo-moame, Simiyu, and South-
shore stream, southern tributaries in areas with lower rainfall and runoff are the next most important 
tributaries. The other tributaries contribute only small amounts of discharge.    

Among all of river discharges, the four most influential rivers of Lake Victoria are Kagera, Mara, Noiza and 
Gucha-Migori or Yala. These inflows are influenced the lake water level, the total contribution of total inflows of 
these rivers are 33 % of Kagera, 5 % of Mara, 15 % of Nzoia, and 5 % of Gucha-Migori or Yala (FDMT, 2018). 
Thus a total of 58% of all inflow comes from these four rivers. The Kagera river is affected by two seasonal 
rainfall periods, the southeasterly monsoon (February to May) and the northeasterly monsoon (September to 
November). These cause a high peak runoff response in May and a lower response in November. The western 
part of the Kagera river catchment is covered by forest, and level has risen above 2500 mm to 4500 mm and 
mean annual rainfall is 1800 mm, resulting in erosion and high sediment load. Annual runoff doubled after 1961 
as rainfall intensity increased (Sutcliffe & Parks, 1999). The Mara river flows 395 km into Mara Bay in Lake 
Victoria and it has five major contributing tributaries. Mean annual rainfall in its basin is 1400 mm, and land 
use change in the basin can lead to long-term impacts on the hydrology and sustainability of other resources 
(Melesse et al., 2008). The Nzoia is one of the major contributing sub-basins of Lake Victoria. Increasing 
seasonal runoff has resulted in huge increases in solute loading in the lake. The catchment of the Gucha-Migori 
river, located in the southwestern corner of Lake Victoria basin in western Kenya, consists of two river systems, 
i.e., Gucha and Migori, and rainfall is 2000 mm/year. Seasonal and flash flooding occurs following heavy 
rainfall, leading to high surface runoff and high sediment deposition in shallow lake areas (WRMA & JICA, 
2014).   
In the study period, these four major rivers showed highly seasonal fluctuation in the years 1952, 1963, 1968, 
1988, 1990, and 1998. The daily seasonal variability is higher in these rivers than in other rivers, (Figure 11). 
The mean annual seasonal flows of the Kagera and Gucha-Migori rivers are much higher than that of the other 
rivers, especially in the dry period, at which time the contribution from all rivers is low and some make no 
contribution. The impact of these four rivers is also much higher in the wet and dry season than in the moderate 
rain season, because long and short rain events occur duing these periods.   
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Figure 11. Seasonal high peak (1950-2000) variations in inflow to Lake Victoria from the major tributaries 
Kagera, Nzoia, Mara, and Gucha-Migori in the wet, moderate rain, and dry periods. 

4.5. Numerical tracer transport model for different rivers 

The Advection-dispersion model (Equation 8) was used to assess tracer transport patterns.  The water from 
Kagera, Nzoia, Mara, and Yala was traced from 1950 to 2006 in the numerical model to illustrate how water 
from different rivers spreads out in the lake (Figure 12). The water from rivers is colored (red) according to the 

tracer concentration, set arbitrarily at  in the river outflow and originally at in the lake. The 

concentration is diluted somewhat by net rainfall, but, since rainfall and evaporation almost balance, that effect 
is not visible. The chosen horizontal dispersion coefficient was chosen small, to show the effects of advection. 
The mean velocities are low, < 1 cm/s everywhere except at the outflow.  Figures 12a-f shows the situation in 
the four rivers in 1950-2006, 1960, 1990, and 2006. Fifty-seven years (1950-2006) simulation shows the 
transport along the Kenya and Uganda lakeshore much faster than in Tanzania (Figure 12a). Eleven years of 
tracer transport (1950-60; see Figure 12b) did not affect lake zone areas in Tanzania severely but Kenyan lake 
areas were seriously affected. Water from the Kenyan rivers travels much faster, due to the shallowness along 
the Kenyan shore (Figure 12a-e) which has many factories and industries producing pollution.  

Kagera water takes 50 years to reach Jinja, traveling along the Ugandan shore and then entering the center of 
the lake (Figure 12a, d, e, f). This slow movement strongly influences solute transport, which causes the lake 
high concentrations of pollutants from different sources (point and non-ponit sources) - that has affected 
Ugandan ecosystem services as well as lake water. 

Figure 12e visualizes the solute transport has diluted by rain in wet period (1950-2006) and initial 
concentration concentrate with net source of water volume by rain into the lake, and bulk has simply disperse 
outwards from its source in a diffusive manner. The net source of solute has transported in lake by the rain in 
wet period, and dispersion is larger in wet period than other periods, so, the lake water circulation are effecting 
by seasonal events (Figure d, e). To make a clear concept in the wet period model, we have added extra 
diffusion (0.025 𝑚 𝑠)⁄  for Kagera river flow (Figure 12f), and the results have shown the larger diffusive flux 
and dispersion. 

31mol m 30mol m
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a) Tracer Concentration: 1950-2006 (all rivers and 
seasons)

 

b) Tracer Concentration: 1050-1960 (4 rivers and all 
seasons) 

 

c) Tracer Concentration : 1950-1990 (4 rivers and all 
seasons) 

 

d) Tracer concentration: 1950-2006 (4 rivers and all 
seasons) 

 

e) Solute diluted by rain in wet period: 1950-2006 

 

f) Added extra diffusion in Kagera river: 1950-2006 

 

Figure 12. a) Tracer concentration from all inflows in 1950-2006, b-d) tracer concentration in inflow from the 
four main tributaries in 1950-1960, 1950-1990, and 1950-2006, e) wet period tracer concentration from the 
major four main tributaries, f) tracer concentration in Kagera water with increased turbulent diffusion. 

6. Future Research  
The development of the bathymetric model together with lake hydrodynamic and numerical transport model 
could be the pathway for further research. The future research should: 



Data preparation, hydrodynamic and contaminant transport shallow-water simulations of Lake Victoria  

17 
 

 Investigate by 3D models on limited areas the effects of actual wind stresses on thermal stratification 
and vertical velocity profiles.  

 Use 3D simulation results to support 2D models by e.g. tuning of turbulence models for dispersion 

 Investigate particulate and sediment transport and the exchange between sediment and water body 

7. Summary and Conclusion  
The thesis investigates detailed lake bathymetry survey using old depth soundings with Iso-depth curve merged 
with modern echo-sounding data received from NaFIRRI. This required modification of lake shoreline by a 
bilinear transformation to match the modern data. Kriging could not produce sufficient smooth lake 
topography. Delaunay triangulation with interpolation to a fine regular grid, post-processed with an isotropic 
Gaussian filter was successful. The bathymetry was used in a vertically integrated flow model together with 
measured inflow, outflow, rainfall, and evaporation data, to produce a lake hydrodynamic model. The simulated 
mean water level agrees exactly with the overall water balance, and reasonably well with measurements. The 
lake rainfall has a strong seasonal variation, as do the inflows. There is strong correlation between the tributary 
inflows and precipitation, and between lake outflow and water level. The advection of water from selected rivers 
in the model showed how slowly a solute would travel, faster along the Kenyan shore close to the outflow at 
Jinja than from the largest tributary, the Kagera, which feeds the deep portion of the lake far from Jinja.  

The following specific conclusions are drawn from the development and use of the model:  

1. The detailed Lake Bathymetry model has been developed by Matlab and adopted it in CM. A linear 
outflow boundary condition achieved a significant correlation with measured outflow. Computed water 
level agreed reasonably with measurements, which is crucial for lake numerical model validation. 

2. The expected strong correlation between tributary inflows and precipitation, and between outflow and 
water level was substantiated. The cyclic (yearly) and periodic precipitation events are changing the 
inflows and are responsible for increase and decreases in the water level in Lake Victoria. There is 
evidently a net contribution to the lake in relatively wet periods and the long and short rainy periods, 
and a net loss in drier periods.  

3. The vertically integrated velocities are very small so numerical tracer transport associated water 
circulation effects by solute transport moves slowly in the lake.   

The lake numerical hydrodynamic processes are supported model development and validation, hydro-
meteorological processes, and water circulation effects that depend on nutrient loading and dispersion. 
Therefore, details investigation of lake pollution and euthrophication analysis can be important not only for 
determining pollution mixing and dispersion but also for water quality assessments.   
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