
ABSTRACT 
 

ANYAH, RICHARD. Modeling the Variability of the Climate System over Lake Victoria 
Basin (Under the direction of Dr. Fredrick H.M. Semazzi) 
 
 

The physical mechanisms associated with the diurnal to inter-annual variability of Lake 

Victoria Basin and regional climate are examined based on a three-tier modeling approach. 

First, diagnosis of eastern and the Horn of Africa climate variability, in which the Lake basin 

climate is intimately embedded, is performed based on two GCM ensemble simulations. The 

goal was to identify some of the systematic errors inherent in the GCMs before downscaling 

their output using regional climate model. The second part evaluates the downscaling ability 

of RegCM3 over eastern Africa based on multi-year ensemble simulations of the short rains 

season. Finally, the physical mechanisms associated with Lake Victoria Basin climate 

variability are investigated using a fully coupled RegCM3-3D lake modeling system.   

Overall, the RegCM3 simulated monthly and seasonal rainfall climatology during the 

short rains season are consistent with the observed in both the simulations forced by GCM 

output and NCEP reanalysis over specific homogeneous climate sub-regions. However, over 

central Kenya highlands the model simulates drier than normal conditions throughout the 

season. The simulated latitude-time (north-south) rainfall evolution over East Africa is quite 

consistent with the observed during the entire season. This is also in tandem with the 

expected ITCZ-driven southward migration of regions of rainfall maxima as the season 

progresses. A particularly distinct feature is the persistent wet conditions simulated over the 

equatorial belt, between 1oS and 2oN, throughout the season. The wet conditions are 

apparently associated with local convection induced by topography and Lake Victoria, since 

there is substantial reduction in the simulated rainfall amount in the “no-lake” simulations.  



 

In the fully coupled RegCM3-POM simulations, it is evident that topography along the 

eastern border of Lake Victoria, large-scale moisture transported via the prevailing easterly 

trades and changes in the physical characteristics of the Lake are among the principal 

mechanisms associated with Lake Basin climate variability. In particular, one of the most 

unique evidence from our simulations is that changes in large-scale moisture transported via 

prevailing trades through the eastern boundary of our model domain results in significant 

enhancement/suppression of simulated rainfall amount over Lake Victoria Basin throughout 

the short rains season. 
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CHAPTER 1 
 

1 INTRODUCTION 
 
 

The geography and physical characteristics of East Africa presents a classic setting 

where complex terrain and land surface heterogeneities exert significant influence on the 

regional climate.  The high mountains, large inland lakes, fast growing urban centers and 

variable vegetation cover/types modulates regional climates through the generation of 

orographic precipitation, lake/land breeze circulation and urban heat island (Leung et al., 

2003). The East Africa Great Rift Valley system that hosts several of the largest and deepest 

tropical lakes such as Lake Victoria (the largest tropical fresh water lake), Lake Tanganyika 

(the deepest tropical lake) and Lake Malawi also forms a unique, but enabling environment 

for interactions between local and large scale circulations. These features and their 

consequent interactions with large-scale climate forcing mechanisms contribute significantly 

to the diverse spatial patterns of climate (rainfall) over East Africa that also changes within 

very short distances (Nicholson, 1996; Ininda, 1998).  

While the climatological annual cycle of the regional climate (rainfall) is strongly linked 

to the north-south movement of the inter-tropical convergence zone (ITCZ) [Asnani, 1993]), 

the aforementioned local scale features significantly influence regional climate variability. 

The local forcings modulates regional climate by either amplifying or suppressing the 

anomalies triggered by perturbations in the large-scale circulations that are propagated 

through global teleconnections such as El-Niño/Southern Oscillation (ENSO: Ogallo, 1988, 

Nicholson and Kim, 1997; Semazzi and Indeje, 1999; Indeje et al., 2000).   
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However, the ITCZ which crosses the region twice a year; March through May (long 

rains season) and October through December (short rains season) is mainly responsible for 

the climatological and the predominantly bimodal rainfall pattern over the region. The onset 

of seasonal rains has been shown to lag the ITCZ position by three-to-four weeks (Okoola, 

1998). An extended discussion of the general climatology of East Africa is provided in a later 

section. 

A comprehensive study of tropical circulation dynamics generally requires an in-depth 

investigation of interactions of cumulus convection and meso-scale circulations with large 

scale motions (Holton, 2004). Equatorial eastern Africa is one such region where complex 

interactions among an array of environmental and geographic variables with the prevailing 

circulation takes place on sub-seasonal to inter-annual scales. However, better understanding 

of such interactions demands an integrated, process-based approach. Hence, in this study 

dynamical downscaling technique based on a regional climate model (RCM) coupled to a 

three dimensional Lake model is employed to investigate some of the dominant physical and 

dynamical mechanisms responsible for Lake Victoria Basin and regional climate variability. 

 Regional climate modeling has over the past decade matured into an effective 

downscaling methodology for studying regional scale climates associated with the 

interactions between local forcing and the prevailing circulation systems (Wang et a., 2004).  

This is because the effects of local (sub-grid) scale forcing are not well resolved in Global 

Circulation Models (GCMs), nor are they comprehensively diagnosed using 

empirical/observational analysis techniques. The GCMs are constrained by lack of sufficient 

spatial resolution (currently between 100km and 300km) that cannot resolve the orographic 

and other local scale drivers of regional climate variations. On the other hand, empirical 
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techniques often do not provide enough scope to unravel the cause-effect mechanisms 

responsible for regional climate variability because of their primary dependence on sparse 

observations. 

In general, both the GCM and “conventional” observational/empirical analysis 

techniques cannot provide sufficient climate information needed for seasonal predictions as 

well as regional climate change projections. Furthermore, whereas the foundation and 

success of predictability of large-scale seasonal climate is based mainly upon the interactions 

of the atmosphere with the slow-varying surface boundary conditions (e.g sea surface 

temperatures (SSTs) and soil moisture), predictability of regional scale seasonal climate 

depends upon the interactions between the anomalies of atmospheric circulation and 

geographic features such as terrain, land cover, and oceans or lakes (Goddard et al., 2001, 

Leung et al., 2003).  

Regional climate modeling has been shown to improve simulations of the detailed 

regional scale climate (Dickinson et al., 1989; Giorgi and Bates, 1989; Giorgi, 1990; Giorgi 

et al., 1993b,c; Sun et al., 1999b; Denis et al., 2002, among others).  In a review by Wang et 

al.(2004), several studies have demonstrated that the use of high spatial resolution to resolve 

complex lower boundary conditions and meso-scale weather systems makes  RCMs ideal 

investigative tools for studying  regional climate processes and variability.  Gaining from the 

advances in computer development and capability, regional climate modeling based on 

RCMs has matured over the past decade to enable meaningful utilization in a broad spectrum 

of applications (Christensen et al, 1997; Leung et al., 2003, Liang et al., 2003, Wang et al., 

2003). Perhaps one of the special attributes and greatest advantages of using RCMs for 

dynamical downscaling is that they allow a unique and rich test bed to selectively or 
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systematically examine the variability and sensitivity of different climate variables to 

different forcings (Wang et al., 2004). In other words, RCMs provide sufficient scope for 

investigating multi-processes that may combine to influence regional climate variability.  

Besides, when coupled to appropriate land surface, hydrologic or lake models the enhanced 

resolutions of RCMs permits adequate representation of land surface-atmosphere interactions 

which improves the simulations of detailed precipitation, temperature and surface 

hydrological features (Small et al., 1999).  

 The present study primarily focuses on Lake Victoria basin and the regional climate in 

which the lake’s climate is also intimately embedded. Principally, the emphasis is to improve 

understanding of the various physical processes that influence the diurnal, sub-seasonal, 

seasonal and inter-annual variability of Lake Victoria Basin and regional climate. The effects 

of the interactions among regional orography, Lake Victoria, land cover/use changes and 

large scale forcing are studied using a three dimensional lake model coupled to a regional 

atmospheric climate model.  

 The use of a fully coupled modeling system is important since large inland lakes such as 

Lake Victoria significantly modulates the regional climate in a manner similar to how oceans 

affect large/global scale climates (Bonan, 1995). In general, large lakes integrate conditions 

over large and diverse regions through the generation of meso-scale circulations that are 

superimposed on large-scale patterns (Flohn and Burkhart, 1995). Lake Victoria basin, 

situated within shallow continental sag between the two arms of the East Africa Great Rift 

Valley system provides an enabling environment for complex interactions between regionally 

induced (lake-land breeze and orographic circulations) and large scale circulation systems.  
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 The intimate relationship between Lake Victoria basin and regional climate on seasonal 

to inter-annual scale has also been well demonstrated in a number of previous studies (e.g 

Stager et al., 1986; Anyamba, 1983; Nicholson and Kim, 1998; Phillipon et al., 2002; 

Lehman, 1998 and Anyah and Semazzi, 2004). Nicholson (1996) used a long time series of 

historical observations, dating back to the late 1880s and derived from both historical 

reconstructions and modern instruments and showed that historical changes in the levels of 

Lake Victoria and other East Africa Rift Valley lakes have been fluctuating concomitantly 

with the regional climatic conditions. For, example, the above average rainfall experienced 

over the region during 1961/62 floods led to a record lake level rise of over 2m (Anyamba, 

1984). In contrast, during the early periods of the 19th century when the region experienced 

frequent droughts, the lake level also fell significantly (Nicholson, 1997; Lehman, 1997). 

This further indicates that the climate of the Lake (Basin) is intimately coupled to the 

regional climate. 

Lake Victoria basin is one of the agriculturally productive areas in East Africa and thus a 

major breadbasket for the region (FAO, 1999). Besides having an agriculturally rich 

hinterland, the lake also supports and sustains important fisheries, energy supply 

(hydroelectric power) and is a potent source of both domestic and industrial water supply. 

The lake is also the primary source of river Nile (the longest river in the world) and as such 

forms the hydrological ‘placenta’ that sustains the lifeline of semi-arid countries downstream 

that include the Sudan, Ethiopia and Egypt. Thus Lake Victoria can be viewed as the aquatic 

equivalent of tropical rain forest with its richly diverse and unique ecosystem. The World 

Bank Development Indicators (1998) report estimated the annual economic product of the 

Lake Victoria basin at between 3 and 4 billion US dollars and thus underscores the economic 
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importance of the basin. This economic potential translates to direct support for more than 

one third (more than 30 million) of the population of the riparian communities. In recognition 

of this economic potential, the riparian countries of Kenya, Uganda and Tanzania under the 

aegis of East Africa Community Development Agenda strategy have designated the Lake 

Basin as a regional economic growth zone (LEVMP, 2003). However, the major socio-

economic activities within Lake Basin are highly sensitive to climate perturbations. Climate 

variations are especially linked to the lake conditions through mechanisms of heat budget and 

mixing regimes that are consequences of atmosphere-lake interactions (Lehman, 1998).  This 

means that integrating the role of the lake into regional climate variability studies is a critical 

ingredient in the formulation and sustainability of the regional economic policies.  

As an economic hub in East Africa, Lake Victoria basin has not been spared by the 

wanton environmental degradation.  Rapidly growing population, deforestation within the 

lake catchment, dumping of untreated effluent by the local industries and more recently 

invasion by water hyacinth are some of the methodical environmental abuses over the Lake 

(Basin) during the past four or so decades (IDEAL, 1993; LEVMP, 2003). There have also 

been distinctive changes in the physical structure (size, shape, depth, water quality, etc) of 

the lake over the last few decades associated with climate change and poor watershed 

management (Ochumba, 1996). These factors obviously conspire to diminish the economic 

potential of the lake (basin) and also undermine the role of the lake as a regulator of regional 

climate. In particular, deforestation within the catchment areas due to population pressure 

may not only result into negative feedback on the hydrological balance and Lake Basin 

climate, but also threatens the very existence of the lake altogether.  
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 Hence, an integrated study of the climate variability, predictability and changes over the 

Lake Basin has potential beneficial input into regional economic development agenda. 

However, in order to accomplish such a study, it is important to start by investigating how 

some of the current research tools capture the regional climate variability associated with 

large scale atmospheric circulation systems. Therefore, the strategy adopted in this study was 

to first undertake comprehensive diagnoses of eastern Africa climate variability based on 

GCM ensemble simulations before using a regional climate model (RegCM3) and a fully 

coupled RegCM3-Lake model for dynamical downscaling of the GCM output over the Lake 

Victoria Basin. In this case the deficiencies of the large scale driving fields that may 

undermine optimal performance of the regional model over the Lake Basin are identified.  

The evaluation of the GCM performance is primarily based on the ability of the model to 

reproduce the mean climate and the inter-annual variability over eastern and the Horn of 

Africa (GHA) sub-region. Brief descriptions of the observed climatology and some of the 

peculiar climatic and physiographic aspects of East Africa and Lake Victoria Basin are given 

in the following sub-sections. 

1.1 General climatology and seasonal to inter-annual variability of East Africa 

East Africa covering the countries of Kenya, Uganda and Tanzania has a distinct climate 

regime compared to the rest of the continent.  The region is characterized by complex terrain 

and highly heterogeneous land surface. The Rift Valley system, with a chain of high 

mountains lined in north-south direction on both sides also hosts a family of large fresh water 

lakes that significantly modulate regional climate variability. The inter-tropical convergence 

zone (ITCZ) also sweeps across the region twice a year and determines the seasonal cycle 

and climatological rainfall pattern. The ITCZ influence is largely responsible for the bimodal 
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rainfall pattern experienced over many parts during March to May (long rains) and October 

to December (short rains).  

Thus the climatological rainfall pattern over the region is intimately linked to the north-

south movement and near surface location of the ITCZ, which itself follows the inter-

hemispheric migration of the overhead sun. The northeast (NE) and southeast (SE) monsoons 

normally trails the ITCZ and the two main rainfall seasons are experienced during the 

transition periods between the peaks of the monsoons. However, over southern Tanzania 

unimodal climate regime dominates, with the only main rainfall season occurring during 

boreal winter (December through February). Also some parts of western Kenya, western and 

northwestern Uganda are characterized by trimodal regimes since they often receive 

significant amounts of rainfall during July through September. Rainfall during this period is 

mostly associated with the penetration of the mid-tropospheric moist westerly flow from the 

Atlantic Ocean and the tropical rainforest (Congo) air mass (Davies et al., 1985; Mutai el 

al.,1998; Anyamba, 1984). However, superimposed on these prevailing synoptic systems are 

the local circulations generated by the complex orography, large inland lakes and the Indian 

Ocean leading to substantial amount of rainfall throughout the year near the large water 

bodies and over the highlands. 

The temporal pattern of rainfall over East Africa displays a strong inter-annual 

variability, punctuated with extreme events. Previous studies have shown that the inter-

annual variability is mainly associated with perturbations in the global SSTs, especially over 

the equatorial Pacific and India Ocean basins (Ogallo, 1988; Nicholson, 1996; Indeje et al., 

2000; Saji et al., 1999; Goddard and Graham, 1999; Black et al., 2003). SST perturbations 

over the tropical Atlantic also have important influence on the regional climate (Mutai et al., 
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2000; Bowden et al., 2004).  In particular, El Niño/Southern Oscillation (ENSO) anomaly 

patterns are closely linked to the anomalous dry and wet seasons. The warm phase of ENSO 

(El Niño) is associated with excess rainfall and flooding, while the cold phase (La Niña) 

often coincides with extreme drought conditions (Ogallo, 1988; Nicholson, 1996).  

Indeje et al. (2000) and Mutai et al. (2000) have summarized the dominant sources of 

inter-annual variability over eastern Africa to include: - 

(a) El Niño/Southern Oscillation(ENSO) 

(b) Indian Ocean Zonal temperature gradient (or Dipole Mode) 

(c) Tropical Atlantic Ocean temperature anomalies 

(d) Quasi-biennial oscillation (QBO) in the equatorial zonal wind 

(e) Orographic forcing 

 In addition to the above, Shreck and Semazzi(2004) recently showed that  there is a strong 

Global Warming footprint on the regional climate variability, especially during the past two 

decades.  

 A detailed discussion of the climatology and synoptic systems that are linked to the 

inter-annual climate variability over East Africa can be found in Nicholson (1988, 1996), 

Ogallo (1980,1988), Semazzi and Indeje (1999), Asnani(1993), Mutai et al.(1998), Webster 

et al.,1999, Saji et al.(1999), among others. Despite being intimately embedded onto the 

regional climate system, the climate of Lake Victoria Basin also exhibits peculiar 

characteristics, compared to the surroundings. We briefly describe climatological and 

hydrological characteristics of the Lake (Basin) in the next sections. 
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1.2 Location and Physical dimensions of Lake Victoria 

 
The approximately rectangular (saucer)-shaped Lake Victoria (Ochumba, 1996) is 

located in the middle of the three East African states, with most of its northern half in 

Uganda, southern half in Tanzania and a relatively small northeastern portion gulfing into 

Kenya. The lake is located within 0.2oN-3.0oS and 31.5oE-34.5oE and is about 400km long 

and 280km wide. Its extensive water surface, estimated at 69,000km2 is situated at an 

elevation of about 1134m AMSL between the shoulders of western and eastern Rift Valley 

system. The lake’s drainage basin covers an area of about 195,000km2 that extends to parts 

of Rwanda and Burundi to the west of the lake.  Compared to other Rift Valley lakes, Lake 

Victoria is quite shallow; with mean (maximum) depth of 40m(84m) and a coastline of about 

3440km all round the lake perimeter (Ochumba, 1996). The water volume of the lake is only 

2760km3 per annum (Coulter and Spigel, 1996), compared to Lake Tanganyika’s 18,880km3 

and Lake Malawi’s 84,000km3. Comparison of the physiographic statistics of the large East 

Africa Great Rift Valley and some of the world largest lakes is presented in Table 1. 

1.3 Hydrology and drainage of Lake Victoria basin 

Lake Victoria presents a number of special hydrological features.  Primary inflows into 

the lake are the Kagera and Katonga rivers in the west and the Nzoia, Sondu and Mara rivers 

from the east. In all a total of 17 perennial rivers drain the Lake Basin (Nicholson, 1996). 

However, the only outflow from the lake is river Nile (Victoria Nile) which leaves the lake at 

Jinja in Uganda and flows northward through Lake Kyoga, before being joined by the blue 

Nile in Sudan to form the main river Nile and continue to flow northward through Egypt 

,finally draining into the Mediterranean sea. 
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The hydrologic balance of the lake is dominated by rainfall and evaporation (Piper, 

1986; Nicholson and Yin, 2000), with runoff contributing a negligible fraction. Thus the 

mean annual rainfall over the lake is in near perfect balance with evaporation (Nicholson and 

Yin, 1998; Ba and Nicholson, 2000). Sene and Plinston(1994) and  Nicholson et al. (2000) 

have indicated that more than 90% of the annual water input into the Lake Basin is from 

precipitation onto the lake surface. This further demonstrates that precipitation and 

evaporation are the dominant terms in the water budget of the lake.  However, due to 

inadequate meteorological measurements the lake’s water balance/budget cannot be 

conclusively evaluated. 

1.4 Climatology of Lake Victoria Basin  

The general climate of Lake Victoria Basin ranges from modified equatorial type with 

substantial rainfall occurring throughout the year, particularly over the lake surface, to semi-

arid type characterized by intermittent droughts over some near-shore regions. However, the 

seasonal rainfall is also characterized by a bimodal cycle, just like most areas of East Africa. 

While this seasonal cycle of rainfall is mainly controlled by the north-south migration of 

ITCZ, a quasi-permanent trough that occurs over Lake Victoria (Asnani, 1993) due to locally 

induced convection, orographic influence and land-lake thermal contrast modulates rainfall 

pattern over the lake and hinterlands. The existence of this quasi-permanent trough over the 

lake favors convection over the basin throughout the year. Estimates of the mean annual 

rainfall distribution over the Lake Basin vary between 800mm and 3000mm (Ogallo, 1981; 

Nicholson, 1996; Asnani, 1993; see also figure 1.1). However, these estimates are mostly 

based on measurements taken from lakeshore rain gauge stations since no reliable 

metorological observations or monitoring exists over the lake. 
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The large-scale precipitation over the lake is mainly initiated from the 

easterly/southeasterly (Indian Ocean) monsoon flow that transports maritime moisture into 

the interior of East Africa. The humid Congo air mass has also been linked to significant 

rainfall amounts received over the western and northwestern parts of the lake (Asnani, 1993). 

However, convective precipitation over the Lake Basin is considered to come mainly from 

recycling of lake water via evaporation and re-precipitation on the lake surface (Nicholson, 

1996; Nicholson and Kim, 1998). In terms of inter-annual variability, Lake Victoria Basin 

climate is characterized by periodic episodes of anomalously wet/dry conditions. Some of the 

most recent events include the 1961/62 and 1997/98 floods that left behind a huge trail of 

damage to property and infrastructure. The 1961/62 floods were associated with a strong 

zonal SST gradient over the equatorial Indian Ocean and mid-troposphere westerly flow from 

Tropical Atlantic (Anyamba, 1984; Anyah and Semazzi, 2005). On the other hand, the 

1997/98 floods coincided with one of the warmest ENSO episodes (strongest El Niño) of the 

last century as well as very strong Indian Ocean dipole mode. Hence, the inter-annual 

variability of the Lake Basin is also closely linked to the SST anomalies over the global 

ocean basins.   

 Large-scale winds over the Lake Basin are mainly easterly trades most of the year. 

Superimposed on this basic flow regime are the south-easterly (SE) or north-easterly (NE) 

monsoons that are mostly driven towards, and often converge over, the ITCZ location. The 

strength of the monsoons also depends on the sub-tropical anticyclones over the Arabian Sea 

(Arabian high pressure cell) and southwestern Indian Ocean (Macarene high pressure cell). 

The distribution of solar radiation over the lake is also partly related to the season, altitude 

and latitude. Thus, since the lake lies astride the equator, the lake basin is characterized by 
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intense insolation throughout the year. Lake water temperatures also usually follow the 

magnitude of solar radiation input but with some lag (Bugenyi and Magumba, 1996). Thus, 

based on sample measurements over a number of points over the lake surface, the mean 

monthly solar radiation is estimated at 240-270W/m2 and the surface water temperatures 

ranges between 24oC and 28oC(Ochumba, 1996; Bugenyi and Magumba, 1996). 

 

Figure 1.1: Long-term mean annual rainfall total over Lake Victoria Basin based (adapted 
from Asnani, 1993) 

1.5 The study Objectives 

The objectives of this study are framed upon some of the hitherto unresolved questions 

regarding the dominant dynamical and physical mechanisms responsible for the coupled 
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variability of Lake Victoria and regional climate. Since the primary vehicle employed to 

investigate these mechanisms is a coupled lake-atmosphere modeling system, some of the 

research questions this study addresses include, 

 (1) How skilful can the GCMs predict (nowcast) the large-scale features of the East Africa 

climate? 

(2) How well do the RCMs reproduce and predict the detailed features of the regional climate 

when nested in the GCMs or driven by analysis of observations? 

(3) Can RCMs, when fully coupled to 3D-lake models, improve understanding, 

characterization and prediction of mechanisms associated with the Lake Basin and regional 

climate variability on diurnal, sub-seasonal, seasonal and inter-annual scales? 

Given the spatial scale of interest, the focus of this study is to address questions 2 and 3. 

Nevertheless, question 1 is also addressed in a fairly comprehensive detail since any biases in 

the GCMs would subsequently undermine the downscaled climate features using RCMs. 

In sum, the three primary objectives of this study are:-  

Objective 1: Diagnose the intra-seasonal and inter-annual variability of eastern Africa 

climate based on two GCMs ensemble simulations (i.e 50-year NCAR-AGCM ensemble and 

a 30-year NCAR/NASA CCM3 ensemble) 

Objective 2: Characterize East African climate variability based on regional climate model 

(RegCM3) ensemble simulations with lateral boundary forcing taken from analysis of 

observations (NCEP reanalysis) and GCM output. 

Objective 3: Apply a fully coupled atmosphere-lake modeling system to investigate the 

coupled sensitivity and variability of Lake Victoria basin and regional climate to regional 
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orographic-induced circulations, lake-induced circulations, Lake geometry/bathymetry 

changes and land surface/land use changes within the lake catchment.  

1.6 Statement of the research problem and Justification of the study 

This study focuses on understanding the dominant physical mechanisms that affect sub-

seasonal, seasonal and inter-annual variability of Lake Victoria Bain and the regional 

climate. Lake Victoria and its hinterland is one of the major economic hubs in East Africa. 

Besides having an agriculturally rich hinterland, the lake also supports and sustains important 

fisheries, hydroelectric power supply and is a potent source of both domestic and industrial 

water supply. According to World Bank Development Indicators (1998), the annual 

economic product of the lake basin is estimated at between 3 and 4 billion US dollars and 

directly supports more than one third (30 million) of the population of the riparian 

communities. However, many of the socio-economic activities within the Lake Basin are 

very sensitive to climate fluctuations (Nicholson and Kim, 1998). 

The geographical setting of the East Africa Rift valley system within which the lake is 

quite conducive for integrating conditions over large and diverse regions to significantly 

modulate regional climate patterns (Flohn and Burkhart, 1995). Environmental degradation 

within the lake catchment occasioned by rapid population growth, clearing of vegetation, 

dumping of untreated effluent by the local industries and more recently invasion by water 

hyacinth (Echhornia crassipes) also have far reaching impacts on the regional climate. There 

have also been distinctive changes in the physical structure (size, shape, depth, water quality, 

etc) of the lake over the last few decades associated with climate change and poor watershed 

management (Ochumba, 1996). These factors obviously conspire to diminish the economic 

potential of the lake (basin) and also undermine the lake’s role as a regulator of regional 
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climate. In particular, deforestation within the catchment areas due to population pressure 

may not only have a negative feedback on the hydrological balance and lake basin climate, 

but also threatens the very existence of the lake altogether.  

The aforementioned factors illustrate a multi-pronged onslaught on the lake, its 

ecosystem and climate. Hence, to improve understanding of the variability and changes in the 

basin and regional climate this study emphasizes a process-based approach using a fully 

coupled 3D-Lake/atmospheric modeling system.  

1.7 Related previous climate modeling studies  

Many studies have shown that large inland lakes exert significant influence on regional 

climates (e.g Hostetler et al., 1993; Bates et al., 1995; Small et al., 1999; Bonan, 1995; Song 

et al., 2004; Anyah and Semazzi, 2004). One way through which lakes influences regional 

climates is through exchange of heat (sensible and latent heat fluxes) and momentum with 

the overlying air-mass (Hostetler et al., 1995). However, in majority of numerical modeling 

studies the lake-atmosphere interactions are often not properly modeled (Lofgren, 1997). 

Instead, in many studies lake surface temperatures (LSTs) are normally prescribed, an 

approach that greatly inhibits communication of thermodynamic and hydrodynamic 

properties from lake to atmosphere and vice versa (Song et al., 2004; Anyah and Semazzi, 

2004). Representation of lakes with a simple one-dimensional energy balance (thermal 

diffusion) equation/model embedded in a regional climate model improves simulation of 

meteorological conditions over and around the lakes as demonstrated by Hostetler et al., 

(1993), Bates et al., (1993,1995) and Small et al., (1999). However, the major deficiency of 

such formulation is that no horizontal mixing of heat in the lakes is possible since the three 

dimensional hydrodynamic properties such as lake currents are not resolved. The use of 
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meteorological input to force the lake model in ‘stand-alone’ simulations also does not 

permit feedbacks between the lakes and the atmosphere. The approach proposed by 

Bonan(1995) in which the surface fluxes are calculated separately over land and water 

fractions within each grid-cell of a GCM may be more realistic, but still does not allow full 

three-dimensional interactions between the atmosphere and the large inland lakes. A few 

studies have employed a fully coupled three-dimensional lake/atmospheric modeling system 

to study the catchment-scale and regional climates around large inland lakes (Song et al., 

2002, 2004).  

 A number of numerical (regional climate) modeling studies have investigated weather 

and climate variability over East Africa (Freadrich, 1972; Okeyo(1982,1987); Mukabana and 

Pielke, 1996; Semazzi, 1999; Sun et al., 1999;Song et al., 2002,2004; Anyah and Semazzi, 

2004). However, many of the studies use simple representations of the thermodynamic and 

hydrodynamic properties of Lake Victoria (often prescribed LSTs and motionless lake) in the 

simulations. Freadrichs (1972) used a simple analytical model to study the nocturnal rainfall 

variability over Lake Victoria basin and showed that the nocturnal rainfall maximum was 

experienced mainly over the western parts of the lake due to strong land breeze circulations 

to the west of the lake during late night and early morning hours. Okeyo (1987) used meso-

scale model version 4 (MM4) and illustrated that the late afternoon hailstorms and 

thunderstorm activities experienced over western parts of Kenya highlands (especially over 

the tea-growing regions of Kericho, Kisii and Nandi Hills) were linked to the interactions 

between prevailing and the diurnal lake breeze circulations generated by Lake Victoria. A 

study by Mukabana and Pielke(1996) employed the Regional Atmospheric Modeling 

System(RAMS) to study interactions between the monsoonal flows and locally induced land-



 18  

lake(sea) breeze circulations  over lake Victoria region and along the East Africa coast. Their 

study indicated that strong horizontal velocity convergence /divergence between large-scale 

and meso-scale circulations occurred over the highlands east of Lake Victoria (in agreement 

with Okeyo, 1982, 1987) and along the coast. However, whereas these studies highlighted 

the important contributions of the local forcing on the diurnal variability of the regional 

climate they were based on a simplified one-dimensional land-lake (sea) thermal contrast 

formulation that does not permit two-way lake-atmosphere interactions. Furthermore, the 

above studies were based on specific weather events and did investigate the potential effects 

of the lake on regional climate on sub-seasonal to inter-annual scales since their primary 

objective was numerical weather prediction. The present study examines some of the 

physical and dynamical mechanisms associated with both short term (weather) and long term 

(climate) variability over the Lake Basin and employs a fully coupled lake-atmosphere 

modeling system. 

In terms of regional climate modeling, Sun et al. (1999a, b) pioneered the customization 

and application of NCAR-RegCM2 (Giorgi et al., 1993 b, c) for simulating climate over East 

Africa. In addition, a simplified 1D thermal diffusion equation (lake-model: Hostetler et al., 

1993) that is interactively coupled to the standard RegCM2 model was adapted for Lake 

Victoria. While the simulations performed during the extensive customization of RegCM2 

for eastern Africa only covered the short rains season of 1988, the model reproduced the 

climatological rainfall pattern over the region well, compared to observations. The month-to-

month variations of the simulated rainfall was also in good agreement with the observed, 

which demonstrated the ability of NCAR-RegCM2 model to represent the monthly rainfall 

pattern and evolution associated with the ITCZ and complex terrain over East Africa domain.  
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However, the major model deficiency evident from the simulations of Sun et al., (1999) was 

over estimation of rainfall throughout the domain. Also use of a simple 1D model for Lake 

Victoria could not allow two-way interactions between the lake and atmosphere in order to 

better characterize the contribution of the lake on regional climate variability and might have 

also contributed to over-estimation of rainfall over the lake.  Besides, in the absence of multi-

year simulations (ensemble) of the short rains season, no reliable model climatology and 

other useful statistics could be generated to comprehensively characterize and understand the 

sub-seasonal to inter-annual variability of the basin and regional climate. 

Recently, Song (2002), Song et al.(2002), and Song et al.(2004) developed a fully 

coupled atmosphere-3D lake modeling system (RegCM2-3D) to simulate the coupled 

variability of Lake Victoria Basin climate.  The 3D Lake model was based on the modified 

Princeton Ocean Model (POM97) for Lake Victoria (a closed fresh water basin) and 

accounted for the three dimensional thermodynamics and hydrodynamics of the lake. This 

allows the computation of both vertical and horizontal energy distribution in the lake, unlike 

the 1D lake model adopted in Sun et al.(1999). Song et al.(2002) performed 4-month long 

simulations with RegCM2-POM coupled system using a double-nested technique as follows. 

The first domain was run at 60km resolution, with the standard RegCM2 model driven by 

lateral boundary and initial conditions taken from ECMWF reanalysis.  The output of this run 

then provided lateral boundary forcing fields for the second domain, which was run at a 

higher spatial resolution of 20km in both x- and y- directions. The results of these 

experiments confirmed that adopting the traditional modeling approach in which the lake 

hydrodynamics are neglected (as in 1D-lake formulation) and only incorporating lake 

thermodynamics is not entirely satisfactory for Lake Victoria Basin climate studies. The 
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results further demonstrated that a fully coupled system produced more realistic simulations 

of rainfall over and around Lake Victoria compared to cases where a simple one dimensional 

thermal diffusion equation was used to compute flux exchanges between the lake and 

ambient atmosphere.   

In spite of the milestones achieved by Sun et al. (1999a, b) in the customization and 

initial application of RegCM2-1D over East Africa and Song et al., (2001) in demonstrating 

the improvements achieved by applying a fully coupled RegCM2-3D Lake system to 

simulate Lake Victoria Basin climate, still a number of limitations that undermined the 

optimal performance of the model system over East Africa/Lake Victoria Basin still existed. 

Some of these limitations included;- 

(i) Lack of multi-year model ensemble simulations in order to generate appropriate model 

climatology as well as other statistics of sub-seasonal, seasonal and inter-annual variability 

that would help to comprehensively evaluate the capability of the model across different 

climate regimes. 

(ii) Deficiencies in the RCM (RegCM2) model physics parameterizations especially radiation 

and non-convective precipitation physics. For, example, while the model reproduced the 

proper month-to-month migration of rainfall over the region consistent with ITCZ movement 

(Sun et al., 1999b), it over-produced rainfall over several parts of the domain, including the 

perennially dry areas such as northeastern Kenya.  This may due the inability of model 

physics to resolve large-scale (non-convective) precipitation leading to numerical grid-point 

storms as suggested by Giorgi et al. (1993b). 
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(iii) Course spatial and temporal resolution of SSTs used for lower boundary forcing. Since 

the computational domain includes a large portion of the western Indian Ocean, the model’s 

ability to capture the correct evolution of SSTs over the Ocean is quite important.  

Some of the aforementioned deficiencies and limitations been addressed in the present 

study by applying the latest version of the regional climate model (RegCM3) with improved 

radiation and sub-grid scale precipitation parameterization schemes. These are described 

detail later in Chapter 2. 

1.8 Thesis Outline 

This dissertation is organized as follows. Chapter 1 covers the general introduction, 

highlighting the dominant large scale mechanisms associated with climate variability over 

eastern Africa in general and Lake Victoria Basin in particular. In addition, it discusses the 

overview of the current status of regional climate modeling over eastern Africa.  Chaper 2 

describes the methods of study and model validation/validation Datasets, including brief 

descriptions of the two components of the coupled modeling system used as the primary 

investigative tool in this study. In Chapter 3 diagnosis of the Greater Horn of Africa climate 

variability based on multi-year ensemble data from two GCMs, the eulerian version of 

NCAR-CAM2.0.1 and the finite volume version of NCAR/NASA-CCM3. In this chapter the 

performance of the GCMs over the GHA sub-region, in which Lake Victoria climate is 

intimately embedded, is extensively evaluated using gauge observations and other proxy 

datasets (described in Chapter 2). In Chapter 4, the results of the multiyear simulations of 

East Africa short rains season using RegCM3 forced with both NCEP/ECMWF reanalysis 

and NCAR/NASA-CCM3 output are discussed. Chapter 5 discusses the results of idealized 

simulations of the thermodynamics and hydrodynamics of Lake Victoria using POM in a 
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stand-alone mode.  Chapter 6 focuses on the results of the simulations using a fully coupled 

modeling system for the Lake Victoria basin. In this chapter results of process-based 

simulations of the sensitivity/response of regional climate to interactions among regional 

orography, Lake Victoria and land cover/land use changes are presented. The unique findings 

of this study are summarized in Chapter 7, which also highlights the main conclusions and 

recommendations for future research.  Figure 1.2 below summarizes the modeling and 

diagnostic strategy(ies) employed in this study. 
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COUPLED CLIMATE VARIABILITY OVER LAKE VICTORIA BASIN 

(MODELING FRAMEWORK) 
 
 

 
 

Figure 1.2: Conceptual modeling framework for the climate variability of Lake Victoria 
Basin and contiguous regions 
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CHAPTER 2 

 

2 DESCRIPTION OF NUMERICAL MODELS AND VALIDATION DATA 
 

The two components of the regional atmospheric climate/lake modeling system as well 

the various model validation data sets are described in the next sections.    

2.1 Description of component models of the RegCM3-POM system 

2.1.1 RegCM3 Model 
 

RegCM3 is a three-dimensional primitive equation atmospheric model (Giorgi et al., 

2003). It is an improved and augmented version of the NCAR-RegCM2 (Giorgi et al., 1993 

b,c). The model uses a terrain-following (sigma-pressure) vertical coordinate system and has 

up to 23 vertical levels with the model top at 50mb. The radiation physics calculations are 

based on the latest version of NCAR-CCM3 scheme (Kiehl et al., 1996).  Although this 

scheme fundamentally resembles the CCM2 radiation physics package used in NCAR-

RegCM2 it also includes a new component for computing the effects of additional 

greenhouse gases (NO2, CH4, and CFCs), aerosols and cloud ice. The land surface physics 

parameterizations are based on Biosphere-Atmosphere-Transfer Scheme (BATS1e: 

Dickinson et al., 1993) in which a standard surface drag coefficient based on surface-layer 

similarity theory is applied to calculate sensible, water vapor and momentum fluxes at the 

surface. The drag coefficient is based on the surface roughness and stability of the surface 

layer.    

Two major changes (enhancements) in the cloud and precipitation processes have been 

implemented in RegCM3. The original explicit moisture scheme of Hsie et al., (1984) used in 
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RegCM2 has been replaced with its simplified version that instead uses a prognostic equation 

for cloud water. The prognostic variables include, cloud water formation, advection and 

mixing by turbulence, re-evaporation (in case of saturation) and conversion of cloud water 

into rain via a bulk auto-conversion term (see equation 3). The cloud water variables are also 

directly used in cloud radiation calculations and thus enable interactions between simulated 

hydrologic cycle and energy budget terms. Convective precipitation parameterization uses 

the Grell Scheme (Grell, 1993) with Fritsch and Chappell closure (Fritsch and Chappell, 

1980). However, for large-scale precipitation parameterization, an exclusively new scheme 

has been added to the RegCM3 code; sub-grid explicit moisture scheme (SUBEX: Pal et al., 

2000) to take care of non-convective clouds and model resolved precipitation. SUBEX 

accounts for the sub-grid variability in clouds by relating the average grid cell relative 

humidity (RH) to cloud fraction and cloud water (Sundqvust et al., 1989). Thus, if the 

fraction of a grid cell covered by clouds is FC then; 

minmax
min

RHRH
RHRH

FC
−

−
= ;                                                      (1) 

where, RHmin is the relative humidity threshold at which clouds begin  to form, RHmax is 

relative humidity where FC reaches unity. The assumptions include, 

                                          FC=0; for RH<RHmin  

                                           FC=1; for RH>RHmax                 

Precipitation (P) is generated when the cloud water content exceeds the auto-conversion  

threshold, th
cQ ;   FCQ

FC
Q

Cp th
c

c
ppt 








−= ;                                                       (3) 

where, 
pptC
1 is the characteristic time for which cloud droplets are converted into raindrops. 

(2) 
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Further modifications and customization of RegCM3 for equatorial eastern Africa 

domain has been carried out at North Carolina State University, Climate Simulation 

Laboratory based on the criteria applied in Sun et al.(1999a,b) during the first application of  

NCAR-RegCM2 for simulating the region’s climate.  

2.1.2 Princeton Ocean Model (POM) 
 

Princeton Ocean Model (POM97: Blumberg and Mellor, 1987; Mellor, 1998) is a three-

dimensional, nonlinear primitive equation, finite difference ocean model.  The model uses a 

mode splitting technique to solve for the two-dimensional (2D) barotropic mode of the free 

surface currents and the three-dimensional (3D) baroclinic mode associated with the full 

three dimensional temperature, turbulence and current structure. The barotropic(external) 

mode uses a shorter time step, while the baroclinic(internal) mode uses relatively longer time 

step. Both the internal and external modes are constrained by the Courant-Fredrichs-

Lewy(CFL) computational stability criteria. The CFL constraint on the vertically integrated 

external mode and internal mode transport equations limits the time step to: 

External mode: 

Et∆
2
1

22
111

−

+≤
yxCt δδ

                                           (4) 

 Ct = 2(gH) 2
1

+ Umax; Umax is the expected  maximum velocity. 

Internal mode: 

It∆
2
1

22
111

−

+≤
yxCT δδ

                                          (5) 
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 CT  =  2C + Umax; CT is the maximum internal gravity wave speed, based on the gravest 

mode(~2m/s), and Umax is the maximum advective speed. 

POM uses a terrain-following vertical coordinate system that depends on both the 

bottom topography and time-dependent surface elevation as follows, 

 σ = (η – h)/(H+h)                                                     (6) 

 where H(x,y) is the bottom topography and η(x,y,t) is time dependent surface elevation. 

At z = η, σ = 0(surface); z = -H, σ = -1(bottom). 

The model includes a 2.5 turbulence closure sub-model (Mellor and Yamada, 1974) with an 

implicit time scheme for vertical mixing. The equation of state (Mellor, 1991) is used to 

calculate density as a function of temperature, pressure and salinity.  

POM is currently one of the reputable ocean models and has been widely used for 

studying coastal estuaries and inland lake basins ranging from relatively smaller lakes such 

as Lake Kinneret in Isreal(Atennuci, 2000) to large ones such as the North American Great 

Lakes(  O’Connor and Schwab, 1994, Kelly et al., 1998) and Lake Victoria in eastern Africa( 

Song et al.,2002). For studying the hydrodynamics of inland lakes, different features of the 

POM model have been modified to represent fresh water properties. For instance, the salinity 

of the lake is set to 0.2psu that has been shown as suitable estimate fresh water lakes 

(O’Connor and Schwab, 1994). Detailed description of POM model can be found in Mellor 

and Yamada(1987), with subsequent updates available also at the POM website: 

2.1.3 Coupling of RegCM3 and POM via surface fluxes 
 

The traditional methodology for coupling the atmosphere and ocean models (Blumberg 

and Mellor, 1987) is applied. In RegCM2-POM coupling for the study of coupled climate 
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variability over Lake Victoria Basin (Song et al, 2002) applied a simplified flux-exchange 

formulation at the lake-atmosphere interface. Furthermore, both components of the coupled 

system have the same horizontal resolution (20km) and the lake surface flux-exchange with 

the overlying atmosphere, and vice versa, are executed once every hour.  The coupled model 

time step is 60secs (1min), which is the same as lake’s external mode time step. The coupling 

of the atmosphere and the lake is through the fluxes of momentum/wind stress (τ), sensible 

heat (SH), Longwave radiation  (LW), moisture/latent heat (Lq) and solar radiation (SW). 

The conceptual model of the coupling procedure is summarized in Figure 4 below: 

 

         

       IC BC 
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Figure 4: Schematic of the coupled atmosphere-lake system (modified from Song et al, 2004) 
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Surface boundary conditions used in the coupling between the atmosphere and lake models 

are expressed as follows: 

ω = 0 at σ = 0, 



∂
∂




∂
∂

σσ
VU

D
MK

, = - )0(),0( vu ωω  at σ = 0 ;            (7) 

where, ωu(0) and ωv(0) are the x and y components, respectively, of surface momentum 

fluxes required in the horizontal model equations; KM is the vertical mixing coefficient for 

momentum; D is depth.  

The upper boundary condition for temperature:  

)(ωθ
σ
θ

−=






∂
∂

D
HK  at σ = 0;                                                         (8) 

where ωθ  is the input value of surface turbulence heat flux; KH vertical mixing coefficient 

for heat; D is the depth 

 The other upper boundary conditions for the coupled RegCM3-3D lake model are 

mathematically summarized below: 

Lake surface momentum flux exchange: - 

( )[ ] aadmo uVCu ρωρ −=− 0                                                      (9a) 

( )[ ] aadmo vVCv ρωρ −=− 0                                                       (9b) 

Upper boundary conditions for temperature (at the lake surface): 

                      [ ]ωθρ0−  = Fs + Fl + FLW + FSW;                                                 (10) 

where Fs and Fl are sensible and latent heat fluxes, respectively. FLW  and  FSW  are net longwave 

and shortwave radiation at the surface, respectively.  FSW  is  calculated from the atmosphere 

while FLW is calculated from the relation,  

                    latentlLW FTF += 4γσ ,                                                                 (11) 
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where γ is the index of reflection (0.97), σ is the Stefan-Boltzman constant, Tl is lake surface 

temperature and Flatent is net longwave radiation from the atmosphere (calculated from 

RegCM3 model). Fl is calculated from, 

                                        q
p

v
l F

C
L

F = ;                                                           (12) 

Fq is evaporation(moisture flux) from the lake surface. 

 

Sensible Heat flux (Fs): 

                                  =sF ( )0θθρ −aadha VC                                                     (13) 

                                  ( )0vvaadqaq qqVCF −= ρ                                                   (14) 

where, au and av  are the surface wind components in the zonal and meridional directions, 

respectively. 22
aaa vuV +=  is the resultant wind speed, subscripts ‘a’ and ‘o’ refers to 

quantities at the lowest model level and the uppermost surface of the lake, respectively. 

Cdm, Cdh and Cdq are the drag coefficients for momentum, sensible heat and latent heat fluxes, 

respectively and depend on surface roughness, temperature and wind speed.  Cdm is set to 

0.0015.  

2.1.4  Initial and boundary conditions for RegCM3 
The quality of lateral boundary conditions (LBCs) or driving data is as important as the 

physics parameterizations applied in RCMs( wang et al., 2004). The update frequency of the 

LBCs must also be able to capture the fast moving synoptic systems that should enter the 

RCM domain. As a rule of thumb, the update period should be smaller than one quarter of 

the ratio of length scale to the speed of the meteorological phenomenon one wants to capture 
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correctly in RCM (Denis et al, 2002). Thus, as opposed to numerical weather prediction 

(NWP) which relies on the accuracy of initial conditions, regional climate modeling is 

essentially a boundary value problem.  

In the present study RegCM3 is driven by NCEP reanalysis data, ECMWF (ERA40) 

reanalysis and the finite volume of NCAR/NASA-CCM3 output, which is updated every 6 

hours. This update frequency should generally allow fast moving synoptic scale systems to 

enter into the domain of, and be well resolved by, RegCM3. Relaxation boundary conditions 

for the prognostic variables (surface pressure, temperature, u and v velocity components, 

geopotential height and relative humidity) are applied.  The relaxation technique is based on 

the original formulation by Davis and Turner (1977) with modifications by Giorgi et 

al.(1993c) to use an exponential(instead of a linear) function within the buffer zone. The 

method restrains the deviation of RCM output from the climatology of the large-scale driving 

fields by using two (Newtonian and diffusion) terms. These two terms helps to drive the 

model solutions toward the large-scale driving fields over the lateral buffer zone. This insures 

smooth transition between driving large-scale fields and model-dominated regimes in the 

interior domain and also minimizes noise generation (instability) at the lateral boundaries. 

The vertical interpolation of the reanalysis fields or GCM output to the model grid is linear in 

pressure for wind and relative humidity, but linear in the logarithm of pressure for 

temperature. The soil water content is initialized as a function of vegetation, whereas the 

lower boundary conditions are derived from 1ox1o weekly SSTs (Reynolds et al., 1997). 

The Lake Model is initialized with isothermal conditions (based on climatological 

temperature values) since no consistent observations are available over the lake to allow 

prescription of spatially variable surface temperatures. The lake bathymetry data are derived 
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from the digital data made available by the Large lakes Laboratory (Johnson et al., 1996; 

Song et al., 2002). The lake surface boundary conditions for the lake are taken from the 

fluxes (wind stress, sensible and latent heat) output from the RegCM3 uncoupled runs. 

2.1.5  Model domains 
The issue of optimum domain size has received significant attention in regional climate 

modeling (Denis et al., 2002). Often, the choice of model domain size is a compromise 

between requirement for a higher resolution and computational costs. However, other aspects 

such as the appropriate model physics parameterizations and/or local climate 

features/systems one is interested in also counts significantly.  Jones et al. (1995) 

investigated the influence of lateral boundary forcing on one-way nested RCM simulations 

using domains of four different sizes and showed that the largest domain produced 

significant deviations of RCM from GCM solutions. On the other hand, the smallest domain 

exhibited too strong large-scale control on the RCM solutions and thus showed very limited 

added value to the GCM output. Seth and Giorgi (1998) used analyzed observations 

(ECMWF) as lateral boundary driving fields for RegCM2 and demonstrated that with a 

smaller domain the simulated precipitation was closer to observation compared to 

simulations with a larger domain. However, the climate sensitivity to the internal forcing was 

better captured with larger domain. This means that the optimum domain size should be one 

where large-scale circulation in RCM is constrained to follow the driving GCM fields, but 

the finer mesoscale systems also have enough space to fully develop.  

Sun et al.(1999a) performed a suite of  simulations with different domain sizes over 

eastern Africa during the initial customization of RegCM2 to simulate the climate of the 

region and showed that the domain which covered the main regional and large scale features( 



 33  

i.e. East Africa and Ethiopian Highlands, western Indian Ocean, Tropical(Congo) rainforest, 

large inlands lakes(  Victoria, Tanganyika and Malawi) produced more realistic distribution 

of simulated precipitation and other meteorological fields.  A similar domain has been 

adopted in the present study. It is centered at 4oS, 31oE and uses Mercator map projection 

with horizontal resolution of 60km and covers 94 grid points in the x-direction and 85 grid 

points in the y-direction, giving a total area of 5640km x 5100km.  In the RegCM3-POM 

coupled runs, the domain is centered at 1oS, 33oE (the approximate center of Lake Victoria) 

and has 84 grid points in x-direction and 75 grid-points in y-direction ( i.e. 1680km x 

1500km) and is similar to the one used in  Song et al., (2002). The topography of the larger 

domain is shown in Figure 2.1. 
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Figure 2.1: Topographical features of the outer domain, with areas higher than 1000m shaded 

 
 
2.2 Model Validation Data 

 
The evaluation and validation of the uncoupled RegCM3 and POM simulations, as well 

as the fully coupled RegCM3-POM simulations are based on a number datasets. These 

datasets are briefly described in the next sub-sections. 
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2.2.1 Gauge-observed rainfall data 
 

The rain gauge observations network over East Africa is quite sparse. Furthermore, the 

available data are also riddled with numerous gaps in both space and time. These limitations 

in the quantity and quality of in situ observations impose substantial constraints on diagnostic 

studies of the regional climate (rainfall) variability. In this study monthly mean rainfall data 

were available from 136 stations (unevenly distributed) over East Africa during the 1961-

1990 period and has been used to construct observed rainfall climatology. For the period 

after 1990, the stations with complete data are even fewer. 

 To evaluate the simulated diurnal variability of the climate over the lake basin, daily 

rainfall observations from near-shore stations have been used.  Consistent daily rainfall data 

from five lakeshore stations; Kisumu, Bukoba, Entebbe, Jinja and Mwanza have been 

obtained from the Drought Monitoring Center data archive in Nairobi. However, no in situ 

observations are available over the Lake Victoria. Hence, to complement the available gauge-

observations, satellite data have been used as well. These proxy datasets are described in the 

following sub-sections. 

2.2.2 Climate Prediction Center Merged Analysis of Precipitation Data (CMAP) 
 

CMAP data set consists of monthly/pentad averaged precipitation rate values 

(mm/day) for the time period beginning January 1979 to present. The data are interpolated on 

regular 2.5ox2.5o grid spacing (Xie and Arkin, 1997). The data set is constructed using a 

technique that blends gauge, satellite data and model data.  In the present study the version 

that combines only gauge and satellite estimates is used to avoid introducing any model bias 

associated with the dataset while comparing it with our simulations. The satellite rainfall 

estimates comes from 5 different satellites (GPI, OPI, SSM/I scattering, SSM/I emission and 
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MSU) while recent gauge-based rainfall estimates are produced by the Global Precipitation 

Climatology Centre (GPCC). GPCC estimates exists over land from 1986 to the present and 

incorporates rainfall from 6700 stations worldwide that are statistically interpolated on to 2.5º 

× 2.5 º grids (Xie and Arkin, 1997). Prior to 1986, the rainfall estimates were acquired from 

about 5000 gauges collected in the Climate Anomaly Monitoring system of the NOAA 

Climate Prediction Center ( Xie and Arkin, 1995). Over the oceans no gauge data are 

available so that the values come solely from satellite estimates. Detailed description of 

CMAP dataset is available in Xie and Arkin (1996, 997). 

2.2.3 Climate Research Unit (CRU TS 2.0) Dataset 
 

The CRU TS 2.0 dataset comprises of 1200 monthly-observed climate for the period 

1901-2000 covering the global land surface and have been interpolated onto regular 0.5ox0.5o 

grid spacing (Mitchel et al., 2005). The dataset contains five climatic variables; precipitation, 

surface temperature, diurnal temperature range (DTR), cloud cover and vapor pressure. It is a 

revised and extended version of similar data constructed by New et al. (2000). In the present 

study only the surface temperature and precipitation variables have been used for model 

evaluation. 

2.2.4 Tropical Rainfall Measuring Mission (TRMM)/Microwave Imagery (TMI) Data 

The Tropical Rainfall Measuring Mission (TRMM) is a joint mission of the National 

Aeronautics and Space Administration (NASA) and the National Space Development 

Agency (NASDA) of Japan to monitor and study tropical and subtropical rainfall systems 

(Rui et al., 2002). The TRMM satellite has been operational since late November 

1997(Kummerow et al., 2000). It is a non-sun synchronous satellite stationed on a low earth 
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orbit (350km before 2001, and 430km afterwards) and carries a suite of five instruments; 

precipitation radar, multi-frequency TRMM imager (TMI), multi-frequency visible and 

infrared (VIRS), lightning imaging sensor, and clouds and earth’s radiant energy system. The 

TRMM precipitation radar (PR) and passive microwave radiometers builds homogeneous 

dataset of rainfall rate and vertical structures of precipitating systems over land and tropical 

oceans. 

In the present study the 3-hourly and monthly mean rainfall rate (mm/day) constructed 

using 3B42RT algorithm and available on 0.25ox0.25o resolution have been used. The dataset 

was obtained online via TRMM Online Visualization and Analysis System (TOVAS:http:// 

lake.nascom.nasa.gov/tovas/3B42RT/) courtesy of Goddard Distributed Active Archive 

Center (GDAAC). Detailed description of TRMM data can be found in Kummerow et al. 

(1998, 2000), and Iguchi et al., (2000). 
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CHAPTER 3 
 

3 VARIABILITY OF THE GREATER HORN OF AFRICA CLIMATE BASED ON 
GCM ENSEMBLE SIMULATIONS 

 
The intra-seasonal, seasonal and inter-annual variability of the Greater Horn of Africa 

(GHA) climate is investigated based on multi-year ensemble simulations by two GCMs. The 

GCMs are the eulerian version of NCAR-Community Atmosphere Model (CAM.2.0.1) and 

the finite volume version of the NCAR/NASA-CCM3. The NCAR-CAM2.0.1 ensemble 

consists of 15 realizations for 50 years (1948-2001). The NASA-CCM3 data is an ensemble 

of only two members, each of which covers a period of 30 years (1961-1990). Empirical 

Orthogonal Functions (EOF) technique has been employed to characterize the dominant and 

physically coherent modes of spatial and temporal variability of the sub-regional climate 

during the short rains season (October-December). The spatial and temporal patterns derived 

from EOF analysis of the two GCM ensembles are compared with CMAP data, CRU data 

and gauge observations derived from 136 East Africa rainfall stations.  

Three sets of analyses have been performed; one covering 40 years (1961-2000) of the 

NCAR CAM2.0.1 ensemble and CRU datasets, 22 years (1979-2000) of CMAP and NCAR-

CAM2.0.1, 30 years (1961-1990) of gauge observations and NCAR/NASA-CCM3. In 

addition, six of the 15 members of CAM2.0.1 (randomly selected) have also been analyzed to 

examine the spectrum of uncertainty in the GCM simulations of the GHA climate. This study 

also focuses on evaluating the performance of the two GCMs in terms of their representation 

of the sub-seasonal to inter-annual variability of Greater Horn of Africa climate by the two 

GCMs. The GCM that satisfactorily reproduces the large-scale features of the GHA climate 
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variability is further subjected to dynamical downscaling using the latest version of the ICTP 

regional climate model (RegCM3) coupled to a 3D lake model (POM) to investigate the 

regional details of the coupled variability of Lake Victoria Basin and contiguous regions. A 

brief discussion of some of the GCM studies focusing on the equatorial eastern Africa and/or 

the GHA sub-region is given in the next section. 

3.1  Introduction 

 
The Greater Horn of Africa (GHA) sub-region covering eastern and the Horn of Africa 

has a distinct climate regime compared to the rest of the continent. The seasonal and inter-

annual variability of the sub-regional climate are also characterized by extreme fluctuations, 

often associated with droughts and floods.  However, the inter-tropical convergence zone 

(ITCZ) that traverses the region twice a year has significant influence on the climatological 

rainfall pattern. The ITCZ influence is largely responsible for the bimodal rainfall pattern 

experienced over many parts during March to May (long rains) and October to December 

(short rains). The inter-annual variability of the GHA climate is mainly associated with 

perturbations in the global SSTs, especially over the equatorial Pacific and India Ocean 

basins, and the Atlantic Ocean to some extent (Ogallo, 1988; Nicholson, 1996; Mutai et al., 

2000; Indeje et al., 2000; Saji et al., 1999; Goddard and Graham, 1999, among others). In 

particular, El Nino/Southern Oscillation (ENSO) anomaly patterns have been shown to play a 

predominant influence on the inter-annual variability of the regional climate (Ogallo, 1988; 

Indeje et al., 2000).  

In the present study we explore the capability of the current versions of Global 

Circulation Models (GCMs), using multi-year ensemble simulations, in understanding the 
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variability and predictability of the GHA sub-regional climate. GCMs have become useful 

tools employed to enhance understanding of the variability of the climate system and also to 

aid in prediction of future climates (McGuffie and Henderson-Sellers, 2001). The 

phenomenal growth in computer power and capability has also enabled the current versions 

of GCMs to become sophisticated enough, thus leading to their improved skill in simulating 

and predicting certain aspects of large scale seasonal and inter-annual climate variability. 

For, instance, several GCMs can now predict the atmospheric response to SST anomalies 

associated with El Niño events with lead times longer than two seasons (Zebiak and Cane, 

1995, 1997; IPCC, 2001).  The improved simulations of some of the large-scale features of 

tropical rainfall patterns by AGCMs have also been attributed to the close relationship 

between rainfall and tropical sea surface temperatures (Mechoso et al. 1990).  

Over the African continent a number of studies have utilized GCM simulations to 

investigate either the continental or sub-continental scale of climate variability (Semazzi et 

al., 1996; Semazzi and Sun, 1997; Semazzi and Song, 2001; Ininda, 1998; Shukla, 1981; 

Bonan, 1995, Goddard and Graham, 1999; Behera, 2003). Semazzi et al. (1996) applied 

NCAR CCM1 to study the sensitivity of the seasonal and annual cycle of African climate to 

global SST anomalies. The GCM successfully simulated the primary features of the Sahelian 

and southern Africa seasonal rainfall. Ininda (1998) used the UK Meteorological Office 

(UKMO) third annual cycle GCM to simulate rainfall variability over East Africa during the 

short rains season (October through December) and its linkages to global SST anomalies. 

Anomalous easterly flow over the eastern and central Indian Ocean, surface convergence 

over western Indian Ocean and westerly flow over the interior of the region were shown to be 

prominently present during anomalously wet short rains (OND) season. The study also 
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investigated the month-to-month variability of East African rainfall during the long rains 

(March-May) and concluded that for this season, unlike the short rains, there were significant 

month-to-month variations in the response of regional climate to global SST anomalies. 

However, the simulations were performed for a very limited period of time (four years) that 

was not sufficient to comprehensively characterize the intra-seasonal and inter-annual 

variability of the regional climate. 

Goddard and Graham (1999) used the German version of the European Commission 

GCM (ECHAM3) model to study the relative importance of the Pacific and Indian Ocean 

SSTs on eastern and southern African climate variability. Their study indicated that inter-

annual rainfall variability over eastern and southern Africa correlates highly with ENSO as 

well as SST variability over Indian Ocean. In the simulations in which ECHAM3 was forced 

alternately with climatological and observed SSTs over the Indian and the Pacific Ocean  

Basins the study showed that the Indian Ocean SST variability had the dominating role in 

setting up a dipole precipitation (wet/dry) pattern over eastern and southern Africa. At the 

same time the variability of Indian Ocean SSTs were also shown to be significantly linked to 

SST variability over the tropical Pacific Ocean, with the latter leading by three months.  

Mutemi (2003) applied an updated version of ECHAM AGCM (ECHAM4.5) to study 

the variability of East Africa climate. The model reproduced the climatological mean pattern 

such as the bimodal seasonality of rainfall associated with the north-south migration of the 

ITCZ and monsoonal flow, except the correct amplitudes of the inter-annual variability 

linked to extreme El Niño episodes such as the 1982 and 1997 were not well reproduced. 

However, since the (low-frequency) ENSO fluctuations tend to dominate the inter-annual 

climate variability of the GHA (Ogallo, 1989; Ininda, 1994; Black et al., 2002; Indeje and 
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Semazzi, 2000) correct simulations of such ENSO-related fluctuations is a fundamental 

criterion for evaluating performance of GCMs over the region.  

Recently, Behera et al. (2003) have also investigated the impact of the Indian Ocean 

Dipole mode on East African short rains using a coupled Ocean-Atmosphere General 

Circulation Model and obtained realistic simulations of the seasonal variability compared to 

observed climatology. The simulated results also compared quite well to other earlier 

empirical studies (e.g.  Saji et al., 1999, Webster, 1999; Hasternrath et al., 1993; Black et al., 

2003, among others). Of particular interest, Behera et al. (2003) showed that about 31% of 

the Indian Ocean Zonal temperature gradient anomalies or the Dipole Mode Indices (DMI) 

were associated with warm ENSO events while other DMI events were not necessarily linked 

to the equatorial Pacific SST anomalies. Regarding rainfall variability over East Africa, the  

study concluded that unusually wet conditions were experienced mostly when the DMI 

events coincided with the warm phase of ENSO than in the absence of ENSO events. This 

conclusion somehow, but not necessarily, concurs with the results of Goddard and Graham 

(1999) and Black et al. (2003). 

In the present study we explore the viability of using a large AGCM ensemble in 

understanding the physical and dynamical mechanisms associated with variability and 

extreme anomalies in GHA climate. Multiple realizations of climate model simulations are 

increasingly becoming a useful modeling strategy in assessing the variability and 

predictability of the climate system (Wehner, 1998; Barnet et al., 1997; Zwiers, 1996). By 

using an ensemble of simulations, the mean value and variances of selected meteorological 

variables may be more realistically estimated than with a single calculation (Wehner, 1998; 

Krishnamurti et al, 2000). Furthermore, use of model ensemble is especially useful when 
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analyzing GCM simulations on a regional scale where year-to-year and decade-to-decade 

differences in the simulated climate are often magnified and may introduce more uncertainty 

(Wehner, 1998). However, the prohibitive computational expense of performing lengthy 

climate simulations has often limited the ensemble size utilized in many previous GCM 

based studies over Africa (e.g. in Ininda, 1998; Goddard and Graham, 1999).   

The primary objectives of the present study are: 

(i) to assess the performance of two GCMs in simulating the sub-seasonal to inter-annual 

variability of the GHA climate based on multi-year ensemble simulations. 

(ii) to evaluate the range of uncertainty in the ensemble simulations of the intra-seasonal, 

seasonal and inter-annual variability over the GHA sub-region based on EOF analysis of  

individual ensembles as well as the ensemble average.   

(iii) investigate the probable physical mechanisms associated with the episodic floods of 

1961(non-ENSO) and 1997(warm ENSO) years 

The data and methods of analysis used in this study are briefly described in the following 

sub-sections. 

3.2 Data and methods of analysis 

3.2.1 Observed rainfall and wind data 
 

The observed rainfall data used to evaluate the GCM ensemble simulations consist of 

Climate Prediction Center Merged Analysis of Precipitation (CMAP) data (1979-2000) 

,University of East Anglia’s Climate Research Unit (CRU) gridded observational data (1961-

2000) and  gauge observations over East Africa (Kenya, Uganda and Tanzania). A total of 

136, unevenly distributed, gauge stations for the 1961-1990 base period were available. 



 44  

CMAP is a hybrid of satellite, gauge (and model) data that has been merged using various 

data assimilation and interpolation techniques (Xie and Arkin, 1996, 1997). A recent study 

by Schreck and Semazzi (2004) performed EOF analysis using short rains seasonal CMAP 

data and showed that the data realistically represent the seasonal and inter-annual climate 

variability of eastern Africa. Hence, the dataset is a reasonable proxy to the relatively sparse 

gauge observations over the GHA. CMAP data is on a 2.5o x 2.5o uniform grid. CRU data are 

derived from gauge observations over land areas only and are interpolated on a regular 0.5o x 

0.5o grid (Mitchel, et al., 2005).  For the evaluation of the circulation patterns in the ensemble 

simulations, we use the 2.5o x 2.5o  NCEP reanalysis data (Kalnay et al., 1996).  Detailed 

descriptions of these datasets have been given earlier in Chapter 2 of this thesis. 

3.2.2 NCAR-CAM2.0.1 model ensemble 
 

The NCAR Community Atmosphere model version 2.0.1(CAM.2.0.1) was used to 

generate the 50-year ensemble consisting of 15 realizations. The simulations were performed 

by the NCAR Climate Variability Working Group. The model is a T42 (approximately 

2.8ox2.8o   horizontal grid spacing) spectral eulerian model with 26 levels in the vertical. 

Monthly-varying sea-surface temperatures and sea ice are used as lower boundary forcing for 

the model. The SST and Sea Ice data comprise of analyzed monthly mid-point mean values 

of SST and ice concentration for the period 1949 through 2001. The dataset blends together 

the global Hadley Center Ice and Sea Surface Temperature (HadISST) dataset prior to 1981 

and the Smith/Reynolds EOF dataset for post-1981 period. The governing equations are 

solved using the spectral method in the horizontal, while finite differencing is used for 

vertical discretization.  CAM2.0.1 uses a hybrid vertical coordinate following Simmons and 
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Stüfing (1981), which is terrain following at the earth’s surface but reduces to pressure 

coordinate at some point above the surface.  The cumulus parameterization scheme for deep 

convection is based on Zhang et al. (2003). The model also has enhanced physics that 

includes prognostic treatment of cloud-condensed water to deal more realistically with 

condensation and evaporation due to large scale forcing. Explicit representation of fractional 

land and sea-ice coverage is adopted in CAM2.0.1 unlike the earlier versions of the NCAR 

global atmospheric model (the CCM series) that uses a simple land-ocean-sea ice mask to 

define the underlying surface of the model. Detailed description of NCAR CAM2.0.1 series 

can be accessed online at the NCAR website (http://www.ccsm.ucar.edu/models/atm-

cam/index.html). 

The ensemble data used in the present study comprises of 50-year simulations with 15 

realizations.  Perturbing the initial surface temperature conditions generated the ensemble 

members. Details of the ensemble simulations can be found online at the NCAR-Climate 

Variability website (http://www.ccsm.ucar.edu/working_groups/Variability/index.html). This 

study takes advantage of this large ensemble size to evaluate the performance of the GCM in 

simulating the climate of the GHA sub-region. It is often not possible to generate such large 

GCM ensemble size, due to the prohibitive computational costs involved. 

3.2.3 Finite volume NCAR/NASA-CCM3 ensemble 
 

The ensemble generated by the finite volume version of NASA/NCAR CCM3 (hereafter 

referred to simply as CCM3) consists of two 30-year long (1961-1990) realizations and the 

simulations were performed at the International Center for Theoretical Physics (ICTP).  The 

CCM3 described here is essentially the same as the eulerian version of NCAR-CCM3, except 
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it uses the mass conserving finite element volume dynamics (Lin and Rood, 1996; Lin et al. 

2004).  The horizontal resolution is 1o latitude x1.25o longitude grid coordinates. Hybrid 

vertical coordinate system is used with a total of 18 levels. 

The two ensembles were both run using observed SSTs, sea ice distribution and GHGs. 

The first ensemble member was initialized with the climatological January fields while the 

second with the fields obtained one week after the first run (Coppola and Giorgi, 2004). A 

detailed description of the finite volume version of CCM3 can be found in Lin and Rood 

(1996) and Lin et al., (2004) while the ensemble simulations are described in more detail in 

Coppola and Giorgi (2004). 

 
3.3 Empirical Orthogonal Functions (EOF) technique 

The EOF method (Bretherton et al., 1992) has been applied to isolate the dominant 

modes of the intra-seasonal, seasonal and inter-annual variability of rainfall over the GHA 

sub-region for both the ensemble simulations and CMAP dataset.  The analysis is based on 

monthly and seasonal mean data for the short rains season (October through December).  

Four parallel EOF analyses of the NCAR-CAM2.0.1 ensemble, CMAP and gauge 

observations have been performed to take advantage of the available evaluation data. The 

first analysis is performed on a 40-year ensemble average of the monthly rainfall (1961-

2000). The second analysis period covers 22 years (1979-2000) for both ensemble and 

CMAP data.  While the analysis of gauge observations over East Africa is for the base period 

1961-1990. In addition, a 30(1961-1990) year analyses of CAM2.0.1 and CCM3 ensemble 

averages are performed to evaluate the inter-model differences.  
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CMAP is the primary data used for the evaluation of the spatial and temporal patterns of 

the EOF modes constructed from the CAM2.0.1 ensemble due to the spatial superiority of 

CMAP (since it incorporates satellite observations). Besides, CMAP data have approximately 

the same spatial resolution as the CAM2.0.1 model used to generate the ensemble dataset.  

3.4 Results and discussions 

3.4.1 GCM ensemble and observed rainfall climatology 
 

First, the ability of the two GCMs (NCAR-CAM2.0.1 and NCAR/NASA-CCM3) to 

represent the climatological rainfall pattern over the GHA sub-region is evaluated.  The 

rainfall climatologies are derived for the 1961-1990 base period for both GCMs and CMAP 

data. However, CMAP climatology has been derived for 22 years (1979-2000) due to the 

limitation of the period of data availability. CMAP data, which merges satellite and gauge 

observations, is only available since 1979. Nevertheless, due to its spatial superiority it has 

been shown to be a suitable surrogate for diagnosing the climate variability over equatorial 

eastern Africa (Schreck and Semazzi, 2004). 

The rainfall climatologies for November (the middle month of the short rains season) over 

East Africa are presented in Figure 3.1.  It can be seen that NCAR-CAM2.0.1 ensemble does 

not capture the correct spatial distribution of rainfall over the region (figure 3.1a). In 

particular, CAM2.0.1 model incorrectly show a region of rainfall maximum located over 

northwestern Uganda. This is inconsistent with the observed rainfall pattern (i.e. CRU data 

and Wilmott Data shown in figures 3.1c and 3.1d, respectively). Besides, the north-south 

rainfall distribution is not in tandem with the migration of the ITCZ and associated locations 

of maximum convection. The CCM3 model, on the other hand, does capture both the correct 
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spatial distribution and rainfall amounts (figure 3.1b), which are also in qualitative agreement 

with CRU and Wilmott data. CRU and Wilmott are globally gridded (0.5ox0.5o) gauge 

observations and are therefore suitable proxies to the sparse in situ observations over the 

region.  The differences in the resolutions between CAM2.0.1 (2.8ox2.8o) and the finite 

volume CCM3 (1ox1.25o) may obviously contribute to the differences in the spatial details of 

rainfall resolved by the two models. Nevertheless, the inability of CAM2.0.1 ensemble to 

resolve the north-south rainfall pattern associated with the ITCZ movement may also suggest 

the model’s deficiency in reproducing the transitions in the SW/NE monsoon flows over the 

GHA during the short rains season.  
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a) (b)  

(c) (d)  

Figure 3.1: 30-year (1961-1990) rainfall climatology. (a) NCAR-CAM2.0.1 (b) NASA-
CCM3 (c) CRU (d) Wilmott 
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3.4.2 Latitude-time evolution of rainfall during the short rains season 
 

 Figure 3.2 show comparisons of latitude-time evolution between the two GCMs 

ensemble averages and observed rainfall derived from CMAP and CRU datasets during the 

short rains season of 1988.  The short rains season in 1988 had near normal climatological 

conditions, especially over equatorial East Africa (Ininda, 1998, Indeje et al., 2000). The 

mean monthly rainfall (mm/day) for five months (September through January) is averaged 

between 28oE to 43oE longitudes. The north-south extent of the domain ranges from 10oS to 

10oN. The area mainly covers land areas, but also includes a small section of the western 

Indian Ocean. The averaging period includes one month before and one month after the 

normal onset (October) and cessation (December) of short rains over most parts of eastern 

Africa in order to examine the latitude-time evolution of the seasonal rainfall(short rains) 

over the full length and breadth of our study domain.  The data over oceans are excluded 

since the observed datasets (CRU and Wilmott) used to evaluate the GCMs only have data 

over land areas only.  

Similar comparisons are shown in Figure 3.3 for the two wettest short rains seasons 

during the 20th century that occurred in 1961 and 1997. These two seasons were 

characterized by extra-ordinary flooding over most parts of East Africa. However, the 

prevailing large-scale circulation anomalies triggered by the perturbations in the tropical 

oceans were significantly different during these two periods (seasons). While the 1997 floods 

were associated with one of the most intense warm ENSO (El Niño) events, 1961 floods did 

not coincide with a warm ENSO event. However, during both seasons unusually large zonal 

SST gradients prevailed between equatorial western and eastern Indian Ocean (e.g., Saji et 

al., 1999, Webster, 1999). 
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From figure 3.2, it is evident that the mean monthly (intra-seasonal) evolution/variability 

of the 1988 short rains is well represented by the NCAR/NASA-CCM3 ensemble average 

(figure 3.2b) and is generally consistent with observations (Figure 3.2c and Figure 3.2d). The 

north-south migration of rainfall maxima regions is also coherent with the observations 

(figures 3.2c and 3.2d) as well as the expected southward movement of the ITCZ over the 

region. However, CAM2.0.1 ensemble average (figure 3.2a) does not satisfactorily reproduce 

the north-south rainfall migration pattern over the GHA compared to NCAR/NASA-CCM3, 

CRU and CMAP. Again, the deficiency of CAM2.0.1 in capturing the correct north-south 

transition of rainfall over the GHA sub-region could be associated with the relatively coarser 

resolution, which does not capture the right location of the ITCZ and associated convection, 

compared to NCAR/NASA-CCM3.  

There is an apparent shift of the regions of rainfall maxima to the north throughout the 

season in CAM2.0.1 rainfall ensemble average compared to observations and NASA-CCM3 

(figures 3.2b-d).  However, a unique feature in the north-south rainfall pattern present in both 

the GCMs and observation are two regions of rainfall maxima at the beginning and towards 

the end of the season.  In CAM2.0.1 ensemble, the first maximum is located around 4oN 

during the first two weeks of November and the second around the equator during the first 

two weeks of December. In the observations (CMAP and CRU) and NCAR/NASA-CCM3, 

the first maximum occurs around the equator, but at the same time as in CAM2.0.1. The 

second maximum occurs farther south, around 9oS but occurs later than in CAM2.0.1. The 

presence of two distinct rainfall peaks in both GCMs as well as in the observed rainfall 

(CMAP and CRU) imply that there is  a break the intensity of rainfall that occurs around the 
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middle of the season( mid November to early December). However, the simulated rainfall in 

both the GCMs ensemble averages exceeds observations by about 3mm/day. 

 

(a)  (b)  

(c)  (d)  

Figure 3.2: Latitude-time evolution of rainfall in mm/day over GHA 

(a) NCAR-CAM2.0.1 (b) NASA-CCM3 (c) CRU (d) CMAP 
 
 

In figure 3.3, the general features observed in the climatological north-south evolution of 

the short rains shown earlier (see figure 3.2) are also exhibited in the intra-seasonal evolution 

of rainfall during the extreme wet episodes in 1961 and 1997. Again, the regions of rainfall 

maxima are shifted to the north in CAM2.0.1 compared to observations and CCM3 

simulations. Note that we only show results of the latitude-time evolution of rainfall in 1961 

anomalous year for CCM3 since the 1997 simulations were not available during the present 
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study. Significant differences in the spatial distribution patterns of rainfall between the two 

wet events are also observed (CRU). To some extent, the observed differences in the rainfall 

amount and distribution are shown in the CAM2.0.1 ensemble average, although the bias 

exhibited in the mean with northward shift of regions of rainfall maxima is still apparent. 

For, instance, in CAM2.0.1 more rainfall is simulated over the northern parts of the domain 

earlier in the season (early October to mid November) in 1961(figure 3.4). On the other hand, 

during the 1997 wet season higher rainfall amounts are simulated in mid November to late 

December. However, the highest observed rainfall amounts occur in mid November over the 

equatorial regions in 1961 while in 1997 the highest rainfall amounts occur between mid 

December and early January with regions of rainfall maximum located farther south of the 

domain.  

Regarding the northward shift in regions of rainfall maxima in the CAM2.0.1 ensemble 

simulations, it could be a reflection of the GCM’s deficiency to resolve the correct location 

and southward migration of the ITCZ due to coarse spatial resolution. This would lead to the 

convergence of the monsoonal flows to the north of our study domain longer than is normally 

expected during the short rains.  

Other possible reasons include,   

 (i) The GCM does not capture the correct transition of SW monsoons to NE monsoons 

off the coast of Somalia/East Africa over the Arabian Sea. Although CAM2.0.1 is forced 

with observed SSTs (HadSST), the resolution of the SST (1ox1o) over the western Indian 

Ocean is still not fine enough to capture the upwelling/downwelling off the coast of East 

Africa/Somalia associated with the strength and/or transition of SW and NE monsoons. 
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 (ii) CAM2.0.1 does not resolve the elevated heating sources over the Ethiopian and East 

African Highlands that are located in the middle of the GHA sub-region and significantly 

influence surface and lower tropospheric circulation between the adjacent land and Ocean 

areas. 

Conversely, CCM3 has a relatively finer spatial resolution capable of capturing some of 

features associated with the effects of elevated heating sources over the Ethiopian and East 

African highlands as can be seen in figures 3.4, 3.5 and 3.6 showing the mean flow patterns 

near the surface (925hPa).  
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a  b  

c  d  

Figure 3.3: The north-south rainfall (mm/day) evolution over the GHA during the flood 
events in 1961 and 1997 
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      (a)  

(b)  

 

Figure 3.4:  Differences between rainfall amounts/patterns during November 1961 and 1997       
wet events 
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We examine the possible causes of the differences between the two GCMs ensemble 

simulations and observed rainfall anomaly patterns, by comparing the monthly mean 

circulation pattern at the surface (925hPa) in October, November and December( figures 3.5-

3.7). In October (figure 3.5a), when widespread onset of short rains normally occurs over 

GHA the CAM2.0.1 ensemble mean 925hPa circulation qualitatively agrees with CCM3 

simulations (figure 3.5b) and NCEP reanalysis (Figure 3.5c) over the southern parts of our 

domain. However, significant differences between observations and the CAM2.0.1 ensemble 

average occur over northern Kenya, Ethiopia, and the coast of Somalia/Kenya as well as over 

the Arabian peninsular. For, instance, the SW monsoons off the coast of Somalia shown in 

the ensemble average are unrealistically stronger compared to observed climatology during 

this time of the year. Climatologically, the transition between SW and NE monsoonal flow 

take place during October when the ITCZ is expected to begin moving southward from its 

northernmost location. This is well shown in NCEP reanalysis (Figure 3.5b and is also well 

resolved in CCM3 ensemble (Figure 3.5c).  Consequently, with the delayed transition 

between SW and NE monsoons, substantial amount of rainfall would be simulated over the 

northern parts of the domain if there is sufficient maritime moisture transported inland. 

 In November, CCM3 and NCEP mean flow patterns are fairly in good agreement over 

most parts of the African continent. However, while CAM.2.0.1 ensemble average captures 

the general mean circulation pattern correctly, the SW flow off the coast of Somalia is still 

exceptionally strong, in contrast to the CCM3 simulations and NCEP reanalysis (figure 3.6). 

This further corroborates the suggested reason advanced earlier for the apparent northward 

shift in regions of rainfall maximum in the rainfall ensemble average (figures 3.1 and 3.2). 

Also the SW flow north of Madagascar in CAM2.0.1 simulations is also unrealistically 
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stronger than in CCM3 simulations and NCEP reanalysis. In addition, the anti-cyclonic flow 

over the southwestern Indian Ocean (southeast of Madagascar) is virtually unresolved in 

CAM2.0.1, compared to NCEP reanalysis and CCM3 simulations. Again, in December 

(Figure 3.7), even though CAM2.0.1 ensemble simulations depict the NE monsoons over 

northern Indian Ocean (Arabian sea) and off the coast of East Africa and Somalia, the flow is 

relatively weaker compared to CCM3 ensemble and NCEP reanalysis. The weaker NE 

monsoon in the ensemble average implies that the ITCZ apparently overstays in its 

northernmost location thereby inducing stronger than normal SE/SW monsoons off the East 

Africa/Somalia coast.   

Overall, the CAM2.0.1 ensemble average, compared to NCEP reanalysis and CCM3 

ensemble simulations, fails to capture the expected transition of the SW to NE monsoon over 

the GHA sub-region during the onset of the short rains (October). In addition, the north-south 

migration of the ITCZ both over land and Ocean is slackened in the CAM2.0.1 simulations 

compared to NCEP reanalysis and CCM3 simulations. Since the locations of flow 

convergence are expected to coincide with the ITCZ position, an apparent northward shift in 

the ITCZ position in turn leads to a similar shift in the regions of maximum 

convection/precipitation. 
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(a)  (b)  

(c)  

Figure 3.5: Mean 925hPa circulation pattern in October. 
(a) CAM2.0.1 (b) CCM3(c) NCEP reanalysis 

 
 
 
 
 
 



 60  

 
 
 
 
 
 

(a)  (b)  

(c)  

Figure 3.6: Mean 925hPa circulation pattern in November. 

 (a) CAM2.0.1 (b) CCM3(c) NCEP reanalysis 
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(a)  (b)  

(c)  

Figure 3.7: Mean 925hPa circulation pattern in December. 

 (a) CAM2.0.1 (b) CCM3(c) NCEP reanalysis 
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(a) (b)  
 
 

(c) (d)  

Figure 3.8: Mean and anomaly circulations at 850hPa in November 1961 (a) CAM2.0.1 
ensemble mean circulation (b) NCEP reanalysis mean circulation (c) CAM2.0.1 1961 

circulation anomaly (d) NCEP 1961 circulation anomaly 
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(a) (b)  

(c) (d)  

Figure 3.9: Same as figure 3.8, but for the 1997 wet episode 
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3.4.3 Relationship between 925hPa circulation pattern and tropical Oceans SST 
anomalies during 1961 and 1997 wet events  

 
Several studies have underscored the significant influence of global SST anomalies on 

the inter-annual variability of eastern and greater Horn of Africa climate. For example, 

Ogallo (1988, 1989), Ininda (1998), Webster (1999), Saji et. al. (1999, Indeje et al. (2000), 

Mutai et al. (2000), Black et al. (2003), Saji and Yamagata (2003), Behera et al. (2004), 

among others have demonstrated links between tropical Pacific and Indian SST anomalies 

and the variability of eastern, central and southern Africa climate. Goddard and Graham 

(1999) performed GCM simulations while alternately applying SST anomalies over the 

tropical Oceans, and explained the competing roles exerted at times by SST perturbations 

over the Pacific and Indian Oceans.  This was probably the first attempt to fully understand 

whether at times the tropical oceans exert “unique” individual influence or whether they 

normally act in concert with each other through global teleconnections to impact eastern 

Africa climate. Two cases in point that beg answers to these questions are the anomalous wet 

episodes in 1961 and 1997 which were of comparable magnitudes, but the perturbations in 

the SST fields over equatorial Pacific and Indian Oceans were not exactly the same.  

In this section the association between surface to mid-troposheric flow and SST 

anomalies during the two extremely wet short rains seasons over the GHA sub-region 

(eastern Africa) during the 1961 and 1997 wet episodes are briefly examined (compared).  

These two flood episodes were both characterized by unusually strong SST gradient between 

eastern and western equatorial Indian Ocean (strong positive Dipole Mode Index; see Saji et 

al. (1999)). However, unlike 1961, the 1997 episode also coincided with one of the most 

intense El Niño phenomena to occur during the 20th century.  While the strong zonal SST 
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gradient over the Indian (Dipole Mode Index) favored moisture influx into eastern Africa 

during both episodes, the anomalies in the general circulation and SSTs over other basins 

may have also contributed significantly. 

 In figures 3.10-3.11 the monthly mean circulation anomalies are superimposed onto 

SST anomalies patterns. The SST anomalies are derived from Hadley Center reconstructed 

1ox1o gridded data (HadSST) and are deviations from the 40-year mean (1961-2000). The 

circulation anomalies are also deviations from the 40-year mean (1961-2000) and are derived 

from NCEP reanalysis. In October 1961(figures 3.10 a, b), the largest SST anomalies occur 

over the western, southwestern and central equatorial Indian Ocean, while negative 

anomalies occur over most of the equatorial Pacific Ocean, extending across the Indonesian 

throughflow into eastern equatorial Indian Ocean. Positive SST anomalies are also located 

over eastern equatorial Atlantic Ocean, with maximum values just off the coast of West 

Africa.  

The circulation over and around the GHA (square box) during this time is characterized 

by anomalous easterly/northeasterly winds over western Indian Ocean, off the coast of East 

Africa in the ensemble average (figure 3.10a). Similar flow anomalies over the Indian Ocean 

are present in NCEP reanalysis data, except that the anomalous easterlies are relatively 

stronger. Furthermore, in the reanalyzed data there are prominent westerly anomalies 

originating from the equatorial Atlantic Ocean, which converge with the easterlies right 

across the central East Africa. This may have significantly contributed to anomalous rainfall 

over eastern Africa during the 1961 floods as both 850hPa flows from the Atlantic and Indian 

Ocean either originated or traversed regions of warm SST (positive moisture) anomalies. 
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The SST anomalies in November 1961(figure 3.10) are positive over southwestern 

Indian Ocean, with largest values located over southeast of Madagascar. The other region 

where significant positive SST anomalies are observed is over a relatively narrow band over 

eastern equatorial Atlantic confined off West Africa coast.  Positive SST anomalies are also 

located over the western Indian Ocean, off East Africa coast, as well as over most of the 

tropical Pacific Ocean. The circulation anomalies over GHA and adjacent Oceans are quite 

different in the ensemble and NCEP reanalysis.  

 In figure 3.11 we show the surface wind flow anomalies superimposed on SST 

anomalies in November 1997. Unlike in 1961, the CAM2.0.1 ensemble simulations are 

relatively more consistent with NCEP reanalysis, although the northward shift in the ITCZ 

position is still apparent. Over the GHA/East Africa coast there are strong 

easterly/southeasterly anomalies originating from regions of negative SST anomalies located 

over eastern Indian Ocean. The anomalous flow convergence along the East Africa coast, 

where positive SST anomalies are also located, is well shown in the surface flow patterns in 

both the GCM ensemble average and NCEP reanalysis. The region of flow convergence is 

however located farther to the east of GHA (East Africa/Somalia coast) compared to 

1961(figure 3.11) where the regions of flow convergence are located in the interior (central 

eastern Africa). This implies an apparent shift of the regions of active convection (Walker 

cell) farther east during 1997 compared to 1961. This is also consistent with previous studies 

(e.g. Indeje et al., 2000) that have also indicated that there is often an eastward shift in the 

zonal branch of the Walker cell over East Africa during warm ENSO events.  
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(a)

 

(b)

 

Figure 3.10: An overlay of mean circulation anomaly at 850hPa on SST anomaly fields in 
November 1961. (a) CAM2.0.1 ensemble average (b) NCEP reanalysis. Regions of positive 

SST anomalies are shaded 
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(a)

 

(b)

 

Figure 3.11: Circulation and SST anomaly fields in November 1997. (a) GCM ensemble 
average (b) NCEP reanalysis. Regions of positive SST anomalies are shaded 
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3.4.4 Circulation and specific humidity (moisture) anomaly relationships during 1961 
and 1997 wet episodes 

 
The relationships between the prevailing large scale circulation over the tropical ocean 

basins adjacent to the GHA sub-region and moisture anomaly patterns during the wet 1961 

and 1997 short rains seasons are examined by overlaying the mean monthly lower-

tropospheric (850hPa) flow onto the moisture anomaly fields. Results for the month of 

November (middle of the short rains season) are shown in figures 3.12 and 3.13 for 1961 and 

1997, respectively. Since CCM3 simulations were not available for 1997 in this study, the 

comparisons are only made between CAM2.0.1 and NCEP reanalysis. 

 In November 1961 CAM2.0.1 ensemble average and NCEP mean flow pattern at 850hPa 

(figure 3.12) fairly agree well over the tropical Oceans. Over equatorial Indian Ocean the 

flow is predominantly easterly, although weak cross-equatorial flow is also present in both 

GCM ensemble and in NCEP reanalysis. However, over the Atlantic Ocean, two flow  

regimes are prominently shown in the ensemble; a more southeasterly flow over south 

Atlantic and northwesterly flow originating around 10oN. Common also in both NCEP and 

ensemble is the convergence of northwesterly/westerly flow from the tropical Atlantic and 

easterlies from equatorial Indian Ocean in the interior of East Africa.  This flow convergence 

pattern is more amplified in the GCM ensemble than in NCEP reanalysis. Evidently, these 

two airstreams traverses regions of large positive moisture anomalies (Figures 11) and 

therefore potentially transport substantial amount of moisture into eastern and central Africa. 

The results from the present analysis partly agree with earlier observational study by 

Anyamba(1984) which attributed the 1961 floods over East Africa to the anomalous mid-

tropospheric westerly flow  that originated from both equatorial Atlantic Ocean (through 
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Congo forest) and converged with mid-tropospheric easterly flow from Indian Ocean. 

However, additional evidence from the present study show the major sources of moisture that 

might have enhanced and sustained the anomalous event are over the region between the 

equator and 10oN over the Atlantic, the Congo rainforest and western Indian Ocean. The 

moisture transport is mainly via the mid-tropospheric northwesterly/westerly flow from the 

Atlantic Ocean, through the tropical rainforest, and easterly flow from equatorial western 

Indian Ocean (due to enhanced zonal SST gradient). These airstreams conveniently 

converges over eastern and central Africa and thus potentially triggered the anomalous 

convection witnessed during the 1961 floods.  

In figures 3.13a-b, the regions of positive moisture anomalies at 850hPa over the tropical 

Oceans during short rains of 1997 in CAM2.0.1 ensemble average are consistent with the 

observed anomalies. For, instance the expected (observed) large positive moisture anomalies 

over central equatorial Pacific Ocean due to anomalous warm SSTs during El-Niño events is 

well reproduced in both the GCM ensemble average and observations.  Maximum positive 

moisture anomalies occur over central equatorial Indian Ocean, central equatorial Pacific 

Ocean, southeastern Atlantic Ocean and northern Atlantic Ocean. On the other hand, very 

strong easterly trades characterize the mean flow pattern over equatorial Indian Ocean, 

originating from the maritime continents. Over the southern Atlantic Ocean the flow is 

predominantly southeasterly, but more easterly between the equator and 10oN.  There is a 

conspicuous zone of flow convergence over central East Africa similar to November 

1961(Figures 3.12 a, b). However, in contrast to 1961, the northwesterly/westerly anomalous 

flow emanating from equatorial Atlantic Ocean is neither shown in the GCM ensemble 

simulations nor present in the observations.  In November 1997(figures 3.13a, b), 850hPa 
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moisture anomaly pattern in the ensemble average is significantly different from 

observations. Larger positive moisture anomalies are observed over southwestern Indian 

Ocean (southeast of Madagascar), but in the ensemble average the anomalies are very small. 

 

 

(a)

 

(b)

 

Figure 3.12: An overlay of NCEP mean circulation pattern on moisture anomaly fields for 
November 1961. Regions of positive specific humidity (g/kg) anomalies are shaded 
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(a)

 

(b)

 

Figure 3.13: Same as figure 3.12, but for November, 1997 
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3.4.5 EOF analysis of monthly mean rainfall over the GHA domain 
 

The time-space (s-mode) EOF analysis has been performed on both CAM2.0.1 and 

CCM3 ensemble average and observations (CMAP data) in order to investigate the month-to-

month spatial and temporal variability of rainfall over the GHA sub-region and the possible 

physical mechanisms associated with such variability. Several studies have applied EOF 

technique to analyze the space-time variability of meteorological fields (e.g. Ogallo (1988); 

Bretherton et al., 1992; Storch and Zwiers, 1999). In addition, a number of studies have 

proposed various methods of determining the number of significant EOF modes (e.g. 

Overland and Preisendorfer, 1982; North et al., 1982, Latiff et al., 2003, among others).  In 

the present study the North et al. (1982) test based on comparison of sampling errors for the 

eigenvalues and amount of separation between neighboring eigenvalues was adapted.    The 

analysis covered three time slices; 40 years (1961-2000) for CAM2.01 ensemble only, 30 

years(1961-1990) for the two the GCM ensemble averages and  22 years (1979-2000) for  

CAM2.0.1 ensemble and observations (CMAP). CMAP has approximately the same spatial 

resolution as the ensemble, but is only available since 1979.  The results of the GCMs and 

observations are however only compared for a synchronized period of analysis ( i.e results 

derived from CAM2.0.1 and CCM3  analyses are  only  compared for 1961-1990 analysis 

period, while CAM2.0.1 and CMAP are also compared only for the 1979-2000 analysis 

period).  

The most conspicuous difference between the 40-year and 22-year CAM2.0.1 analyses is 

that the combined (total) monthly rainfall variance explained by the two leading 

eigenmodes(EOF1 and EOF2) is larger in the 40-year ensemble average (60-65% ), 

compared to ( 45-50%) for the shorter(22 years). This indicates that there length of the time 
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series of the data used in the EOF analysis is important. However, both 40-year and 22-year 

CAM2.0.1 spatial patterns derived from EOF1 qualitatively agree with CMAP-EOF1 

patterns. In October (Figures 3.14a, b) the entire domain is characterized by positive 

anomalies in both CAM2.0.1 and CMAP analyses. Positive anomalies are located over 

central, eastern and coastal parts of East Africa extending offshore over 

western/southwestern Indian Ocean. Regions south of 6oS (southern Tanzania) are, however, 

characterized by negative anomalies (drier conditions) in the ensemble simulations in 

contrast to CMAP analysis. The corresponding EOF1 time series (figure 3.16) of the 

ensemble and CMAP data also agree well during years associated with major ENSO episodes 

such as 1982 and 1997, but significantly differ during the non-ENSO years. Thus, the 

predominant influence of ENSO in the inter-annual variability is well manifested in both 

spatial and temporal pattern of EOF1 and is also consistent with results obtained in many 

previous studies (e.g. Ogallo, 1988; Nicholson, 1996, and Indeje et al., 2000, among others). 

In November (Figures 3.14c and 3.14d) the maximum positive EOF1 loadings 

(anomalies) are located over Kenya, Democratic Republic of Congo (DRC) and northern 

Tanzania and the ensemble simulations and CMAP show similar patterns, although regions 

of maximum positive loadings are slightly shifted farther north in the GCM ensemble. Again 

this is consistent with the bias in the mean climate shown in the CAM2.0.1 ensemble 

simulations (figure 3.1). Comparison between the corresponding EOF1 time series reflects 

similar fluctuations as seen in October, whereby good agreements exist during ENSO years, 

but not during non-ENSO years. Similar features are also present in the observed and 

ensemble EOF1 spatial patterns in December (figures 3.15a,b). 
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Figures 3.15c and 3.15d show the CAM2.0.1 ensemble average and CMAP EOF1 spatial 

pattern of seasonal mean rainfall, respectively.  Consistent with the monthly analyses 

described above, the spatial variability associated with EOF1 in both datasets indicates 

positive rainfall anomalies over the entire domain. The maximum positive anomalies are 

located over central Kenya, southern Ethiopia and the East African coast. However, negative 

loadings are simulated over Congo forest. Thus, apparently the EOF1 spatial patterns of 

rainfall anomaly associated with ENSO fluctuations exhibit negative rainfall anomalies over 

the tropical rainforest throughout the short rains season. This further suggests that there is net 

sinking motion over the tropical rainforest linked to ENSO-related rainfall anomalies over 

the region associated with the eastward shift in the rising branch of the Walker Cell during El 

Niño episodes. Earlier studies (e.g Mutai et al, 2000) have also indicated that during warm 

ENSO events the walker circulation often tends to shift eastward, in turn leading to shift in 

regions of maximum convection from tropical rainforest (central DRC) to central and coast 

of East Africa.  
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(a)  (b)  

(c)  (d)  

Figure 3.14: Spatial patterns of CAM2.0.1 ensemble average and CMAP EOF1(1979-2000). 
Upper panels(OCT). Lower panels(November) 
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(a)  (b)  

 (c)  (d)  

Figure 3.15:  Same as figure 3.14, but for December and OND 
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Figure 3.16:  Comparison between CAM2.0.1 and CMAP EOF1 temporal patterns derived 
from the 22-year(1979-2000) analysis 

 
 
 

The spatial patterns of EOF2 of CAM2.0.1 and CMAP analyses in October and 

November (Figures 3.17a-3.17d) also reasonably agree over a number of places. One 

outstanding feature that is common in both CAM2.0.1 ensemble average and CMAP is the 

apparent positive/ negative rainfall loadings (anomalies) pattern over the north/south of the 

equator.  This pattern is, however, more distinctly depicted in CMAP-EOF2 compared to the 

CAM2.0.1 ensemble. Conversely, the corresponding temporal patterns are significantly 

different. In particular, the anomalies depicted in the time series are of opposite signs during 

most of the years. However, the only coherent feature between the two series is an increasing 
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trend in the rainfall anomalies especially during the decade of 1990-2000. The apparent 

quasi-decadal trend in the rainfall anomaly over the GHA has also been recently shown in a 

study by  Schreck and Semazzi (2004) who suggested that it could be a possible response of 

the regional climate to increasing surface temperatures (global warming). 

The EOF2 spatial pattern derived from the model and observed seasonal mean rainfall 

data are also in good agreement over many parts of the domain (Figures 3.19c and 3.19d). In 

particular, the dipole rainfall anomaly pattern (positive to the north and negative to the south 

of the equator) is well shown in both the ensemble and CMAP data. The only difference is 

that the observed (CMAP) regions of negative anomalies extend farther north of the equator, 

through western Kenya and southern Uganda compared to the ensemble. 

From the results discussed above, it is evident that the leading EOF (i.e. EOF1) derived 

from both monthly and seasonal mean rainfall data is associated with ENSO variability.  This 

relationship is especially manifested in the EOF time series that indicate good agreement 

between the ensemble simulations and CMAP data during the major ENSO events in 1982 

and 1997. This is also consistent with previous studies (e.g. Ogallo, 1988, 1989; Nicholson 

and Kim, 1997; Semazzi and Indeje, 1999; Indeje et al., 2000, among others). However, the 

rainfall anomaly dipole pattern (positive loadings north of equator and negative loadings 

south of equator) and increasing trend of rainfall anomaly displayed by the second 

eigenmode (EOF2) time series( well shown in the seasonal mean rainfall) cannot be 

obviously linked to a specific physical forcing on regional rainfall variability based on the 

present analysis.   
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(a) (b) 

(c) (d)

Figure 3.17: Spatial patterns of GCM ensemble average and CMAP EOF2 (1979-2000). 
Upper panels (October). Lower panels (November) 
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Figure 3.18: 22-year time series of EOF2 
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(a) (b)  

(c) (d)  

Figure 3.19: CAM2.0.1and CMAP EOF2 spatial patterns (1979-2000). Upper panels 
(December). Lower panels (OND) 
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Figure 3.20: Same as figure 2.18, but for December and seasonal(OND) mean 
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3.4.6 Comparison of CAM2.0.1 and CCM3 EOF patterns over the GHA sub-region 
during 1961-1990 base period 

 
It is evident from the results of latitude-time evolution of rainfall pattern presented in 

section 3.4.2 that it is most likely because of relatively higher spatial resolution, the CCM3 

ensemble reproduces the north-south migration (intra-seasonal variability) of the GHA 

rainfall better than CAM2.0.1 ensemble. In this section, the spatial and temporal pattern of 

rainfall variability derived from EOF analysis of the ensemble averages of the two GCMs are 

compared. The EOF analyses were performed on the ensemble averages for the 1961-1990 

base period. The primary purpose here is to evaluate how the two GCMs reproduce the 

observed spatial and temporal variability of the GHA climate.  

In figure 3.21 the spatial loadings (rainfall anomalies) of the leading eigenmode(EOF1) 

in October exhibit positive anomalies over most of the domain in both GCMs. This mode 

accounts for 27% and 24% of the total rainfall variance in CAM2.0.1 and CCM3, 

respectively. The regions with maximum positive loadings are located over central and coast 

of Kenya, Somalia and southern Ethiopia. Over the tropical rainforest (Congo forest) the 

spatial patterns of CAM-EOF1 (figure 3.21a) show negative anomalies as opposed to 

positive anomalies in CCM3-EOF1 (figure 3.21b).  However, the corresponding EOF1 time 

series (figure 3.22) are in good agreement. Furthermore, when the EOF1 amplitudes 

(Principal Components) of the leading eigenmodes are multiplied by the spatial loadings, the 

resultant anomalies are positive over many parts of our domain. It is also apparent from the 

time series that CCM3 tend to over amplify the positive anomalies in 1967, 1972 and 1982 

all of which were associated with warm ENSO episodes.  
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(a) (b)  

Figure 3.21: Comparison between CAM2.01 and CCM3 EOF1 spatial patterns in 
October(1961-1990) 

 

 
Figure 3.22:  Comparison between CAM2.0.1 and CCM3 EOF1 temporal patterns 
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The EOF1 spatial patterns in December are compared in figure 3.23. There are 

significant differences between the two GCMs.  Whereas CAM2.0.1 EOF1 spatial pattern is 

characterized by positive loadings over the whole domain, except the tropical rainforest, 

CCM3 loadings are negative over the regions north of the equator and only positive over 

central and southern Tanzania. In addition, CAM2.0.1 loadings are negative over the entire 

Congo forest region. CCM3-EOF1 spatial loadings are also negative over the tropical 

rainforest. On the other hand, the corresponding time series (figure 3.24) reasonably agree 

during the entire period and are also characterized by largest positive anomalies in 1967, 

1972 1980, 1982 and 1986. All these years, except 1980 were associated with warm ENSO 

episodes. It is also interesting to observe that the largest negative anomaly (perhaps over-

amplified in CCM3) is in 1981 that preceded the strongest El Niño episode during the 1961-

1990 period. 
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(a) (b)  
 

Figure 3.23: Same as figure 3.21, but for December 

 

 

Figure 3.24: Same as figure 3.22, but for December 
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Similar spatial patterns are derived from the seasonal mean rainfall for both CAM2.0.1 

and CCM3 EOF1 (figure 3.25). The leading eigenmode accounts for 31% and 24% of the 

rainfall variance in CAM2.0.1 and CCM3, respectively. Evidently, the agreement between 

the EOF spatial patterns of the two GCMs is better than in the monthly analyses despite the 

disparity in the total variance accounted for the corresponding EOF1 eigenmodes. For, 

example, both GCMs indicates negative loadings over the Congo forest and positive loadings 

over the rest of the domain. Also in both GCMs regions of maximum positive loadings are 

located over central, northern and coast of Kenya as well as over central and coast of 

Tanzania.  The temporal patterns (figure 3.26) also agree during the entire period of analysis 

(1961-1990), especially during 1967, 1972, 1982 and 1986 seasons all of which were 

coincident with warm ENSO events. 

Overall, the spatial and temporal patterns of the leading EOFs for October (beginning of 

season), December (end of season) as well for the seasonal mean rainfall derived from the 

ensemble averages of the two GCMs are in good agreement. In particular, the inter-annual 

variability of the temporal patterns reflects an intimate association with warm ENSO events. 

This is also consistent with the rainfall anomaly pattern (positive) over the entire domain. For 

both GCMs the persistent negative anomalies over the tropical rainforest(DRC) is also 

consistent with the proposition that during warn ENSO events  the center of convection over 

the tropical rainforest associated with the rising branch of the Walker circulation shifts 

eastwards( Mutai et al., 1998; Indeje et  al., 2000).  This also implies that during ENSO 

episodes, convection relatively suppressed over the Congo forest, which is a quasi-permanent 

source of latent heating. This further suggests that during ENSO events there is net 
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subsidence anomaly over the Congo forest compared to the eastern and coastal parts of the 

sub-region.    

 

(a) (b)  

Figure 3.25: Same as figure 3.21, but for OND 

 
Figure 3.26: Same as figure 3.22, but for OND 

 
 
 

The EOF2 spatial and temporal patterns derived from the seasonal mean rainfall for the 

two GCM ensemble averages are shown in figures 3.27a-b and 3.27c.  In both models the 

second eigenmode accounts for about 18% of the total rainfall variance. Similar to the 
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patterns derived from observed data (CMAP), the spatial pattern in both GCMs is 

characterized by positive loadings (rainfall anomalies) over many parts of Kenya, western 

Uganda, southwestern Ethiopia, and Somalia. On the other hand, most areas south of the 

equator that includes central and southern Tanzania are characterized by negative loadings 

(negative rainfall anomalies). Significant differences in the spatial patterns are also noticed 

over parts of northern Tanzania where positive anomalies are shown in CAM2.0.1 as 

opposed to CCM3. Furthermore, in CCM3-EOF2 spatial patterns the regions of negative 

anomalies cover more than half of our domain, and the dipole pattern of positive/negative 

loadings (rainfall anomalies) is almost symmetrical about the equator. However in the 

CCM3, the dipole pattern of positive/negative loadings is quite asymmetric.  

The temporal patterns are in agreement during many years over the 1961-1990 

period(figure 3.28). A rather distinct difference is shown in 1967 when CCM3 exhibit very 

large positive anomaly as opposed to CAM2-EOF2 amplitude, which is near normal. Again, 

as alluded to earlier in the comparisons between the GCMs and observed rainfall EOF in 

section 3.4.5, though the rainfall variance accounted for by EOF2 is significant (18%) no 

obvious physical mechanisms can be associated with the variability based on the present 

analysis.  
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(a) (b)  

Figure 3.27: Comparison between CAM2.0.1 and CCM3 EOF2 spatial patterns for seasonal 
mean rainfall(1961-1990) 

 

(c)  

Figure 3.28: Comparison between CAM2.0.1 and CCM3 EOF2 temporal patterns 
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3.4.7 Uncertainty in NCAR-AGCM ensemble simulations of GHA rainfall variability 
 

In this section, the spectrum of uncertainty in the CAM2.0.1 ensemble simulations of the 

GHA climate is examined by performing EOF analyses on six(6) of the 15 ensemble 

members (randomly selected). The spatial and temporal patterns of EOFs derived from each 

ensemble member are compared with the ensemble average and observations (CMAP).  

The spatial patterns of EOF1 for all the six ensemble members are generally consistent 

with each other, exhibiting positive rainfall anomalies (loadings) over most of the GHA sub-

region.  However, significant departures from the ensemble mean exist among the temporal 

patterns of the individual ensemble members (figure 3.29). The differences in the EOF1 

temporal patterns reflect the fact that a reasonable fraction of the model uncertainties may not 

only occur due to initial conditions, but may also come from the systematic (internal) errors 

in the model even if the initial conditions are just perturbed slightly. However, the 

differences among the temporal patterns of the leading EOFs are smaller for seasonal mean 

data, compared to the monthly data. This implies that the ensemble simulations reproduce the 

low seasonal variability better than the relatively high frequency monthly or intra-seasonal 

variability. This is also apparent when the time series of the six ensembles and the ensemble 

average are correlated with normalized spatially averaged observed rainfall over the GHA 

(figure 3.30). The correlation coefficients between the monthly data are comparatively 

weaker than those obtained by correlating seasonal mean data. 
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Figure 3.29: EOF1 time series for selected members of CAM2.0.1 ensemble 
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Figure 3.30: Correlation coefficients between normalized spatial average of observed rainfall 
over East Africa and EOF1 time series of select CAM2.0.1 ensemble members 
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3.4.8 Trends in rainfall variability over GHA 
 

In order to examine whether there exists any distinct trends in rainfall pattern over the 

GHA, the dominant effects of ENSO on the inter-annual variability of the regional climate 

have been filtered out in the EOF2 time series.  Since the EOF2 temporal and spatial patterns 

in all the ensembles did not show any association with ENSO, we considered better to filter 

any hidden ENSO signals from them in order to isolate any long-term trends. This is 

accomplished by simply computing 3-point and 5-point running means since the ENSO 

episodes have been shown to occur with a quasi-periodicity of 3-5 years (e.g Ogallo, 1988; 

Nicholson and Kim, 1997).  

Figure 3.31 show the time series of the 5-year running mean of EOF2 for all the three 

months and the seasonal mean for CAM2.0.1 ensemble average (40-years, 1961-2000), 

gauge observations (30 years; 1961-1990) and CMAP (22 years; 1979-2000). Different time 

periods are used in the three datasets due to discontinuities in the observations and other 

surrogates such as CMAP and CRU. Hence, it was not possible to perform EOF analysis over 

a synchronized time period for all the datasets.  In October (figure 3.31a), there is a strong 

quasi-decadal trend in the rainfall anomalies in the ensemble average. For, instance, during 

the first decade (1961-1971) there is a steady decrease in the rainfall anomalies while the 

following decade (1971-1982) is characterized by a slight increase in the rainfall anomalies. 

Thereafter, between 1982 and 2000, there is a consistent increasing trend in the rainfall 

anomalies. The ensemble average reasonably agrees with observations. However, the 

November (figure 3.31b) and December (figure 3.31c) rainfall anomaly trends show two 

main regimes. There are minimal fluctuations about the mean during 1961-1975 followed by 
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a consistent increase in the anomalies during the period after 1977. Furthermore, there exists 

better agreement between the ensemble and observations.  
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The seasonal mean anomalies (figure 3.31d) are characterized by three distinct quasi-

decadal regimes. The first regime (1961-1971) has an increasing trend. The second regime 

(1971-1978) shows a decreasing trend and the third (1982-1994) again shows increasing 

trend of rainfall anomalies.  These results are in agreement with an earlier study by Schreck 

and Semazzi(2004), which used seasonal mean CMAP data(1979-2000) and  showed that the 

increasing trend in rainfall anomalies over the GHA from late 1980s  through the year 2000 

matched with the trend of the mean  global surface temperature anomalies. While their 

suggestion that the trend could be a regional footprint of global warming remains plausible, 

our analysis of data extended back in time show the quasi-decadal trend in rainfall anomalies 

are characterized by both decreasing and increasing regimes as opposed to mean surface 

temperature anomalies which show a steady increase since 1961. Hence, the trend in rainfall 

anomalies over the GHA may not be necessarily concomitant with mean surface temperature 

anomaly trends.  
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[a] [b]  
 
 

[c]  [d]
 

Figure 3.31: 5-point running mean of the EOF2 time series of CAM2.0.1 ensemble average, 
CMAP and gauge observations over East Africa 
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3.4.9 Trends in the mean surface temperatures over Eastern Africa 
 

In figures 3.32a-d we compare the spatial averages of CAM2.0.1 and observed (CRU) 

mean monthly surface temperatures. The CRU temperature data used in the present study are 

global observations that have been interpolated on regular grid spacing of 0.5ox0.5o. The 

spatial averaged values were computed over central parts of East Africa bounded within 

longitudes 28oE-39oE and latitudes 4oN-4oS.  In figure 3.33a, the 40-year (1961-2000) time 

series of the normalized spatial average of monthly mean surface temperature in October for 

both CRU and the ensemble average show a consistent increasing trend. However, despite 

the close resemblance in the inter-annual variability of the normalized surface temperature, 

the correlation between the GCM ensemble average and CRU data is quite modest (about 

o.62), but is nonetheless significant at 95% confidence level. However, despite showing a 

similar trend as CRU data, the GCM ensemble average surface temperatures are also 

consistently warmer by about 3oC throughout the 40-year period.  Similar warming trend is 

shown in November (Figures 3.32b). Again, the warming is particularly more pronounced 

during the last two decades of the time series (1980-2000).  A slight decrease (cooling) in the 

surface temperature during the first decade in the series (1961-1970) is also apparent in both 

ensemble average and CRU observed surface temperatures. In December, the fluctuations of 

the mean surface temperatures above/below the long-term mean are relatively smaller in both 

the GCM ensemble average and observations. Besides, no distinct periods of 

increasing/decreasing trend are present in the 40-year time series. The correlation between 

the time series is nevertheless exceptionally low, less than 0.3 and thus it is not possible to 

evaluate the model against the CRU data. On the other hand, the seasonal mean surface 

temperature generally show a warming trend, with the period between 1980 and 2000 
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showing fluctuations of about 1 standard deviation above the mean in both ensemble and 

CRU datasets.  
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Figure 3.32: Comparison of normalized monthly mean surface temperature between CRU 
and GCM ensemble average 
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Figure 3.33: Comparison of normalized monthly mean surface temperature between CRU 

and GCM ensemble average 
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3.5 Conclusions 

 
In this study the primary focus was to comprehensively evaluate the performance of two 

GCM ensemble simulations in representing the sub-seasonal to inter-annual variability as 

well as extreme anomalies of the GHA sub-regional climate during the short rains (OND) 

season.  The two GCM ensemble data were derived from the 50-year NCAR-CAM2.0.1 15-

member ensemble dataset (1950-2001) and the 30-year ensemble generated by the finite 

volume of NASA/NCAR-CCM3 and consists of only two realizations (1961-1990).  It is 

important to note that despite the differences in the sizes of, and methods used to generate, 

the two GCM ensembles the main goal of this study was to evaluate the uncertainty of the 

GHA climate variability.  We applied a two-way analysis approach by first computing the 

basic statistics of various variables of the ensemble members and ensemble averages to 

evaluate the GCMs against observations. In the second part of analysis the space-time (s-

mode) EOF technique was employed to isolate the dominant and physically coherent 

temporal and spatial modes of sub-seasonal to inter-annual variability of the GHA climate. 

The results were evaluated against the available gauge observations, CMAP and CRU.  

 It is evident from our analysis that both the GCMs ensemble averages realistically 

represent the general characteristics of the GHA climate. However, the north-south evolution 

of monthly rainfall during the season in CAM2.0.1 ensemble is not consistent with 

observations. There is an apparent northward shift of areas of rainfall maximum in 

CAM2.0.1 ensemble throughout the season. On the other hand, CCM3 ensemble average 

reproduces the observed north-south migration pattern of seasonal rainfall, which is also 

coherent with the expected migration of the ITCZ over the region. The ensemble average 
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qualitatively reproduces the correct north-south evolution of both climatology and extreme 

anomalies, compared to observations and out-performs the CAM2.0.1 model. 

Possible reasons for the northward shift in the regions of rainfall maxima in CAM2.0.1 

model may include;- (a) the inability of NCAR-CAM2.0.1 to resolve the correct 

location/position of the ITCZ at the surface over the GHA sub-region due to 

insufficient(coarse) spatial resolution (b) the elevated heating sources over the Ethiopian and 

East African highlands which are located in the middle of the GHA are also not well 

reproduced by the coarse resolution of the GCM and therefore the adjacent surface and mid-

troposheric flow patterns are not well represented. 

  For instance, the spatial loadings of rainfall anomalies derived from the 

leading(dominant) EOF pattern over the entire domain/sub-region is quite consistent with 

observations (CMAP).The two leading EOF modes (EOF1 and EOF2) account for more than 

50% of the total rainfall variance and the ensemble and observed spatial patterns grossly 

agree. The monthly rainfall EOF1 temporal patterns in the ensemble have significant 

differences with those derived from CMAP, except during the seasons (years) when major 

ENSO events occurred such as 1972, 1982, 1987 and 1997. In general, both the monthly and 

mean seasonal rainfall of the ensemble average and CMAP show the dominant influence of 

ENSO in the inter-annual variability of the regional climate. This agrees with many earlier 

empirical studies conducted over the region.  

 The spatial variability of rainfall derived from EOF2 of CAM2.0.1 ensemble average is 

also qualitatively similar to the one from CMAP. In both cases the monthly and seasonal 

mean rainfall anomalies over the GHA are characterized by a dipole pattern of negative 

anomalies (dry conditions) over areas from around the equator southwards and positive 
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anomalies (relatively wetter conditions) occur to the north of equator. While there is no 

obvious physical mechanism that could easily be associated with this dipole pattern, the 

monthly and seasonal mean EOF2 time series show a consistent increase in positive 

anomalies, especially during the decade of 1990-2000. 

 When 3, 5 and 10-year running means are computed from EOF2 time series of the 

ensemble (40 years), gauge observations (30 years) and CMAP (22 years) in order to remove 

the predominant ENSO influence on the inter-annual variability, our results show a robust 

quasi-decadal trend in the GHA rainfall anomalies since 1961. The trend is relatively more 

pronounced in the monthly than in seasonal mean rainfall anomalies.  This result is consistent 

with an earlier study of Schreck and Semazzi(2004) that employed EOF technique to analyze 

seasonal mean CMAP data and showed a quasi-decadal (increasing) trend in rainfall 

anomalies in the EOF2 time series that was also consistent with the trend of mean surface 

temperature anomalies.  

However, our results show that the quasi-decadal trend in the 3-10 year running means 

of rainfall EOF2 time series for data extended back in time (1961-2000) has three distinct 

regimes; increasing trend during 1961-1971, decreasing trend during 1971-1979, and again 

increasing trend from around 1982 through 1997. On the other hand the mean surface 

temperature anomalies consistently increase almost during the entire period from around 

1962 through 1997.  Consequently, the quasi-decadal trend of the rainfall anomalies over the 

GHA is not necessarily concomitant with mean surface temperature trend. 

Regarding extreme anomalies, our results show that the both GCMs ensemble averages 

reproduce the correct amplitudes of all the ENSO-related anomalies (e.g 1972, 1982 and 

1997, compared to observations (CMAP). Also, the non-ENSO related flood episode in 1961 
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is well simulated, except that the surface and mid-troposheric flow off the coast of Somalia 

and Arabian Sea in CAM2.0.1 is significantly different from NCEP reanalysis. 

A rather distinct and unique feature evident in both GCM ensemble average and NCEP 

reanalyzed wind fields if the anomalous 850hPa westerly flows from eastern equatorial 

Atlantic Ocean, through the tropical rainforest, penetrating into the interior of eastern Africa. 

This flow anomaly is shown in both model and observed wind fields to be better organized 

and stronger in 1961 than during 1997.   Thus, the mid tropospheric westerly flow from the 

Atlantic Ocean, via the Congo forest, traversed a larger swath of moisture-laden areas in 

1961, compared to 1997, before converging with the easterly flow from Indian Ocean. 

Therefore, the flow anomaly potentially contributed to the widespread rainfall anomalies 

over the western sector of our domain (GHA) including the Congo basin in 1961 than in 

1997.   
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CHAPTER 4 
 

4  VARIABILITY OF EAST AFRICA CLIMATE BASED ON MULTI-YEAR 
RegCM3 SIMULATIONS 

 
The sub-seasonal, seasonal and inter-annual variability of East Africa climate is 

examined based on RegCM3 multi-year ensemble simulations. The primary objective is to 

evaluate the downscaling ability of RegCM3 to simulate the long-term monthly and seasonal 

rainfall climatology as well as the inter-annual variability of the short rains season. Four 

month long integrations, spanning the entire short rains season (September through 

December: SOND) have been performed for 21 years (1982-2002) in order to generate model 

climatology as well as adequate statistics of the sub-seasonal to inter-annual variability of 

East Africa climate. The model results are mainly evaluated against gauge observations 

(rainfall), CRU and CMAP climatologies computed over the 1982-2002 period. The model 

output is also evaluated over five homogeneous climate sub-regions that have been 

delineated in an earlier study by  Indeje et al., (2000). 

4.1 Introduction 

Regional climate modeling based on limited-area-models (LAMs) or Regional climate 

models (RCMs) has now matured into one of the fundamental techniques applied in the 

downscaling of global(large) climate for a broad spectrum of regional applications 

(Dickinson et al., 1989; Giorgi and Bates, 1989; Giorgi and Mearns, 1991; Giorgi et al., 

1993; Jones et al., 1995; Christensen et al., 1997; Sun et al., 1999; Leung et al., 2003, Wang 

et al., 2004, Song et al., 2002,2004; Anyah and Semazzi, 2004).  However, for RCMs to be 

reliable and useful downscaling tools the value they add in simulating regional climate 

details should be unambiguously reflected in both the simulated mean conditions and the 
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sub-seasonal to inter-annual variability.  In particular, detailed climate impacts associated 

with mesoscale circulations generated by complex topography, land-sea (lake) contrasts and 

land use practices/changes which play significant roles in defining regional climate 

variability should be better represented in RCMs(Christensen et al., 1997, Wang et al., 2004; 

Goddard et al., 2001). It is such a level of capability that would make RCMs more valuable 

regional prediction tools compared to GCMs or statistical downscaling methods  

Over the last two decades many studies have demonstrated the added value of RCMs in 

representing details of regional climate variability when the models are driven by initial and 

lateral boundary conditions taken from GCMs or analyses of observations (Dickinson et al., 

1989; Giorgi and Bates, 1989, Giorgi et al., 1993, Sun et al., 1999, Denis et al., 2002, Leung 

et al., 2003, Liang et al., 2004). In particular, the ability of RCMs in reproducing, not only 

the monthly and seasonal mean climate, but also the inter-annual variability has been well 

demonstrated (Giorgi et al., 1993, Denis et al., 2002; Christensen et al., 1997; Leung et al., 

2003; Liang et al., 2004, Anyah and Semazzi, 2004). The key objective of dynamical 

downscaling is to obtain high-resolution atmospheric and surface states (mostly weather 

conditions) and long-term statistics (climate) as close to reality as possible. Hence, the 

accuracy of RCMs in reproducing regional structures and their temporal variability is quite 

critical (Qian et al., 2003).  

Denis et al. (2002) have indicated that because of their high resolution, RCMs have the 

ability to capture small-scale features based on three main sources; (i) surface forcing, (ii) 

nonlinearities present in the atmospheric dynamical equations, and  (iii) thermodynamic 

instabilities. Because of this capability RCMs have developed into a powerful dynamical 

downscaling tool for studying regional climate processes as well as assessing regional 



 108  

climate change impacts and seasonal predictions (Wang et al., 2004). Besides, when coupled 

to appropriate land surface, hydrologic or lake models the enhanced resolutions of RCMs 

enables accurate simulations of detailed precipitation, temperature, surface hydrological 

features and other meteorological variables. However, although it is now widely 

acknowledged that RCMs provide enhanced details of climate simulations, there is still need 

for longer model realizations (ensembles) in order to improve the signal-to-noise ratio for 

detecting the climate signals. 

RCMs are quite sensitive to both dynamic configuration such as domain and resolution 

and the physics parameterizations (Seth and Giorgi, 1998, Denis et al, 2002). Consequently, 

there is need for comprehensive customization of these models for specific regional 

application for optimum performance. The issue of RCM customization has been addressed 

in a number of studies (Giorgi et al., 1993; Seth and Giorgi, 1998; Denis et al., 2002, Jones et 

al., 1995, Giorgi and Mearns, 1999, Liang et al., 2004, Leung et al., 2003, among others). 

However, many RCM models(and studies)have been applied(customized) for mid-latitude 

domains, except for a handful that focused on tropical regions, especially over Africa. At best 

most studies have applied RCMs for simulating tropical climates without necessarily 

accommodating all the peculiar differences between tropical and mid-latitude climate 

systems. Besides, many regional climate-modeling applications have often involved shorter 

model integration periods (a few months to a season) that do not guarantee sufficient scope 

for evaluating the downscaling ability of RCMs over a wide spectrum of climate regimes. 

Limited regional climate modeling studies have focused on equatorial eastern Africa. 

Sun et al. (1999a, b) pioneered the application of NCAR-RegCM2 (Giorgi et al., 1993) for 

simulating East Africa climate. Their study involved rigorous customization of the model for 
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regional climate simulations. In addition, a simplified 1D thermal diffusion equation (lake-

model: Hostetler et al., 1993) that is interactively coupled to the standard RegCM2 model 

was also adapted for Lake Victoria, the largest fresh water lake in the tropics that is located 

almost in the middle of East Africa. Whereas simulations performed during this extensive 

customization of RegCM2 only covered the short rains season of 1988, comparisons between 

model and observed rainfall over eight different homogeneous climate sub-regions(Ogallo, 

1989) reproduced the month-to-month variations quite well. Importantly, the ability of the 

model to reproduce the month-to-month migration of rainfall maxima regions over East 

Africa, consistent with ITCZ movement (Sun et al., 1999b) was well demonstrated. 

However, compared to observations, the model simulated excess rainfall over several parts of 

the domain, including the perennially dry (semi-arid) areas such as northeastern Kenya.  

Vizy and Cook (2003) used the PSU/NCAR MM5 (v3.4) model (Grell et al., 1994) to 

investigate the physical connections between boreal summer (June-September) seasonal 

rainfall over East Africa and India. They simulated realistic rainfall climatology over East 

Africa and also India compared to observations. Furthermore, their simulations showed that 

regions of rainfall maxima over eastern Africa were located mainly over the Ethiopian 

Highlands, East Africa Highlands, and in the vicinity of Lake Victoria. However, the 

simulated rainfall rates over most areas were generally larger than observed.  

 Recently, Song et al.(2002,2004) developed a fully coupled regional climatee-3D lake 

climate modeling system (RegCM2-3D) to simulate the coupled  lake-atmosphere climate 

variability over Lake Victoria Basin.   Song et al.(2004) demonstrated that adopting the 

traditional modeling approach in which the lake hydrodynamics are neglected (as in 1D-lake 

formulation) is not entirely satisfactory for Lake Victoria basin and regional climate 
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simulations. Their results further demonstrated that the fully coupled RegCM2-3D model 

simulated more realistic climate conditions over eastern Africa and the Lake Victoria Basin 

compared to observations and results of the standard RegCM2-1D model adopted in Sun et 

al.(1999).  

The primary objective of the present study is to perform comprehensive evaluation of the 

downscaling ability of regional climate model (RegCM3) over East Africa based on 

multiyear (ensemble) simulations. The present study apply the International Center for 

Theoretical Physics (ICTP) regional climate model (RegCM3:  Giorgi et al., 2003), which is 

an enhanced and augmented version of NCAR-RegCM2 (Giorgi et al., 1993) with significant 

improvements in the model physics parameterizations. Further modifications and 

customization of RegCM3 to provide optimal simulations of equatorial eastern Africa 

climate have been performed based on the criteria adopted by Sun et al. (1999). Multi-year 

(21 years) 4-month ensemble simulations of the short rains season over East Africa have 

been performed in order to generate model climatology and construct other useful climate 

statistics in order to comprehensively characterize the spatial and temporal pattern of the 

regional climate. While the RegCM3 multi-year(ensemble) simulations have been evaluated 

against a number of observed meteorological variables, specific emphasis is on  how the 

model reproduces rainfall climatology and inter-annual variability during the short rains 

season. Rainfall is, undoubtedly, the most important climate element over East Africa given 

that the local economies are largely sustained by rain-fed agriculture. 
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4.2 Model simulations and Validation Data 

4.2.1  Model simulations 
 

21-year ensemble simulations of the short rains have been performed. The model 

integrations were for four months, September through December. The lateral boundary 

conditions used to drive RegCM3 are meteorological fields taken from NCEP reanalysis( 

Kalnay et  al., 1996) and  ECMWF (ERA40) reanalysis, both of which are updated every 6 

hours. 10-year simulations for the 1981-1990 period are also performed with lateral boundary 

forcing derived from the CCM3 output. The lower boundary conditions are taken from 

Reynolds, 1ox1o weekly SSTs (Reynolds et al., 1997).   

4.2.2 Validation data 
 

Limited gauge observations and satellite-based datasets have been used to evaluate the 

of RegCM3 output. The datasets include, rain-gauge observations taken from 136 unevenly 

distributed stations over East Africa, CMAP and CRU data. Schreck and Semazzi(2004) have 

shown that CMAP data represents the spatial and temporal distribution of rainfall over 

eastern Africa quite well and is therefore a suitable proxy to gauge observations. 

Furthermore, despite its coarse resolution, CMAP data is nevertheless suitable for our study 

because it merges observations and satellite estimates (see details in Xie and Arkin, 1996a) 

and thus spatially more superior than the sparse gauge observations. The correlation between 

the spatial averages of CMAP and CRU data over East Africa is also quite high (with the 

coefficient(r) greater than 0.9). Hence, both datasets are reliable proxies to gauge 

observations. Detailed description of these datasets is provided in Chapter 2 of this thesis. 
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4.3 Results and discussions  

4.3.1 Simulated versus observed monthly rainfall climatology  

In this section the simulated rainfall climatology is compared with the observed and 

CRU climatologies for the three months of the short rains season (October through 

December). The simulated rainfall climatology is derived from two independent model runs. 

The first run was performed with lateral boundary forcing from NCEP reanalysis, while in 

the second run the lateral boundary conditions were taken from the CCM3 output. The CRU 

data which are available over land areas only were first interpolated onto the model 

computational grids since their spatial resolutions are approximately the same (~55km for 

CRU and 60km for RegCM3). The CRU data interpolated onto the model grids have been 

checked against the original data to ensure that the magnitude and spatial pattern is not 

distorted through this interpolation procedure before being used to evaluate the model 

climatology. 

Overall, the simulated and observed spatial distributions of rainfall over East Africa 

represented in the 21-year climatologies are in good agreement during the entire season. Both 

simulated and observed climatologies in October (Figures 4.1a-c) commonly show regions of 

rainfall maxima to be located over the northern/northwestern parts of the domain. These 

regions include western/northwestern Uganda, northern Tanzania and Lake Victoria region. 

However, relatively less rainfall is simulated over central Kenya compared to observations. 

Significant differences exist over Lake Victoria Basin and central Kenya Highlands. It is also 

important to note that there are remarkable similarities between the two simulated 

climatologies(derived over the 1981-1990 period), one based on lateral boundary forcings 
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from NCEP reanalysis and the other driven by GCM output. The only conspicuous difference 

between the two is the that the run forced by GCM output simulates relatively higher rainfall 

amounts along East Africa coast and over Lake Victoria Basin compared to the amount 

simulated in the run forced by NCEP reanalysis. 

The model climatology in November (Figures 4.2a-c) also show that the distribution 

pattern of the simulated and observed rainfall climatologies are quite coherent with each 

other over most parts of East Africa. The exceptions are central parts of Kenya and Lake 

Victoria Basin where, respectively, the model underestimates and overestimates rainfall 

throughout the season. However, the shift in regions of rainfall maxima southwards in the 

model climatology is consistent with observations as well as the expected migration pattern 

of the ITCZ over the region. Furthermore, the simulated climatology, in agreement with the 

observed, show that rainfall is more widespread over the entire domain, except over southern 

parts of Tanzania where relatively drier conditions are simulated.  Wetter conditions are 

simulated over the entire Lake Victoria Basin, most parts of western Kenya, southwestern 

Uganda and northwestern Tanzania in both model and observed climatologies. In December 

(Figures 4.3 a-c), the regions of rainfall maxima are located farther south (southern Tanzania) 

and rain has almost totally withdrawn from northern parts of Uganda and Kenya. This is also 

well reproduced by the model. Compared to the surroundings, relatively more rainfall is still 

simulated over Lake Victoria surface, even though the general rainfall belt has shifted 

southwards in conformity with the ITCZ location. Also evident from the model simulations is 

that even over the Lake Basin the location of local rainfall maximum is shifted southwards, 

mainly to the southwestern part of the lake.  
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With respect to the differences between the model and observations over Lake Victoria 

Basin and central Kenya highlands, two possible reasons could be suggested. First, while the 

model simulates relatively higher rainfall amounts over Lake Victoria (Basin) compared to 

observations, the use of globally gridded observations (CRU dataset) may not entirely 

provide satisfactory evaluation of the model output.  CRU data over Lake Victoria are mainly 

based on near-shore observations that are interpolated onto the lake surface, which does not 

have any stations/observations. Secondly, the failure of the model to correctly simulate 

rainfall over central Kenya reflects the deficiency of RegCM3 to properly reproduce the 

rainfall over the sharp and steep escarpments located to the east of the Great East Africa Rift 

Valley system due to relatively coarse resolution (60km). 

 In general, figures 4.1- 4.3 indicate that RegCM3 realistically simulates both monthly 

and seasonal rainfall climatology during the entire season.  In particular, the model 

realistically reproduces the north-south migration of the intra-seasonal (monthly) rainfall 

over East Africa. This evidence is further corroborated in the latitude-time plots in Figure 4.4 

that show the meridional and time evolution of seasonal rainfall from September through 

December 1988(see discussion in section 3.2). In this case it is clear that RegCM3 captures 

the observed evolution of rainfall over East Africa in both time and space. This is consistent 

with the north-south migration of ITCZ, which is a primaty driver of the seasonal cycle of 

rainfall over eastern Africa and is mainly responsible for the distinct bimodal rainfall seasons 

over the region.     
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(a) (b)  

(c)  

Figure 4.1: The monthly rainfall climatology for October. (a) RegCM3 forced by GCM 
output (b) RegCM3 forced by NCEP reanalysis (c) Observations (0.5ox0.5o CRU gridded 

data: bottom panel) 
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(a) (b)  

(c)  

Figure 4.2: The monthly rainfall climatology for November. (a) RegCM3 forced by GCM 
output (b) RegCM3 forced by NCEP reanalysis (c) Observations (0.5ox0.5o CRU gridded 
data) 
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(a) (b)  

(c)  

Figure 4.3:  The monthly rainfall climatology for December. (a) RegCM3 forced by GCM 
output (b) RegCM3 forced by NCEP reanalysis (c) Observations (0.5ox0.5o CRU gridded 
data 
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There also exist certain differences between the RegCM3 simulations forced with GCM 

output (hereafter RegCM3-GCM) and the simulations driven by analysis of observations 

(NCEP reanalysis: RegCM3-NCEP). For, example, the difference between the simulated 

October climatologies(figure 4.4a) indicates that the RegCM3-GCM produces excess rainfall 

over northwestern parts of the domain, including parts of central and southern Uganda, Lake 

Victoria Basin, central Kenya and East African coast.  Similarly in November the RegCM3-

GCM simulations overestimate rainfall over the Lake Victoria Basin, compared to both 

observations (CRU) and RegCM3-NCEP simulations. The same characteristics are observed 

in the December simulations, although the areas where RegCM3-GCM overestimates rainfall 

compared to RegCM3-NCEP are located over central and southern Tanzania as well eastern 

Kenya. However, RegCM3-GCM simulations are relatively in better agreement with 

observations while RegCM3-NCEP underestimates rainfall over the southern parts of our 

domain ( i.e central and southern Tanzania). 

It is also rather surprising to note that RegCM3-GCM simulated rainfall amounts over 

central Kenya highlands are consistent with observations (CRU), whereas the RegCM3-

NCEP climatotogy is not consistent with observations.  One of the reasons for RegCM3-

NCEP deficiency could be attributed to the resolutions of the initial and lateral boundary 

conditions of the two forcing fields (GCM and NCEP). The CCM3 model has a finer 

resolution (1ox2.5o) compared to NCEP (2.5ox2.5o) and so the effects of topography are fairly 

well representing in the GCM fields compared to NCEP reanalysis.  
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(a) (b)  
 

(c)  

Figure 4.4: Monthly long term mean simulated rainfall difference between RegCM3 forced 
by GCM and NCEP reanalysis 
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4.3.2 Latitude-time evolution of rainfall over East Africa  

Figure 4.5 shows the latitude-time (hoevmoller) plots of the observed and simulated 

monthly rainfall during the entire short rains season, between September and December 

1988. The monthly rainfall amounts are spatial averages over all model grid points across 

29oE to 39oE longitudes from 6oS to 8oN. It is important to note that although 1988 coincided 

with a strong La Niña conditions over the central Pacific Ocean, the short rains over East 

Africa were observed to be near normal in terms of amount and distribution. Therefore, the 

1988 short rains season has been used in a number of previous studies to represent 

climatological rainfall conditions over the region (e.g., Semazzi and Indeje, 1999; Sun et al., 

1999 and Ininda, 1998).  Figure 4.5 illustrates the ability of RegCM3 to realistically simulate 

the month-to-month rainfall amount as well as the southward migration of regions of rainfall 

maxima compared to CRU and CMAP data. 

In September, the regions of rainfall maxima in both model and the observed data are 

located between 4oN and 8oN, implying the onset of the seasonal rains is yet to be 

experienced over most parts of East Africa (29oE-43oE, 11oS-4.5oN). During this month, the 

only areas in East Africa where significant amounts of rainfall are simulated (and also shown 

in observations) lie within the equatorial belt (1oS-2oN). The same rainfall pattern within the 

equatorial belt is again shown in the October simulations, except the rainfall amount has 

considerably increased. In addition, the model overestimates rainfall by about 2-3mm/day 

compared to observations. In contrast to the rainfall pattern in September, the simulated and 

observed rainfall pattern in October indicate that regions experiencing significant amounts of  
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rainfall extends to parts of northwestern/western Uganda, western Kenya, northwestern 

Tanzania and Lake Victoria Basin. Thus there is obviously indication of widespread onset of 

rainfall over East Africa. By November significant rainfall amounts are simulated between 

5oS and 3oN, covering more than two-thirds of the East Africa domain. This is in agreement 

with observations and previous studies that have shown that the peak of short rains normally 

occur in November, during which period rainfall is more widespread over the entire region ( 

e.g Asnani, 1993). The spatial rainfall pattern generally agrees with observations, except that 

the model simulates more rainfall by about 3mm/day (~90mm per month) over most areas. 

However, although simulated and observed rainfall is more widespread in November, unlike 

in September and October, there are no distinct localized regions of rainfall maxima.  This 

implies that the precipitation mechanisms are now well established over the entire domain. 

Finally, toward the end of the rainy season (i.e late December) both RegCM3 simulations and 

observations show that rainfall has significantly subsided in quantity over a larger section of 

the domain and instead shifted farther south of the domain. 

Two distinct features are observed from the latitude-time evolution of the simulated 

rainfall, and to some extent in the CRU dataset. The first feature is the persistence of wet 

conditions (more rainfall) around the equatorial belt, between about 1oS and 2oN throughout 

the season.  The second is an apparent break in the observed rainfall intensity in the middle 

of the season, which is also weakly shown in the simulations. This break in rainfall is 

reflected in the quantity of observed rainfall whereby relatively more rainfall occurs at the 

beginning of the season (onset:  late September through middle October), then reducing 

slightly before again increasing in amount  from mid November to the end of the season.  
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The observed and, to some extent, the simulated rainfall features above may be 

attributed to a number of factors. Regarding the persistence of wet conditions simulated over 

the equatorial belt throughout the season, it seems to be a clear manifestation of the regional 

model’s ability to resolve the effects of some of the local convective systems (rainfall) 

associated with orography and lakes. For, example, Lake Victoria lies astride the equator and 

is also bordered by a chain of high mountains running in a north-south direction on both sides 

of the lake. These features, together with the high insolation over the equator, provide an 

enabling environment for frequent development of active convection and precipitation 

throughout the season. Further, these local scale forcings lead to generation of meso-scale 

circulations that continuously interact with large-scale flow and thus enhance local 

convection (rainfall) throughout the season. However, it should be noted that, despite the 

persistent wet conditions within the equatorial belt associated with local forcing, still the 

overall rainfall amount seem to gradually reduce as the season progresses, an indication that 

the regions of active convection are also coincident with the ITCZ location as it moves 

farther south, out of the region. 

In order to verify whether the Lake (Victoria)-effect precipiation contributes to the 

persistence of wet conditions simulated over the equatorial belt as shown in the latitude-time 

plots (figures 4.5a), similar rainfall evolution is shown in figure 4.5b in the simulations 

without the lake. In this case the simple 1D lake model is not coupled to RegCM3, but 

instead the lake is replaced with a patch of water in the land surface model. It can be seen 

that in figure 4.5b, compared to figure 4.5a, the tongue of wet conditions along the equatorial 

belt is significantly reduced. This not only suggests that RegCM3 resolves the lake-effect  



 123  

rainfall, but also shows that Lake Victoria significantly modulates regional climate. 

 

 

(a)  (b)

(c) (d)

Figure 4.5: Latitude-time evolution of rainfall(mm/day) over East Africa during short rains 
season, 1988. (a) RegCM3 coupled to 1D-Lake model (b) same as a, but without lake model 
(c) CRU data (d) CMAP 
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4.3.3 Rainfall climatology over homogeneous climate sub-regions 

In order to evaluate the robustness of RegCM3 in simulating East Africa seasonal 

rainfall, we compare in Figure 4.6 the simulated and observed (CRU and CMAP) monthly 

rainfall climatology over five homogeneous climate sub-regions. The climatologies for CRU 

and CMAP data are derived over the same period (1982-2002) so that they are consistent 

with the model climatology. The climate sub-regions are similar to those derived by Indeje et 

al. (2000) who used cluster/EOF analysis to demarcate East Africa into eight homogeneous 

climate zones. The five zones used here are northern Uganda, including part of northwestern 

Kenya (NUG: Figure 4.6a), central Tanzania (CTZ: Figure 4.6b), central Kenya (CKE: 

Figure 4.6c), northeast/eastern Kenya (NEK: Figure 4.6d) and Lake Victoria Basin (VIC: 

Figure 4.6e). 

 In October the model simulations are consistent with observations over NUG, CTZ and 

CKE. However, less/more rainfall is simulated over NEK/VIC compared to CMAP and CRU 

data. Since no adequate in situ observations that are available over Lake Victoria the proxy 

data (CRU and CMAP) that are used in the evaluation of the simulated rainfall may not be 

quite satisfactory. Furthermore, Xie and Arkin (1997) have also cautioned that the reliability 

and accuracy of the interpolation techniques used to create CMAP dataset is highly 

compromised over regions with little or no rain-gauge observations. The same problem is 

likely to be found in CRU data as well. In November the simulated rainfall climatology is 

comparable to CRU and CMAP data over CTZ and CKE, but less rainfall is simulated over 

NKE and NUG.  The model climatology also have good agreement with the observed over 

NUG and CKE in December. However, the model overestimates rainfall over CTZ and VIC.  
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While CRU and CMAP may not satisfactorily compare with model simulations, the 

simulated rainfall over VIC clearly demonstrates the ability of RegCM3 to resolve the lake-

effect rainfall. However, the gradual decrease of simulated rainfall amount between October 

and December over the Lake Basin (VIC) reflects the impact of interactions between Lake 

Victoria and the ITCZ as the latter migrates southward during the course of the season. This 

is also quite consistent with the latitude-time evolution of short rains shown in Figure 4.5. 

The simulated seasonal mean rainfall total over all the five zones (Figure 4.7) is also 

consistent with observations, but again significant differences occur over NEK and VIC 

regions.  Over NEK, the model climatology is characterized by relatively drier conditions 

compared to the observed. Whereas over VIC, the simulated seasonal rainfall total exceeds 

the observed amount by about 50%, which again indicates that there Lake region experiences 

significant amount of more localized precipitation compared to the surrounding regions.   It 

is also possible that RegCM3 simulation of relatively drier conditions over NEK, compared 

to observations is because of the inadequate representation of the SST over 

northwestern/western section of Indian Ocean (off Somalia coast).  Although the 1ox1o 

Reynolds weekly SST used as lower boundary forcing in this study is fine enough in 

temporal resolution, the spatial resolution is still inadequate to capture the SST changes 

during the transitions of SW/NE monsoons off the East Africa/Somalia Coast. 
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(b)

Mean monthly rainfall(mm) over Central Kenya
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Figure 4.6: Comparisons of simulated and observed rainfall climatologies over different 
homogeneous climate sub-regions 
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Figure 4.7: Seasonal mean rainfall total over different homogeneous climate sub-regions 

 
 

4.3.4 Inter-annual variability of rainfall over homogeneous climate zones 

The downscaling ability of RegCM3 in terms of representation of the inter-annual 

variability of rainfall over four homogeneous climate sub-regions is examined in this section. 

The four sub-regions are northern Uganda (NUG), central Kenya (CKE), central Tanzania 

(CTZ) and East Africa coast (CST). The model simulations are driven by lateral boundary 

conditions taken from NCEP reanalysis, while the validation data is based on the CRU 

gridded gauge observations.  To minimize biases between model and observations, both 

simulated and observed rainfall is first interpolated onto station locations within each sub-
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region before computing the spatial averages. After which the spatial averages are 

normalized based on the standard deviations derived from the 1982-2002 time series.   

It is important to note that though the RegCM3 model simulates the climatological 

rainfall pattern over East Africa quite well, this does not necessarily translate into 

comparable success in reproducing the inter-annual variability over different homogeneous 

climate sub-regions. For, instance, it is evident from figure 4.8 that RegCM3 realistically 

simulates the inter-annual variability of October rainfall over CST and CTZ sub-regions 

compared to observations (CRU). However, the model is not equally successful in 

reproducing inter-annual variability over CKE and NKE sub-regions. Table 4.1 shows the 

number of times during the 1982-2000 period that RegCM3 model simulated the correct 

rainfall anomaly compared to CRU over the four homogeneous sub-regions.  It can be seen 

that the model correctly simulated 80% of the rainfall anomaly over CST, 63% over NUG 

and CTZ, but only simulates 31% of the rainfall anomalies over CKE correctly.  The dismal 

performance of the model over CKE is likely due to inadequate spatial resolution to resolve 

the complex structure and locations of maximum precipitation associated with the steep 

escarpments over the central Kenya Highlands. 

In December (Figure 4.9) RegCM3 skill in reproducing the inter-annual variability of 

rainfall over all the four sub-regions is relatively improved compared to October (figure 4.8, 

Table 4.1). For, instance, over all the four sub-regions the model simulates over 50% of the 

right rainfall anomalies over the 21-year period (Table 4.2).  It is particularly interesting to 

note that the model simulations of the inter-annual variability of rainfall over CKE are also 

improved compared to October (figure 4.8) when it reproduce less than 40% of the correct 
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anomaly. The improved model performance in December could be linked to the weakened 

influence of the ITCZ over the region. Thus, as the ITCZ moves southward (out of the 

region) the complex interactions and feedbacks between topographic-induced circulations 

and the ITCZ are less pronounced. Consequently, even at 60km resolution, the model 

simulated rainfall features (variability) due to surface forcing becomes relatively more 

distinct without the overbearing influence of the ITCZ. This is as opposed to the situation in 

October and November when the ITCZ is located right across East Africa and the complex 

non-linear interactions between topographic-induced circulations and the ITCZ and the 

associated convective patterns are superimposed onto the simulated rainfall patterns.  

The simulated seasonal mean rainfall over the four sub-regions (NUG, CTZ, CKE and 

CST) is shown in figure 4.10. It can be seen that the simulated inter-annual variability over 

NUG, CTZ and CST are fairly in good agreement with the observed. However, the simulated 

variability over CKE is again not well reproduced, compared to CRU. As shown in table 4.3, 

the model correctly simulates over 60% of the rainfall anomalies over the NUG, CTZ and 

CST, but only 58% over CKE. However, the model simulated seasonal mean rainfall 

relatively better than the monthly rainfall, compared to observations. The time series of the 

inter-annual fluctuations shown in figure 4.11 further illustrates that the variability of the 

seasonal mean rainfall is well simulated(compared to CRU) over CST, CTZ and NUG, but 

not over CKE. 
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Figure 4.8: Simulated versus observed inter-annual variability over different homogeneous 
climate sub-regions in October 
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Table 4.1: Number of times RegCM3 model simulates the same/not same rainfall anomaly 

compared to observations(CRU) over four homogeneous climate sub-regions in October 

YEAR 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 
CORRECT 

ANOMALY 

NUG Y Y Y Y Y N Y N N Y Y Y N Y Y N N Y N 63% 

CKE Y N N N Y Y N N N N Y N N Y Y N N N N 31% 

CTZ Y Y N Y N Y Y N Y Y N Y N Y N Y Y Y N 63% 

CST Y Y Y N Y N Y Y Y N Y Y Y Y Y Y Y Y N 80% 

 
                          Note:  N means the RegCM3 anomaly is opposite to CRU anomaly 
               Y means both RegCM3 and CRU rainfall anomaly are in the same direction but, 
                                      not necessarily the same in magnitude. 
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Figure 4.9: Same as figure 4.8, but for December 
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Table 4.2: Same as table 4.1, but December 

YEAR 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 
CORECT 

ANOMALY 

NUG Y Y N Y N Y Y Y N Y Y N N N N Y Y N Y 57% 

CKE Y N Y Y Y Y N N Y Y Y N N Y Y Y Y N N 63% 

CTZ N Y Y N Y N N Y N N Y Y N N Y Y Y Y N 53% 

CST N Y N N Y Y N Y Y N N N Y N Y Y Y Y N 53% 
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Figure 4.10: Same as figure 4.8, but for OND 
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Table 4.3:  Same as Table 4.2, but for OND 

YEAR 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 
CORRECT 

ANOMALY 

NUG Y Y Y Y Y Y Y N N Y Y N Y Y Y Y N Y N 74% 

CKE Y N N Y N N Y N Y N N N Y Y Y Y Y Y Y 58% 

CTZ Y N Y N Y Y Y Y Y N N Y N N Y Y Y N Y 63% 

CST Y Y Y Y Y Y Y N Y N Y N Y N Y Y Y Y N 74% 
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(a)  (b)  
 
 

(c) (d)  
 

Figure 4.11: Comparisons between RegCM3 simulations and observed spatial averaged 
seasonal mean rainfall variability over four homogeneous sub-regions over East Africa 
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4.3.5 EOF analysis of simulated and observed monthly rainfall 
 

In this section the EOF technique (Bretherton et al., 1992) as used in Chapter 3 is again 

applied to isolate the dominant and physically coherent spatial and temporal patterns (modes) 

of RegCM3-NCEP simulated and observed (CRU) rainfall variability over East Africa. Both 

model and observed EOF analyses of monthly and seasonal mean rainfall are for 19 years 

(1982-2000). Since the resolution of CRU data (0.5ox0.5o) is approximately the same spatial 

resolution as RegCM3 bilinear interpolation method was used to map the CRU data onto the 

model computational grids (over land) before performing EOF analysis. The interpolated 

CRU was re-checked against the original raw data to ensure no distortions occurred in both 

the spatial pattern and the magnitude of the data. 

We first show in tables 4.4 a-d, the fraction (%) of the total rainfall variance accounted 

for by the three leading eigenmodes for all the three months (October through December) of 

the short rains season as well for the seasonal mean rainfall.  For both the model and 

observed rainfall (CRU), the leading eigenmode(EOF1) accounts for over 30% of the total 

rainfall variance for all the months of October through December, but over 40% for the 

seasonal mean rainfall. The rainfall variance explained by EOF2 ranges between 11% and 

21% for both the model and CRU and there is a clear separation between EOF1 and EOF2 

(North et al, 1983). However, EOF3 seems to be insignificant in both the model and observed 

data, except in October when it accounts for about 10% of the rainfall variance in both 

datasets.  
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(a) OCT 
EOF % variance EOF1 EOF2 EOF3 
RegCM3 34.8 20.5 10.2 
CRU 31.6 16.7 11.5 

 
(b) NOV 

EOF % variance EOF1 EOF2 EOF3 
RegCM3 35.2 11.0 8.9 
CRU 37.0 17.1 9.7 

 
(c) DEC 

EOF % variance EOF1 EOF2 EOF3 
RegCM3 40.0 13.0 6.0 
CRU 38.0 13.8 12.0 

 
(d) OND 

EOF % variance EOF1 EOF2 EOF3 
RegCM3 44.5 21.5 8.9 
CRU 42.7 12.7 11.0 

Table 4.4: The total rainfall variance(5) explained by three leading eigenmodes derived from 
RegCM3 simulated rainfall and observations(CRU) 

 
 

 In order to examine the relationships between the corresponding or different pairs of the 

simulated and CRU rainfall eigenmodes, we show in tables 4.5a-4.5c the correlations among 

different pairs of temporal patterns for the three leading eigenmodes. Again, it can be seen 

that the temporal patterns of the corresponding eigenmodes(which account for most of the 

rainfall variance, Table 4.4) are highly correlated ( at 95% confidence level) during all the 

months. This indicates that the dominant mode (mechanism) responsible of the inter-annual 

variability of rainfall over East Africa is well reproduced by RegCM3 compared to 

observations (CRU data).  However, in order to isolate the possible physical mechanisms 
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responsible for the large variance depicted by EOF1, we next examine and discuss the spatial 

and temporal patterns of the three leading eigenmodes. 

   

 
(a) OCT 

              
EOF 

RCM3-EOF1 
 

RCM3-EOF2 RCM3-EOF3 

CRU-EOF1 0.63 -0.04 -0.21 
CRU-EOF2 0.25 -0.28 -0.24 
CRU-EOF3 0.24 0.5 0.5 

 
(b) NOV 

EOF RCM3-EOF1 RCM3-EOF2 RCM3-EOF3 
CRU-EOF1 0.5 0.4 0.12 
CRU-EOF2 0.38 -0.26 0.5 
CRU-EOF3 0.16 0.02 -0.35 

 
(c) DEC 

              
EOF 

RegCM3-EOF1 RegCM3-EOF2 RegCM3-EOF3 

CRU-EOF1 0.78 -0.08 0.06 
CRU-EOF2 0.18 0.19 0.24 
CRU-EOF3 -0.27 -0.04 -0.03 

Table 4.5: Correlations coefficients among RegCM3 and CRU three leading EOF temporal 
patterns (the bold values are significant at least at 95% confidence level) 

 

Figure 4.12 presents comparisons between the spatial patterns of the leading 

eigenmodes(EOF1) and their corresponding time series during October. Notice that the data 

over the ocean are masked out in the CRU data since data is only available over land. For 

both model and observed rainfall, the spatial patterns of EOF1 are characterized by positive 

anomalies over the entire East Africa domain. In the model the highest positive loadings 

(anomalies) are located over central Tanzania, along the coast of Kenya, eastern and 

northeastern Kenya and over the Lake Victoria Basin. Similar anomaly patterns are depicted 
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in the CRU EOF1 spatial patterns, except that the positive anomalies over the Lake Basin are 

relatively larger in the simulations.  

 The differences over the Lake Victoria are expected since there are no gauge 

observations over the lake whereas the model is able to capture some of the lake-effect 

rainfall. On the other hand, the temporal patterns of the model and CRU EOF1 (figure 4.12c) 

agree during most of the years, though they are of opposite signs during a few years. In 

particular, the model and CRU EOF1 time series agree during 1982, 1991, 1994, 1997 and 

1998. Significant differences are noted during 1986 and 1988. Evidently, many of the years 

when the two time series agree are associated with ENSO events. Thus, generally, the model 

and CRU EOF1 temporal patterns are dominated by inter-annual fluctuations associated with 

ENSO events.    

In November (figure 4.13), again both the model and CRU EOF1 spatial patterns are 

characterized by positive anomalies over many parts of East Africa. However, a unique 

region of negative loadings (anomalies) is present over western sector of Lake Victoria in the 

model EOF1 spatial patterns. This is conspicuously absent in the CRU EOF1.  Since the 

model resolves some of the detailed surface features and lake-effect rainfall anomalies, the 

negative anomalies over western part of Lake Victoria suggest the region receives diminished 

rainfall compared to other parts of the Lake Basin during warm ENSO events.  This is also 

somewhat consistent with previous studies that have indicated that during (warm) ENSO 

events there is often an apparent eastward shift in the rising branch of Walker cell, and 

subsequently the main centers of active convection( e.g  Indeje et al., 2000).  

 Similar anomaly patterns in the model and CRU EOF1 spatial and temporal patterns 

exist in December (figure 4.14) when, again, better agreement between the model and CRU 
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EOF1 temporal patterns is found during ENSO years. The seasonal mean rainfall EOF1 

spatial and temporal patterns (figure 4.15) are also generally consistent with the monthly 

rainfall EOF1 patterns and the predominance of ENSO on the inter-annual variability of 

rainfall is clearly manifested. Thus the model simulations, in agreement with observations, 

exhibit the apparent response of the regional rainfall anomaly to ENSO fluctuations.   
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(a) (b)  

(c)  

Figure 4.12: Spatial and temporal patterns of EOF1 in October. (a) spatial pattern of 
RegCM3(b) spatial pattern of CRU (c) comparisons between the temporal patterns 
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(a) (b)  

(c)  

Figure 4.13: Same as figure 4.12, but for November 
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(a) (b)  

(c)  

Figure 4.14: Same as figure 4.12, but for December 
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(a) (b)  

(c)  

Figure 4.15: Same as figure 4.12, but for seasonal mean rainfall (OND). 
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The spatial patterns of EOF2 in October are shown in figures 4.16a, b. In the model 

simulations, the EOF loadings are characterized by negative anomalies over the coastal strip, 

extending offshore into western parts of Indian Ocean. The CRU-EOF2 spatial patterns, on 

the other hand, exhibit similar anomaly patterns except the negative anomalies extend farther 

inland compared to the model simulations. The other difference is the negative anomalies 

shown over Lake Victoria Basin in the model simulations, but missing in the observations. 

However, generally, there is good agreement between CRU and model spatial patterns. Also 

the temporal patterns (figure 4.16c) reasonably agree throughout analysis period, except in 

1997 when the model EOF patterns show large positive anomaly, the observed anomaly is 

negative. 1997 short rains season coincided with one of the strongest El Niño episodes during 

the last century and thus ENSO influence is apparently still manifested (‘felt’) in the second 

EOF mode of variability. 

  In November (figure 4.17) the EOF2 pattern show negative anomalies over southern 

parts of the domain (central and southern Tanzania), but positive anomalies over regions 

north of the equator. The model spatial patterns also depict largest positive anomalies over 

western sector of Lake Victoria as well as over Indian Ocean, off the coast of Tanzania. The 

corresponding time series does not however agree during many years over the analysis period 

(1982-2000).  The spatial patterns are nevertheless consistent with the earlier EOF analysis 

on CMAP and GCM data performed in chapter 3. Similar results are found in December 

(figure 4.18). However, for the seasonal mean rainfall (figure 4.19), the spatial patterns of 

EOF2 in the model are characterized by large negative anomalies along the East Africa coast 

and also over the entire Lake Victoria Basin. This pattern agrees with the observed pattern, 
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except the negative anomalies over Lake Victoria Basin that are not present in the 

observations.   

Hence, it is clear that model and EOF2 is associated with a bipolar(‘dipole’) rainfall 

anomaly pattern over East Africa, with regions along the coast and Lake Victoria Basin 

witnessing negative anomalies compared to the rest of the domain. 
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(a) (b)  

(c)  

Figure 4.16: Spatial and temporal patterns of EOF2 in October (a) spatial pattern of RegCM3 
(b) spatial pattern of CRU (c) temporal patterns 

 
 



 149  

 
 

 

(a) (b)  

(c)  

Figure 4.17: Same as figure 4.16, but for November 
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(a) (b)  

(c)  

Figure 4.18: Same as figure 4.16, but for December 
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(a) (b)  

(c)  

Figure 4.19: Same as figure 4.16, but for OND 
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4.3.6 RegCM3, NCEP and CCM3 mean circulation patterns at 850hPa 
 

The simulated, observed and the CCM3 GCM mean circulation pattern at 850hPa over 

the larger domain (covering most of Africa continent) are compared in figure 4.20. The 

model simulations are driven by lateral boundary conditions taken from both NCEP 

reanalysis and CCM3 output. Hence, the simulated flow patterns are compared with both 

CCM3 and NCEP reanalysis.  In figures 4.20a, b there is remarkable similarity in the flow 

patterns between the two model climatologies (RegCM3-NCEP and RegCM3-GCM) and 

observations (NCEP reanalysis).  The CCM3 flow pattern is also quite consistent with NCEP 

reanalysis over the entire domain. There are however significant differences off the coast of 

East Africa where the RegCM3-GCM simulated flow south of the equator is mainly 

southeasterly, westerly along the equator and turns to southwesterly on crossing the equator. 

This flow pattern is inconsistent with the NCEP reanalysis and, to some extent, CCM3 flow 

pattern as well. The orientation of the flow also appears unfavorable for moisture transport 

from western Indian Ocean into the interior of East Africa. 

Both RegCM3-NCEP and RegCM3-GCM simulated mean flow in November (figure 

4.21) capture the transition of the monsoon flow over the Arabian sea and northern Indian 

Ocean from southwesterly (southerly) in October (figure 4.20) to northeasterly which is in 

agreement with reanalysis and CCM3 wind patterns. In particular, both RegCM3-NCEP and 

RegCM3-GCM simulates the transition of SW monsoon to NE monsoon off the coast of 

Somalia and the Horn of Africa between October (figure 4.20) and November (figure 4.21) 

quite well. However, significant differences are observed over the Ethiopian highlands, 

located approximately between 5oN-10oN and 35oE-37oE. Both model simulated flow around 

this region separates into two airstreams (southeasterly and northeasterly), an indication that 
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the model captures the blocking of the basic flow by the highlands and also the flow around 

the mountain. This is important in resolving the orographic uplifting/downdrafts of moisture 

on both sides of the mountain and associated convection/precipitation patterns. There is also 

good agreement in the flow patterns between model and reanalysis in December, except the 

simulated easterly wind flow (figure 4.22) over the southern parts of the domain is relatively 

stronger than in the reanalysis and CCM3.  
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(a) (b)  

(c) (d)  
 

Figure 4.20: Mean circulation pattern over the larger(African) Domain (a) RegCM3-
NCEP(b) RegCM3-GCM (c)NCEP reanalysis (d) CCM3 
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(a) (b)  

(c) (d)  

Figure 4.21: Same as figure 4.20, but fort November 
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 (a)      (b)  

(c)   (d)  

Figure 4.22: Same as figure 4.20, but for December 
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4.3.7 Comparison between simulated and observed seasonal mean surface 
temperature 

 
Figures 4.23a-d show the normalized simulated and observed monthly mean surface 

temperatures averaged over the central part of East Africa (30E, 40E; 5S, 3N). RegCM3-

NCEP simulations represent the inter-annual variability of the seasonal mean surface 

temperature quite well, compared to CRU observed surface temperature.  The simulations, in 

agreement with observations, indicate that the warmest seasons during the 1982-2000 period 

were in 1987 and 1998. While 1998 is in record as the warmest year during the 20th century 

(IPCC, 2001), both 1987 and 1998 preceded two of the most intense La Niña events. 

However, there is a consistent cold bias (~2oC) in the model during the entire integration 

period. In addition, though the model simulates 1998 season as warmer of than 1987, the 

opposite is the case in the CRU observed surface temperatures.  

The cold bias reflects model deficiency in resolving the land surface features, especially 

the soil moisture. In the end these deficiencies affects accurate simulation of the spatial and 

temporal variability of precipitation, particularly over such perennially dry(semi-arid) areas 

such as northern/northeastern Kenya. 
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Figure 4.23: Inter-annual variability of mean surface temperature over East Africa 

 (a) OCT (b) NOV (c) DEC (d) OND 
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In figure 4.24, the simulated surface temperature variations over four homogeneous 

climate sub-regions in October (first month of short rains) are compared with the observed. 

Over northern-Uganda (NUG: figure 4.24a), the model realistically simulates the inter-annual 

variability of the mean surface temperature, compared to the CRU data.  However, in 

contrast to the observed, the largest negative fluctuation in October is simulated in 1985, and 

the largest positive fluctuation a decade later in 1995.  The observed (CRU) data however 

indicates that the largest negative anomaly (coldest October month) was in 1982(El Niño 

year), while the largest positive anomaly occurred in 1998(La Niña).   Over central Kenya 

(CKE: figure 4.24b), RegCM3 resolves realistic inter-annual fluctuations of the mean surface 

temperature compared to CRU, except between 1997 and 2000 when the model simulates 

unrealistic negative anomalies. The simulated and observed monthly mean surface 

temperature fluctuations over East Africa coast (CST: figure 4.24c) are in agreement, except 

in 1991, 1996 and 1998. In 1991 negative surface temperatures are simulated as opposed to 

the observed conditions that shows large positive anomaly. On the other hand, in 1998 larger 

positive surface temperature anomaly simulated whereas observations reflect near normal 

surface temperatures. A rather unique feature is exhibited in the inter-annual variability of the 

surface temperatures over central Tanzania (CTZ; figure 4.24d). Here, the observed mean 

surface temperatures in October show a consistent warming trend during the 1982-2000 

period. The model reproduces this trend, although the simulated temperature fluctuations are 

not exactly in good agreement with observed fluctuations throughout the integration period. 

In sum, the simulated inter-annual variability of mean surface temperatures over 

different homogeneous climate sub-regions are in good agreement with the observed. 

However, the agreement is better over NEK and CKE, but relatively poor over CST and 
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CTZ. In addition, while the simulated and observed mean surface temperatures in October 

show a consistent increasing anomalous trend over CTZ and to some extent over CKE, the 

trend is not exhibited over NEK and CST sub-regions.  

 

(a) (b)  

(c) (d)  
 

Figure 4.24: Mean surface temperature fluctuations over homogeneous climate sub-regions 
in October (a) NEK (b) CKE (c) CST (d) CTZ 
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4.4 Conclusions 

  The primary focus of this study was on the validation of simulated rainfall over East 

Africa based on multi-year integrations using RegCM3. Besides, the sub-seasonal to inter-

annual variability of the regional climate was characterized based on the statistics generated 

from the RegCM3 multi-year ensemble simulations of the short rains season. This is 

accomplished by performing a suite (ensemble) of 4-month long simulations for the short 

rains season for 21 years (1982-2002).  Previously, regional climate modeling studies over 

the region ( e.g Sun et al., 1999;  Indeje et al., 2001; Song et al., 2002, Anyah and Semazzi, 

2004) have only performed simulations for specific seasons and years. This not only limits 

the scope of evaluating the downscaling ability of RCMs over the region, but also inhibits 

generation of adequate model statistics useful in the characterization and understanding of 

the sub-seasonal to inter-annual variability.  

In the present study, the multi-year model simulations are evaluated based mainly on the 

simulated rainfall, surface temperatures and circulation. Rainfall is, undoubtedly, the most 

critical climate element over East Africa due to the heavy dependence of the evolving local 

economies on rain-fed agriculture and agro-based manufacturing. It is however the most 

challenging variable to validate in models since it is highly sensitive to both internal model 

variability and also to lateral boundary forcing (Denis et al., 2000). Due to the sparcity of 

gauge observations over our study domain, the model simulations are mainly evaluated using 

CMAP and CRU datasets. While CMAP data is spatially superior because  it incorporates 

satellite estimates, CRU dataset is gridded on a finer resolution (~55kmx55km), which is 

comparable to the RegCM3 resolution (60km) adopted in the present study.  
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Three basic approaches have been employed to evaluate the model simulations. First the 

simulated and observed monthly and seasonal mean rainfall climatologies derived over the 

same time period (1982-2000) are compared over five/four different homogeneous climate 

sub-regions. The primary objective here was to access how the model simulates the correct 

amount and intra-seasonal (month-to-month) variability of rainfall over the highly complex 

terrain of East Africa.  We also compare the simulated (with and without representation of 

Lake Victoria in the 1D lake model) and observed latitude-time evolution of rainfall over 

East Africa during a near normal season, 1988. This was undertaken in order to examine how 

well the model simulates the north-south transition of regions of rainfall maxima in tandem 

with the migration pattern of the ITCZ. The ITCZ predominantly influence the climatological 

rainfall pattern and is also mainly responsible for the two distinct rainfall seasons over the 

region.  In addition, the interactions between locally induced circulations and monsoonal 

flow converging on the ITCZ play a significant role in shaping the region’s rainfall pattern 

(and variability).  

Finally, we performed EOF analysis on the simulated and observed (CRU) monthly and 

seasonal mean rainfall over the 21-year period (1982-2002) for model and (1982-2000) for 

CRU.  The objective of this analysis was to investigate how coherent the dominant physical 

modes of temporal and spatial variability in the simulations compare with those derived from 

observations. In addition, we used EOF method in order to examine whether the high spatial 

resolution of the RegCM3 unambiguously distinguish the most dominant physical modes of 

rainfall variability over different homogeneous climate sub-regions. 

Overall, the simulated monthly and seasonal rainfall climatology during the short rains 

season agrees with observations. The model climatology over different homogeneous climate 
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sub-regions is also comparable to observations that further demonstrate the ability of 

RegCM3 to reproduce the spatially highly variable rainfall regimes over the complex East 

Africa terrain. In particular, the model reproduces the observed rainfall over northern Uganda 

(NUG) and central Tanzania (CTZ). However, the model evidently 

underestimates/overestimates rainfall over northeastern Kenya (NEK)/Lake Victoria Basin 

(VIC) although it is not possible to comprehensively evaluate model simulations over these 

regions based on CRU and CMAP datasets only due to the sparse or no gauge observations 

over the lake assimilated into these datasets.  The other region where the model does not 

capture the rainfall variability adequately is over central Kenya highlands. Apparently at the 

60km spatial resolution applied in the current model simulations, the model cannot 

sufficiently represent the correct rainfall pattern and amounts over the steep escarpments over 

central Kenya highlands. 

The latitude-time (north-south) evolution of simulated rainfall over East Africa is also 

quite consistent with the observed during the short rains season. In particular, the ITCZ-

driven southward migration of regions of rainfall maxima as the season progresses is well 

simulated. However, a unique and distinct feature shown in the model simulations is the 

persistence of wet conditions over the equatorial belt, between 1oS and 2oN throughout the 

season. To some extent this feature is represented in the CRU data, but is conspicuously 

absent in CMAP. The persistence of wet conditions within the equatorial belt throughout the 

season is apparently associated with local rainfall produced by the mesoscale circulations and 

convective instability instigated by the uplift over steep orography and Lake Victoria that lies 

astride the equator. This is corroborated by the results of the simulations without lake that 

shows the amount of rainfall along the equatorial belt reduces significantly. This further 
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demonstrates the model’s ability to capture the climate signals associated with surface 

forcing over East African domain. 

    With regard to the results obtained from EOF analysis, the temporal and spatial patterns of 

rainfall anomalies (fluctuations) derived from the leading eigenmode(EOF1) for both the 

model and CRU data are generally comparable over most of the domain throughout the 

season. Furthermore, the fraction (%) of the rainfall variance explained by both the model 

and CRU EOF1 is almost equivalent throughout the season (36-41%). This indicates that the 

observed ‘dominant’ physical mechanisms associated with rainfall variability over the region 

are well reproduced by the model.  The strong correlations among the different monthly 

EOF1 temporal patterns also attest to this.  The rainfall variance accounted for by EOF2 is 

about 17% for both simulated and CRU rainfall throughout the season. While the 

corresponding spatial patterns do agree over most parts of the domain, the temporal patterns 

do not agree during most of the integration period. It is important to note that the domain size 

over which our EOF analysis was performed may also contribute to the incoherence in the 

model and observed anomaly patterns in the secondary eigenmodes( i.e EOF2, EOF3, …). 
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CHAPTER 5 
 

 

5 HYDRODYNAMIC CHARACTERISTICS OF LAKE VICTORIA BASED ON 
IDEALIZED 3D LAKE MODEL SIMULATIONS 

 
 
 
 

The emphasis in this chapter is to investigate the thermodynamic and hydrodynamic 

characteristics of Lake Victoria based on 3D lake model simulations with idealized lake 

geometry and surface forcing. The 3D-Lake model is a modified version of the Princeton 

Ocean Model (POM: Mellor and Blumberg, 1987) as described in Chapter 2. POM model 

has been applied to study the hydrodynamics of several closed (inland) lakes (eg., Schwab 

and Bedford, 1994: Great lakes; Kuan et al., 1994: Lake Erie; O’Connor and Schwab, 1994: 

Great Lakes; Beletsky et al., 1997: Lake Michigan; Zavatarelli and Mellor, 1995: 

Mediterranean Sea). The main objective in the present study is to assess how the POM model 

realistically represents the three-dimensional physical properties of Lake Victoria. The time 

evolution of several physical properties such as temperature, potential density and turbulent 

kinetic energy are analyzed and examined in order to understand the adjustment process of 

the lake under ideal forcing conditions. This helps to analyze whether or not Lake Victoria is 

capable of retaining memory of the initial disturbances in any of its thermodynamic and 

hydrodynamic properties. Such memory of the lake, whether transient or stable can be useful 

in understanding short and long term variability of the coupled variability of the lake-

atmospheric climate systems over the Lake Basin. Furthermore, any successful understanding 

of some of the theories developed from simple (idealized) simulations of the lake 

hydrodynamics can be extrapolated to understand the results obtained from more realistic 
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(and often complex) cases (simulations). In order to identify some of the similarities and 

differences between the features simulated in a typical tropical lake (e.g Lake Victoria) and 

those in a typical mid-latitude lake(s) (e.g North American Great lakes), the effect of coriolis 

parameter is changed by setting different values for the two respective model simulations. 

 A suite of idealized model simulations with an elliptical geometry (see figure 5.1) and 

prescribed ‘summer’ like lake surface and environmental conditions have been used to 

examine the hydrodynamic characteristics of Lake Victoria. The prescribed initial conditions 

include wind speed (surface wind stress), lake-atmosphere temperature difference and 

vertical temperature profile.  Laird et al.(2003) and Cooper et al.(2000) have shown that 

although the strength of lake circulations may be reduced by excluding latent heating and 

solar radiation processes, the circulation structures are often maintained. Hence, in this study 

the effect of wind stress forcing has been emphasized more than the relative effects of heat 

and radiation flux forcing. 

5.1 Introduction   

 Lakes are valuable natural resources that play crucial roles in shaping the characteristics 

of sub-continental to continental scale water systems through the modulation of regional 

climate (rainfall) variability. The importance of lakes include;- (i) source of fresh water for 

the neighboring human communities and industrial development (ii) hydro-electric power 

supply (iii) irrigation (iv) transportation (v) sanctuaries for an enormous and complex variety 

of flora and fauna(ecosystems).  Besides, large lakes are natural museums where indicators 

of the rhythms in paleoclimatic and contemporary climate variability( Kutzbach, 1990) can 

be  reconstructed. 
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 Lake Victoria in East Africa, with a total surface area of 69,000km2(IDEAL, 1993) is 

the largest lake in the tropics, and second in size only to Lake Superior whose surface area is 

about 82,100km2(GLERL, 1999). The Lake (Victoria) exerts significant influence on the 

ambient atmosphere and surrounding regions (Semazzi, 1999; Sun et al., 1999; Song et al., 

2004; Anyah and Semazzi, 2004) on a scale comparable to the North America Laurentian 

Great Lakes (Kelley et al., 1997). However, while a number of observational and modeling 

studies have investigated and demonstrated the influence of the Great Lakes in the 

modification, development and intensification of atmospheric systems such as snow storms 

(Schwab and O’Connor, 1994; Schwab and Bedford, 1994; Beletsky et al., 1999), no studies 

of similar scope have been conducted for the large tropical lakes, and in particular Lake 

Victoria.  

The influence of lakes on the atmospheric systems on a variety of scales not only affects 

the regional weather and climate variability, but also the water levels, thermal structure and 

lake circulations (Beletsky and Schwab, 2001). Large lakes are important agents that 

influence the overlying atmospheric circulations, while the atmospheric forcing also affects 

the lake’s thermal structure and consequently the lake circulation. The heat transfer at the 

lake-atmosphere interface is influenced by a number of meteorological variables such as air 

temperature, humidity, wind stress and solar radiation. The lake, on the other hand, responds 

through both radiative and turbulent heat transfers and heating/cooling. Due to high heat 

capacity of such large lakes, they can have pronounced sub-seasonal/seasonal and regional 

influence due to the diurnal or seasonal lags in the heat transfers compared to the surrounding 

land.  
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Csanady (1982) indicated that the hydrodynamics of large inland lakes are often 

subjected to the same type of forcing as coastal oceans.  Large lakes also display both 

nearshore and offshore (mid-lake) dynamical regimes typical in coastal oceans. However, in 

contrast to the relatively stable main oceanic gyres, lake currents lack persistence and depend 

more on short-term atmospheric forcing because of the comparatively small size (Beletsky et 

al., 1999). Nevertheless, despite the weak currents in the lakes combined with lack of 

persistence, lake circulation is quite important for ecological and water resources 

management issues. Besides, large lakes are important regulators of regional climates (Anyah 

and Semazzi, 2004; Schwab and Beletsky, 2001). 

Hydrodynamics of most large inland lakes is highly variable due to the differences in 

geometry, surrounding topographies, hydrological and geochemical loadings as well as due 

to meteorological exposures. Variability of heat fluxes through the lake surface, in addition 

to chemical and biological properties also affect the stratification and water movement in 

large lakes (Schwab and Bedford, 1994). Long-term circulations in large lakes have been 

shown to be predominantly influenced by wind stress and surface heat flux ( Beletsky and 

Schwab, 2001). However, the interplay between wind stress and heat flux in combination 

with Lake Bathymetry makes circulation patterns in large lakes very complex (Beletsky et 

al., 1999). While current flows in mid-latitude lakes are strongly dictated by geostrophic 

balance, circulation regimes in low latitude (tropical) lakes (e.g Lake Victoria) may be 

completely different due to the reduced influence of the coriolis force, although they 

experience large β-effect (meridional variation of coriolis force).  In addition, verification of 

some of the lake circulation theories/characteristics simulated by theoretical (numerical) 

models has often been riddled with difficulties in obtaining adequate observations (Bennett, 
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1997). This is particularly a major hindrance to studies over Lake Victoria where no 

comprehensive observational data acquisition or monitoring has been taking place.  

In the present study the 3D-Lake (POM) model is applied to simulate the hydrodynamic 

properties of Lake Victoria based on ideal lake geometry, bathymetry, wind stress and heat 

flux forcing. An attempt is also made to compare the unique resemblances and/or differences 

in the hydrodynamic properties between a typical tropical lake (Lake Victoria) and a typical 

mid-latitude lake.  Such idealized simulations make it possible to isolate the topographic 

effects and wind forcing on the hydrodynamics and thermodynamics of inland lakes 

(Beletsky et al., 1996).  

Beletsky et al.(1996) applied  POM to study the hydrodynamics of Lake Michigan based 

on a simple, idealized circular geometry with uniform topography (bathymetry) and surface 

forcing. Their study showed that during periods of stratification, significant wind events will 

cause upwelling of the thermocline along the shore, and especially upwind and to the left of 

the wind direction.  The wind stress forcing responsible for such upwelling was shown to 

come either from wind stress directly applied over the water surface or through Ekman drift 

and moves surface water from the shore so that colder upwelled water must replace it. This 

process was also shown to cause the nearshore lake surface temperatures to decrease by as 

much as 11oC(Schwab, 1977). Usually the balance of forces in the region of upwelling is 

between the wind stress, coriolis force and internal pressure gradient. When the wind 

subsides, a new balance of forces must be created, and this often results into formation of two 

types of internal waves; Kelvin and Poincare waves. Schwab (1977) described the latter as 

basinwide response with oscillations in the thermocline across the entire lake. The lowest 

order Pincare waves normally have maximum wave amplitudes on opposite sides of the lake, 
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with a node at the center. However, the scale of the distance over which this upwelling takes 

place may mainly depend on the strength of the wind stress and nearshore bathymetry. 

As shown by Bennett (1974), a horizontally uniform wind generates a two-gyre 

circulation pattern in a lake that has simple bathymetry. In particular, in the near-shore 

region, the wind stress is the dominant force and the transport is in the downwind direction. 

In the deeper offshore regions, the pressure gradient (caused by the surface water level 

gradient) generates transport in the opposite direction. In lakes with complicated bathymetry, 

the circulations consist of several cyclonic and anti-cyclonic gyres (at least in the mid-

latitudes). However, in a stratified lake even a uniform wind field could generate stronger 

current in the down-welling area compared to the upwelling area due to decrease in vertical 

mixing and bottom friction (Bennett, 1975). 

Recently, Ufuk (2004; personal communication) applied POM model to simulate the 

hydrodynamic properties of Lake Van in Turkey (a relatively much smaller lake compared to 

Lake Victoria). The results of the study showed realistic thermodynamic and hydrodynamic 

characteristics, compared to observations. Using an ellipsoid geometry, the results of the 

study also showed two cyclonic gyres as postulated in the study by Bennett (1977). Other 

studies that have investigated lake hydrodynamics include Seruya (1984). This study applied 

a steady state circulation model to Lake Kinneret(the sea of Galilee) in Isreal and Lake 

Constance (Switzerland) to examine the effects of wind stress curl on the circulations of 

these basins. The study showed that realistic values of wind stress curl were sometimes 

sufficient to generate a single gyre circulation that was qualitatively similar to observations. 

Endo et al (1995) also showed the presence of a two counter-rotating gyre circulation pattern 

in Lake Biwa (Japan). For Lake Geneva, surrounded by high terrain, a study by Lemmin and 
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D’Adamo(1996) observed  persistent cyclonic circulation at the central part of the lake which 

they attributed to cyclonic vorticity in the diurnal wind pattern. The POM model with a 

terrain-following (sigma) vertical coordinate has also been used to study both wind-forced 

water level fluctuations and upwelling events in Lake Erie (O’Connor and Schwab, 1994).  

However, very few studies have comprehensively examined the response and sensitivity 

of Lake Victoria to idealized forcing, despite being the largest lake in the tropics.  One of the 

pioneer studies by Song et al., 2004 used a modified version of POM model to study the 

relative influence of momentum (wind stress), sensible heat and latent heat fluxes on the 

hydrodynamics of Lake Victoria and concluded that momentum flux forcing had overriding 

influence on the lake circulation.  

The motivation of the present study is to adopt a similar approach as applied in Beletsky 

et al.(1996), Song et al.(2004) and Ufuk(2004) whereby the three dimensional POM model is 

used to simulate the effects of idealized wind forcing and topography(bathymetry) on the 

hydrodynamics of Lake Victoria.  Overall, there has been disproportionate number of studies 

using three dimensional lake models to study mid-latitude lakes compared to tropical lakes. 

Hence, one of the goals of the present study is to extend the work of Song et al.(2004) by 

undertaking a more comprehensive examination of the response of Lake Victoria to idealized 

geometry and surface forcing.  

An elliptic geometry (oval) is adopted for Lake Victoria since it provides a better 

approximation of the real geometry of Lake Victoria than a circular geometry. Beletsky et al. 

(1996) suggested that in order to evaluate the performance of POM or any three dimensional 

lake models in coastal environment or large inland lakes, it is important to study model 

responses for the basic case of upwelling and Kelvin wave propagation with idealized wind 
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forcing and simple topographies. The main rationale behind this is that, unlike real world 

simulation where several factors can influence coastal hydrodynamics simultaneously, with 

idealized geometry and surface forcing, it is relatively easier to isolate the influence of 

topographic effects and/or wind forcing. 

5.2 Formulation of the elliptic bathymetry/geometry for Lake Victoria 

The shape of Lake Victoria is assumed to be a simple ellipse (oval) with major radius a, 

and minor radius b and  center at  (h, k) or (k, h) and its cartesian equation can be expressed 

as follows; 
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The area of the ellipsoid is expressed simply as: 

                                              A= πab,                                    (5.2) 

where 2a is the long axis and 2b is the short axis of the ellipsoid. 

The ellipsoid is rotated about 60o along the x-axis to mimic the true orientation of Lake 

Victoria as shown in figure 5.1. The bathymetry is flat at the bottom with minimum and 

maximum depths of 10m and 80m, respectively. Two elliptic geometries with approximate 

surface areas of 43,000km2 and 61,000km2 have been used. Although the present surface area 

of Lake Victoria is about 68,000km2(IDEAL, 1993), it is still possible to use the two ideal 

geometries to investigate the sensitivity of lake hydrodynamics to changes in Lake Size  

and/or geometry. 
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. 

(a)  (b)   

Figure 5.1: Idealized versus real geometry/bathymetry of Lake Victoria 

 

5.3 Results and Discussions 

5.3.1 Lake surface temperature evolution  
 

The duration it takes the lake surface temperature (LST) to reach a steady state 

(equilibrium) is examined by performing two parallel simulations forced with uniform wind 

stress. Both runs involve a continuous integration period of 60 days with a constant (easterly) 

wind stress of 10-4 m2s-2 (~3ms-1). However, the coriolis parameter in the first run is set at a 

constant value of 10-4(the approximate value at 45o latitude, hereafter MIDLAT) whereas in 

the second run it is set at 10-8(near the equator, hereafter VICTORIA). The primary goal in 

these experiments was to examine the evolution of the thermodynamic and hydrodynamic 
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properties of the lakes, for both the run where the coriolis effect is stronger and the one with 

weaker (negligible) coriolis effect. 

The initial temperature profile for our idealized simulations is as shown in figure 5.2.  

Some of the limited point observations of Lake Victoria temperature profile show that the 

upper 40m layers is usually characterized by isothermal conditions during the entire year 

(Ochumba, 1996). Hence, at the beginning of our model integrations isothermal conditions 

are prescribed over the upper 20m layer of the lake at the climatological LST value of 24oC. 

The temperature then decreases gradually with depth following a near logarithmic profile 

over the next 20m layer until it reaches 21oC at 40m depth. Thereafter the temperature 

remains isothermal again (at 21oC) throughout the depth of the lake, until the bottom. 

 

Figure 5.2: Initial temperature profile 

 
In figure 5.3, the changes in the vertical profile of temperature over the central point in 

the idealized oval (elliptic) lake are shown.  After 5 days (figure 5.3a) of model integration it 

can be seen that the mixed layer at the top in the VICTORIA run has stretched down to the 
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30m depth, while in the MIDLAT case, the initial temperature stratification/profile remained 

almost unchanged. However, in both cases it can be seen that the initial temperature has 

reduced by about 0.5oC at the top.  Ten days into the model integration (figure 5.3b), it is 

evident that the MIDLAT case has become relatively cooler within the 10m to 50m-depth 

level by about 2oC compared to the VICTORIA case. This is likely to be associated with 

stronger upwelling of the cold water from the lake bottom to the surface over the central 

point in MIDLAT case compared to VICTORIA case. It is also interesting to note that after 2 

months, the full 80m depth of the lake in VICTORIA case is fully mixed. On the other hand, 

in the MIDLAT case, where the coriolis effect is larger the full water column does not 

completely mix even after 2 months and the temperature is still relatively well stratified. The 

mechanism that inhibits complete mixing in the MIDLAT case compared to VICTORIA case 

can be explained as follows.  

Since both cases (runs) are initialized with a temperature-dependent stratification, the 

vertical stratification during the model integration also depends on the overall energy balance 

and mixing processes of the lake. This is consistent with the fact that because inland lakes are 

primarily made up of fresh water(less salty), the dominant stratification component is thermal 

stratification ( Imboden and Wüest, 1995). In addition, the vertical structure during the model 

integration is also affected by the fact the both runs are not initially in geostrophic balance. 

However, since the coriolis effect is negligible in the VICTORIA run, compared to the 

MIDLAT run, the former simulations are least dependent on geostrophy. On the hand, the 

MIDLAT case undergoes considerable ‘geostrophic adjustment’ during model integration, a 

process that also reorganizes the sources and sinks of the energy in the lake. 
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 The second mechanism can be attributed to the differences in the temperature profiles 

between MIDLAT and VICTORIA runs shown in figure 5.3. As indicated in Grimshaw et al. 

(1998), when a fluid undergoes geostrophic adjustment only a fraction of the potential energy 

(PE) is converted to kinetic energy (KE) of the finally geostrophically adjusted state.  Wind 

is the major external input responsible for mixing.  Wind adds kinetic energy to the lake and 

reorganizes the potential energy. Wind affects the lake through the shear (traction) it imparts 

on the water surface. This shear drags the water in the downwind direction, adding kinetic 

energy and causing surface currents and the so called ‘set up’ whereby the mean lake surface 

downwind is tilted upward compared to the upwind side of the lake. This set up results in 

basin wide circulation, with the bottom water return currents complimenting the surface 

water motion (via upwelling/downwelling on the downwind/upwind sides of the lake).  It has 

been shown that although the wind set up may only lead to very limited rise in the lake 

elevation, it often results into a greater tilting of the internal isopicnals. Thus the set up 

results in a reorganization of the potential energy in the lake. Note that during geostrophic 

adjustment the PE is being converted into KE, and this means that the lake may take much 

longer to mix or not reach a state where the full water column is initially completely mixed 

(have maximum PE) in the MIDLAT case. 
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(a)     (b)  

(c)      (d)  

Figure 5.3:  Vertical temperature profiles after (a) 5 days (b) 10 days (c) 1 month (d) 

 2 months 
 
 

However, despite the differences in the coriolis effects, the surface temperatures over the 

northeast quadrant in both cases equilibrate after approximately 40 days. Over the southeast 

quadrant of the lake, the surface temperatures simulated in both MIDLAT and VICTORIA 

remained almost the same for the entire integration period. Over the southwest and northwest 

quadrants, the surface temperatures equilibrate after about 30 days. However, the MIDLAT 

simulated temperature is consistently warmer than the surface temperature simulated in the 

VICTORIA case by about 2oC.  
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Similarly, at 40m depth, the temperatures at different points equilibrate after 

approximately the same period of time. This result concurs with an earlier study by Song et 

al (2002). In their study, they applied constant wind stress forcing, but with a real lake 

geometry/bathymetry. Hence, in general, the evidence adduced from figures 5.4 and 5.5 

indicates that under the same wind stress forcing, the lake surface temperature evolution 

responds very little to changes in coriolis efffect. It is important to also note that whereas the 

initial temperature difference between the surface (24oC) and 40m depth (21oC) was about 

3oC, after 2 months of model integration the temperature in both MIDLAT and VICTORIA 

experiments equilibrates at about 22oC. This result is a manifestation of fact that since both 

cases are initialized with similar temperature stratification their total heat content is the same. 

Since no heat is added into the system (lake), both surface and deep-layer temperatures will 

tend to equilibrate at approximately the same value (i.e 22oC) as a consequence of heat 

redistribution through the upwelling/downwelling processes. 

Over the southeast and northeast quadrants (figures 5.4a and 5.4b, respectively) which 

are on the upwind side of the elliptic lake, it is noticed that due to upwelling of relatively 

colder water from the lower lake layers, the initial surface temperature cools relatively faster 

within the first two days, then begins to oscillate back and forth before reaching equilibrium 

at about 22oC after about 40 days of model integration. Similarly, over the southeast quadrant 

upwelling induced by the impulse of the wind acting at the surface causes the temperature to 

drop suddenly due to upwelling. Conversely, over the northwest and southwest quadrants that 

are on the downwind side, it can be seen that the surface waters remain steadily warm (at the 

initial temperature of 24oC) due to downwelling instigated by the ‘set up’ effect of the wind 
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stress. However, after about 45 days of model integration the temperature also reaches a 

steady state (22oC). 

 

(a)   (b)  

(c)  (d)  

Figure 5.4:  Temperature evolution at the surface 

 

It is interesting to note that at 40m depth, the lake temperature in the MIDLAT case, 

compared to the VICTORIA case begins to warm up very fast within the first ten days over 

the northeast quadrant (figure 5.5 a) on the upwind side associated surface upwelling.  This 

can be attributed to geostrophic adjustment process in MIDLAT case, which leads to 
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entrainment of warm water from the mixed upper layers of the lake into the layers below the 

thermocline, thus extending (deepening) the mixed layer. 

However, over the northwest and southwest quadrants (downwind), due to upwelling, 

the temperature at 40m depth warms up during the first 5 days of model integration (figures 

5.5c-d), but later reaches equilibrium after about 40 days at 22oC. Again, since the heat 

content of the two idealized cases is the same they tend to equilibrate at the same 

temperature. 

(a)  (b)  

(c)  (d)  

Figure 5.5: Same as figure 5.4, but at 40m depth 
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5.3.2 Horizontal cross sections of the vertical temperature profile 
 

In figure 5.6 the west-east cross sections of temperature profiles after 2, 15, and 30 days 

of model integration are shown for both the MIDLAT and VICTORIA cases. It can be seen 

that after two days of model integration the temperature stratification in the upper layers in 

the MIDLAT run (figure 5.6a) is significantly different from the VICTORIA case (figure 

5.6b). In particular, it is rather surprising to note that after two days the temperature across 

the upper 20m layer in the MIDLAT remains relatively uniform (isothermal) across the 

basin, except over the eastern boundary experiencing stronger upwelling due to easterly wind 

stress forcing. On the other hand, in the VICTORIA case temperature distribution within the 

same layer is well mixed, especially over the western border (downwind) of the lake. It is 

also interesting to note that in the VICTORIA case, the upwelling effects cool the upper layer 

temperature on the eastern border much faster. These distinct differences can be attributed to 

the following mechanisms. 

It is evident in figure 5.6 that in the MIDLAT run, despite the stirring effect of wind at 

the surface and upwelling on the upwind side, it takes a longer time to reorganize the upper 

20m layer compared to the VICTORIA run( figure 5.6a versus figure 5.6b). It is important to 

note that as the surface wind stress adds KE to the lake, geosptrophic adjustment reorganizes 

PE. Also as the lake undergoes geostrophic adjustment only part of the PE within the upper 

20m mixed layer is converted to KE in MIDLAT run( see e.g. Grimshaw et al(1998 ). This 

means that initial PE within the upper 20m layer in the MIDLAT case will not be reorganized 

(converted to KE) as fast as in the VICTORIA case where the coriolis effect(i.e no 

geostrophic adjustment) is negligible.  
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In the VICTORIA case the stirring effect of the surface winds and the subsequent 

surface pressure gradient (‘set up’) will result in most of the surface PE being converted into 

KE. This, in addition to the KE being imparted by the surface wind stress will lead to more 

efficient mixing in VICTORIA case compared to MIDLAT case.  After about two weeks the 

whole water column in the VICTORIA run becomes unstratified and well mixed.  However, 

in the MIDLAT case, because of geostrophic adjustment and the reorganization and 

conversion of PE described above, it takes relatively longer for the full water column to gain 

maximum PE (i.e. fully mixed). This is also manifested in the fact that even after 2 months 

the central part of the lake is still well stratified, although the maximum water column 

temperature is cooler than the initial value by about 2oC.   

The ‘dome’ shaped thermocline in the MIDLAT runs especially between the 15th and 

60th day of model integration (figures 5.6c, 5.6e, 5.7a, 5.7c) agree with earlier results of 

Schwab et al.(1995). Their study postulated that geostrophic circulation around a ‘dome’ 

shaped thermocline leads to enhanced cyclonic circulations in large and medium sized lakes 

during periods of stratification. 

 The mechanisms described above are also consistent with the vertical profiles of water 

currents shown in figures 5.8a-f.  For, instance, after 15 days of model integration, there is 

evidence of cyclonic flow within the 40-70m depths in the VICTORIA case (figure 5.8d), 

which evidently instigates mixing. This feature is not shown in the MIDLAT simulations.  
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(a) (b)  

(c) (d)  

(e) (f)  

Figure 5.6: Cross section of the temperature profiles after 2, 15 and 30 days of model 
integration 
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(a) (b)  

(c) (d)  

Figure 5.7: Similar to figure 5.6, but for 45 and 60 day comparisons 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.8: Cross section of the vertical profile of water current after 2 days (upper panels), 
15 days(middle panels) and 30 days(bottom panels) 
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5.3.3 Lake currents 
 

Figures 5.9 and 5.10 show the surface water currents (circulation patterns) in the two 

simulations after 5, 15, 30 and 60 days of model integration under uniform wind stress 

forcing. It can be seen that despite similar wind stress forcing, the differences in the surface 

currents are quite significant after only 5 days in the two runs (figures 5.9a,b). Since the only 

parameter that is different in the two runs is the coriolis effect, the difference in the lake 

surface currents are somehow associated with the coriolis force (geostrophy) and not wind 

stress.  After two weeks of model integration, there seem to be no distinct features observable 

in the circulation pattern in both runs. On the other hand, after one month (30days), very 

distinct features in the surface water currents are simulated in both MIDLAT and VICTORIA 

runs. One gyre-circulation stretching across the entire central part of the basin is simulated in 

MIDLAT, while in the VICTORIA a very two-gyre circulation currents in opposite 

directions are simulated. 

 Similar features in the lake surface currents are simulated two months later (figures 

5.10c-d), when they are better organized. In the MIDLAT experiment, the single gyre 

circulation (anti-cyclonic) is centered in the middle of the lake (deepest part of lake). In the 

VICTORIA case, the two-gyre circulations are in opposite directions, one cyclonic and the 

other anti-cyclonic (i.e counter-rotating).  The same circulation patterns are shown in figures 

5.11 and 5.12 in which the lake size is relatively larger than in figures 5.9 and 5.10. This 

suggests that the gyre circulations are not necessarily dependent on the lake size, which is 

also consistent with many previous studies that have found similar patterns in both small 

lakes such as Lake Biwa in Japan (Endoh et al.(1995) and large lakes such as Lake 

Michigan( Schwab , 1983, 2003). A complete review of several studies that have investigated 
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the mechanisms associated with gyre circulations in lakes is given in Schwab and 

Beletsky(2003).   

Simulated circulation patterns obtained with the real geometry/bathymetry for Lake 

Victoria (figure 5.13), but uniform surface wind stress forcing also manifest the two-gyre 

circulations found in the elliptic geometry (figures 5.10d and 5.12d). This further 

demonstrates that simple elliptic geometry may be sufficient to capture realistic lake 

circulation patterns. However, the results of the present study are probably the first to 

demonstrate that similar gyre circulation patterns are present in the low-latitude (tropical) 

lakes where the effect of coriolis force is negligible.  

The results of the present study are also consistent with previous studies by Bennett 

(1974), Schwab and Beletsky(1997) and  Ufuk(2004) that have shown that a horizontally 

uniform wind also tend to generate a two-gyre(counter-rotating) circulation pattern in a 

stratified lake that has simple(idealized) bathymetry. These studies also demonstrated that in 

the near-shore region wind stress has dominating influence in setting up the lake circulation 

and the transport is in the downwind direction. Consequently, in the deeper offshore regions, 

the pressure gradient (caused by the surface water level gradient) generates transport in the 

opposite direction. Bennett (1975) also observed that in a stratified lake a uniform wind field 

could generate stronger current in the down-welling area compared to the upwelling area due 

to decrease (or the asymmetry) in vertical mixing and bottom friction.  

Several mechanisms have been proposed for the observed and simulated circulation 

gyres in inland lakes in the mid-latitudes, although some of the theories are yet to proven 

conclusively.  These include, (i) the effect of cyclonic wind vorticity caused by the 

asymmetry of the surface water temperature field in a stratified lake exposed to a uniform 
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wind as proposed by Emery and Csanady, (1973). (ii) asymmetrical vertical mixing between 

upwelling and downwelling regions in a stratified lake(Bennett, 1975) (iii) whole-lake 

surface drift in the direction of prevailing winds and subject to geostrophic effects of coriolis 

force that maintain a slow anticlockwise(or clockwise) flow around the perimeter of lake 

with relatively stagnant centre. 
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(a)      (b)  

(c)       (d)  

Figure 5.9:  Simulated water current at the surface. (a) after 5 days (upper panels) (b) 
after 15 days (lower panels) 
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                    (a) (b)  

                  (c) (d)  

Figure 5.10: Same as figure 5.9 but after 30 days (upper panels) and 60 days (lower panels) 
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(a)       (b)  

(c)        (d)  
 

Figure 5.11: Similar to figure 5.9, except the area of the lake is relatively larger 
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(a)   (b)  
 
 

(c)     (d)  
 

Figure 5.12: Similar to figure 5.10, but after 30 and 60 days of model integration 
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(a)  (b)  

  (c)     (d)
 

Figure 5.13: 30-day simulated mean current with idealized surface stress forcing, but using 
20km resolution bathymetry data for Lake Victoria. 
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5.3.4 Surface temperature distribution 
 

The changes in the surface temperature distribution under uniform wind stress forcing 

are presented in figures 5.14 and 5.15 showing up to 2 months of model integration. It can be 

seen that even after 5 days of model integration (figure 5.14a), the surface temperature over 

the western sector (downwind side) is still as warm as the initial temperature setting in the 

MIDLAT case. This is consistent with the surface currents shown in figure 5.6 which 

indicate that there is strong downwelling of warmer surface water on the western side of the 

lake. However, in the VICTORIA case (figure 5.14b) the surface temperature over only a 

relatively smaller lake surface area over the western/southwestern sector has remained 

unchanged compared to the initial conditions. In addition, there is very intense upwelling all 

across the eastern sector of the lake, with maximum upwelling over the northeastern part. It 

is thus observed that upwelling is much stronger in the VICTORIA case compared to the 

MIDLAT case.  Conversely, after 5 days of model integration, the upwelling over the 

western sector of the lake is apparently more intense in the MIDLAT case compared to 

VICTORIA case 

After 15 days of model integration (figure 5.14c-d), warmer/cooler lake surface 

temperatures are simulated over the southwestern/southeastern sector of the lake in the 

MIDLAT case. On the other hand, in the VICTORIA case the surface temperatures have 

considerably cooled over the entire eastern half.  A month later (figure 5.15a-b) it can be seen 

that the warmer surface temperatures are located within a small part of the western sector of 

the lake MIDLAT (figure 5.15a). In the VICTORIA run, however, the surface water has 

fairly got mixed throughout the entire depth. The simulated surface temperatures after 2 
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months show that the lake surface has become compelely mixed in the VICTORIA case 

(figure 5.15a), but not in the MIDLAT case (figure 5.15b).  

A number of reasons can be advanced for the differences in the surface temperature 

evolutions in the MIDLAT and VICTORIA experiments as described in the foregoing 

paragraphs (see figures 5.14 and 5.15). In the MIDLAT case where the effect of coriolis 

force is significant, even under uniform wind stress forcing it takes relatively longer for the 

surface water to mix completely due to geosptrophic adjustment. As postulated by Schwab 

(1995), in the MIDLAT case there is a tendency of whole-lake surface drift in the direction 

of prevailing winds due to the effects of coriolis force (geostrophy) that sustain a slow 

anticlockwise (or clockwise) flow around the perimeter of lake with relatively stagnant 

centre. This process not only slows mixing of the surface water, but also causes 

reorganization of P.E, with only a fraction of this P.E being converted into K.E (Grimshaw et 

al., 1998).  The reverse process is experienced in the VICTORIA case, and hence the lake 

surface temperature is more subject to relatively faster mixing and conversion of the K.E 

imparted by the wind impulse (traction) at the surface into P.E. 

The apparent similarity between surface temperature evolutions in the simulations with 

ideal geometry (figures 5.14 and 5.15) and those where real lake bathymetry/geometry is 

applied (figure 5.16) is well manifested. In particular, the lake surface temperature pattern 

shown in figure 5.16 are more consistent with the VICTORIA simulations ( cf: figures 5.14 

b,d and 5.15 b,d). This is somehow expected since in the two experiments, the effect of 

coriolis force is negligible and therefore the model reaches equilibrium(mixes) relatively 

faster.  However, while the VICTORIA surface temperature cools with time by about 2oC, in 

the REALBATH case (figure 5.16) the surface temperature somehow warms from the initial 
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value of 24oC by about 1.5oC, before equilibrating at about 25oC.  It is important to note that 

the REALBATH case is run at a much coarser resolution of 20km, while the VICTORIA and 

MIDLAT runs at performed with a horizontal resolution of 1km.  The spatial resolution is 

likely to influence the rate at which the surface water mixes under uniform wind stress 

forcing, and thus reorganize the surface temperature distribution during model integration. 

 

 

 

Figure 5.14:  Surface temperature distribution after 5 days (upper panels) 

and after 15 days (lower panels 
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Figure 5.15:  Same as figure 5.14, after 30 days(upper panels) and after 60 days (lower 
panels) 
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(a) (b)  
 
 

(c)  
 

Figure 5.16: Simulated surface temperature with uniform wind stress forcing, but real 
bathymetry (a) after 5 days (b) after 15 days (c) after 30days 
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CHAPTER 6 
 

 

6 PHYSICAL MECHANISMS ASSOCIATED WITH THE COUPLED 
VARIABILITY OF LAKE VICTORIA BASIN CLIMATE 

 
 

The main goal in this chapter is to characterize and understand the relative roles of some 

of the physical processes that we believe are important in determining the coupled lake-

atmosphere climate variability over Lake Victoria Basin and contiguous areas on diurnal to 

inter-annual time scales.  Lake Victoria is located within a geographical setting replete with 

complex terrain and land surface heterogeneities.  Consequently, the Lake Basin is a unique 

environmental setting in which a myriad of local and large-scale circulation systems are 

integrated, resulting into significant modulation of the regional climate. These include 

topographic and lake-induced circulations, widespread variations in land cover/land use 

characteristics, monsoonal circulations associated with the thermal contrast between land and 

the nearby oceans (in particular Indian Ocean) and the influence of Congo air-mass 

emanating from the tropical (Congo) rainforest (Okeyo, 1982; Anyamba, 1984; Mukabana 

and Peilke, 1996; Sun et al., 1999; Song et al., 2004; Anyah and Semazzi, 2004).   

 However, the complex interactions among these processes and their associated 

modulating influence on the regional climate are not yet well understood. Furthermore, the 

empirical methods that have been employed in many previous studies do not offer adequate 

scope to sufficiently unveil the cause-effect relationships between regional climate variability 

and an individual process or combination of processes. Instead, such cause-effect 

relationships can only be better understood through an integrated process-based approach. 

This, undoubtedly, requires a physically based lake-atmosphere coupled modeling system. 
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Such a system provides a rich test-bed for examining the response of regional climate to an 

individual process or a combination of processes through a suite of systematic and/or 

sensitivity simulations.   

In this study a fully coupled regional climate model/three dimensional lake (RegCM3-

POM) modeling system (Song et al., 2002, 2004; Mellor and Yamada, 1987) is applied to 

investigate the physical mechanisms associated with Lake Victoria Basin and regional 

climate variability on diurnal to inter-annual time scales.  In particular, we investigate the 

role of complex topography (steep terrain on both sides of the Lake) and whether they help to 

organize, enhance and/or suppress development of convective activity (precipitation) over 

the Lake Basin and surrounding areas. In addition, experiments are performed to investigate 

the extent to which steep topography modifies the transport of moisture originating outside 

the Lake Basin.  

6.1 Introduction 

The development of mesoscale circulations is often associated with spatial 

heterogeneities in surface heat fluxes (Laird et al., 2003). These surface heterogeneities can 

result from land-water boundaries; surface vegetation and land use differences and sea 

surface temperature gradients.  The most obvious examples of the development of mesoscale 

circulations in response to variations in surface heat fluxes are lake-effect winter storms in 

the higher latitudes and afternoon and early morning thunderstorms in the tropics. The latter 

is a phenomenon often observed over Lake Victoria Basin in East Africa. Previous studies 

have shown that the highest number of recorded thunderstorms in tropical Africa (and over 

the globe) occurs over Lake Victoria Basin (Asnani, 1993). The lake-induced mesocale 

systems and thunderstorm activities associated with them are closely coupled to their surface 
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heat and moisture source (i.e Lake). This often results in substantial localized precipitation 

over the lake and immediate surrounding regions compared to the surrounding land areas 

farther away from the lake perimeter. Mesoscale lake-effect circulations have been shown to 

develop through complex interactions of an array of environmental and geographic variables 

such as lake-air temperature differences, wind speed, lower tropospheric stability, lake shape 

or bathymetry (Laird et al., 2003).  Mc Pherson(1970) established that the distribution of the 

thermal surface gradient (i.e caused by shoreline configuration) and interaction with the 

ambient wind may enhance or diminish the low-level convergence and  vertical circulation 

within the  Lake Basins.  This is consistent with the study by Hostetler and Giorgi(1992) who 

indicated that increased simulated precipitation in the presence of large inland lakes is due to  

two main reasons, (i) increased over-lake evaporation that adds moisture/water vapor to the 

prevailing flow systems and thus enhances convective instability and precipitation associated 

with such systems (ii) relatively warm lake surfaces instigate instabilities in the enveloping 

atmosphere, thereby increasing convective precipitation. 

Fraedrich(1972) studied the dynamics of nocturnal circulations and frequent 

development of thunderstorms over the northwestern/western quadrant(s) of Lake Victoria. 

The dynamical processes linked to this phenomenon are that the diurnal lake-land breeze 

system interacts with the upslope/downslope mountain/valley winds and large-scale winds. 

The resultant non-linear interactions favor strong convergence over the western half of the 

lake at night, but over the eastern borders during the day (Okeyo, 1982). The diurnal and 

monthly rainfall variability is also closely linked with this flow pattern ( Mukabana and 

Pielke, 1996). 
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Asnani (1993) also showed that rainfall over the lake is about 30-35% more than the 

surrounding land areas. Ba and Nicholson (1998) also used satellite data and showed that the 

frequency of cold cloud duration over the lake is about 25-30% greater than over the 

surrounding land, although the estimated over-lake rainfall was found to be strongly 

correlated with basin-wide rainfall. Thus it is unlikely that much of the unexplained lake 

level variability originates from over-lake rainfall alone due to the strong coupling between 

over-lake and large-scale rainfall variability. Furthermore, the bimodal rainfall pattern 

associated with the passage of the ITCZ across eastern Africa is also well marked in the over-

lake rainfall variability (Mistry and Conway, 2003).  

In the present study the response of Lake Basin and regional climate to non-linear 

interactions among mountain/valley winds, lake-land breezes and large scale (prevailing) 

monsoonal flow are investigated. Besides, impacts of changes in land and lake surface 

characteristics on the Lake Basin and/or regional climate are examined. The design and suite 

of experiments performed to test our hypotheses/objectives are presented in tables 6.1 and 

6.2, while results are presented in the following sub-sections. 
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6.2 Results and Discussions 

6.2.1 Simulated versus satellite estimated (TRMM) monthly mean rainfall over the 
lake 

 
First, the downscaling ability of RegCM3-POM modeling system in representing the 

diurnal and intra-seasonal variability of Lake Basin climate (rainfall) is evaluated based on 

TRMM estimates and observed data taken from lakeshore stations.  RegCM3-POM 

simulated monthly mean rainfall is compared with TRMM rainfall estimates over Lake 

Victoria Basin for five years (1998-2002) within the period of the TRMM mission (1998-

present). It is important to note that despite lack of adequate in situ observations to 

calibrate/validate TRMM data over the lake, the data is currently one of the most 

comprehensive observational surrogates available for evaluating model simulations over 

Lake Victoria Basin.  The Precipitation Radar (PR) aboard the TRMM Microwave Imagery 

(TMI) satellite is capable of detecting below cloud rainfall, and thus a suitable tool for 

estimating rainfall over Lake Victoria that has a strong diurnal cycle of cloudiness (e.g. Ba 

and Nicholson, 1998). 

In figures 6.1, 6.2 and 6.3, the comparisons between simulated rainfall and TRMM 

estimates are presented for the month of November in 1998, 2000 and 2002. The 

comparisons are presented for three years that have different climate regimes (i.e associated 

with La Niña, near normal and El Niño related large scale anomalies, respectively).  The 

month of November is also the middle of the short rains season, and rainfall is often more 

widespread over the Lake Basin (Asnani, 1993) and therefore the fluctuations in rainfall 

during this month can be assumed to nearly represent the expected fluctuations during the 

whole season. 
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 In November 1998 the model generally simulates more rainfall over the entire lake 

basin compared to the TRMM estimates. The simulated rainfall maximum occurs over the 

western/northwestern sector of the lake, with peak rainfall amounts located slightly to the 

southwest. In the TRMM estimates, the region of rainfall maximum is located to the 

southwestern section of the lake surface as well, although the peak amount is about 180mm 

compared to over 280mm simulated by the model. Thus, the simulated peak rainfall amount 

is about 50% more than the TRMM estimates.  In addition, the model simulations show a 

region of rainfall maximum to the east of the Lake (approximately located over Kisii-

Kericho-Nandi highlands), which is conspicuously missing in the TRMM estimates.  Since 

this is the beginning year of the TRMM mission, it should be noted that may errors in the 

algorithms used in computing satellite rainfall estimates had not been corrected ( Kummerow 

et al., 2002). 

In figure 6.2, the simulated and TRMM rainfall estimates in November 2000 are both 

characterized by higher rainfall amounts over the western/northwestern sector of the lake, 

compared to the surrounding areas. In addition, the overall simulated rainfall pattern is 

reasonably consistent with the TRMM estimates (figure 6.2b). The simulated rainfall 

pattern/amount is also in good agreement with TRMM estimates over the eastern border of 

the lake. The relatively dry conditions (less rainfall) simulated over the hinterlands to the 

west of the lake also qualitatively agree with the low TRMM estimated amounts.  

Figure 6.3 shows that the simulated rainfall in November 2002 over the 

northern/northwestern quadrant of the lake surface is in agreement with TRMM estimates, 

both in terms of location of rainfall maximum as well as the general distribution. However, 

significant differences between simulated and TRMM rainfall estimates occur over the 
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southwestern sector of the lake. The TRMM rainfall estimates over the southwestern part of 

the lake surface are relatively higher than the simulated amount by over 50%. However, the 

simulated dry conditions over the northeastern border of the lake are consistent with the 

TRMM estimates (figure 6.3b). 

Also, in figures 6.4a and 6.4b, the simulated area averaged rainfall over northern half of 

the lake (1oS-EQ) and the southern half (1oS-2oS) are compared with the TRMM estimates.  

It can be seen that over the northern half of the lake the model overestimates rainfall total in 

four out of the five years (i.e. 1998, 2000, 2001 and 2002), compared to TRMM estimates. 

On the other hand, over the southern half the simulated rainfall totals are lower than the 

TRMM estimates during three out of the five years (i.e. 1999, 2001 and 2002).  However, the 

model and TRMM estimates are relatively in better agreement over the southern half of the 

lake compared to the northern half. It is also interesting to note the differences between the 

model and TRMM over both halves in November 1998(La Niña).  Previous studies have 

shown that during La Niña events most parts of East Africa, including the Lake Basin 

experiences below normal rainfall (Ogallo, 1988). This is apparent in figure 6.1c, which 

shows the anomaly over the over-lake rainfall based on 5-year (1998-2002) mean. Both 

simulated and satellite (TRMM) estimated anomalies are negative, although the anomaly in 

the satellite estimate is relatively larger.  

Overall, the ability of the coupled RegCM3-POM model to realistically represent the 

spatial and temporal variability of Lake Victoria Basin rainfall is well manifested in figures  

6.1-6.3. In particular, it is evident in the model simulations, in agreement with TRMM 

estimates, that over-lake rainfall amount surpasses that of surrounding land areas by almost 

50%. In the next section, the improvements in the simulation of rainfall amount and patterns 
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over the Lake Basin by the fully coupled lake-atmosphere (RegCM3-POM) modeling 

system, compared to RegCM3-1D are demonstrated (figure 6.5).  

(a)  
 
 

(b)  

Figure 6.1:  Comparison between RegCM3-POM simulated monthly mean rainfall and 
TRMM estimates over Lake Victoria Basin in November 
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(a)  
 

(b)  

Figure 6.2: Same as figure 6.1, but for November, 2000 
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Figure 6.3: Same as figure 6.1, but for November, 2002 
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Figure 6.4: Over-lake averaged rainfall (a) northern half (b) southern half (c) over-lake 
anomaly based on 1998-2002 average 
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6.2.2 Comparison between RegCM3-POM and RegCM3-1D simulations 
 

Figure 6.5 show differences between RegCM3-POM and RegCM3-1D model simulated 

rainfall over Lake Victoria Basin to demonstrate that RegCM3-POM simulations compares 

relatively well with TRMM estimates. In Figure 6.5a, it is evident that the rainfall pattern 

simulated by the RegCM3 coupled to a simple 1D Lake Victoria model in November 1998 

has significant differences with the RegCM3-POM model simulations. 

 RegCM3-1D simulations are also quite inconsistent with the TRMM estimated rainfall 

pattern/amounts (figure 6.1b). For, example, the RegCM3-1D simulates more rainfall over 

the eastern sectors of the lake in contrast to RegCM3-POM simulations and TRMM 

estimates, both of which show locations of maximum rainfall amounts over the western parts 

of the lake.  Similar differences are also shown in November 2000(figure 6.5b).  However, in 

November 2002(figure 6.5c) RegCM3-POM model simulated higher rainfall amounts over 

the northwestern parts of the lake compared to the RegCM3-1D simulations. Again, 

RegCM3-POM simulated rainfall pattern, unlike the RegCM3-1D simulations, qualitatively 

agrees with TRMM rainfall pattern. The RegCM3-ID model also persistently simulates more 

rainfall over the northeastern, southern and southeastern sectors of the lake surface during all 

the three years (i.e. 1998, 2000, and 2002).  This is inconsistent with the TRMM estimates as 

well as the RegCM3-POM simulated rainfall patterns. 

Song et al. (2004) used an earlier version of the regional climate model coupled to both 

1D lake model (RegCM2-1D) and compared the results with RegCM2-POM simulations and 

showed similar discrepancies in the simulated Lake Basin rainfall. They attributed the 

persistent overestimation of over-lake rainfall in RegCM2-1D model to the fact that in a 

simplified 1D lake model, the lake surface temperature is not redistributed horizontally over 
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the lake surface and therefore the model tends to overestimate evaporation over the lake 

surface. Consequently, the shallower parts of the lake tend to remain warmer and more 

predisposed to evaporation and thus becoming localized regions of maximum precipitation in 

the model simulations. Conversely, in the RegCM2-POM, the three dimensional lake 

currents instigate mixing within the water columns during the model integration, thus leading 

to vertical and horizontal redistribution of LSTs over the full breadth and depth of the lake.  

This process removes the excess heat from the shallower parts of the lake, which is then 

transported, to cooler parts of the lake. This means the shallow parts of the lake does not 

necessarily become the regions of localized maximum evaporation and precipitation during 

the model integration.  

The aforementioned mechanisms responsible for the differences between RegCM3-POM 

and RegCM3-1D lake model simulations are also consistent with the results shown in figures 

6.1-6.3. In this case, the differences between RegCM3-POM simulations and satellite 

estimates (TRMM) are less than the differences between RegCM3-POM and RegCM3-1D 

lake model simulations. 
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(a)  

(b)  

(c)  

Figure 6.5: Differences between RegCM3-POM and RegCM3-1D rainfall simulations for 
November. (a) 1998 (b) 2000 (c) 2002 
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6.2.3 Diurnal variability of Lake Victoria Basin climate based on coupled model 
simulations 

 
The downscaling ability of regional climate models, to a large extent, depends on how 

well such models reproduce the shorter temporal variability in the regional climate (weather). 

In this section, we examine how the RegCM3-POM model resolves the diurnal variability of 

the Lake Victoria climate. Wind flow pattern in association with lake-land thermal contrast 

(lake-land breeze) and the associated diurnal cycle of precipitation over the lake region are 

the key meteorological parameters examined. 

In figures 6.6 and 6.7, we present the mean circulation pattern over the Lake Basin 

associated with the peak hours of land breeze and lake breeze, respectively. The peak of the 

nocturnal (land breeze) circulation is often experienced between mid-night and early morning 

hours, local time, when the lake surface is much warmer than the surrounding land areas 

(Fraeddrich, 1972, Asnani, 1993). On the other hand, the peak lake breeze circulation is 

experienced between late afternoon and early evening, when the adjoining land surface is 

much warmer than the lake surface. Figure 6.6 shows the mean circulation pattern in the 

morning, at 3 o’clock local standard time (3 LST) for the month of November 2000. Previous 

studies ( e.g Fraedrich, 1972; Okeyo, 1982, 1987; Mukabana and Pielke, 1996; Song et al., 

2002) have shown that the typical circulation pattern over the Lake Basin at this time is 

characterized by flow convergence over the western sector of the lake.  This pattern is well 

reproduced in both RegCM3-1D and RegCM3-POM simulations shown in figures 6.6a and 

6.6b, respectively. However, the difference between the two model simulations in figure 6.6c 

indicates that the axis of flow convergence over the western rim of the lake is well defined in 

RegCM3-POM than in the RegCM3-1D simulations. 
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Figure 6.7 shows the mean circulation pattern over the Lake Basin at 15LST, which is 

about the time when the Lake Breeze circulation is fully developed. It is interesting to note 

that both model simulations capture the lake breeze front located to the east of the lake quite 

well. Again, the RegCM3-POM compared to RegCM3-1D simulations (figure 6.7c) show a 

better representation of the outflow from the lake surface associated with the lake breeze. 

The lake breeze front is located about 2o (200km) to the east of the lake, which is consistent 

with earlier studies ( e.g  Asnani, 1993; Indeje et al.,2000)  that have indicated that the 

horizontal extent of lake breeze circulation over the eastern border sometimes stretch over 

200km inland. 

 In general, both the RegCM-1D and RegCM3-POM coupled systems reproduces 

realistic land-lake breeze circulations over Lake Victoria. However, it is apparent from the 

model simulations that the lake breeze circulation is more conspicuously and well resolved 

compared to nocturnal (land breeze) circulation. The lake breeze front is only clearly shown 

to the east of the lake, indicating that thermal contrast between the lake and land is more 

pronounced to the east, compared to the west of the lake. The simulated land breeze 

circulation is also relatively weaker and the land breeze front is also confined within the 

western rim of the lake surface.  

To investigate the precipitation patterns associated with the lake-land breeze diurnal 

circulations, figures 6.8, 6.9, 6.10 and 6.11 present the diurnal cycles of convective and non-

convective rainfall simulated over the Lake Basin.  The convective and non-convective 

rainfall components are total amounts for 3LST and 15LST during November 2000. In figure 

6.8a, it can be seen that substantial amount of convective rainfall is simulated over the 

western sector of the lake at 3LST by the RegCM3-1D model compared to RegCM3-POM 
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simulations (figure 6.8b).  The simulated convective precipitation associated with the peak 

lake breeze circulation is shown in figure 6.9. It can be seen that in RegCM3-1D model  

simulations significant amount of rainfall is located over the eastern parts of the lake (around 

Kericho-Nandi-Kisii highlands) as well as over the southwestern sector of the lake. The same 

rainfall pattern is shown in the RegCM3-POM simulations, although the rainfall amounts are 

generally lower compared to RegCM3-1D model simulations.  The locations of rainfall 

maximum are generally consistent with the divergence/convergence flow patterns over the 

Lake Basin. The differences between the two model simulations can be attributed to the lack 

of heat transport from warmer to cooler parts in the 1D lake model as opposed to the three 

dimensional lake model, in which the lake currents provides both vertical and horizontal heat 

transport mechanism. Because of the relatively higher evaporation rates over the shallower 

parts of the lake in the RegCM3-1D simulations, most of the simulated rainfall is shown to 

be resulting from locally instigated convective activities. 

A rather surprising result is that the RegCM3-POM model simulates more non-

convective (large scale) rainfall over the western/northwestern sector of the lake associated 

with land breeze (figure 6.10a) compared to RegCM3-1D model (figure 6.10b). However, 

both models simulate nearly the same amount of late afternoon non-convective rainfall over 

the eastern borders of the lake (figure 6.11). Another distinct result is that the total amount of 

non-convective precipitation in both model simulations is relatively higher than the 

convective precipitation. This means that substantial amount of moisture that contributes to 

the late afternoon precipitation over the lake basin is transported by the basic current from 

outside the lake basin.  However, at the spatial resolution of 20km the RegCM3-POM model 

may not completely reproduce all the mesoscale convective systems over the Lake Basin. 
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However, many hydrological and water-balance studies over Lake Victoria Basin (e.g 

Nicholson and Yin, 1997; Ba and Nicholson, 2000) indicate that there is substantial amount 

of rainfall in the lake’s water balance that remains unexplained regarding its year-to-year 

fluctuations and the amount of water discharged into its main outlet-River Nile.  

Hence, in order to better understand the contribution of large-scale moisture on the 

rainfall simulated over the Lake Victoria Basin, the sensitivity of Lake Basin rainfall to large 

scale moisture anomalies are examined in more detail later, in section 6.3 of this chapter. 
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(a) (b)  
 

(c)  

Figure 6.6: Mean circulation pattern at 850hPa over the Lake Basin at 3LST (a) RegCM3-1D 
(b) RegCM3-3D (c) Difference 
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(a) (b)  
 

(c)  

Figure 6.7: Same as figure 6.6, but at 15LST 
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(a)  
 

(b)  
 

Figure 6.8:  Overlay of 850hPa mean flow on convective precipitation field at 3LST over the 
Lake Basin (a) RegCM3-1D (b) RegCM3-POM 
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(a)  
 

(b)  

Figure 6.9:  Same as figure 6.8, but for 15LST 
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(a)  
 

(b)  
 

Figure 6.10: Same as figure 6.8, but the mean flow is overlaid onto non-convective 
precipitation fields 
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(a)  
 
 

(b)  

Figure 6.11: Same as figure 6.10, but at 15LST 
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6.2.4 Diurnal cycle and daily rainfall variability over Lake Victoria 
 

In figures 6.12, 6.13 and 6.13, the total simulated and TRMM estimated rainfall over 

four different quadrants of the lake surface is shown for November 1998, November 2000 

and November 2002, respectively. The four quadrants are 1ox1o square boxes (~10,000km2) 

over the lake surface and are designated as northwest quadrant (NW:32oE-33oE,1oS-

EQ),southwest quadrant(SW:32oE-33oE,2oS-1oS), northeast quadrant(NE:33oE-34oE,1oS-EQ) 

and southeast quadrant(SE:33oE-34oE,2oS-1oS). While the simulated rainfall patterns during 

each of the 3-hour intervals for November during the three years are slightly different, the 

diurnal cycles are quite similar. For, example, the diurnal cycles of rainfall over all the four 

quadrants is characterized by nocturnal peaks (between mid-night and early morning hours), 

with rainfall substantially diminishing over the entire lake surface thereafter. The least 

amount of rainfall is simulated during early to late afternoon.  

These results are consistent with those of earlier studies by Datta(1981) and Ba and 

Nicholson(1998),  both of which showed the diurnal cycle of rainfall over a sample of lake 

island stations  and lakeshore stations over different parts of the lake. Later Song et al.(2004) 

also simulated similar diurnal rainfall variability over the lake.  Evidently, the over-lake 

rainfall is mainly experienced during late night into early morning hours when there is 

uplift/rising motion over the relatively warmer lake surface associated with land-breeze 

circulation. During the day, there is sinking motion and flow divergence (see also figures 

6.21-6.26) over the lake surface due to the reversal of the thermal gradient between lake and 

surrounding land areas (Lake Breeze circulation). The least rainfall amounts are simulated 

over the SE quadrants during all the three years.   
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It is also evident from the simulated results, that there is relatively good agreement 

between the model and TRMM estimates over southwestern and northwestern quadrants. 

However, the model does not reproduce the diurnal cycle over the southeastern quadrant 

quite well, compared to TRMM estimates. Also the model does not reproduce the diurnal 

cycle over all the quadrants, except southwest in November 2002(El Niño year). However, 

there is good agreement between simulated rainfall and TRMM estimates over all the 

quadrants in 2000(near normal season).  
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(a) (b)  
 
 
 

(c) (d)  
 

Figure 6.12: 3-hourly total rainfall over four different quadrants over the Lake 
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(a)  (b)  
 
 

(c)  (d)  
 
 
 

Figure 6.13: Same as figure 6.12, but for November 2000 

 
 
 
 
 
 
 
 
 
 
 
 



 227  

 
 

(a)  (b)  
 
 
 

(c)  (d)  
 

Figure 6.14: Same as figure 6.12, but for November 2002 

 
 
 

6.2.5 Daily rainfall variability over Lake Victoria 
  

The simulated mean daily rainfall during November 1998, 2000 and 2002 are compared 

with TRMM estimates in figures 6.15-6.16. In figure 6.15, it is evident that for all the three 

years, RegCM3-POM simulated daily rainfall amounts are higher than the corresponding 
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TRMM estimates. However, it is interesting to observe that the simulated daily rainfall 

fluctuations are in rhythm with TRMM estimates throughout the 30 days, except during the 

first 10 days of the month. Since the model simulations were started at the beginning of 

October, it is apparent that the coupled RegCM3-POM model spin up time is about one and 

half months. 

 However, the simulated daily rainfall fluctuations in November 2000 (figure 6.15b) 

have better agreement with TRMM estimates compared to 1998 and 2002.  This is also 

consistent with the comparisons between the mean monthly rainfall patterns in the model and 

TRMM estimates shown earlier in figure 6.2. The relatively better agreement between 

simulated and TRMM rainfall estimates in 2000(near normal year) compared to 1998(La 

Niña) and 2002(El Niño) depicts the deficiency in RegCM3-POM model in resolving rainfall 

over the Lake Basin during extreme events. One of the possible reasons that may be 

associated with the inconsistency in model simulations during the three years spanning 

different background climate anomalies is the fact the lake is initialized with uniformly 

prescribed LSTs based on the climatological value. This constrains the ability of the model to 

simulate accurate evolution of the thermodynamics and hydrodynamic properties of the lake. 

Hence, for the model to realistically resolve these properties the lake needs to be initialized 

with observed LSTs that incorporate the effects of the anomalous conditions during extreme 

climate episodes associated with ENSO. Unfortunately, currently there are no comprehensive 

observations over the lake surface that could be utilized in this study.  Study by Anyah and 

Semazii(2004) showed that the over-lake rainfall pattern is quite sensitive to changes in the 

prescribed lake surface temperatures.  Also the differences in the model simulations during 
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the three years (1998,2000, and 2002) further confirms the significant contribution of large-

scale climate systems on the Lake Basin climate.  
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(a)  

(b)  

(c)  

Figure 6.15:  Simulated and TRMM mean daily rainfall averaged 

over the surface (32oE-34oE, 2oS-EQ) of Lake Victoria 
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(a)  

(b)  

(c)  

Figure 6.16: Same as figure 6.15, but for rainfall averaged 

 over the SW quadrant(32oE-33oE,2oS-1oS)  
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6.2.6 Contribution of large scale moisture to the Lake Basin rainfall variability 
 

In section 6.2.3, it is shown that non-convective precipitation forms a significant fraction 

of the total rainfall amount simulated over Lake Victoria Basin (figures 6.7 and 6.9). In 

particular, more non-convective rainfall is simulated over the eastern border of the Lake 

Victoria. This suggests that, although previous studies have alluded that more than 70% of 

the over-lake rainfall is generated through over-lake evaporation and reprecipitation (e.g Ba 

and Nicholson, 2000), significant contribution from large scale systems on basin-wide 

precipitation is apparent in our model simulations. Hence, in the following section, we 

investigate the contribution and influence of large scale moisture on the Lake Basin rainfall. 

A suite of sensitivity experiments (see table 6.1) have been performed by systematically 

reducing the amount of large-scale moisture entering into the interior domain (Lake Basin) 

through the four lateral boundaries (East, West, North and South).  

Table 6.1: Summary of Numerical Experiments 

Experiments East Boundary West Boundary South boundary North boundary 

Expt. 1 Q-20% Default Default Default 

Expt.2 Q-50% Default Default Default 

Expt. 3 Q-80% Default Default Default 

Expt.4 Default Q-50% Default Default 

Expt.5 Default Default Q-50% Default 

Expt.6 Q-50% Q-50% Q-50% Q-50% 

 

 

 



 233  

Table 6.2:  Differences between large scale moisture anomaly experiments and CTRL 

EXP WQ-50 EQ-50 NQ-50 SQ-50 ALL-50 CTRL 

Over-lake rainfall(mm) 338.1 120.2 321.2 315.3 120.9 328.4 

∆% +3 -63 -3.9 -3.9 -63 0 

 

The eastern lateral boundary of our domain located across the western Indian Ocean is 

considered an important source of large-scale moisture penetrating into the interior of East 

Africa and Lake Victoria Basin. Several studies have also shown that seasonal rainfall 

variability over eastern Africa is significantly influenced by the SST gradients (moisture 

anomalies) over the equatorial Indian Ocean (Saji et al., 1999; Mutai et al., 2000, among 

others). In figure 6.16 the response of the simulated Lake basin rainfall to changes in large-

scale moisture (mixing ratio) entering the interior domain via the eastern lateral boundary is 

presented.  Figures 6.16a, 6.16b and 6.16c are results in November 2000 of three experiments 

performed with the lateral boundary moisture (mixing ratio (Q)) reduced by 20 %( Qe-20), 

50% (Qe-50) and 80% (Qe-80), respectively. The short rains season over East Africa during 

the year 2000 is treated in this study as having near normal meteorological conditions and 

thus a suitable period for conducting sensitivity/anomaly experiments. 

 It is evident from our results that the simulated rainfall amount reduces systematically 

as the amount of moisture entering the interior domain through the eastern boundary is 

reduced. As hypothesized when we designed our experiments the eastern side of the lake is 

shown to be more sensitive to the reduction (changes) in large scale moisture entering the 

eastern lateral boundary. For, instance, the simulated rainfall diminishes drastically over the 

eastern border of the lake (i.e. gets dramatically drier) when the large scale moisture is 
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systematically reduced compared to other areas around the lake (figure 6.17).  However, 

there is no dramatic reduction in the simulated rainfall over the western parts of the lake. 

When the large scale moisture entering the eastern boundary was rerduced by half (50%), the 

reduction in the simulated rainfall, compared to control (figure 6.18a) was quite 

significant/dramatic over the entire Lake Basin. The over-lake rainfall also reduces 

significantly (by about 50%) compared to control (see table 6.1b). With almost all the large 

scale moisture (80%) entering the interior domain (Lake Basin) through the eastern boundary 

cut off, the reduction in the simulated rainfall amount is quite dramatic over the entire Lake 

Basin, except over the western/southwestern sector of the lake surface.    

When the large-scale moisture entering the western boundary of our domain is reduced 

by 50 %( Qw-50: figure 6.18b), the corresponding reduction in the simulated rainfall is 

negligible, compared to control. However, a rather surprising feature is the slight increase in 

the amount of rainfall simulated over the western sector of Lake Victoria.  Similar results are 

obtained when large-scale moisture entering the southern boundary is reduced by 50 %( Qs-

50: figure 6.18c). In figure 6.18c, although there is no significant reduction in the simulated 

rainfall over the eastern borders of Lake Victoria in Qs-50 experiment, the simulated rainfall 

over the southwestern and western borders of the lake reduces significantly (compared to 

control simulations). However, when the large scale moisture entering all the four lateral 

boundaries is reduced by equal ratio (50%: Qa-50), the corresponding changes in the rainfall 

pattern and amounts over the entire basin(figure 6.18d) are quite similar to the Qe-50 and, to 

some extent, Qs-50 experiments(figure 6.18a).  

Hence, the evidence adduced from the four experiments suggests that moisture advected 

into the Lake Basin through the eastern boundary (i.e. western equatorial Indian Ocean) 
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enhances precipitation significantly. This suggests that, the eastern border of the lake 

suffers/gains from the large-scale moisture deficit/surplus transported by the prevailing 

easterly/southeasterly flow from the Indian Ocean.  It is also apparent from our simulations 

that the large-scale moisture anomalies from the northern and western boundaries do not 

have significant impact on the precipitation amount over entire the Lake Basin during the 

short rains season. However, moisture influx from the southern boundary slightly enhances 

rainfall over the southwestern and western sectors of the lake (figures 6.18 and 6.19). It 

should also be noted that there is a strong intra-seasonal dependency on the large-scale 

moisture on the eastern boundary (i.e the primary source of moisture). Thus the basin-wide 

rainfall variability is quite sensitive to moisture influx through the eastern boundary in 

October and November, but much less sensitive in December (figure 6.19). 

The results of the four moisture-sensitivity experiments discussed above clearly indicate 

that the large scale moisture from the western Indian Ocean enhances precipitation amounts 

over Lake Victoria Basin. However, it is also important to note that the scope of our 

experiments could not unveil any non-linear interactions/feedbacks that may arise from 

alternatively changing the moisture along the different lateral boundaries. For, example,  it is 

surprising that in November the Qs-50 simulations show significant reduction  in the rainfall 

amount over southwestern/western parts of the Lake Basin, but Qa-50 and Qe-50 

experiments also show almost similar results at the same time. 
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(a)  

(b)  

(c)  
Figure 6.17:  Simulated rainfall (mm) over Lake Victoria basin with large moisture through 

eastern boundary reduced by (a) 20% (b) 50% (c) 80% 

 



 237  

(a)  
 

(b)  (c)  
 

(d)  (e)  
 

Figure 6.18: Simulated rainfall over the Lake Basin with large scale moisture across different 
boundaries reduced by 50% (a) Control (b) northern boundary (c) southern boundary (d) 

western boundary (e) eastern boundary 
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Figure 6.19:  Comparisons between simulations with large scale moisture reduced by 50% (a) 
(a) Left panels (all the four boundaries) (b) right panels (only eastern boundary) 
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6.2.7 Effects of lower boundary forcing on Lake Victoria Basin climate variability 
 

The effects of orography and land surface/land cover changes on Lake Victoria Basin 

and regional climate variability are investigated in this section. A suite of numerical 

experiments are performed in which the land use/land cover is altered and the response of the 

Lake Basin climate to such changes examined. Further sensitivity experiments are performed 

to investigate interactions among orographic-induced, lake-induced and large-scale 

circulations over Lake Victoria Basin.  We test the hypotheses that steep topography on both 

sides of the Lake Victoria plays two possible roles, leading to the modulation of Lake Basin 

climate.  The first hypothesis is that the high terrain/mountains over the eastern border of the 

lake blocks and /or weakens large-scale flow before reaching the Lake Basin. The second is 

related to the generation of topographic circulations that interact with the lake-land breeze 

circulations to either enhance or suppress the development of convective activity over the 

Lake Basin. These impacts are however triggered through an array of environmental and 

geographical conditions that are blended through non-linear interactions, and thus not yet 

well understood.  In order to isolate and/or understand some of these factors, the following 

numerical experiments were performed;- 

(a) Experiment 1(CTRL): Control case in which the terrain and land surface 

characteristics are unaltered. 

(b) Experiment 2(TOALL):  Land surface characteristics are undisturbed, but the 

maximum terrain height around the Lake Basin is at the elevation of the lake surface 

(~1300m AMSL: figure 6.20b). 
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(c) Experiment 3(TOPEA):  Same as Experiment 2, but only the terrain height to the 

east of the Lake, facing western Indian Ocean is reduced to 1300m(the approximate elevation 

of the lake surface). 

Experiments b and c are repeated for cases when the lake is replaced with bog/mash in 

order to examine the basin-wide climate response to the changes in both lake surface 

characteristics and topography. Given the recent invasion of Lake Victoria with water 

hyacinth weed ( Echhornia crassipes), replacing the lake with bog/mash in our simulations 

represents a realistic scenario of the ongoing changes taking place over the lake surface. 

A total of five numerical experiments (summarized in the table 6.2) below have been 

performed to examine the response and sensitivity of Lake Victoria Basin climate to lower 

boundary forcing.  

Table 6.3:  Numerical experiments to investigate sensitivity of Lake Basin climate to land 
surface/land cover forcing 

 Topography Land use Land cover 
Expt.1 Default Default Default 

Expt.2 
Maximum terrain height 

same as lake surface 
elevation(1300m AMSL) 

Default Default 

Expt.3 As in 2, but only to eastern 
border of the lake Default Default 

Expt.4 Default 
Mixed crop farming  to the 
east of Lake; default to the 

west 
Default 

Expt.5 Default Default Lake replaced 
with Bog/Mash 

Expt.6 As in 3 Default Lake replaced 
with Bog/Mash 
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a) (b)  

(c)  

Figure 6.20:  Different types of topographical heights used to investigate the response of 
Lake Basin climate to topographic-induced circulations 
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The simulated rainfall and vertical (omega) velocity are the key meteorological variables 

that have been analyzed to examine the impact of lower boundary forcing on Lake Victoria 

Basin climate variability. The over-lake rainfall simulated in the control run is mainly 

validated using TRMM rainfall estimates (see figures 6.1-6.4). Figures 6.21a-b shows the 

simulated mean vertical velocity (November, 2000) at 3LST (early morning) and 15LST (late 

afternoon). The highest terrain height around Lake Victoria is reduced to 1300m AMSL. The 

two clock hours represents the approximate periods of full development of the thermally 

driven nocturnal circulation (land breeze) and day-time circulation (Lake Breeze) around the 

lake, respectively. In the following section, the changes in vertical velocity (rising and 

sinking motion) over the Lake Basin, in response to changes in lower boundary forcing are 

examined. 

6.2.8 Response of vertical (omega) velocity to lower boundary forcing 
 

 In figure 6.21a it can be seen that the western half of the lake is characterized by strong 

upward motion, with maximum vertical velocity located approximately over the center of the 

lake (33oE, 1oS).  The rising motion extends over a very deep column, from the lake surface 

(~900mb) to around 300mb. This upward motion can be associated with very deep 

convection and thunderstorms as indicated in Freadrich (1972) and Asnani(1993).  The 

eastern side of the lake is however characterized by neither subsidence nor upward motion. 

This flow pattern is consistent with the expected diurnal variability over the Lake Basin 

associated with lake-land breeze circulations. Nevertheless, the region of the strongest rising 

motion is located over the center of the lake.  This is not in conformity with the observed 
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nocturnal circulation pattern (Asnani, 1993) which is normally characterized by rising motion 

and horizontal flow convergence. Thus in the absence of steep orography over the eastern 

border of the lake, the eastern branch of the land breeze is relatively weaker than normal 

(control) and does not extend farther to the west of the lake surface. Conversely, the western 

branch becomes relatively stronger and extends more offshore into the interior of the lake 

than in the control (figure 6.22a). This is consistent with the vertical velocity difference 

(TOPALL minus CTRL) presented in figure 6.22a that show net subsidence over the western 

sector of the lake and net uplift over the center of the lake.  

The likely mechanism that contributes to the above scenario can be explained as follows. 

The smoothing of the topography over the eastern border of the lake leads to weaker 

downslope flow. With weaker downsloping winds, less colder air from the mountain tops 

mixes with the air down the valley. Consequently, the thermal gradient between the land 

surface and the lake is not enhanced (compared to when colder air from the mountain top 

reaches the valley bottom in the control). This produces a relatively weaker land breeze than 

normal (control). On the other hand, when the eastern branch of the nocturnal flow over the 

lake (land breeze) is significantly weakened by the process explained above, the western 

branch of the nocturnal circulation may penetrate into the interior of the lake( see figure 

6.22a). 

In the late afternoon (figure 6.21b), without steep topography over the eastern border of 

the lake, the upward motion associated with the lake breeze front (east of the lake) is much 

weaker and is also located around 34.5oE, close to the shoreline. A surprising result is the 

subsidence over the highlands east of the lake (around 35oE). This possibly suggest that the 

late afternoon thunderstorms experienced over the Kericho-Nandi-Kisii highlands( located 
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over he eastern border of Lake Victoria) are significantly influenced by orographic lifting of 

the moisture embedded in the prevailing monsoon circulations, but relatively less dependent 

on the moisture transport from Lake Victoria. The vertical velocity difference in figure 6.22b 

also show that there is net subsidence over the highlands east of the lake (around 35oE) and 

net upward motion along the eastern coastline.  This is also consistent with the net 

convergence/divergence fields shown in figure 6.23 
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(a)  

 

(b)  

 

Figure 6.21: Vertical velocity profiles in the TPALL experiments (a) 3LST (b) 15LST 

LAKE

LAKE



 246  

 

 

 

 

Figure 6.22:  Profiles of vertical velocity differences between TPALL and CTRL 
experiments (a) 3LST (b) 15LST 

LAKE

LAKE
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(a)  

(b)  

Figure 6.23:  Difference between convergence/divergence fields at 925hPa (a) 3LST (b) 
15LST. Positive values show regions of net divergence, and negative values show regions of 

net convergence (values x 10-4m2s-2) 
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In order to establish the impact of orographic lifting over the eastern side of the Lake 

Basin on the lake-land breeze circulations, an experiment in which the maximum terrain 

height over the eastern boundary of the lake has been reduced to the 1300m AMSL (lake 

elevation: figure 6.20b) is also performed. In the early morning (3LST: figure 6.24a), when 

the nocturnal land breeze circulation is fully developed, the simulations show rising motion 

over the center of the lake. However, the upward motion is not very strong (reaching only a 

maximum of about 0.1ms-1 at the center of the lake). Also the subsidence (sinking motion) to 

the east of the lake is very weak. The difference between TOPEA and CTRL experiments 

(figure 6.25a) indicates net upward motion over the center of the lake and net subsidence 

(sinking motion) over the western rim. This implies that the simulated branch of the land 

breeze circulation from the eastern side of the lake is relatively weaker than in the control 

run. At the same time it suggests that the land breeze originating from the western side of the 

lake is relatively stronger than it is in the control run.  The main effect is near the coastal 

regions of the lake and there is little effect in the deep interior of the lake at night. 

Two possible physical mechanisms may be responsible for forgoing scenario. First, the 

steep topography over the eastern border of the lake influences the strength of the eastern 

branch of the nocturnal circulation (land breeze). This happens through the generation of 

katabatic(downslope) flow that combines with, and enhances, the down valley land breeze 

flow triggered by land-lake thermal gradient to produce strong nocturnal flow directed to the 

lake.  Secondly, if the elevated highlands are colder than the surrounding land, the 

downsloping (katabatic) flow may help to further decrease the surrounding air temperature as 

it speeds down the topography. This may also lead to a stronger land-lake thermal gradient 

that eventually strengthens the land breeze.  
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In the late afternoon (figure 6.24b), the ascending motion to east of the lake is relatively 

weaker, and more confined to the shoreline (34oE) in the TOPEA compared to the control run 

(see also figure 6.25b). The difference between the vertical velocities in the two simulations 

shown in figure 6.25b also indicate that there is net upward motion confined along the 

eastern rim of the lake and net subsidence (sinking motion) located slightly inland (between 

34.5oE and 35.5oE). 

 Again similar, but opposite mechanisms suggested for the differences in vertical motion 

between TOPEA and CTRL simulations in the early morning holds true for the late afternoon 

hours. In this case, the reduced terrain height over the highlands to the east of the lake results 

into weak upward motion (in the absence of elevated heating). However, given the relatively 

weak wind speeds over the lake (westerly winds), the lake breeze front does not appear to 

extend farther inland to the east, but remain confined along the lake perimeter. Furthermore, 

the lower the terrain height over the eastern borders of the lake, the more penetrative the 

prevailing easterlies leading to flow convergence closer to the lake shore than expected 

(control).  This is also well shown in the net divergence/convergence fields in figure 6.26. 

This implies that the elevated heating over the Kericho-Nandi-Kisii highlands mostly triggers 

strong upslope flow during the day. This may play two major roles with respect to the 

strength, horizontal extent and convective activity associated with the lake breeze. First, the 

elevated heating over the highlands to the east of the lake triggers strong upslope flow, which 

then creates enabling conditions for entraining (inducing) flow from the lake and thus helps 

the lake breeze to extend farther inland than would otherwise be the case. Secondly, due to 

orographic uplifting and its consequences on the horizontal extent of lake breeze explained 
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above, the region of strong vertical motion (lake breeze front) forms more inland than in the 

case with less steep topography (figure 6.24b) which does not generate strong upslope winds.  
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(a)  
 

(b)  
 

Figure 6.24: Same as figure 6.22, but for TPEA case 

 

LAKE

LAKE
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(a)  

 

(b)  

 

Figure 6.25: Same as figure 6.24, but for TPEA-CTRL case 

 

LAKE

LAKE
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(a)  

(b)  

Figure 6.26: Same as figure 6.22, but for TPEA-CTRL case 
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6.2.9 Effects of land surface/use changes on basin-wide rainfall climate variability 
 

Rapidly growing population, deforestation within the lake catchment, dumping of 

untreated effluent by the local industries and more recently invasion by water hyacinth are 

some of the methodical human-induced environmental changes over the Lake Basin during 

the past few decades (IDEAL, 1993; LEVMP, 2003). In particular, deforestation within the 

catchment due to population pressure may not only result into negative feedback on the 

hydrological balance and Lake Basin climate, but also threatens the very existence of the lake 

altogether. Hence, the impact of the changing lake surface conditions on the Lake Basin 

climate is examined by replacing the lake with a bog/mash/swamp. Given the recent invasion 

of Lake Victoria by the water hyacinth weed, replacing the lake with bog/mash is a realistic 

representation of the changes presently taking place over the lake surface. 

 The simulated response of the lake basin circulation in the early morning hours (3LST) 

is characterized by  weak upward motion over the western half of the lake (figure 6.26a) that 

extends from around 900mb level( lake surface) to about 400mb level. On the other hand, a 

relatively strong downward motion is simulated to the east of the lake, extending from the 

surface up to around 500mb levels. The LKBOG minus CTRL simulations show a net 

downward motion over the center of lake surface (figure 6.27a) and extend over a very deep 

layer (900mb-200mb). This is consistent with the fact that in the LKBOG experiment less 

heat is retained during the day compared to the CTRL experiment, due to changes in both the 

surface albedo and thermal capacity of the swamp. Consequently, at night the lake-land 

thermal contrast that triggers the nocturnal circulation (land breeze) is significantly 

suppressed. Hence, the nocturnal land breeze circulation associated with convergence over 

the western sector of the lake is also suppressed remarkably. 
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On the other hand, in the late afternoon (15LST) the upward motion to the east of the 

lake is enhanced in the LKBOG experiment (figure 6.27b, compared to the control 

simulations (figure 6.28b). This is caused by fact that unlike the actual lake, bog/mash 

conditions triggers stronger evaporation since it does not retain most of the heat received 

from solar radiation. This leads to stronger evaporative cooling that consequently creates 

sufficient land-lake thermal gradient that in turn drives a lake-breeze like circulation.  
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(a)  

(b)  

 

Figure 6.27:  Vertical velocity profiles in the LBOG experiment 

 

LAKE

LAKE
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(a)  

 

(b)  

 

Figure 6.28:  Profiles of LBOG-CTRL vertical velocity differences 

 

LAKE

LAKE
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6.2.10 Rainfall variability as a response of lower boundary forcing 
 

The simulated rainfall differences between the anomaly runs in November 2000 (i.e. 

LKBOG, TOPALL and TOPEA) and CTRL are shown in figure 6.29.   In figure 6.29a, the 

LKBOG minus CTRL is characterized by rainfall deficit over the western half of the lake and 

rainfall surplus over the eastern border (shoreline) of the lake.  However, immediately 

outside the lake perimeter to the east, there is little or no difference between the LKBOG and 

CTRL simulations.  The most striking feature is that over the eastern rim of the lake the 

simulated amount of rainfall is almost double the amount in the control simulations.  

 Two possible mechanisms could be responsible for the increase/decrease in the rainfall 

amount simulated over the eastern/western shoreline when the lake is replaced with a swamp 

(bog/mash). First, the significant reduction in the simulated rainfall over the western half 

could be attributed to the over-night anomalous subsidence over the lake surface (see figure 

6.28a). The subsidence of motion over the lake area in the night could be due to the fact that 

the swamp/bog does not retain as much heat during the day as the actual lake would do. This 

means the swamp will cool faster at night, unlike the actual lake. Consequently the nocturnal 

land breeze circulation is severely suppressed since the land-lake thermal gradient is reduced. 

Since, the rainfall over western sector of the lake is mainly generated through nocturnal 

circulations ( e.g  Freadrich, 1972; Ba and Nicholson, 1998),  any mechanism that suppresses 

that circulation also leads to an overall  reduction  of rainfall amount over the western sector 

of the lake.  

The second mechanism has to do with increased evaporation over the lake surface 

(swamp/bog) during the day. Since the swamp is wetter than the surrounding areas, it 

experiences maximum potential evaporation during the day. This leads to evaporative 
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cooling, thus creating sufficient thermal gradient with the surrounding land areas, in turn 

leading to relatively strong circulation (lake-breeze-like) directed toward the warmer 

surrounding. However, this circulation is not expected to be as strong as the lake-breeze 

circulation simulated in the control and therefore has a limited horizontal extent. This 

explains why the approximate location of Lake Breeze front (also collocated with region of 

maximum precipitation) is just off the eastern shoreline in the LKBOG simulations, 

compared to the CTRL where maximum rainfall is located a little farther inland.   

It is also evident in figures 6.29b and 6.29c that when the maximum terrain height 

around the Lake Victoria is same as the lake surface elevation(TOPALL experiment), less 

rainfall is simulated over the eastern border and northern/northwestern sector of the lake 

compared to the control. On the other hand, relatively more rainfall is simulated over the 

western border of the lake, but confined just along the rim of the lake. As shown in section 

6.4, the eastern border of the lake tends to benefit a lot from moisture entering the Lake 

Basin through eastern lateral boundary (Indian Ocean). However, it is also evident from the 

vertical velocity fields shown earlier in figure 6.22 that orographic lifting over the eastern 

border of the lake may also help to organize and enhance convection.  The mountain breeze 

(upslope winds) to the east of Lake Victoria creates an enabling environment for interactions 

between large scale moisture transported via the prevailing easterly monsoons and moisture 

from the Lake transported via the lake/land breeze circulations. This interaction is highly 

suppressed when the terrain height is reduced. However, over the western sector of the lake, 

the reduced terrain height to the east of the lake results into relatively more large scale 

moisture penetrating into Lake Basin, especially during nocturnal land breeze circulations 

and thus enhances precipitation over the western half of the lake. 
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 The rainfall anomalies associated with land surface forcing are also exhibited in the 

horizontal (west-east) cross-section of rainfall distribution over the Lake Basin (figure 6.29). 

Comparisons among LKBOG, TOPEA, TOPALL and CTRL experiments, show lake surface 

conditions (LKBOG experiment) and orography(TOPALL and TOPEA experiments) 

significantly influence the distribution and pattern over the Lake Basin. It is also evident in 

figures 6.29b and 6.29c that the steep topography to the east of the lake does influence the 

amount of rainfall simulated over the entire basin, whereas the topography to the west side of 

the lake (over Rwanda-Burundi-Uganda-Tanzania boundary) do have negligible impact on 

the diurnal variability of rainfall over the Lake Basin, at least during the short rains season. 

Another feature present in the horizontal cross-section of rainfall simulated in the three 

anomaly experiments (figure 6.30), is that topography does not have significant impact over 

the eastern half of the lake, but does have over the western half.  
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(a)  

(b)  

(c)  

Figure 6.29:  Sensitivity of Lake Basin rainfall to land surface forcing (a) LBOG-CTRL (b) 
TPALL-CTRL (c) TPEA-CTRL in November, 2000 
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Figure 6.30: Variations of the horizontal cross section of simulated rainfall over the Lake 
Basin in the TPALL, TPEA and LBOG experiments 
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6.3 Conclusions 

 
In this study, the downscaling ability of the fully coupled RegCM3-POM modeling 

system to resolve the diurnal to inter-annual variability of Lake Victoria Basin climate has 

been demonstrated. In general, the mean monthly rainfall simulated over the Lake Basin, 

particularly over the lake surface is shown to be in fairly good agreement with the satellite 

estimates (TRMM data). The model simulates higher rainfall amounts over the 

western/northwestern sector of the lake in agreement with the TRMM estimates. Also the 

least amount of rainfall is simulated over the southeastern quadrant, which reasonably agrees 

with satellite estimates. It is also evident that the simulated rainfall over many parts of the 

Lake Basin is more consistent with satellite estimates during the short rains season in 

2000(near normal year). However, the simulated amounts and patterns in 1998(La Niña year) 

and 2002(El Niño year) are relatively incoherent with satellite estimates.  

The simulated diurnal cycle of rainfall over the four quadrants of the Lake show a 

uniform pattern of hourly rainfall fluctuations. The overall diurnal variability is characterized 

by peaks occurring between midnight and early morning hours. The simulated hourly rainfall 

is more evenly distributed during the 24-hr period over the southeastern quadrant, where the 

least amount of rainfall is also simulated compared to the rest of the lake. These results are 

consistent with some of previous studies (e.g Fraedrich, 1972, Datta(1981), Ba and 

Nichñolson(2001) and Song et al.(2002), all of which have shown that the over-lake rainfall 

is mainly associated with nocturnal circulation(Land breeze). 

The daily rainfall fluctuations are also well resolved by the RegCM3-POM model 

compared to satellite estimates and observed data from selected lakeshore stations. Daily 
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rainfall variations are more consistent with TRMM estimates during the near normal season 

(2000). The coupled model persistently overestimates daily rainfall amounts, but simulates 

the fluctuations in rhythm with the TRMM estimates throughout the month.  In terms of the 

model performance over the different quadrants, there is better agreement between model 

and satellite estimates over the northwestern and southwestern. However, the daily rainfall 

fluctuations simulated over the southeast and northeastern quadrants are relatively 

inconsistent with TRMM data. 

In order to investigate some of the dominant physical processes influencing rainfall 

variability over the Lake Basin, a suite of model experiments were performed by 

systematically altering the terrain height, lake surface characteristics and the amount of large-

scale moisture advected into the lake region through the four lateral boundaries of the model 

domain.  The evidence adduced from the simulations with maximum terrain height reduced 

(to lake level elevation) indicate that the high terrain along the eastern border of Lake 

Victoria play an important role in organizing and enhancing Lake Basin precipitation. 

However, the effect of the high terrain over the western border of the lake on precipitation is 

relatively insignificant.  

Two mechanisms are manifested in our model results regarding interactions between 

topographic and lake-induced circulations and subsequent impact on Lake Basin rainfall 

variability. 

(1) The steeper topography over the eastern border generates very strong downslope 

(katabatic) winds at night since the air over the mountain top is relatively colder than the air 

down the Valley. As the colder air from the mountain tops mixes with air down the valley 

and air over land areas adjacent to lake, the thermal gradient between the land surface and the 
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lake is enhanced. Consequently a relatively stronger land breeze circulation is generated. The 

stronger the land breeze circulation, the more favorable it is for strong convection and 

precipitation to develop over the central and western sectors of the Lake. The opposite is the 

case when the terrain height is reduced as is also evident in our simulations. 

(2) The horizontal extent of the late afternoon lake breeze circulation is also 

affected by steep topography over the eastern border of the lake. Due to elevation, the 

mountain tops heats faster during the day than the surroundings. This creates a thermal low 

that in turn induces very strong upslope (anabatic) winds on either side of the mountain. The 

stronger the upslope flow on the lee side the more it tends to pull the lake breeze front farther 

inland. Hence, when the terrain height is reduced, the horizontal extent of the lake breeze 

circulation also reduces. This leads to significant reduction in the simulated afternoon rainfall 

associated with the lake breeze circulation. The simulated rainfall is also confined along the 

eastern shoreline, but does not extend farther inland compared to the control simulation.  The 

simulated net sinking motion over the highlands east of the lake (around 35oE) when the 

terrain height is reduced is also consistent with this mechanism. This suggest that the late 

afternoon thunderstorms experienced over the Kericho-Nandi-Kisii highlands(located over 

the eastern border of Lake Victoria) are significantly influenced by orographic uplifting of 

the moisture embedded in the prevailing monsoon circulations, but relatively less dependent 

on the moisture transport from Lake Victoria.  

It is also evident from the TPALL, TPEA, LKBOG as well as the control run basic 

land/lake breeze combine with the downslope(katabatic) winds(east of the lake) to produce 

very vigorous vertical motion over the lake(i.e control and LKBOG). On the other hand, 
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without strong katabatic flow due to suppressed orography(TPALL and TPEA) the vertical 

motion over the lake is also significantly reduced. 

Significant amount of Lake Basin precipitation is shown to be contributed directly 

(enhanced) by the large-scale moisture transported via the prevailing easterly monsoons. This 

is evident in the simulated rainfall patterns and amounts in the runs with large-scale moisture 

entering the four lateral boundaries of the interior domain (Lake Victoria Basin) 

systematically reduced.  A rather surprising result is that there is negligible influence on the 

basin-wide rainfall variability due to changes in large-scale moisture entering the Lake Basin 

domain through the western boundary of our domain during the short rains. However, the 

large-scale moisture advected through the eastern boundary (located across equatorial 

western Indian Ocean) contributes approximately 40-50% of the over-lake rainfall and 

relatively more over surrounding land areas to the east and southeast of the lake. This is 

exhibited in the simulated rainfall amounts over these areas, which reduces by about 50% 

when the amount of large moisture (specific humidity) along the eastern boundary is reduced 

by a about 50% between the surface and 700mb. A slight change is witnessed in the 

simulation in which large-scale moisture through the northern boundary is reduced, but this 

only occurs in October and also just affects the northern borders of the lake. 
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CHAPTER 7 
 

7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Summary 

 
The primary goal of this study was to investigate the physical mechanisms associated 

with the coupled lake-atmosphere climate variability over Lake Victoria Basin and 

contiguous regions. A fully coupled regional atmosphere/3D lake modeling (RegCM3-POM) 

system has been employed as the main investigative tool in the characterization and 

understanding of the key processes (mechanisms) associated with diurnal, sub-seasonal, 

seasonal and inter-annual variability of the Lake Basin and regional climate. The initial and 

lateral boundary conditions used to drive the coupled RegCM3-POM model were taken from 

both NCAR/NASA AGCM (CCM3) output and NCEP reanalysis. 

Contrary to the traditional approach in regional climate modeling studies where no 

apriori analysis of the large scale meteorological variables used as initial and lateral 

boundary conditions is undertaken, we first performed a rigorous diagnostic analysis of the 

ensemble averages of the climate of two GCMs in order to determine how well the current 

versions of GCMs represent the mean climatic features of eastern and the Horn of Africa 

(GHA) sub-region. The two GCMs are the Eulerian version of NCAR-CAM2.0.1 and the 

finite volume version of NASA/NCAR-CCM3. The two primary objectives in this part of the 

study were, (i) to explore the uncertainty in the intra-seasonal to inter-annual variability of 

the GHA sub-region climate based on ensemble simulations by the two GCMs (ii) to identify 

the systematic biases inherent in the GCM ensemble simulations of the GHA climate before 

dynamically downscaling the output using a regional climate model (RegCM3). The 
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Empirical Orthogonal Functions (EOF) analysis technique was employed to isolate the 

coherent spatial and temporal modes of climate variability in the GCM output and observed 

data. Based on the overall representation of the mean climate and variability over eastern 

Africa, the finite volume of CCM3 out-performed CAM2.0.1. Hence, CCM3 output has been 

used to drive RegCM3 simulations despite having a smaller ensemble size compared to 

CAM2.0.1. 

 In the second part of the study, the sub-seasonal to inter-annual variability of East 

Africa climate has been studied based on multi-year simulations using RegCM3. The initial 

and lateral boundary forcing of RegCM3 runs were based on NCEP/ECMWF 2.5ox2.5o 

reanalyzed data and also CCM3 output. Previous regional climate modeling studies over 

eastern Africa have been mainly based on specific seasons of years (e.g Sun et al., 1999; 

Song et al., 2002, 2004; Indeje et al., 2001; Anyah and Semazzi, 2004). This limited the 

scope of evaluating the downscaling ability of RCMs over the region.  Hence, in the present 

study multiyear RegCM3 simulations were performed in order to generate model climate and 

adequate statistics for characterization of sub-seasonal to inter-annual variability of the 

regional climate. 

The third part of the study focuses on the coupled lake-atmosphere climate variability 

over Lake Victoria Basin. A fully coupled RegCM3-POM modeling system is applied to 

characterize and understand the key physical mechanisms associated with diurnal to inter-

annual variability of the Lake Basin climate.  An integrated, process-based approach in 

which a suite of numerical simulations were performed to systematically investigate the 

‘unique’ influence of individual/combination of processes (on the Lake Basin climate 
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variability was employed. Through a suite of anomaly (sensitivity) experiments, the 

following processes have been studied; 

(i) Interactions among topographic-induced circulations, lake induced circulations 

and large scale monsoonal flows and their modulation of Lake Victoria Basin 

and regional climate.  

(ii) Contribution of large scale moisture transported (advected) via the prevailing 

flow systems through the four lateral boundaries of the regional climate model 

domain. 

(iii) Effects of land use/land cover changes over the lake and its catchment (i.e 

changes in lake surface characteristics) on Lake Basin and regional climate 

variability. 

 In addition, a suite of numerical simulations with the stand-alone version of the three 

dimensional Lake model (modified version of POM) has been performed to study the 

thermodynamic and hydrodynamic properties of Lake Victoria. The simulations were mainly 

based on idealized lake geometry/bathymetry and ideal lake surface forcing.  These idealized 

simulations were used to examine the variability of the hydrodynamic/thermodynamic 

properties of Lake Victoria (largest tropical lake) and determine which properties has 

potential climatic memory that can be exploited as a surrogate for diagnosing Lake Victoria 

and regional climate variability.   

7.2 Conclusions 

The results obtained from the diagnoses of GCM ensemble averages showed that both 

the CAM2.0.1 and CCM3 models represented the inter-annual variability of the GHA sub-

regional climate reasonably well compared to observations (CMAP and CRU). In both 
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GCMs the dominant spatial and temporal mode of variability derived from EOF analysis is 

consistent with observations and represents regional ENSO-related climate variability. 

However, the CAM2.0.1 model exhibits significant deficiency in reproducing the north-south 

migration of regions of rainfall maximum over the GHA sub-region. Instead, there is a 

distinct northward shift in the regions of rainfall maximum in both the simulated climatology 

and during two extreme wet episodes in 1961 and 1997. On the other hand, the CCM3 

accurately simulates the north-south migration of rainfall compared to observations (CRU, 

CMAP and Wilmont data) and also in tandem with the expected ITCZ movement. 

Since CAM2.0.1 ensemble is larger (15 members) compared to CCM3 (2 members), the 

deficiency in the former in resolving the correct north-south migration of rainfall distribution 

could be attributed to the coarse spatial resolution (2.8ox2.8o) that does not resolve the 

surface position of the ITCZ. Conversely, the CCM3 model has a relatively high spatial 

resolution (1ox1.25o) and is thus capable of representing the surface location of the ITCZ and 

some of the local surface forcing associated with complex terrain. For, example, our results 

show that in CCM3 simulations the local rainfall maximum over the East Africa Highlands is 

fairly well reproduced, whereas in CAM2.0.1 simulations it is completely unrepresented.  

The results obtained from the multiyear ensemble simulations of East Africa climate 

using RegCM3 generally demonstrate the model’s ability to reproduce the details of regional 

climate variability associated with surface forcing. In particular, the model captures the 

localized lake-effect precipitation associated with Lake Victoria. Overall, the simulated 

monthly and seasonal rainfall climatology during the short rains agrees with observations. 

Besides, there is good agreement between the simulations forced by GCM output (NASA-

CCM3) and those forced by analysis of observations (NCEP reanalysis).  
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The RegCM3 model climatology over different homogeneous climate sub-regions is also 

comparable to observations.  Besides, the simulated inter-annual variability over most of the 

homogeneous climate sub-regions is well reproduced by the RegCM3 model, compared to 

observations (CRU). This further demonstrates the ability of RegCM3 to capture the highly 

(spatially) variable rainfall regimes over the complex East Africa terrain. The only region 

where the model fails to reproduce the right rainfall amount throughout the season is over 

central Kenya highlands. However, the model simulations agrees with observations quite 

well during December when the seasonal rainfall maximum regions normally migrates 

southwards in tandem with ITCZ movement. It is possible that at the 60km spatial resolution, 

the model cannot resolve the structure and distribution of rainfall over the steep escarpments 

over central Kenya which results from the non-linear interactions between the ITCZ and 

orographic influence. 

The observed latitude-time (north-south) evolution of rainfall over East Africa during the 

entire season is also well reproduced by RegCM3 model. In particular, the ITCZ-driven 

southward migration of regions of rainfall maxima as the season progresses is well simulated. 

However, a unique and distinct feature shown in the model simulations is the persistence of 

wet conditions over the equatorial belt, between 1oS and 2oN throughout the season. To some 

extent this feature is represented in the CRU data (0.5ox0.5o), but is conspicuously absent in 

CMAP (2.5ox2.5o), perhaps because of coarse resolution of the data. The persistence of wet 

conditions within the equatorial belt throughout the season is apparently associated with local 

convection over steep orography and Lake Victoria. This assertion is consistent with results 

of the ‘no-lake’ (i.e lake replaced with a patch of water) simulations in which the rainfall 

along the equatorial belt diminishes significantly. 
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    With regard to the results obtained from EOF analysis, the temporal and spatial patterns of 

rainfall anomalies (fluctuations) derived from the leading eigenmode(EOF1) of both the 

RegCM3 simulations and CRU data are generally comparable over many parts of the domain 

throughout the season. Furthermore, the total rainfall variance accounted for by the 

corresponding leading eigenmodes (in the model and observations) is approximately the 

same for both monthly and season mean rainfall. This indicates that the dominant physical 

mechanisms associated with rainfall variability over the region are well captured by the 

model.  The strong correlations among the different monthly EOF1 temporal patterns also 

attest to this as well. In this case, the EOF1 mode show close association with ENSO 

fluctuations since both the model and CRU time series show largest positive anomalies 

during major warm ENSO events (i.e 1982 and 1997) and largest negative anomalies during 

cold ENSO events (i.e 1984 and 1998). 

The diurnal to inter-annual variability of the Lake Victoria Basin climate is also well 

simulated using the coupled RegCM3-POM modeling system. Comparisons between the 

simulated mean monthly rainfall and satellite (TRMM) estimates over the Lake Basin are in 

good agreement. Conversely, the RegCM3-1D simulations are quite inconsistent with 

TRMM estimates which demonstrate the added value of applying the three-dimensional lake 

model to simulate the three dimensional hydrodynamics of Lake Victoria.  These are also 

consistent with earlier results of Song et al. (2004).  

Peaks between midnight and early morning hours characterize the simulated diurnal 

cycles of precipitation over all the four quadrants of Lake Victoria. The simulations, 

however, show more rainfall over the northwest and southwestern quadrants of the lake 

compared to northeast and southeast quadrants. The least amount of rainfall is simulated over 
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southeast quadrant throughout the 24-hour cycle. However, the simulated diurnal cycle of 

rainfall is generally consistent with earlier studies by Datta(1981), Fraedrich(1972), Ba and 

Nicholson(1998) and Song et al(2004). Furthermore, the simulated diurnal circulation is 

consistent with the rainfall patterns, whereby the regions of horizontal flow convergence 

during late night and early morning hours are co-located with regions of rainfall maxima over 

the western/northwestern rim of the lake. The reverse is the case during late afternoon to 

early evening when the net flow convergence is located to the east of the lake, but this time 

more inland. These patterns are consistent with the diurnal lake-land breeze circulations that 

have also been simulated in earlier studies (e.g Okeyo, 1982, 1987; Mukabana and Pielke, 

1996 and Song et al., 2002).  

Significant differences are shown in the RegCM3-1D and RegCM3-3D simulations of 

the convective and non-convective precipitation over the Lake basin. In the RegCM3-1D 

simulations the late night to early morning precipitation over the lake is mainly convective. 

However, in RegCM3-POM simulations significant amount of precipitation during the same 

period (associated with land breeze circulation) is non-convective.  This disagreement 

between the two models could be associated with the fact that when Lake Victoria is 

represented by a simplified 1D lake model(RegCM3-1D), there is no horizontal heat 

redistribution due to the non existence of lake currents that could instigate mixing. 

Consequently, evaporation over the shallower parts of the lake are sustained at relatively 

higher rate through the entire model integration period.  In the absence of any mechanism to 

advect the over-lake moisture fluxes, most of it will likely precipitate back onto the lake 

through local convective processes. This is likely to lead to more over-lake rainfall in 

RegCM3-1D simulations compared to RegCM3-3D as revealed in our simulations.  
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RegCM3-POM simulated daily rainfall fluctuations are also in good agreement with 

TRMM estimates, especially during the 2000 short rains season. It should be noted that 

TRMM satellite estimates are only available starting in 1998.  Whereas the model 

consistently simulated higher daily rainfall amounts, the fluctuations are in rhythm with the 

TRMM estimates throughout the month. However, there are significant inconsistencies 

between model and TRMM daily rainfall amount and variations during 1998 and 2002 

seasons which coincided with La Niña and El Niño related anomalies, respectively. It is also 

evident from the simulated daily rainfall fluctuations that the apparent model spin-up time is 

about one and half month since there is better agreement between model and TRMM 

estimates from the 10th day of November in the October-November simulations. 

We also investigated the dominant physical processes over a broad range of temporal 

scales (from diurnal to inter-annual scales) and how they influence climate variability of the 

Lake Basin and contiguous regions. The role of topography, changes in the physical(surface) 

characteristics of Lake Victoria and contribution of large scale moisture on regional climate 

variability were examined through a suite of numerical experiments. The results from the 

simulations performed with the maximum terrain height on both sides of the lake reduced to 

lake surface elevation height revealed that the high terrain to the east of the lake play a 

significant role in organizing and enhancing/diminishing convection over the Lake Basin. 

For, instance, it is evident that when the maximum terrain height over the highlands east of 

Lake Victoria is reduced to the lake surface elevation, the horizontal extent of surface branch 

of land breeze circulation is significantly limited leading to a relatively weaker circulation 

compared to the control. As a result of a weaker land breeze circulation, the midnight to early 

morning rainfall over the western sector of the lake also diminishes significantly.  
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 The mechanisms responsible for the “topography-lake effect rainfall scenario” above 

can be explained as follows. During the night the elevated land areas to the East of the lake 

(when the height is not reduced) cools much faster than the down Valley land areas bordering 

the lake. This means that the stronger downslope(katabatic) winds will transport much colder 

air and mix it with air down the valley and over land areas adjoining the lake. Consequently, 

the land-lake thermal gradient will be enhanced and thus in turn leads to the development of 

a stronger land breeze circulation.  In the absence of high terrain to the east of the lake the 

lake-land thermal gradient will not be as strong and hence a weaker land breeze circulation.  . 

In the simulations in which the lake surface is replaced with swamp/bog/mash, the late 

night and early morning rainfall maximum located over the western sector of the lake shown 

in the control simulations completely diminishes.  This is also manifested in the net 

subsidence of motion over the lake at night. Instead, more rainfall is simulated over the 

eastern border (shoreline) of the lake during late afternoon and early evening. Furthermore, 

the simulated monthly rainfall total also shows more rainfall over the eastern rim of the lake 

compared to other quadrants. Two possible mechanisms could be responsible for the 

increase/decrease in the rainfall amount simulated over the eastern/western shoreline when 

the lake is replaced with a swamp (bog/mash).  

First, the significant reduction in the simulated rainfall over the western half of the lake 

is most likely associated with the over-night anomalous subsidence over the lake surface 

shown in the simulations. The subsidence of motion over the lake area in the night is due to 

the fact that the swamp/bog does not retain as much heat during the day, as the actual lake 

would do due to changes in the lake’s albedo and its thermal heat capacity. As a result, the 

swamp cools faster at night, unlike the actual lake. Consequently, the nocturnal land breeze 
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will be severely suppressed since the land-swamp (lake) thermal gradient is also suppressed. 

Since rainfall over western sector of the lake is mainly generated through nocturnal 

circulations ( e.g  Freadrich, 1972, Ba and Nicholson, 1998),  any mechanism that suppresses 

land breeze circulation will subsequently lead to net reduction in rainfall over the western 

sector of the lake. 

The second mechanism that leads to increased rainfall over the eastern sector of the lake 

is linked to the increased evaporation over the lake surface (swamp/bog) during the day. 

Since the swamp is wetter than the surrounding areas, it experiences maximum potential 

evaporation during the day. This leads to evaporating cooling, thus creating sufficient 

thermal gradient with the surrounding land areas and hence significantly strong circulation 

(lake-breeze-like) directed toward the warmer surrounding. However, this circulation is not 

as strong as in the control run and therefore has a limited horizontal extent. This explains 

why the approximate location of Lake Breeze front is just off the eastern shoreline in the 

LKBOG simulations, compared to the CTRL where the area of maximum horizontal flow 

convergence) is located a little farther inland.   

A particularly peculiar result shown in our simulations is the impact of large-scale 

moisture over Lake Victoria Basin. In contrast to the notion advanced in a number of 

previous studies (e.g Fraedrich, 1972; Nicholson and Yin, 1997) that Lake Victoria creates its 

own climate (rainfall), our simulations indicates that rainfall over the Lake and surrounding 

areas is enhanced by large scale moisture from outside the Lake Basin. 

The RegCM3-POM simulations show that reduction in the large scale moisture entering 

the interior domain (Lake Basin) through the eastern boundary (western Indian Ocean) also 

leads to significant reduction (~40-50%) in the simulated rainfall over the lake surface and 
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surrounding regions throughout the season, compared to the control. However, reduction of 

large scale moisture entering the northern boundary only leads to some little reduction 

(<10%) of rainfall simulated over the northern parts of the Lake Basin (southern and western 

Uganda) during October (beginning of short rains) only. On the other hand, large scale 

moisture entering the western boundary has no apparent impact on the amount of rainfall 

simulated over the Lake Basin. Increase/decrease of large scale moisture flow through the 

southern boundary also leads to only a slight increase/decrease of rainfall over the lake 

region in the November, but not at the beginning(October) or toward the end(December) of 

the season.  In general, large scale moisture entering the interior domain (Lake Basin) 

through the eastern boundary enhances precipitation over the Lake Basin significantly 

throughout the season. However, because of the complex feedback among lake-induced 

circulations, topographic circulations and prevailing flow systems the qualitative treatment of 

the effect of large scale moisture on Lake Basin rainfall variability should be done with 

caution. 

7.3 Recommendations 

The present study has enabled a better understanding of some of the dominant physical 

mechanisms associated with the coupled lake-atmosphere climate variability over Lake 

Victoria Basin.  While we had limited data sources to validate the model simulations, the 

availability of TRMM satellite rainfall estimates made it possible to make a relatively 

comprehensive evaluation of the model simulations, albeit over a short period of time (1998-

2002). However, no comprehensive calibration/validation of such satellite data is possible 

due to lack of in situ observations over the lake and therefore the satellite estimates may not 

be accurate over all the regions. 
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Hence, for future coupled modeling studies there is need to explore different options for 

proper initialization and spin up of lake for a better understanding of the coupled variability.  

Thus, there is need,   

(1) to undertake a special observational campaign for short monitoring and measuring of  

specific meterological variables over the Lake such as lake surface temperature distributions 

and profiles of lake currents that can be used to properly initialize three dimensional 

hydrodynamic lake model.  The availability of satellite information/data, which is expected 

to improve in future also needs to be validated with in situ lake observations. 

(2) to first integrate the model with  observed climatological LSTs for about two 

months(spin up) then reinitialize the model with the generated LSTs(as first guess fields) in 

order to ensure better spatial distribution of initial  lake surface conditions.  

Further improvements can be achieved by: 

(3) using finer resolution lake topography (bathymetry) data. A more recent digital map 

of Lake Victoria can be used to generate high resolution bathymetry data. 

(4) using both shorter temporal and spatial resolution over the lake in order to resolve the 

evolutions of high order thermodynamic and hydrodynamic properties of the lake. This may 

lead to improvement in the simulations of the diurnal and sub-diurnal variability of Lake 

Hydrodynamics.  

(5) In addition, the flux exchanges between the lake and the atmosphere, which provide 

the backbone of lake-atmosphere coupling, should not be executed after the same time 

interval since due to the thermal capacity differences, some lake properties may take 

relatively longer than their atmospheric counterparts to equilibrate.  Alternatively, the lake 
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model should be run off-line for at least two months to allow for adequate hydrodynamic and 

thermodynamic spin-up, before it is coupled to the regional atmospheric model. 
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