
ABSTRACT 

SUN, XIA. An Investigation of the Role of Lake Surface Temperature on Precipitation Over 
Lake Victoria Basin using a Limited-area Numerical Model. (Under the director of Dr. Lian 
Xie and Dr. Fredrick Semazzi.) 
 

The present study starts with performing a series of sensitivity numerical experiments to 

isolate and investigate the response of precipitation over the Lake Victoria Basin (LVB) to 

the changes of lake surface temperature (LST). It is showed that the default LST in WRF 

model is highly deficient for simulating the precipitation over the lake’s catchment. 

Comparative experiments demonstrate the presence of unambiguous impact of LST on the 

pattern of precipitation over and in the vicinity of the lake. Intensification/ weakening of 

rainfall over the lake occur with increasing/decreasing LST for both uniform and 

asymmetrical LST distribution. The analysis of water vapor budget indicate that the 

increased LST strengthens accumulated low-level water vapor flux and simulates surface 

evaporation to supply more water vapor to the precipitation maximum area. However, the 

relationship between rainfall anomalies and LST variations is nonlinear. An area-averaged 

LST value should be maintained at around 24°C which is the pre-requisite for obtaining 

realistic rainfall pattern. Higher temperature over the western lake as dictated by the 

bathymetry of the lake is necessary for the rainfall pattern consistent with the observation. It 

is interesting to note that once LST exceeds a certain threshold (in this case 24°C), the two-

rainfall maxima pattern disappears and is replaced by a single precipitation concentration 

over the middle of the lake. we postulate that the primary mechanism swifts from 

temperature gradient-driven between lake and land to the convection-driven over the lake.        

Therefore, the coupled model is used to obtain a more realistic LST pattern with real 

bathymetry, taking both hydrodynamics and thermodynamics into consideration. The model



made a great performance by successfully simulating expected LST pattern with eastward 

temperature gradient. It is instructive to see a distinguished diurnal phenomenon during the 

short-term simulation based on the following diagnostic analysis. The precipitation mainly 

occurs during the nocturnal peak between midnight and early in the morning, which is 

associated with strong land breeze circulation when lake temperature is warmer than the 

adjacent land. Further investigations of vertical velocity, surface divergence pattern along the 

two-rainfall maxima area and maximum radar reflectivity confirm our previous conjecture. In 

addition, we also briefly examine the performance of the coupled model in simulating the 

seasonal case. It turns out that the coupled model significantly reduces the overestimation of 

rainfall over the lake compared with the one from stand-alone atmosphere model. And the 

climatological “dry-wet-dry-wet” pattern is well captured over the lake and surrounding 

areas. 

In addition, it is also found that although the LST pattern exerts significant impact on the 

observed rainfall pattern, the basic area and orientation of the rain belt is quite persistent 

under various different LST forcings. This suggests that although the details of mesoscale 

wind and rainfall pattern are strongly influenced by LST, the background rainfall pattern is 

likely controlled by the large-scale circulation and orography in the region. The fact that 

rainfall and wind patterns over lake can be effectively altered by adjusting LST distribution 

suggests the need to monitor the mesoscale LST pattern for accurate weather and climate 

prediction over LVB. More importantly, the simulated swift in the physical mechanism may 

have important implications for a warmer lake in the future due to the global warming. 
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Chapter 1 Introduction 

East Africa is defined geographically as the easterly region of the African continent, which is 

one of the three major landmasses bestriding the equator within both hemispheres. It is 

surrounded by the Indian Ocean along its coast that strongly influences the regional climate 

through the prevailing easterly trades every year. The geography of East Africa is stunning 

and scenic. The East Africa Great Rift Valley system hosts the largest tropical freshwater 

lake (Lake Victoria), world’s second deepest lake (Lake Tanganyika) and embraces the 

shallower Lake Victoria Basin along with Ethiopian and East African highlands, together 

forming a favorable environment for the complicated interactions between regionally induced 

and large-scale circulations. The Lake Victoria basin (Figure 1.1) covers an area of 184,000 

square kilometers, which is shared by the countries of Kenya, Uganda and Tanzania. It is the 

home to over sixty million inhabitants. As the second largest fresh water body in the world 

and largest in Africa, it plays a crucial role in supporting the regional economy on order of 3 

to 4 billion dollars annually, which is dominated by rain-fed agriculture. Besides having the 

agriculturally rich hinterland, the lake also supports and sustains other leading economic 

sectors, such as fisheries and maintains as hydroelectric power. Therefore, it is very 

vulnerable to the climatic rainfall variability and extreme precipitation events, which bring 

flooding and drought leading to health and food crisis every year. 

The general climate of East Africa is strongly influenced by several factors seasonally to 

inter-annually. Indeje et al. (2000) and Mutai et al. (2000) have summarized several 

prominent sources of inter-annual variability over eastern Africa, including: El Nino-

Southern oscillation, Indian Ocean Zonal temperature gradient (IOZM, or Dipole mode, also 
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called as IOD), Tropical Atlantic Ocean temperature anomalies, Quasi-biennial oscillation 

(QBO) in the equatorial zonal wind and the orographic forcing. The majority of East Africa 

region experiences a bimodal rainfall pattern associated with the progression of the Inter-

tropical Convergence Zone (ITCZ) sweeping across the region and following the inter-

hemispheric movement of the overhead sun. The rainfall experienced during October to 

December is called the “short rainy season” and “long rainy season” during March to May. In 

addition, the influence of inter-annual variability is larger during short rains in comparison 

with the long rains. The most pronounced inter-annual variability is primarily associated with 

the perturbations of global Sea Surface Temperature (SST) forcing over the equatorial Pacific 

and Indian Ocean and the Atlantic Ocean to some extent, of which the El Nino–Southern 

Oscillation (ENSO) and Indian Ocean Dipole (IOD) are the dominant sources across the 

entire region (Ogallo, 1988; Saji et al., 1999; Indeje et al., 2000; Hastenrath et al., 1993; 

Black et al., 2003; Mutai et al. 2000; among others). In particular, most of East Africa 

receives abundant rainfall and even flooding during the warm phase of ENSO (El Nino), 

while the cold phase of ENSO (La Nina) coincides with extreme drought conditions (Ogallo, 

1988; Nicholson, 1996). As for the impact of Indian Ocean diploe, previous studies have 

shown that its contribution to the extreme eastern Africa rainfall is mainly through coinciding 

with strong ENSO. It is pointed out that in some years a strong ENSO forcing can predispose 

the Indian Ocean coupled system to an IOD event (Black et al., 2003). In addition, 

superimposed on the prevailing systems are the local circulations generated by the 

complicated surrounding topography, influencing the development of convective activity and 

then leading to substantial amount of rainfall over the large water bodies and the highlands.  
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Previous studies have demonstrated the role of lakes and river basins in modulating regional 

rainfall (Hostetler et al., 1990; Bates et al., 1993&1995; Givati et al., 2012; Zhao et al., 2012). 

In a simple experimental set-up, Anyah and Semazzi (2004) used RegCM2 model to carry 

out a set of sensitivity experiments by varying spatially uniform LST anomalies across Lake 

Victoria. They primarily found that the seasonal rainfall intensifies (weakens) with warmer 

(cooler) lake surface temperature during short rains. Using a more realistic experimental 

design Anyah et al (2006) investigated the coupled variability of the regional basin climate 

and the hydrodynamics of Lake Victoria. They concluded from numerical simulations that 

the southwestern region of the lake is an important source of warm water because it is 

relatively shallower and the water column is heated up much more faster during the day than 

the rest of the lake. This result also confirmed that by adopting the traditional modeling 

approach in which the lake hydrodynamics are neglected and the formulation is entirely 

based on thermodynamics alone is not entirely satisfactory for the Lake Victoria basin. Such 

a strategy precludes the realistic transport of heat within the lake, which is from the heat 

surplus regions to the deficit, and thereby results in degraded simulation of the climate 

downstream over the rest of the lake and the surrounding land regions. The resulting surface 

water circulation also generates an asymmetric lake surface temperature pattern. This 

secondary feature in the surface temperature structure could not be generated by the standard 

version of the RegCM3 model, since the simple static lake model formulation is not capable 

of supporting horizontal advection of water and sufficient heat transfer within the lake. In 

contrast from the simple classic textbook theoretical model of the lake-land breeze 

circulation phenomena, the simulated surface wind pattern and precipitation distribution are 
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highly asymmetric, more complex and closer to the reality across the entire lake basin. 

Therefore, taking both hydrodynamics and thermodynamics into considerations should be put 

into the most crucial position.  

The primary goal in present study is to isolate and investigate the contribution of LST in 

determining the observed lake precipitation distribution. For the explicit goal of isolating and 

clarifying the contribution of LST in determining the regional rainfall the experimental 

design in Anyah and Semazzi (2004) is too simple because in reality LST is asymmetric 

across the lake. It is not uniform as they assumed. On the other hand, the comprehensive 

experimental setting based on the fully coupled formulation, although desirable for prediction 

purpose, it is not possible to apply it for isolating and understanding the first-order role of 

LST in determining the rainfall patterns over the basin because the existence of two-way 

secondary feedback interactions between the lake’s hydrodynamics and the ambient 

atmospheric circulation. In the present study we adopt a middle-of-the-road formulation of 

the problem to first definitively isolate the first-order effects of LST in shaping the basin 

rainfall regime. Toward this goal the asymmetric LST pattern obtained from the fully 

coupled system of Anyah et al (2006), except that WRF model was used instead of the 

RegCM2 model.  

And after exploring and understanding the significant impact of lake surface temperature on 

the precipitation intensity and pattern using the stand-alone atmospheric model, the coupled 

model is then adopted to produce the asymmetric temperature pattern taking thermodynamics 

and hydrodynamics into consideration since there is no available datasets can provide. Large 

lakes are important agents that influence the overlying atmospheric circulations, while the 
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atmospheric forcings also affects the lake’s thermal structure and water currents. It is pointed 

out that the embedding of a simple one-dimensional thermal diffusion model into a regional 

climate model greatly precludes the communication of thermodynamics and hydrodynamics 

properties between the lake and atmosphere, although to some extent improves the 

simulations of atmospheric conditions over and around the water bodies as demonstrated by 

Hostetler et al., (1993), Bates et al., (1993,1995) and Small et al., (1999). Therefore, the 

possibility of employing a fully coupled three-dimensional lake-atmospheric modeling 

system over the lake catchment with taking both thermodynamics and hydrodynamics into 

considerations will make the overlake lake surface temperature pattern well simulated and 

provide more meaningful implications to the further observations and predictions of other 

variability over the lake and adjoining land. 

The outline of this thesis is as follows: in chapter 2, we describe the data used and the fully 

coupled limited-area air-lake model. The customizations of Princeton Ocean Model (POM) 

to Lake Victoria region have been completed. And a set of sensitivity experiment of physical 

parameterization schemes in Weather Research and Forecasting Model (WRF) is also 

conducted. In chapter 3, we focus on isolating and exploring the role of lake surface 

temperature on the overlake precipitation. And in chapter 4, coupled model is employed to 

produce the anticipated lake surface temperature pattern and based on this, the related 

physical mechanisms are briefly analyzed. The primary findings of examination on 

performance of coupled model in the long-term simulation over the lake region are included 

in this section. In the end, the chapter 5 summaries the main conclusions of present study and 

recommendations for future work. 
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Figure1.1 Topography of Lake Victoria and adjacent land 
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Chapter 2 Model settings and experimental design 

2.1 Data  

2.1.1 Global Forecast System (GFS) data set!!

Global Forecast System data is responsible for providing the initial and boundary conditions 

to drive the model atmospheric component. Dozens of atmosphere and land-soil variables are 

available through this data set, from temperature, wind field, precipitation to soil moisture 

and atmospheric ozone concentration. More specifically, the National Centers for 

Environmental Prediction Final (NCEP FNL) Operational Global Analysis data are used in 

this study. They are on a 1.0×1.0 degree grids globally. Moreover, the data are gathered 

operationally every six hours. 

The FNLs are from the Global Data Assimilation System (GDAS), which continuously 

collects the observational data from Global Telecommunications System (GTS) and other 

sources for more analyses. The FNLs are made using the same model that NCEP uses in GFS, 

but the FNLs are prepared about an hour or so after the GFS is initialized. This delay makes 

utilization of observational data possible. In addition, the GFS is run earlier in support of 

time critical forecast needs, and uses the FNLs from previous six hours cycle as a part of its 

initialization. The data are assembled on the surface, at 26 mandatory pressure levels, in the 

surface boundary layers and at some sigma levels and a few others. The diversity of variables 

and assortment of distributions make this data set frequently used in the scientific research. 

2.1.2 Tropical Rainfall Measurement Mission (TRMM) 

Due to the sparse meteorological observational sites over East Africa and numerous gaps in 

space and time of available data, satellite rainfall data plays an extremely great advantage 
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under such circumstances. Hence, the ‘observations’ for validating the model simulations are 

based on the Tropical Rainfall Measurement Mission (TRMM) satellite-based precipitation 

products. This project is a joint mission between National Aeronautics and Space 

Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA) designed to 

provide new insights to better define the amount of tropical rainfall and release of latent heat 

energy when rain occurs, and further to gain confidence in climate prediction. In 

coordination with other satellites in NASA’s Earth Observing System, TRMM provides 

critical rainfall information using a suite of space-borne instruments: the Precipitation Radar 

(PR), an electronically scanning radar operating at 13.8 GHz; multi-frequent TRMM 

Microwave Image (TMI), a nine-channel passive microwave radiometer; and Visible and 

Infrared Scanner (VIRS), a five-channel visible/infrared radiometer. The TRMM 

precipitation radar and passive microwave radiometers build homogeneous data sets of 

rainfall rate and vertical structures of precipitating systems over land and tropical oceans. By 

covering tropical and sub-tropical regions of the Earth, it monitors and provides much needed 

information on rainfall and its associated heat release, which helps to power the global 

atmospheric circulation that shapes both weather and climate.  

Among various TRMM gridded products, previous studies have shown that the 3-hourly 

TRMM-adjusted Global Precipitation Index (GPI) data (AGPI; 3B42) and the monthly 

TRMM merged analysis (3B43) performed as well as the rainfall gauge data in Africa. Both 

algorithms employ multiple independent precipitation estimates from the TRMM, in addition 

to this; 3B43 algorithm also combines monthly accumulated Global Precipitation 

Climatology Center (GPCC) rain gauge analysis to produce the best-estimate precipitation 
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rate. Spatial coverage for both products extends from 50 degrees south to 50 degrees north 

latitude. Given the short simulation period in the present study, therefore, 3-hourly rainfall 

rate gridded data constructed using 3B42 algorithm with 0.25×0.25 degrees spatial resolution 

is applicable to represent the observation and measure the changes of precipitation 

distributions resulting from the changes of lake surface temperatures. Detailed description of 

TRMM data can be found in Kummerow et al. (1998, 2000) and Iguchi et al. (2000). 

2.1.3 NCEP/NCAR Reanalysis data  

NCEP/NCAR Reanalysis data set is accomplished jointly by the National Centers for 

Environmental Prediction (NCEP) and the National Center for Atmospheric Research 

(NCAR). The quality and utility of the reanalysis should be superior to the NCEP’s original 

analysis since more observations and state-of-the-art assimilation are used and data quality 

control has been greatly improved. It is a continually updating gridded data set representing 

the state of the Earth’s atmosphere, incorporating the observations and numerical weather 

prediction (NWP) model outputs dating back to 1948. The reanalysis is created with a model 

similar to the one used for weather forecasts. This model is initialized with measured data 

from different sources, including observations from meteorological sites, ship, aircraft, 

radiosondes and satellite and then generates homogeneous data for the whole reanalysis 

period that can be used for long term research globally. The temporal resolution of this data 

set ranges from 4 times daily, daily to monthly and long-term monthly means. The temporal 

range extends from 1948 to present for other three kinds of data, while only 1981-2010 year 

data is accessible for the long-term monthly means, which greatly satisfies different purposed 

researches without limitations of lack of ancient datasets. The vertical levels include 17 
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pressure levels with and 28 sigma levels. Detailed background information can be found in 

Kalnay et al. (1996). 

In this study, due to lack of essential variables in GFS data during the simulation period, we 

adopted this reanalysis data to drive the ocean model for its spin-up. The 4 times daily 

surface flux data at T62 Gaussian grid are used as the atmospheric forcings, including 

longwave radiation flux, solar radiation flux, sensible heat flux, latent heat flux and 

precipitation rate. The downward longwave radiation flux/solar radiation flux and upward 

longwave radiation flux/solar radiation flux are adopted to calculate the net longwave 

radiation flux and shortwave radiation flux, respectively. The atmospheric parameters 

mentioned above are from October to November and then fed time-dependently into the 

stand-alone ocean model. Since the lake basin is mainly dominated by the easterly trades as 

large-scale winds most of the year, a constant easterly wind stress of 10-4 m2s-2 (~3ms-1) is 

involved in a continuous 60-day integration.  

2.1.4 NCEP Climate Forecast System Reanalysis (CFSR) Product  

The fourth dataset is Climate Forecast System Reanalysis (CFSR) product. It has finer 

resolution compared with GFS data and more importantly, the whole 6-hourly datasets are 

available for the long-term run. CFSR was provided by the National Centers for 

Environmental Prediction (NCEP) and was initially completed over the 31-year period of 

1979 to 2009 and has been extended to March 2011. The CFSR was designated and executed 

as a global, high resolution, coupled atmosphere-ocean-land surface-sea ice system to 

provide the best estimate of the state of these coupled domains over this period. The CFSR 

atmospheric model contains observed variations in carbon dioxide over the 1979-2009 period, 
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together with changes in aerosols and other trace gases and solar variations. With these 

variable parameters, the analyzed state will include estimates of changes in the Earth system 

climate due to these factors. In addition, all available conventional and satellite observations 

were included in the CFSR. Satellite observations were used in radiance form and corrected 

with “spin up” runs at full resolution, taking into account variable CO2 concentrations. This 

procedure enabled smooth transitions of the climate record due to evolutionary changes in 

the satellite observing system. It is the first time that satellite radiances are directly 

assimilated by the Grid-point Statistical Interpolation (GSI) scheme to NCEP global 

reanalysis products.  

The CFSR global atmosphere resolution is around 38km (T382) with 64 levels extending 

from the surface to 0.26hPa. The global ocean is 0.25° at the equator, extending to a global 

0.5° beyond the tropics, with 40 levels to a depth of 4737m. The global land surface model 

has 4 soil levels and global sea ice model has 3 levels. Some of the atmospheric, oceanic and 

land surface analyzed products are available at 0.3, 0.5, 1.0, 1.9 and 2.5 degree horizontal 

resolutions. Given its superior quality in temporal and spatial resolution, it was adopted in a 

coupled limited-area model to approach a realistic lake surface temperature pattern after two-

month simulation. The data used are at 6-hourly time resolution and 0.5° horizontal 

resolution. The simulation begins at October 1999 and lasts two months. 

2.2 Description of model components 

2.2.1 Weather Research and Forecasting (WRF) Model!

The Weather Research and Forecasting (WRF) Model is a collaborating partnership among 

several administrations and agencies and university aiming to design mesoscale numerical 
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weather prediction system to serve the scientific research and operational forecasting needs. 

Based on such principle, WRF model offers two dynamical solvers for its computation of the 

atmospheric governing equations, known as WRF-ARW (Advanced Research WRF) and 

WRF-NMM (Nonhydrostatic Mesoscale Model) so that scientific achievements can be 

applied promptly and efficiently into the practice forecasts. Experiments in present study are 

supported and conducted by the Version 3.2 of the WRF model. 

The WRF model is a fully compressible and nonhydrastatic model (with a run-time 

hydrostatic option) with a terrain-following pressure coordinate in vertical. The grid 

staggering is the Arakawa C-grid. The model uses the Runge-Kutta 2nd and 3rd order time 

integration schemes and 2nd and 6th order advection schemes in both horizontal and vertical 

directions. It uses a time-split small step for acoustic and gravity wave modes. The dynamics 

conserves scalar variables. The flowchart (Figure 2.1) below illustrates the component 

programs of the WRF modeling system. It consists of four major programs: the WRF 

Processing System (WPS), WRF-DA, ARW solver and post-processing and visualization 

tools. In addition, the WRF model can be run with either idealized initialization or real-data 

initialization.  

WRF also provides multiple physical parameterization schemes that can be combined in any 

way including microphysics, cumulus parameterization, planet boundary layer 

parameterization, surface layer, land surface, longwave radiation and shortwave radiation 

with several options available for each process. Such physical packages are able to 

disaggregate global data at very high resolutions and however, are highly sensitive to a large 

set of parameters. In order to produce more realistic precipitation, a suite of sensitivity 
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experiments of physical parameterization schemes is conducted. The detail will be elaborated 

in the next section.  

Simulations with multiple purposes have been designed to evaluate the behaviors and 

capabilities of WRF model in simulating rainfall over Africa. The Swedish Armed Forces 

Weather Service has exploited the national and international advantages of WRF model, 

finding it gives better precipitation scores with comparisons from ECMWF (European Center 

for Medium range Weather Forecasting) model. WRF model also shows promise in 

simulating the regional precipitation over southern Africa during its austral summer via 

coupling methodology. It has become an important tool for downscaling global climate 

models to assess high impact of climate change on the precipitation over Africa, which is 

highly depended on rain fed agriculture.  

2.2.2 Princeton Ocean Model (POM) 

Princeton Ocean Model is a three-dimensional, nonlinear primitive equation, finite difference 

ocean model. The model employs a mode splitting technique to solve for the two-

dimensional barotropic mode of the free surface currents and vertically averaged horizontal 

currents and for the three-dimensional baroclinic mode for the full three-dimensional 

temperature, turbulence and current structure. The barotropic (external) mode portion of the 

model uses a short time step based on the Courant-Fredrichs-Lewy (CFL) condition and the 

external wave speed, while the baroclinic (internal) mode employs a longer time step that is 

constrained by both the CFL condition and internal wave speed. POM is also a terrain-

following sigma vertical coordinate model in that the vertical coordinate is scaled by the 

bottom topography and time-dependent surface elevations. The horizontal grid uses 
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curvilinear orthogonal coordinates and an “Arakawa C” finite differencing scheme. 

Importantly, POM contains an imbedded second moment turbulence closure sub-model, 

known as the Mellor-Yamada turbulence closure model to provide vertical mixing 

coefficients. Together with the sigma coordinate system, the model produces realistic bottom 

boundary layers that are important in coastal waters (Mellor, 1985) and in tidally driven 

estuaries (Oey et al., 1985a,b), which the model can simulate since it does have a free surface. 

In addition, the equation of state (Mellor, 1991) is used to calculate the density as a function 

of temperature, salinity, and pressure. 

Therefore, as a creditable and reputable ocean model POM is widely used to study the inland 

lake basins ranging from the North American Great Lakes (O’Connor and Schwab, 1994, 

Kelly et al., 1998) to the largest tropical freshwater Lake Victoria in eastern Africa (Song et 

al., 2002). Moreover, the surface temperature pattern with horizontal mixing and water 

currents are performed well by POM for the Lake Victoria. Given that a striking feature 

making freshwater lakes distinguished from coastal ocean is that the salinity effects and tides 

do not impact them, accordingly, salinity is set to a constant value of 0.2 PSU that has been 

shown as suitable estimate (O’Connor and Schwab, 1994) when applying POM to the 

simulations of Lake Victoria. Detailed description about POM model can be found in Mellor 

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

website: http://www.aos.princeton.edu/WWWPUBLIC/PROFS/NewPOMPage.html. 

2.2.3 Description of a coupled atmosphere-ocean model (WRF-POM) 

The WRF-POM coupled model in this study is based on the CAWOMS, a coupled air-wave-

ocean model developed by Xie et al. (2010), Liu et al. (2011) and Liu et al. (2012). It consists 
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of an atmospheric regional version of the Weather Research and Forecasting (WRF) model 

(Skamarock et al. 2007) and a three-dimensional coastal ocean circulation model, the 

Princeton Ocean Model (POM; Mellor and Blumberg 1985). The original coupled model also 

includes the Simulating Waves Nearshore (SWAN) component, which is a third-generation 

wave model. The model components are coupled to each other through the Model Coupling 

Toolkit (MCT; Larson et al. 2005; Jacob et al. 2005), which was used as the basis for the 

Community Climate System Model coupler (Craig et al. 2005) as well as the Regional Ocean 

Modeling System (Warner et al. 2008). MCT is a set of open source software tools written by 

Fortran90 and works with Message Passing Interface (MPI) communication protocol.   

Figure 2.2 well illustrates the interaction between coupled atmospheric and oceanic models. 

The couplings between two components are taken into considerations through air-lake 

interactions at their interface. The procedure generally depicts that the atmospheric model 

drives the ocean circulation component through various forcings including surface wind 

stress, longwave and shortwave radiation, latent and sensible heat flux and atmospheric sea 

level pressure. In turn, the ocean circulation model provides time-dependent sea surface 

temperature (SST) to the atmospheric model to estimate the air-sea heat flux on the interface. 

Moreover, the ocean circulation model contributes sea surface current to estimate the relative 

wind speed for computation of surface wind stress. Variables are exchanged between the 

atmosphere and ocean circulation components at certain time intervals determined 

beforehand. More detailed information about model components, coupled procedures and 

parameterization of air-sea interaction processes are referred to Xie et al. (2010), Liu et al. 

(2011) and Liu et al. (2012). 
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2.3 Customization and experimental design 

2.3.1 Customizations of the atmospheric and ocean circulation model component 

to Lake Victoria region!

In applying the POM model to Lake Victoria basin, several simplifications have been taken 

into consideration besides the constant salinity mentioned above. The model domain is 

completely enclosed by the land so that open boundary conditions do not suit anymore. In 

addition, the effects of evaporation, river runoff and precipitation on the elevation of the lake 

are ignored which is supported by the diagnostic analysis confirming that river inflow and 

discharge are relatively much smaller than the contributions of evaporation and rainfall in the 

hydrologic budget of Lake Victoria (Yin and Nicholson, 1998).  

The ocean circulation model component is first integrated 60 days using the 4-times daily 

NCEP Reanalysis data for the model spinup, during which, time-dependent forcings from 

October to November during simulation year are adopted. Since the large-scale background 

wind field over East Africa is dominated by the easterly trades most of the year, the surface 

wind stress is fixed as constant easterly flow during the simulation period. The initial 

temperature vertical profile is shown in Figure 2.3. The climatological temperature of 24°C is 

prescribed for the upper 20m of the lake, and then the temperature decreases gradually with 

depth for the following 20m layer until it reaches isothermal condition again and maintains to 

bottom boundary layer. The temperature profile adopted here is consistent with the one in 

Anyah et al. (2006). The results then are used as the initial conditions for the coupled process 

of two-month run whose atmospheric forcings are obtained from the real-time outcomings of 

the atmospheric model. Eventually, a suite of coupled experiments and subsequent 
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investigations of physical mechanisms will be carried out based on the simulated temperature 

profile and other variable fields from this long-term simulation through the coupled air-lake 

model. 

The numerical domain is based on nesting a 4km resolution grid into the 12km grid. The 

inner domain is approximately centered at 33°E, 1.4°S and the whole lake is covered by 

121×121 square grid-mesh. The initial and lateral boundary conditions for the parent domain 

of the five-day runs are obtained from the six hourly GFS analysis data as described. The 

model uses Mercator map projection and has up to 30 vertical levels with the model top at 

50mb. Time step is fixed at 60sec for parent domain and data are archived every 3 hours 

during simulation period.  

For the two-month run, CFSR data with higher spatial resolution and superior quality 

provides the initial and boundary conditions for parent domain in the stand-alone 

atmospheric component. Since the incapability of nesting in the coupled model, the outputs 

from the coarser-grid resolution run are used to generate the initial and lateral boundary 

conditions for the 4km nesting domain via nesting down program. As mentioned, result from 

the spin-up process in the oceanic model is used as the initial conditions in the coupled run. 

Therefore, the POM model adopts the same square area of 4km in both x and y directions and 

it consists of 12 sigma vertical layers. The external and internal time steps are respectively 

15s and 450s. Moreover, the real bathymetry (Figure 2.4) of Lake Victoria is employed 

which has a significantly steeper coastal vertical slope on the eastern side of lake then the 

western side. The western side is relatively shallower. The minimum and maximum depths of 

the lake is around 10m and 74m, respectively.  



! 18!

2.3.2 Sensitivity simulations of physical parameterization schemes in WRF model 

Before conducting the comparative experiments, a series of customization simulations were 

carried on to determine the ‘optimal’ settings of the tunable parameters in the physical 

packages of the model for the targeted area. Among all the important considerations, 

planetary boundary layer, microphysics and cumulus schemes give relatively critical effects 

on the formation of model precipitation. Cumulus scheme is primary in a way that it exerts 

influence on producing the convective rainfall, which dominates over tropical regions (Leung 

et al. 2004; Dai 2006). The choice of planetary boundary layer (PBL) scheme will affect the 

temperature and moisture profile in the lower troposphere and also the turbulent mixing of all 

levels, which can trigger convection. In addition, microphysics scheme is responsible of heat 

exchanges inside the clouds and indirectly influence the radiation budget at the surface and at 

the top of the atmosphere (Arakawa and Schubert 1974; Arakawa 2004). For the simulation 

period, a suite of 36 experiments was conducted, corresponding to all the possible 

combinations between four microphysics, three PBL and three cumulus schemes. Table 2.1 

summarizes the selected schemes and its main characteristics. They all shared the same 

parameters of other physical schemes, including the longwave and shortwave 

parameterization schemes by Mlawer (RRTM) and Dudhia, respectively, and Noah Land 

Surface Model for the land surface parameterization scheme. The land-use was prescribed by 

a set of land-surface category provided by the Moderate Resolution Imaging 

Spectroradiometer (MODIS, 20 classes: Friedl et al. 2002). The produced rainfall was 

compared to the interpolated TRMM data and the comparisons were focused over the lake 

region.  
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In general, different physical packages produce rainfall with varied intensity and pattern in 

both domains. In more detail, Grell-3D cumulus scheme clearly favors generalized dryness, 

while KF scheme is associated with the largest rainfall amounts. MP and PBL 

parameterization schemes appear to exert relatively less influence than Cu scheme on the 

simulated rainfall. As a consequence, computed statistical errors over the nesting region 

mainly vary according to the Cu scheme, lower (higher) values being found with Grell-3D 

(KF) scheme. Although PBL has little impact on the rainfall field, the microphysics scheme 

seems to exert slight but still not negligible influence on the short-term rainfall. Experiments 

with Eta and WSM6 MP scheme produce the least rainfall bias with satellite data. In addition, 

analysis of combinations between convective and microphysics scheme is more or less 

additive, in other words, the largest rainfall amounts are obtained with KF Cu and 

Morrison/Lin MP scheme, while Grell-3D with WSM6/Eta are the driest. In spite of the fact 

that Grell-3D makes a good performance in both domains, the impact of domain size and 

lateral boundaries shows its importance with domain center changing as earlier studies 

suggested. As indicated by statistical analyses, WSM6 MP in combination with MYJ PBL 

scheme work well for parent domain, while Eta MP coupled with ACM2 PBL scheme is 

associated with the least rainfall bias under the insufficient rainfall amount though.  

To sum up, the comparisons of precipitation pattern and intensity demonstrate that the 

combined use of Eta microphysics scheme and improved Grell-3D cumulus scheme and 

Asymmetric Convective Model (ACM2) planetary boundary layer scheme, with MM5 

similarity surface layer scheme yields satisfactory distribution of rainfall over the lake and 

the adjoining land area in present study.  
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2.3.3 Summary of numerical experiments 

All the simulations conduced in this study are during the short rains season of eastern Africa 

in 1999. We deliberately chose a normal or neutral climate year, in other words it is neither a 

La Nina nor El Nino event for the region. The five-day simulations were all started on the 

November 26, through the beginning of December 1999. To investigate the response of lake 

climate to the lake surface temperature (LST), three sets of anomaly experiments were 

performed (Table 2.2). In the first set, all the lake points within the domain were set to a 

constant value of 24°C. The prescribed LST was perturbed by adding and subtracting 

constant temperature anomaly ranging ±1.5°C across the entire lake. These anomaly values 

are consistent with previous observations by Ochumba (1996), Bugenyi and Magumba 

(1996). The reason to prescribe 24°C to LST is that it is the average temperature obtained 

from the observational data (Ochumba, 1996). In the second set, the default pattern of lake 

surface temperature was kept unchanged (this unrealistic LST is too cold and it is 

unfortunately adopted in most of previous studies). Then we added 4°C everywhere over the 

lake so that the lake-averaged LST was raised to 24°C. In the corresponding anomaly 

experiments the treatment was the same as the one in the first set of runs. The last set of 

experiments was based on the LST pattern taken from Anyah et al (2006) with temperature 

subtracted 1°C and decreasing northward. 

The two-month run was completed in the coupled limited-area model. The initial conditions 

in the two model components were respectively provided by the outcomings from stand-

alone atmospheric component via nesting down program and oceanic component via spin-up 

results. The generated temperature pattern was then fed into the five-day run as initial LST 
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pattern. Besides, the related investigation of physical mechanisms will be performed on the 

basis of the variable fields during the five-day simulation. The simulation over lake region 

using the coupled model on monthly rainfall is executed with a different domain and pre-

selected optimal physical package. 
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Figure 2.1 WRF Modeling System Version 3 Flow Chart (NCAR)
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Figure 2.2 The schematic illustration of the coupled atmosphere-lake system
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Figure 2.3 Initial temperature vertical profile
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Figure 2.4 Real bathymetry of Lake Victoria
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Table 2.1 Summary of cumulus, planetary boundary layer and microphysics parameterization 

schemes used in this study 

Cumulus schemes 

KF: 
Kain-Fritsch scheme 

BMJ: 
Betts-Miller-Janjin scheme 

Grell-3D: 
Improved Grell-Devenyi 
(GD) ensemble scheme 

Low-level control convective 
scheme and entraining-detraining 

mass flux scheme 

Convective adjustment scheme: 
instability is eliminated by nudging 

environmental profiles of 
temperature and specific humidity 

empirically derived reference 
profiles 

An improved version of GD scheme 
that may also be used on high 

resolution if subsidence spreading is 
turned on 

Planetary boundary layer schemes 

YSU: 
Yonsei University scheme 

MYJ/TKE: 
Mellor-Yamada-Janjin 

scheme 

ACM2: 
Asymmetric Convective 

Model Version 2 

First order non-local scheme 
2.5 turbulent closure modified 

Mellor and Yamada scheme based 
on Turbulent Kinetic Energy (TKE) 

Non-local closure scheme with 
eddy diffusion 

Microphysics schemes 
WSM6: 

WRF Single-Moment 
6-class scheme 

Morrison: 
Morrison double-
moment scheme 

Lin: 
Lin et al. scheme 

Eta: 
Eta microphysics for 

fine resolution 

Extension of the WSM5 
scheme including graupel 
and associated processes 

Scheme including vapor, 
cloud droplets, cloud ice, 

rain, snow and 
graupel/hail. Prediction of 

two-moments (number 
concentration and mixing 
ratio) allowing for a more 

robust treatment of the 
particle size distributions 

Hydrometeors including: 
water vapor, cloud water, 
rain, cloud ice, snow and 
graupel, scheme is taken 
from Purdue cloud model 
and details can be found 
in Chen and Sun (2002) 

Operational scheme in 
NCEP models with 

diagnostic mixed-phase 
processes  
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Table 2.2 Summary of nine experiments, divided into control and three sets of runs (default 

LST pattern in Set #2 is yielded from control run) 

Control! with!default!LST!pattern!

Set!#1! S11=!uniformly!
24°C!!

S12=uniformly!
22.5°C!

S13=uniformly!
25.5°C!

Set!#2! S21=default!LST!
+4°C!

S22=default!LST!
+4G1.5°C!

S23=!default!LST!
+4+1.5°C!

Set!#3! S31=Anyah!LST!G
1°C!

S32=Anyah!LST!G1!!
(with!two!modifications)!
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Chapter 3 Effects of lake surface temperature over Lake Victoria on rainfall using 

stand-alone atmospheric model 

3.1 Simulations of control run!

Figure 3.1 shows the averaged LST directly from the FNL analysis data and the 

corresponding precipitation produced from the control simulation.  The area-averaged 

temperature over the lake is around 20°C, and it varies little with the adjoining land surface 

temperature. The total rainfall concentrates on the surrounding land instead of the lake. 

Compared with TRMM data, the control run apparently failed to generate the two rainfall 

maxima over the western and eastern part of the lake and in the meantime the precipitation 

maxima over the eastern lake are suppressed. The lower LST itself and the unrealistically 

small temperature difference between lake and land is one of the likely factors responsible 

for the deficient simulated rainfall pattern. Therefore, the default pattern of lake surface 

temperature is highly deficient for simulating the rainfall over the lake. 

3.2 Rainfall experiments with LST modifications 

3.2.1 Anomaly simulations with uniform LST pattern!

We show the precipitation differences between control and anomaly simulations from the 

first set of experiments (S11, S12 and S13) in Figure 3.2. It is evident that increasing of LST 

brings intensification of rainfall with disproportionate increments over the whole lake. And 

the negative rainfall anomalies with observational data occur over sporadic areas to the east 

and south of lake. The simulation with constant LST of 24°C (S11) shows two rainfall 

maxima whose locations are closest to the TRMM data than the results with warmer and 

colder LST. However, the relative sizes of these rainfall maxima are opposite to the 
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observation with southeastern lake generating more rainfall than northwestern lake. The 

southeastern rainfall maximum value even reaches 248mm, almost 65% more rainfall than 

the counterpart in the observation. In the cooler LST run, less rainfall is simulated and the 

western rainfall maximum is almost disappeared. Therefore the cooler surface is unfavorable 

for realistically reproducing the observed rainfall, at least for the western part of the lake. 

Opposite changes occur with increasing lake surface temperature. When the lake surface is 

warmer by 1.5°C, the rainfall pattern transforms from two rainfall maxima to one rainfall 

concentration which is largely centered over the lake, with maximum rainfall amount 

approaching 288mm. 

The anomaly simulations indicate that the influence of LST on the distribution and intensity 

of precipitation over the lake is very significant. When the temperature is uniformly 

distributed, increasing LST results in producing more rainfall over the lake, which mainly 

concentrate on the coastal area. This can be explained by the increased surface temperature 

gradient between the water and the land and thus intensifying the lake-land circulation 

(Figure 3.3) and consequently the rainfall over the lake. The main rising motion is located 

primarily over the western sector and the eastern side of the lake is characterized by the 

strong subsidence, which is in agreement with the expected lake-land circulations. 

Intensification of both rising and descending motion occurs with increased temperatures; 

meanwhile, shifted circulation makes the simulated locations of rainfall concentration more 

consistent with observation. We note again that the rainfall pattern is closest to the TRMM 

rainfall when the LST is around 24°C than in the case of 22.5°C or 25.5°C. It is also 

demonstrated by the statistical comparisons with observation (Table 3.1). The root-mean-
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square error was reduced significantly (by about 25%) with LST being optimal 24°C, 

compared with 13% and 22% when subtracting/adding anomaly temperature. In the case of 

LST being lower than 24°C, the environment is less conducive for the generation of 

precipitation, but the northeastern-southwestern rainfall maxima distribution is kept. When 

LST exceeds a certain threshold temperature (i.e. approximately 24°C in this experiment), 

the precipitation is no longer driven by surface thermal contrasts between lake and land but 

primarily controlled by the lake itself. Thus it is necessary for LST to keep around 24°C to 

produce rainfall pattern close to the observation. This could have important implications for 

climate change conditions where the lake’s temperature could increase significantly. It is 

apparent that the magnitude of LST exerts very vital control over the distribution of rainfall 

over Lake Victoria, which is consistent with previous studies (Anyah and Semazzi, 2004).  

3.2.2 Anomaly results with original LST pattern and increasing LST values 

In the second set of experiments, we kept the original pattern of LST unchanged and then 

increased LST at all lake points to approximately reach the area-averaged LST of 24°C (S21). 

In the other two simulations under this set, constant anomaly of -1.5°C or +1.5°C was 

applied to the S21 run. Once again increasing LST produces more precipitation over the lake 

as in the first set of experiments. When the area-averaged temperature is around 22.6°C 

(Figure 3.4b) and 25.6°C (Figure 3.4c), the precipitation over the lake is simulated with 

larger negative bias or negative bias, respectively. The case with the area-averaged LST is 

24°C once again yields least bias compared with TRMM rainfall (Table 3.2). Therefore, 

realistic specification of LST (approximately 24°C) appears to be an important pre-requisite 

for improving the model simulation of the precipitation over the lake. This has significant 
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implications for the coupled modeling of Lake Victoria, the need to constrain the average 

LST.  

Based on the comparisons of the simulations in two sets of experiments described in 3.2.1 

and 3.2.2 it is rather surprising that intensity bias in the area-averaged LST from 24°C is 

more detrimental to the simulated rainfall over the lake than the inaccuracy in the 

prescription of the LST pattern, although the latter is also important as well as we shall see in 

next section. We infer that compared with LST pattern the thermal contrasts between lake 

and adjoining land plays a critical role on the precipitation. It is worth noting that the eastern 

precipitation concentration area shows itself under each temperature anomaly circumstance, 

even in the control run (Figure 3.1a), although the rainfall intensity and spatial extent are 

varied. Therefore, there may be other factors that also exert influence on the rainfall pattern, 

such as topography and large-scale prevailing flow. The relative role of these factors should 

be further investigated in the future.  

3.2.3 Simulation with LST pattern obtained from previous study  

The TRMM data shows that the maximum rainfall total is located over the northwestern part 

of the lake during five-day period simulation. Although we setting the LST at 24°C 

realistically reproduced the location of the two-rainfall maxima pattern, the most pronounced 

one maximum is still located in the southeastern lake. To improve the results of simulation, 

we used a modified version of the LST pattern from Anyah et al (2006) (Figure 3.5) using 

coupled RegCM3-POM with real bathymetry. They attributed the pattern to the distribution 

of bathymetry based on the thermodynamics argument that during the day the water over the 

shallow region in the southwest heats up more than the deeper region over the rest of the lake. 
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We adjusted the area-averaged LST to 24°C by decreasing all lake points over the lake by 

about 1°C (Figure 3.6a). As shown, LST decreases northeastwards which is different from 

the one in the control run with highest temperatures over the center of the lake and 

decreasing radially towards the coastal area. The corresponding distribution of precipitation 

indicates two rainfall maxima thus in good agreement with the TRMM rainfall. The rainfall 

totals over the eastern and western regions of the lake are close in this case, 243.2mm and 

233.4mm, respectively. We further modified the LST pattern with two changes shown in 

Figure 3.7 (black circles) to obtain a more realistic rainfall pattern. The locations of two 

rainfall maxima are almost the same as in the observations with western rainfall maximum 

being correspondent with the location of highest temperature. However, the relative spatial 

extent and total amounts are significantly different with total rainfall amount being 218.2mm 

in western maximum and 198.7mm in eastern rainfall maximum. It is evident that the 

appropriate LST distribution is required to reproduce the rainfall maximum over the western 

region and it is larger than the one over the eastern sector of the lake. Furthermore, bias 

analysis indicates that among all the sensitivity experiments we have conducted this LST 

pattern performed the best. 

3.3 Analysis of water vapor budget over precipitation maxima 

The intensity and path of water vapor transporting along with convergence and divergence is 

capable of reflecting the characteristics of moisture source and sink which is critical to 

analyze and further predict precipitation event. As shown above, increasing LST brings about 

dominant intensification of rainfall areas in western and eastern part of the lake. To further 

understand the contributions of both low-level moisture convergence and surface evaporation, 
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the western precipitation maxima area (red box in Figure 3.7b) is selected to analyze water 

vapor budget. The vertically integrated horizontal water vapor flux at each grid along a box 

side is computed using: 

1 Pz

nPs
F qV dp

g
= ∫

!

where g is the gravitational acceleration, q is water vapor mixing ratio, Vn is the layer average 

horizontal wind normal to a budget box side over dp, Ps is surface pressure and Pz is the 

pressure at z latitude. Here Ps and Pz are referred to as 850mb and 500mb, respectively. The 

net water vapor flux input to budget box is computed as: 
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where k=1,2,3,4 is representative of west, east, south and north side of budget box. Lk is the 

length of k side and Fk is the whole layer moisture flux of k side. Flux into the budget box on 

lateral sides is defined to be positive. 

Table 3.3 shows the water vapor flux over four boundaries, zonal and meridional net water 

vapor influent and surface evaporation for control and S32 simulations. Water vapor in mainly 

latitudinally transported from east to west, and the intensity o water vapor imported from east 

boundary is greater than that imported from west boundary, leading to water vapor 

accumulating in the box. However, influent water vapor from north side is not enough to 

make up to effluent flux on the south side and results in a negative water vapor flux. It is 

quite clear that meridional water vapor transport is much less than the transport occurred 

zonally, especially flux from the north side. Both simulations share the common 



! 34!

characteristic that water vapor “deficit” over the western precipitation maximum is due to the 

meridional transport, and on the contrary, zonal circulation brings about water vapor 

“surplus”. Although the intensity of meridional water vapor transport is not strong as the 

zonal branch, it plays a significant role in the moisture budget over certain area. 

When the area-averaged LST was increased from control run by 4°C, simulated precipitation 

over the lake also changed in both intensity and location. It seems from the comparison table 

that the accumulated water vapor flux and surface evaporation also intensify along with 

increasing LST. Although the influent water vapor has slight decrease from the east and 

north lateral boundary after applying realistic LST, the effluent water vapor amount is 

relatively largely decreased, leading to water vapor accumulation in the budget box. In 

addition, strengthening of upward moisture flux supplies more water vapor into the budget 

box. It is worth noting that low-level moisture flux convergence and lake surface evaporation 

paly comparable roles in generating more close rainfall pattern along with the intensified 

LST. 
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(a) (b)!  

(c)  

Figure 3.1 (a) The pattern of averaged default LST, (b) corresponding total rainfall from 

control run, (c) five-day total rainfall of TRMM data
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(a)  (d)  

(b) !(e)!  

(c)! !(f)  

Figure 3.2 Simulated rainfall totals (right) and total rainfall differences between control and 

anomaly simulations with uniformly distributed LST (left): (a)(d) for S11, (b)(e) for S12, (c)(f) 

for S13
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(a)  

(b)  

Figure 3.3 Vertical (dz/dt) velocity profiles at 0600LST for (a) control run and (b) S11

Lake!

Lake!
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Table!3.1!Statistical!comparisons!between!TRMM!data!and!control!run,!anomaly!

simulations!in!Set#!1!

! AreaGAveraged!
LST!(�)!

Total!
Rainfall!
(mm)!

RMSE! MAE!

TRMM!data! G! 209.501! 0! 0!

Control!Run! 20.1! 173.811! 66.48! 55.40!

Set!#1!

S11! 24! 248.458! 50.09! 40.64!

S12! 22.5! 209.854! 57.88! 48.08!

S13! 25.5! 288.837! 52.04! 41.70!
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(a)  (d)  

(b)  (e)  

(c)  (f)  

Figure 3.4 Same as Figure 3.2, but anomaly simulations with default LST pattern: (a)(d) for 

S21, (b)(e) for S22, (c)(f) for S23 
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Table 3.2 Same as Table 3.1, but for Set# 2 

!
AreaG

Averaged!LST!
(�)!

Total!
Rainfall!
(mm)!

RMSE! MAE!

TRMM!data! G! 209.501! 0! 0!

Control!Run! 20.1! 173.811! 66.48! 55.40!

Set!#2!

S21! 24.1! 225.378! 49.62! 40.16!

S22! 22.6! 189.869! 55.68! 45.91!

S23! 25.6! 283.715! 53.23! 42.69!
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Figure 3.5 The original asymmetric pattern of LST: from Anyah et al (2006)
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(a)!  

(b)!  

Figure 3.6 (a) Averaged LST pattern and (b) corresponding distribution of rainfall total: from 

S31 run
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(a)!  

(b)!  

Figure 3.7 (a) Improved LST pattern with two modifications marked in black circles, and (b) 

corresponding distribution of rainfall total: from S32 run 
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Table 3.3 Total net influent water vapor from four boundaries  

for control run and S32, units: km3 

! Boundary! West! East! South! North!

Control!

Water!vapor!flux!
Zonal!net!influent!

Meridional!net!influent!
Evaporation!

!!!!G4.14!!!!!!!!!!!!4.15!!!!!!!!!!!G1.29!!!!!!!!!!!0.023!
!!!!!!!!!!!!!!!!!!!!!0.01!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!G1.267!
0.077!

S32!

Water!vapor!flux!
Zonal!net!influent!

Meridional!net!influent!
Evaporation!

!!!!G3.18!!!!!!!!!!!!3.62!!!!!!!!!!!G0.52!!!!!!!!!!!0.008!
!!!!!!!!!!!!!!!!!!!!!0.44!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!G0.512!
0.288!
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Chapter 4 Investigation of rainfall pattern and diagnostic analysis of related physical 

mechanisms using the LST pattern from coupled limited-area model 

4.1 Hydrodynamic characteristics of Lake Victoria using a coupled air-lake model!!

The basic wind structure associated with Lake Victoria is dominated by the northeasterly 

monsoon flow during North Hemisphere winter and southeasterly monsoon flow in North 

Hemisphere summer. Given the uncertainties in variable distribution of existing datasets and 

unavailability of reliable gauge data, the stand-alone oceanic component is integrated by 

adopting prescribed uniform surface temperature of 24°C and idealized uniform easterly flow 

along with CFSR time-dependent atmospheric forcings for the model spin-up. With the 

constraint of constant surface temperature, the lake stratification would become as far as 

stable with continuous mixing due to upwelling and downwelling. The surface water current 

after two-month integration under the uniform wind stress forcing is presented in Figure 4.1. 

The surface circulation is basically barotropic where the Coriolis effect is nearly negligible. 

One small gyre circulation is formed centering in the middle of the lake. The mass continuity 

dynamic law indicates that upwelling is initiated along the eastern coastline and downwelling 

motion along the western boundary of the lake, leading to divergence and convergence at the 

water surface, respectively. It is again verified in the evolution of lake surface temperature 

pattern at the beginning of the coupling process.  

After 10 days of model integration (Figure 4.2a), the strong upwelling brings colder water 

from lake bottom to the surface and results in temperature decrease. In addition, intense 

upwelling occurs all cross the eastern sector lake, with the maximum upwelling being located 

at the northeastern part of the lake. However, the surface temperature over the western sector 
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is still as warm as the initial temperature setting, which is in agreement with the downwelling 

motion underneath. The lake reaches equilibrium after 40 days of simulation and then starts 

to heat up over the whole lake. Figure 4.2b shows the lake surface temperature pattern after 

two-month integration using the coupled model. The western lake heats up much faster than 

the rest of the lake during the day as dictated by the real bathymetry with shallower region 

over western sector of lake. The area-averaged magnitude reaches 25.12°C. The eastward 

temperature gradient is well simulated with higher temperature over the western sector of the 

lake. The general structure of temperature is in great accordance with the foregoing LST 

pattern from Anyah et al (2006) but feeding with real-time dependent forcings from the 

regional atmospheric model. Therefore, it is instructive to note that, compared with LST 

pattern under simple idealized easterly wind stress, Figure 4.2 displays more complex 

temperature distribution with more intense temperature gradient concentrating over western 

part and eastern cold tongue extending into the middle of the lake.  

4.2 Physical mechanisms associated with variability over Lake Victoria during five-

day 

Since the coupled model is incapable of nesting, there is less point in looking into the five-

day total rainfall from foregoing long term run due to incompatible initial and lateral 

boundary conditions. Therefore, we extracted the LST pattern showed in Figure 4.2b from 

CFSR run and then fed into the stand-alone atmospheric model to simulate the five-day 

precipitation pattern. It is worth noting that the adopted LST at every lake point is subtracted 

by 1°C so that the area-averaged temperature is 24°C which is the pre-requisite to generate 

consistent rainfall pattern with observation from previous discussion. The total rainfall 
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amount and distribution is exhibited in Figure 4.3. It is undoubted that the two-rainfall 

maxima pattern is successfully produced in terms of the similar LST pattern with the one 

used in section 3.2.3. The rainfall is concentrated over the coastal regions and the exact 

location of maxima is getting closer with TRMM with only slightly different in latitude. The 

maximum western and eastern rainfall amount reaches, 219.4mm and 205.3mm, respectively. 

In turn, it confirms the performance of coupled model in simulating the realistic LST pattern.  

Based on the above simulation, a series of diagnostic analysis will be shown. The 

investigation of wind fields and hourly rainfall evolution reveals an active diurnal 

phenomenon. The mean circulation pattern and associated lake-land circulation driven 

rainfall is presented. Figure 4.4a shows the mean 850hPa circulation at 0600LST (Local 

Standard Time) during five-day. The circulation pattern over the lake basin is featured by 

flow convergence over the northwestern sector of the lake where most lake rainfall occurred. 

The lake provided more water vapor along with the rising motion, which is associated with 

the land breeze circulation when lake surface temperature is warmer than the adjacent land. 

But the corresponding relation with lake breeze is not evident, although the model indeed 

captures divergence over the lake at 1500LST when the lake circulation is assumed to fully 

develop. The simulated lake breeze circulation is relatively weaker than the land branch. A 

significant amount of rainfall is simulated over the lake region at 0600LST with land breeze 

dominating, while outside the lake surface over the land at 1500LST. The simulated diurnal 

rainfall variability over four quadrants of the lake surface also verifies such lake-land breeze 

related characteristic. The four quadrants are 1°×1° square boxes (~10,000km2) over the lake 

surface and are designated as northwest quadrant (NW: 0°-1°S, 32°-33°E), southwest 
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quadrant (SW: 1°-2°S, 32°-33°E), northeast quadrant (NE: 0°-1°S, 33°-34°E) and southeast 

quadrant (1°-2°S, 33°-34°E) as in Anyah et al (2006).  We used 3-hourly total simulated 

rainfall to derive diurnal cycles over each quadrant (Figure 4.5). The diurnal feature is 

noticeably illustrated and the diurnal cycle of rainfall is characterized by the nocturnal peak 

(midnight to early morning hours), and then rainfall intensity dramatically diminishes over 

the entire lake thereafter. Apparently, the nocturnal peak and intense rainfall occurrence over 

all of four lake surface quadrants are coincidence with the mean circulation pattern at 

0600LST. It is interesting to see that the rainfall evolution between mean 3-hourly intervals 

is similar over western and eastern sector, respectively.  

The cross section of vertical velocity along the two-rainfall maxima once more confirmed the 

strong upward motion over the lake associated with land breeze circulation during nocturnal. 

Figure 4.6a shows very strong ascending motion over the western sector of the lake, with 

maximum vertical velocity reaching 0.22 ms-1 and centering at 32.6°E which coincides with 

the maximum rainfall at 0600LST. It is foreseeable that the upward motion is obviously 

associated with deep convection and brings significant rainfall over the western sector. In 

addition, the upward motion over the eastern sector is not as strong as the western branch 

extending from 850hPa to the limited height and net subsidence mainly occupies over the 

lake surface. However, the entire lake surface is dominated by the descending motion at 

1500LST, while the ascending motion is mainly located over the surrounding land, which 

well explains the primary land precipitation. This flow pattern is in accordance with the 

expected diurnal circulation and rainfall variability over the lake surface associated with 

lake-land breeze circulation. The characteristic of the convergence/divergence pattern over 
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the lake basin at corresponding time (Figure 4.7) is consistent with the diurnal feature 

showed from the vertical velocity flow pattern. There is strong convergence over the western 

sector of the lake early in the morning, leading to intense upward motion along with the 

sufficient water vapor and then bringing about significant amount of the rainfall. The most 

active center of the convergence is located at around 850hPa, which is in great agreement 

with the mean 850hPa circulation pattern showed before. Conversely, the afternoon pattern 

shows weaker divergence over the lake basin and relatively strong convergence over the 

adjoining land. The divergence is constrained at a lower height. 

We also track the maximum radar reflectivity at 3-houly interval, and a pronounced 

corresponding relationship between lake precipitation and itself is obtained. The greater the 

intensity of maximum radar reflectivity coincides with the larger amount of rainfall over the 

lake and adjacent land area. The extent and concentrated location of maximum radar 

reflectivity also serve as a mirror to the produced precipitation. In addition, it seems that the 

area of maximum radar reflectivity moves from east to west from the animation of 

reflectivity evolution. To be more direct viewing, the lake is divided into two parts between 

the equator and 2.25°S and the time-longitude of maximum radar reflectivity is calculated for 

each part. The diurnal feature is more distinct in this way. Figure 4.8 shows clear patterns of 

dominating westward propagation over the entire lake. There are apparent five wavelengths 

over the simulated area and thus the period of wave motion is just one-day, which in turn 

fully verifies the diurnal characteristic of rainfall variability. The precipitation appears to be 

more intense and significant over the lake during five-day simulation. It is interesting to note 

that the precipitation generally occurs between midnight and early morning hours (00-
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06LST), which is representative of the nocturnal peak. The results are in great agreement 

with previous analysis. Furthermore, the occurrence of domain precipitation is primarily 

centralized on the first day and last two days showed over both parts of lake.   

4.3 Examination of WRF-POM coupled model performance on the short rainy 

season case 

The simulation on monthly rainfall over the eastern Africa using the coupled model is 

executed and the primary findings are included in this section. We adopt a different domain 

whose nesting size covers the whole lake region with 10km resolution. And the physical 

parameterization package is pre-examined including, Eta microphysics scheme, Asymmetric 

Convective Model Version 2 cumulus scheme, Grell-3D planetary boundary layer scheme, 

CAM for both longwave and shortwave radiation scheme, and the corresponding MM5 

surface layer model and Noah land surface model. The only differences are the longwave and 

shortwave radiation schemes than the package used previous discussion. Besides, the 

archived climatological SST during same period is adopted in the atmospheric model. And 

the lake surface temperature pattern in the coupled process is from Figure 4.2b and then fed 

into the oceanic component. The variables are archived three hourly from October to 

December and the total precipitation is calculated for last two and half months. Consistent 

with previous simulations, our focus is still on the lake region. 

It turns out that the simulation from stand-alone atmospheric model significantly 

overestimates the overlake precipitation. Given the conclusion from previous discussion that 

the LST value of 24°C is the pre-requisite for better rainfall results; it is expected and 

reasonable that the simulation would yield extremely abundant rainfall over the lake. 
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However, if we bring in the coupling process and incorporate the sufficient interaction 

between the lake and overlying atmosphere, the rainfall pattern is much better. Figure 5.1 

shows the corresponding rainfall pattern from coupled model, and the climatological rainfall 

pattern is well captured. There is a well marked rainfall maximum over land immediately to 

the east of the lake and minimum immediately to the west of the lake. And the western sector 

of the lake is occupied by abundant rainfall while the deficient amount is located over the 

eastern sector. The coupling process greatly reduces the overestimation of rainfall, although 

the total amount and distribution still has slight difference with the observational data. In 

general, the adoption of coupled model in simulating long-term lake rainfall is confirmed to 

be feasible and the results are trustable. More long-term simulation using the coupled model 

should be conducted in the future to comprehensively evaluate the coupling performance. 
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Figure 4.1 Simulated water current at surface after two-month integration under uniform 

wind stress forcing 
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(a)  

(b)! !

Figure 4.2 Lake surface temperature distributions (a) after 10 days and (b) after two-month 

integration, units: °C 
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Figure 4.3 Total precipitation distribution for five-day with lake surface temperature pattern 

from coupled model
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(a)  

(b)  

Figure 4.4 Overlay of 850hPa mean flow on precipitation over the lake basin at  

(a) 0600LST and (b) 1500LST 
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Figure 4.5 3-hourly total rainfall over four quadrants over the lake during five days
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(a)   

(b)  

Figure 4.6 Vertical (dz/dt) velocity profiles at (a) 0600LST and (b) 1500LST along two-

rainfall maxima 

Lake!

Lake!
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(a)   

(b)  

Figure 4.7 Cross section of divergence flow pattern along two-rainfall maxima at  

(a) 0600LST and (b) 1500LST, units: 10-5 m-1

Lake!

Lake!
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(a)!  

(b)!  

Figure 4.8 Time-longitude section of maximum radar reflectivity over (a) northern and (b) 

southern part of the lake
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(a) (b)  

(c)!  

Figure 4.9 Total rainfall patterns from (a) stand-alone atmospheric model, (b) coupled model 

and (c) TRMM data 
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Chapter 5 Summary and future work 

5.1 Conclusion!

Evidence of the critical influence of LST on the distribution of precipitation over Lake 

Victoria was demonstrated through a series of sensitivity numerical experiments in this study. 

Warmer/cooler LST across the entire lake leads to positive/negative rainfall anomalies over 

most parts of the lake. The rainfall anomalies are not proportional to LST variations. 

Compared with TRMM satellite rainfall data, the background area-averaged lake surface 

temperature should be maintained around 24°C to produce a more realistic distribution of 

precipitation. Once it exceeds certain level (in this is 24°C), the two-rainfall maxima pattern 

disappears, and it is replaced by a single precipitation maximum with concentrating on the 

middle of the lake. We postulate that the related primary control mechanism of lake rainfall 

swifts from temperature gradient-driven between the lake and adjacent land to convection-

driven over the lake which is assumed to be associated with the overlake evaporation 

injecting water vapor into flow systems and then enhancing connective instability and further 

producing more precipitation.   

Results based on varying LST in two sets of experiments – one with uniform LST 

distribution and the other one using the original LST pattern from NCEP FNL data, were 

compared. We found that the bias in the area-averaged LST from about 24°C is more 

important (determines LST temperature gradient) for the simulation of rainfall over the lake 

than the sensitivity on the general LST pattern, although the latter is also important. Another 

important factor that determines the distribution of rainfall over Lake Victoria is the 

asymmetry of LST. Specification of the pattern with higher LST over the western sector of 
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the lake than in the eastern sector as dictated by real bathymetry and average LST about 24°C 

yields the best results among all the simulations we have conducted. It is also observed in the 

coupled long-term simulation that the LST value being 24°C is important to reduce the 

overestimation of rainfall from stand-alone atmospheric model. 

Therefore, a limited-area atmosphere-lake coupled model was customized to obtained the 

asymmetric LST pattern with real bathymetry. It turns out that the coupled model produced 

the expected temperature pattern with providing full interaction between the lake and 

overlying air and allowing the computations of both vertical and horizontal energy 

distribution in the lake. Analysis of water vapor budget over western precipitation maxima 

indicates comparable effects of low-level moisture flux convergence and surface evaporation 

on producing rainfall when LST is increased. It is consistent with the analysis of vertical 

velocity and divergence flow pattern at early in the morning. However, the descending 

motion is relatively weaker which is the branch of the afternoon lake circulation and it is also 

observed through the surface divergence. It is instructive to note the pronounced diurnal 

feature of the lake precipitation on the time-longitude analysis of maximum radar reflectivity 

over the northern and southern part of the lake. A distinguished westward propagation wave 

is well displayed with one-day period which is in turn confirms the diurnal characteristics.  

When we adjusted the lake surface temperature intensity and pattern, it is surprisingly 

observed that the basic area and orientation of the rain belt is quite persistent. This suggests 

that although the details of mesoscale circulation and subsequent rainfall pattern over the 

Lake Victoria basin are strongly influenced by the LST, the background rainfall pattern is 

likely controlled by the large-scale prevailing circulation and orography in the region. The 
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lake serving as a heat reservoir, there should be rising motion in terms of the large-scale 

circulation. However, the mesoscale lake-land breeze circulation observed in present study is 

induced by the temperature gradient between the lake and adjoining land, acting on the lake 

and resulting in the diurnal circulation pattern with strong upward motion associated with the 

land breeze. Therefore, besides the factors investigated in this study other mechanism should 

be examined for comprehensive understanding of their relative role, including the influence 

of topography and large-scale background flow.  

5.2 Remaining issues and future work 

Based on the investigations conducted in present study, there is significant influence of lake 

surface temperature on the short-term precipitation over Lake Victoria basin. As one can 

clearly see, there are also uncertainties needing further confirmation and unknowns needing 

further understanding.    

(1). Although the availability of TRMM satellite rainfall estimates made it possible to make a 

relatively comprehensive evaluations of the model simulation results, no comprehensive 

validation of such satellite data is possible due to the lack of station observations over the 

lake and surrounding land area and therefore the satellite estimates may not be trustable 

over all the targeted regions. 

(2). The real bathymetry data used in this study is simple and crude. Using finer resolution 

lake bathymetry data should be put on the agenda. 

(3). Furthermore, besides the rainfall data, the unavailability and inaccuracy of data resources 

of other variables, such as lake surface temperature and surface wind pattern, results in 

incapability of examining the performances of both atmospheric and oceanic model.  
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(4). In the simulations, we applied a constant salinity value of 0.2ppt that is accordance with 

previous studies. Although it is unlikely that the slight deviations from current value 

would lead to significant model simulation differences, it is recommended that the 

measuring and adopting of realistic salinity profiles should be a future objective. 

(5). There is need to undertake a observation for monitoring and measuring of specific 

meteorological variables over the lake such as lake surface temperature profiles and lake 

current pattern that can be used to properly initialize three dimensional hydrodynamic 

lake model. It is important to conduct monthly integration for the lake model spin-up 

since some lake properties may take relatively longer than their atmospheric counterparts 

to equilibrate due to the thermal capacity differences. 

(6). In addition, the investigation of present study focuses mainly on the lake region. And it is 

apparent that the benefits of employing the coupled model over Lake Victoria, hence, 

future work should extend the evaluation to larger areas. 

(7). More long-term simulations should be carried on to comprehensively examine the 

performance of coupled model. It is also recommended to incorporate more simulations 

during different years in future studies.  
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