
ABSTRACT

SONG, YI.  A Numerical Modeling Study of the Coupled Variability of Lake Victoria in
Eastern Africa and the Regional Climate. (Under the direction of Dr. Fredrick H. M.
Semazzi.)

The objective of this investigation was to investigate and study the coupled atmosphere-

lake climate system over the Lake Victoria basin, and determine the corresponding

physical mechanisms that are involved.  The primary research vehicle for the

investigation is a fully coupled model of the regional climate of Eastern Africa and Lake

Victoria which has been developed and applied in this study. The atmospheric component

of the model is the NCAR Regional Climate Model (RegCM2). The lake component of

the model is based on the Princeton Ocean Model (POM) configured for Lake Victoria by

replacing the open boundaries in the standard version of the model with a closed coastline

and adopting the bythemetry of Lake Victoria.  The horizontal resolution is 20 km for

both the atmosphere and lake model components.

The results show that the bythemetry and geometry of the lake play a fundamental role in

determining the climatology of Lake Victoria.  There exists Kelvin-like waves in the

thermocline trapped along the coast and they propagate clockwise around Lake Victoria

with periodicity of about 30 days.  The oscillations entirely disappear in the case of the

isothermal conditions.  The 3-dimensional model produces a surface temperature pattern

indicative of horizontal lake water mixing associated with the horizontal spiral pattern

that is not present in the 1-dimensional model.  Preliminary comparison of the coupled

RegCM2-POM model simulation results with the observations indicates that  the model



produces more realistic lake surface temperatures (LST) and rainfall over and around the

lake than the standard version of RegCM2 in which a simple one dimensional thermal

diffusion lake model is used.

Over Eastern Africa, the regional climate variability is significantly influenced by the

circulation over the Lake Victoria basin.  Moisture advection contribution is important

but secondary to evaporation in explaining the heavy rainfall over the lake. The

interaction between the lake-land breeze and the prevailing northeasterly flow accounts

for the asymmetry in the distribution of the diurnal rainfall variations and the

southwestward movement of the dominant bands of divergence/convergence.

During the 1982 El Nino when the averaged LST over the lake was higher than that

during the normal year, the LST gradient was weakened along the SW-NE axis over the

lake by the strong lake circulation. This results in LST distribution whereby the

southwestern region of the lake is cooled while the region of maximum LST moves to the

central-eastern region of the lake from the southwestern region of the lake. The net

change in rainfall distribution over the lake during the 1982 El Nino is a combination of

the effect associated with the large-scale convergence pattern and the meso-scale climate

changes associated with the shift of the region of maximum rainfall toward the central-

eastern part of the lake from the western part of the lake in response to the LST

redistribution.  Conversely, the weaker lake circulation enhances the LST gradient over

the western part of the lake, especially over the northwestern region, and the rainfall

maxima is still found over the northwestern sector of the lake.  Therefore, the

hydrodynamics of the lake play an important role in determining the coupled variability



of the lake circulation and the lake basin-wide climatic conditions. This outcome based

on the use of the coupled 3-dimensional lake model is not reproducible from the

corresponding simulations based on the coupled 1-dimensional lake model. It is therefore

apparent, that neglecting the lake’s hydrodynamics and basing the lake model only on

thermodynamical considerations deprives the coupled regional climate model of the

ability to transport heat efficiently within the lake and thereby degrades the simulation of

the climate downstream over the rest of the lake and the surrounding regions.

The potential climate change resulting from total clearing of the tropical rain forests in

Africa was also investigated by the standard version of the NCAR CCM3 global climate

model.  Over Eastern and Western Africa the impact of deforestation is primarily

characterized by reduction in rainfall, however the CCM3 resolution of T42 which we

have adopted may not be adequate to resolve the large contrasts in terrain and vegetation

types.  A striking result is that the strong remote response of the Southern Africa region

to deforestation over Central Africa.  This may be attributed to the role of the trapped

large amplitude Rossby waves which transmit the response signal a long distance away

from the source region.

Based on the present results we infer that, the downscaling would be highly beneficial not

only for the immediate region of Eastern and Central Africa where significant removal of

tropical forest vegetation cover could occur in the coming decades, but also for the region

further south to infer the projected detailed response of the Southern Africa region to

remote deforestation effects.
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Chapter 1

Introduction

The African continent (Fig. 1.1) is the only one that straddles the equator with roughly

equal landmasses within both hemispheres.  It is one of the three major tropical land

masses (along with South America and Indonesia-Borneo or the so-called maritime

continent).  Africa is also surrounded by two of the three tropical oceanic basins.  As a

consequence of its vast size and proximity to the equator, Africa experiences a wide

variety of climate regimes ranging from deserts to tropical rain forests (Nicholson et al.,

1988; and Krishnamurti and Ogallo, 1989). The poleward extremes of the continent

experience winter rainfall associated with the passage of the middle-latitude synoptic

disturbances. Across the Kalahari and Sahara desert regions, precipitation is inhibited by

sinking motion virtually throughout the year. In contrast, the equatorial and tropical

regions are characterized by abundant precipitation concentrated along the Inter-Tropical

Convergence Zone (ITCZ). Since the movement of the ITCZ trails the position of

maximum surface heating associated with the north/south displacement of the overhead

position of the sun, the near equatorial regions have two rainy seasons while most of the

other regions of the continent get only one distinct rainy period during the year (Fig. 1.2).

The climate of Africa is further modified by the presence of orography.  The influence of

the large-scale mountain barriers is well known and it is essentially characterized by
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relatively drier conditions to the leeward side while wetter climate prevails on the

windward slopes of the mountains.  Evidence suggests that large-scale orography and the

existence of lakes across the continent could be playing an important role in modulating

the continental climate (Semazzi 1980 a, b; Semazzi and Sun 1997).  This basic mean

climate state is further significantly modified by the asymmetry of the continent, the

adjacent ocean basin circulation, and the global Walker circulation. (Hastenrath, 1998).

Equatorial eastern African has complex topographical features, which include the

Ethiopian highlands to the northeast and East African highlands to the southwest, the

Great Rift Valley Lakes (Malawi, Tanganyika, and Victoria) and the west Indian Ocean

sector. The eastern African climate is one of the most complex sectors of the African

continent.  The large-scale tropical climate regimes, which include several major

convergence zones, are superimposed upon regional factors associated with complex

terrain, extreme contrasts in vegetation type, the existence of large inland lakes and the

proximity of the Indian Ocean (Fig. 1.1).  As a result, the climate patterns over eastern

Africa are extraordinarily complex, and change rapidly over short distances. The

atmospheric dynamical and physical forcing varies on a scale of less than a few hundred

kilometers (Ininda 1994).  Land rainfall exhibits a high degree of spatial variability

(Nicholson et al., 1988).

In the past, most investigations concerning the climate of eastern Africa were based on

empirical analysis (e.g., Farmer 1988; Ogallo 1988).  Despite the valuable insight gained

through this approach, it has limited potential in clarifying the cause-effect relationships
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associated with the climate variability of this region.  Perhaps, the most effective and

comprehensive tools used in the climate research are Global Climate Models (GCMs).

Current GCMs have attained a high level of sophistication, and simulated the main

characteristics of general circulation reasonably well, but their performance in

reproducing regional climate details is rather deficient (Giorgi et al., 1991).  The effects

of local forcing such as Lake Victoria are poorly resolved in GCMs.  The failure to

resolve the important local features of the forcing results not only in lack of regional

detail of the simulated climate but also in marked inaccuracies in the large-scales

resolved by the GCMs.  The main constraint in using the GCMs to simulate regional

climate is the limitation in the availability of computer resources.  Computer speed and

CPU memory required to run GCMs increases approximately with the second power of

the horizontal grid point spacing (Giorgi. et al., 1991). Even with this rapid growth in

computing power, in the foreseeable future, it will still not be feasible to conduct GCMs

climate studies at sufficient resolution to deal adequately with meso-scale climate

phenomena.  Thus nested models with high resolution at a specific region of interest have

a role to play in improving our understanding of the effects of local topography,

vegetation, and hydrological forcing.

Recently, a collaborative effort among North Carolina State University, National Center

for Atmospheric Research (NCAR), University of Nairobi (Kenya), and Drought Monitor

Center (Kenya) has been initiated aimed at the development of a Seasonal Climate

Prediction System (SCPS) for eastern Africa.  Under this project, NCAR RegCM2 has
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been successfully customized for the region of eastern Africa to form the RegCM2-EA

version, and its performance in simulating the intra-seasonal and interannual climate

variability has been examined (Sun, Semazzi, Giorgi, and Ogallo (1999a,b), hereafter,

SSGO99ab). These studies have clearly demonstrated the feasibility of applying the

nested modeling approach, based on RegCM2, for climate simulations.  Given realistic

large-scale lateral boundary conditions, the model is capable of simulating a realistic

climatology in the interior of the domain as affected by the lateral boundary large-scale

forcing and the internal high-resolution forcing characteristic of the region’s

geomorphology over eastern Africa, and able to reproduce the observed intraseasonal and

interannual variability of precipitation over most of eastern Africa.  This current study is

a continuation of the work by SSOG99ab.

Lake Victoria (Fig. 1.1) is the largest freshwater lake in the tropics and it is the second in

the world following the Great Lakes in the USA.  The lake is situated in a major

depression in eastern Africa.  The lake straddles the Equator and it is approximately

located at the center of the East Africa (Kenya, Tanzania and Uganda).  Its rectangular

coastline extends from 2.5°S to 0.5°N in the north-south direction and from 32°E to 34°E

in the east-west direction, thus approximately 400 km long and 240 km wide, and its only

major outlet is the river Nile which is the longest river in the World.  Lake Victoria is one

of the shallowest in eastern Africa with average (maximum) depth of about 45m (92m).

The altitude of the lake surface is about 1135km above MSL (Anyamba, 1983; and

IDEAL, 1996).
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On longer time scales, several studies (Stager et. al 1986, Kendall 1969, have shown that

lake Victoria has experienced large surface water level fluctuations during the past

25,000 years. Stager and et al (1986) have estimated that the water level was only 26m

between 14,750 and 13,700 BP, thus nearly 50% of the present depth. Their estimates

show that a 60m drop in lake level would result in a 20% decline in surface area and a

45% drop in the circumference. These paleoclimatic conditions need to be incorporated

in recent regional modeling activities to infer the corresponding changes in the catchment

rainfall and lake circulation, and thereby provide enhanced interpretation of the

paleoclimate theories which have been proposed over the years.

Lake Victoria is facing a number of climate-related environmental problems which need

immediate and concerted effort to halt the rapid environmental damage that is threatening

its existence and that of its people. This onslaught is coming from all directions. The

water Hyacinth is the most visible of all the problems. This weed (Eichornia Crossipes) is

reported to have made its entry into the lake from Rwanda during the late 1980’s

(Muwonge, 1994). There are a number of methods of controlling the water Hyacinth

which have been applied in other countries, but all the methods would benefit from

improved ability to predict the conditions of the lake and the spread of the water

Hyacinth by the its water currents using reliable numerical simulation models.

Deforestation around the shores of the lake and beyond is another major problem. Trees

have been cut to provide local fuel for fish smoking and brick making activities along the

lake shores.  Improper cultivation has also flourished in some areas where trees have
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been cleared thereby exposing the soil.  Therefore, lack of vegetation cover has

accelerated the runoff of top soil into the lake. Moreover, the increase in surface albedo,

the reduction in evapotranspiration and surface roughness (Sud and Smith 1985, Sud et

al. 1988, Nobre et al. 1991, and Williams 1990) associated with the degradation of

vegetation could have a positive feedback on future rainfall.

Understanding of the climate variability and predictability of the lake at all time scales

has important potential social-economic benefits. The lake Victoria basin is one of the

three most agricultural productive areas in East Africa. The hydroelectric power station,

at the source of the Nile supplies most of the commercial and domestic energy for

Uganda and a significant amount for Kenya. The lake level and hence the productivity of

the power plant are sensitive to the fluctuations in the local and regional climate and

particularly to the occurrence of the global El Nino climate events.  Lake Victoria is the

primary source of municipality-water for domestic use as well as serving the major

industrial cities of Kampala, Jinja, Kisumu, Musoma, Masaka, Musoma, Mwanza and

Bukoba on the perimeter of the lake. The lake transport plays a key role in supporting the

commercial needs of its catchment region. Furthermore, fishing from Lake Victoria

contributes over 30% of the food supply for the population in the urban cities surrounding

the lake. Any variations in the timing and intensity of rainfall over the lake basin tend to

have diverse effects on agriculture and other social-economic planning in the region.

During the 1982-1983 ENSO event alone, Africa suffered from economic losses

estimated at well over US $ 3 billion over eastern and southern African (Indeje, 2000).
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The losses associated with the 1997/98 ENSO surpassed that of 1982/83 in the countries

of eastern Africa.  To avert climate-related losses and act to help mitigate or even exploit

the abnormal conditions, understanding the physical aspects and mechanisms of the

climate variability is a critical prerequisite forward improving the accuracy of the

regional climate prediction of eastern Africa.

The objectives of this investigation are: 1.  to develop a three-dimensional (3-D)

primitive equation dynamical model for Lake Victoria.  2. to couple this lake model with

the regional climate model (RegCM2-EA).  3. to investigate the mechanism involved in

modulating the coupled Lake-Regional climate system.  4. to study the intraseasonal and

interannual variations of the short rain season of eastern Africa, and investigate the

mechanisms that determine the impact of ENSO on the climate over the Lake Victoria

basin, and 5. to investigate the role of the deforestation, as an example of large-scale flow

changes, that in future could warrant exploration of how they may be coupled with the

lake basin climate and provide a background for the regional deforestation study over

eastern Africa.

Some of the potential applications of the results in this study are: (i) prediction of fish

environments and population dynamics, (ii) prediction of lake transportation of

potentially highly toxic chemical affluent from the food processing, textile production,

and cement industries around the shores of Lake Victoria, (iii) prediction of the migration

patterns of the Water Hyacinth (Eichornia Crossipes), which begun invading the lake

during the late 1980s, (iv) provision of marine and meteorological advisories for ship
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navigation considering a series of previous lake circulation and weather-related

catastrophic accidents, (v) provision of guidance in the design and management of

hydroelectric power plants, (vi) provision of guidance in the design of future

observational platforms for monitoring the variability of climatic conditions in Lake

Victoria and its surrounding region, and (vii) climate change studies.  It is therefore a

matter of high priority to acquire comprehensive understanding of the climate of Lake

Victoria and its coupling with the regional atmospheric circulation and hydrology.

The outline of this thesis is as follows: In chapter 2, we develop a coupled regional

climate simulation model for the Lake Victoria basin.  First we customize the Princeton

Ocean Model (POM) to Lake Victoria.  Second we investigate role of the upper boundary

forcing and the lake wave activities.  Then we develop a fully coupled atmosphere-lake

(RegCM2-POM) model and verify the model results with the data from published

literature.  In chapter 3, we simulate the climate conditions during the short rainy season

for 1982 (wet conditions), 1987 (dry conditions) and 1988 (normal conditions) by using

the coupled RegCM2-POM model.  Then we analyze the mechanism modulating the

climate over Lake Victoria basin during ENSO climate conditions.  In chapter 4, the

NCAR CCM3 global climate model (GCM) is used to investigate deforestation over the

primary region of interest in this study and other regions over Africa.  We investigate the

potential climate change which could result from the total clearing of the tropical rain

forests in Africa and replacing it with savanna vegetation.  In chapter 5, we present the

summary of the study.
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Fig. 1.1.  Orography of Africa. Contour interval 200m
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Fig. 1.2.  Mean position of the ITCZ over Africa for (a) January, and (b) July/August
(Nicholson 1986).  Dotted and dashed lines show the location of the ITCZ
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Chapter 2

Development of a Coupled Regional Climate Simulation

Model for the Lake Victoria Basin

2.1 Background

The seasonal climate over the Lake Victoria basin is primarily governed by the passage

of the intertropical convergence zone (ITCZ). The ITCZ separates the NE and SE

monsoons (Nicholson, et al., 1996).  The ITCZ crosses East Africa twice every year, once

during April-May and again during October-November.  This migration of the ITCZ is

responsible for the two main rainfall peaks, each year in most regions of eastern Africa,

which occur in March to May, and Mid-October to early December.  These seasons are

commonly known as long rains and short rains of Eastern Africa, respectively. Lake

Victoria also experiences the two-rainfall maxima (Faris 1997). In this investigation we

focus on the short rains season (October to December) of 1988.  The short rains season

has been chosen because it has greater spatial coherence than the long rains of March

through May. In this inquiry we focus on 1988 because it exhibited near normal climate

conditions (Ininda 1994).  Furthermore, the short rains are closely linked to the ENSO

global climate anomaly conditions than the long rains (Semazzi and Indeje 1999; Indeje

et al 2000). Since the ENSO climate signal is strong over Eastern Africa, we envisage
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that Lake Victoria has strong response to it.  This chapter discusses some of our work

toward the goal of adopting the modeling approach in investigating the predictability of

the ENSO signal and other teleconnection climate signals within the lake and the

surrounding regions of Eastern Africa.

There are three types of wave motion associated with lakes, namely, the Poincare free

internal waves, the Kelvin internal waves, and the topographic waves (Csanady (1967

and 1968). The Poincare waves extend across the entire lake basin within the

thermocline. The largest scale of this type of waveform has maximum wave amplitude on

opposite sides of the lake with a node at the center. The internal Kelvin waves are

coastally trapped in the thermocline and progress cyclonically in the Northern

Hemisphere and in the opposite direction in the Southern Hemisphere. The topographic

waves have a barotropic response. These are vorticity waves occurring only in the

presence of significant earth’s rotation and sloping bathymetry.  In this chapter, we also

discuss model evidence of wave motion in Lake Victoria which we believe is important

in the development comprehensive understanding of the variability and predictability of

the regional climate of Eastern Africa.

A fully coupled model of the regional climate of Eastern Africa and Lake Victoria has

been developed in this chapter.  The atmospheric component of the model is the NCAR

regional climate model (RegCM2). The lake component of the model is based on the

Princeton Ocean Model (POM) configured for Lake Victoria by replacing the open

boundaries in the standard version of the model with a closed coastline and adopting the
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bythemetry of Lake Victoria (Fig.2.1).  The lake model has 9 equal vertical sigma levels

and the horizontal resolution is 20 km.  The model’s upper boundary conditions are based

on momentum, sensible heat and radiative energy fluxes derived from the simulations of

the nested NCAR regional climate model (RegCM2) with 20km resolution or idealized

surface wind forcing.  In these experiments we apply selective and systematic

suppression of radiation, heat and momentum fluxes contributions to the upper boundary

forcing to determine their relative importance.

2.2 Description of the Atmospheric and Lake Models

2.2.1 Regional Climate Model

In this section we briefly describe the main attributes of the North Carolina State

University (NCSU) version of the National Center for Atmospheric Research (NCAR)

regional climate model (RegCM2; Semazzi, 1999; Sun et al, 1999ab). RegCM2 has been

adapted for Eastern Africa using the 60-km horizontal resolution. In the vertical, the

atmosphere is stratified into 15 layers.  The model's initial and lateral boundary

conditions are taken from European Center for Medium Range Weather Forecasting

(ECMWF), 6-hourly, analyzed atmospheric observational data.  To evaluate the regional

climate model’s performance in reproducing the observed precipitation over eastern

Africa, Indeje et al. (1999) compared regional averages of simulated and observed

precipitation over nine homogeneous climate subregions using cluster analysis

techniques. A striking feature of the comparison between the model and the observed
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rainfall (not shown) is that the model reproduces the month-to-month changes (increase

or decrease) of the rainfall for all the 9 regions. This demonstrates the ability of the

model to resolve the complex migration patterns of the Inter-Tropical Convergence Zone

(ITCZ) over such complicated terrain, vegetation, and land-water contrasts over eastern

Africa. Contemporary global climate models cannot produce such geographical details

because of their coarse resolution. We consider this performance of the regional climate

model as an important step toward the application of RegCM2 in the prediction of the

climate of the region. The model also reproduces the day-to-day and year-to-year changes

(not shown) in rainfall over the catchment region of Lake Victoria (SSGO99a, b).

Furthermore, we have also compared the diurnal variations of the rainfall at several

locations around the lake (not shown).  Fig. 2.2 shows the simulated hourly precipitation

in November 1988 interpolated from the simulation in which the RegCM2 model is

coupled to the 1-dimensional lake model. Over the west (Kishanda, Masaka and Entebbe)

and central region (Kahunda) of the lake, the precipitation occurs mostly during early

morning and little or no precipitation during the afternoon and evening.  Over the eastern

part of the lake (Muhuru Bay and Kadenge), the maximum precipitation occurs around

midnight, and thereafter rainfall decreases sharply with minimum precipitation around

noon.  In qualitative terms, the diurnal cycle of the simulated rainfall (Fig. 2.2) along the

lakeshore and Island locations compares well with the observed rainfall (Fig. 2.3). The

former which is model rainfall expressed in mm/month while the latter, is based on

(Datta, 1981), and corresponds to frequency of rainfall occurrences per month.  This

comparison suggests that the RegCM2 model coupled to the one-dimensional lake model
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accurately reproduce the observed diurnal asymmetries in the rainfall distribution over

and around Lake Victoria.  This indirect evaluation of the RegCM2 model performance

in reproducing the precipitation over and around the perimeter of the lake is significant

because the momentum, radiation, and heat fluxes from RegCM2 have been used, as

proxy for atmospheric forcing in the construction of the upper boundary conditions for

the dynamical model of lake Victoria.  In future, we hope comprehensive meteorological

data and marine observations for Lake Victoria will become available for evaluating the

high-resolution models used in this study for simulating the climate over eastern Africa

and the circulation in Lake Victoria.  Consequently, several inferences made in the

investigation will be based on the outcome from sensitivity mechanistic model

simulations.  Recent results based on remote sensing in the estimation of the rainfall over

lake Victoria (Ba and Nicholson, 1998; and Yin and Nicholson, 1998) have been used in

this study to validate our numerical model integration results.

The representation of Lake Victoria in the standard version of the RegCM2 regional

climate model is based on the 1-dimensional lake formulation (Hostetler et al, 1993). In

this treatment, heat from the Sun’s radiation, which is incident at the lake surface,

penetrates and exits the lake along vertical columns of water. A major deficiency in this

formulation is that this energy does not mix horizontally. As demonstrated later in this

chapter, we have found that upgrading the RegCM2 model to incorporate the 3-

dimensional dynamical effects in the representation of Victoria, and hence allow for

horizontal mixing of heat and momentum, results in positive impacts on the performance
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of the regional climate model.

The nested RegCM2 model simulations in the fine resolution were used to generate the

upper boundary conditions for the 3-D lake model described in section 2.2.2.  This

involves taking output from a coarse resolution (60 km) model run to generate the initial

and boundary conditions for the 20km horizontal resolution nested simulation.  In the fine

resolution nested simulations, the inner domain is centered at (33°E, 1°S), and covers a

region of 1660 km by 1480 km compared to 5580 km by 5040 km of the coarse mesh.

This high resolution domain covers the Lake Victoria catchment.  All the other

parameters are the same as those of the 60-km resolution model runs.

2.2.2 Lake Model

The Lake model in this study is based on the Princeton Ocean Model (POM) 1997

version (Mellor 1998).  It is a three dimensional, nonlinear, primitive equation finite

difference hydrodynamic ocean model.  The model employs a mode splitting technique

that solves for the barotropic mode for the free surface and vertically averaged horizontal

currents, and the baroclinic mode for the full three-dimensional temperature, turbulence,

and current structure.  The governing equations (1-4) are written in a terrain following

)/()( hHh +−= ησ  vertical coordinate system, where H (x, y) is the bottom topography

and η(x, y, t) is the surface elevation, and includes a turbulence closure submodel with an

implicit time scheme for vertical mixing (Mellor and Yamada, 1974).  The equation of

state (Mellor, 1991) is used to calculate the density as a function of temperature, salinity,
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and pressure. A three-time level leapfrog scheme is used for the temporal differencing.

The basic equations of the σ  coordinate system may be expressed as follows:
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where u, v are, respectively, the velocity components along the x and y axes in the lake,

and D = H + η . The vertical coordinate σ ranges from σ = 0 at z = η  to σ = -1 at z= -H; ω

is the velocity component normal to σ  surfaces; T is potential temperature; f is the

Coriolis parameter; ρ
0
 is reference density; ′ ρ  is density at sigma level ′ σ ; g is

gravitational acceleration, t is time; KM and KH are vertical eddy viscosity and eddy

thermal diffusivity, respectively; Fx, Fy and FT are horizontal viscosity terms for u, v and

T, respectively. The surface boundary conditions for the momentum are given by,
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where )0(wu  and )0(wv  are the x and y components of surface wind stresses.  The first

equation specifies no flow normal to the lake surface and the second equation expresses

the boundary condition of the shear stresses at the lake surface. The upper boundary

condition for temperature is given by,

0)( =><−=
∂
∂ σθ

ρ
atw

T

D

K H (2.6)

where >< θw  is the input value of the surface turbulence heat flux.  At the lake bottom,

the boundary conditions are as follows:
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The coefficient k=0.4 is the Von Karman constant, z0 is the roughness parameter, and

1−KBσ  stands for the σ value at the level just above the bottom boundary.  Equations 2.7

and 8 specify no flow through the bottom and the boundary condition of shear stresses at

the bottom.  For the temperature field, the following no-flux bottom condition is used.
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The POM model has been widely used to study major lakes, such as Lake Michigan

(O’Connor et al., 1995) and Lake Erie (Kelly et al., 1998). Water temperature and

circulation of Lake Michigan and Lake Erie are generally predicted well by POM.  In this

study, we configure the POM model for the simulation of Lake Victoria, the largest lake
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in the tropics. A significant difference of freshwater lakes compared to coastal ocean is

that they are not influenced by salinity effects and tides.

In applying POM model for Lake Victoria, several simplifications have been made.  First,

the model domain is assumed to be completely enclosed by land so that open boundary

conditions are not required.  Second, we ignore the effects of river runoff, evaporation

and precipitation on the elevation of the lake.  Finally, salinity is set to a constant value of

0.2ppt, which corresponds to freshwater lakes (O’Connor et al., 1994).

As seen from the lake topography (Fig. 2.1), the deepest region is located around (33.4°E,

0.7°S). The slope is steeper on the eastern side than on the western side of the lake.  A

rectangular grid system is adopted.  The horizontal grid spacing is 20 km in both the x

and y directions which gives 191 grid points covering the entire lake.  The model

employs 9 sigma levels in the vertical and layer thickness of approximately 8m over the

deepest region of the lake and 0.5m over the shallowest locations. The internal and

external time steps are 1800s and 60s, respectively. The fluxes of the surface momentum

were calculated from the 10-m height winds over lake Victoria, and heat fluxes were

calculated by using the 2-m height heat flux parameters based on the output of the fine

resolution nested RegCM2 runs. To calculate the surface wind stress, a constant drag

coefficient 0015.0=dC  was adopted.

2.3 Design of experiments
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Table 2.1 Summary of Numerical Experiments

Wind Stress Heat Flux and
Radiation

Initial Temperature
Structure

Experiment 1a Uniform easterly wind None Warmer water over
the upper layers and
colder water with
increasing depth

Experiment 1b Uniform northeasterly
wind

None Same as Exp.1a

Experiment 1c Uniform southeasterly
wind

None Same as Exp. 1a

Experiment 2a The direction of wind
stress-shear was
reversed during
experiment

None Isothermal

Experiment 2b Same as  Exp. 2a None Same as Exp. 1a

Experiment 3 Simulated wind based
on RegCM2

Simulated heat flux
and radiation based on
RegCM2

Simulated
temperature
structure based on
1-D lake model in
RegCM2

Experiment 4a Same as Exp. 3 None Same as Exp. 3

Experiment 4b None Same as Exp. 3 Same as Exp. 3

A total of eight experiments have been designed and performed to investigate the

circulation and thermodynamics of Lake Victoria based on the ’stand alone’ lake model.

The corresponding discussion regarding the coupled RegCM2-POM model experiments

is presented in section 2.5.  Table 2.1 is a summary of numerical experiments.  The
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details of the primary attributes of the eight experiments are described in section 2.4.

2.4 Lake Victoria model simulation results

2.4.1 Idealized surface wind stress forcing without horizontal shear

The POM model has been employed in the Great Lakes Forecast system for short-term

integration, but it has not been extensively applied over tropical lakes and in the climate

mode. First, we investigate the simple solutions which arise from applying idealized

forcing to understand of the basic response to wind forcing at the top of the lake.

Since the basic wind structure in the tropics is easterly, in Exp. 1a we prescribed simple

idealized upper boundary forcing comprised of easterly flow without horizontal shear.

The surface wind stress was set to 220001.0 −= smWu  (approximately equivalent to 10

m/s wind).  Fig. 2.4a-c shows the simulated circulation of Lake Victoria at the surface,

10-m depth, and 20-m depth respectively.  The lake circulation within the upper 20m is

basically barotropic. The mass continuity dynamical constraint imply that upwelling is

initiated along the eastern coastline and downwelling along the western coastline of the

lake (Fig. 2.4d). At 20m depth, the eastward undercurrent splits into two cells, with the

anti-clockwise cell to the north and the clockwise cell to the south of the undercurrent

(Fig. 2.4c).

As noted earlier (section 2.1) the lake Victoria region is primarily associated with
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northeasterly monsoon flow during Northern Hemispheric winter, and southeasterly

monsoon flow during Northern Hemispheric summer. Thus, two further experiments

(Exp. 1b and 1c) forced by northeasterly and southeasterly wind stress were carried out

with zero heat fluxes at the top.  In Exp. 1b, the horizontal orientation of northeasterly

surface wind stress was set to 30° relative to the x-axis and its components are,

220000866.0 −= smWu  and 2200005.0 −= smWv  respectively. The total wind stress is

approximately 220001.0 −sm .  In Exp. 1c, the southeasterly wind stress components were

set to 220000866.0 −= smWu  and 2200005.0 −−= smWv , thus, only the direction of the

wind stress on the y-axis was reversed relative to the northeasterly case.  Fig. 2.5a-d is

the simulated circulation of Lake Victoria driven by the northeasterly wind (Exp. 1b).

The main features of the lake circulation are similar to those of the easterly wind, but the

circulation is asymmetric with a broader counter clockwise circulation over the northern

part of the lake, and a stronger eastward undercurrent (Fig. 2.5c).  On the other hand,

with southeasterly surface wind stress forcing (Exp. 1c) the simulated circulation is

stronger over the southern basin and eastward undercurrent is weaker (Fig. 2.6a-d).

In this set of simulations the geometry of the lake plays a significant role. It is wider in

the meridional direction than the zonal direction (Fig. 2.1) and it is oriented in the

northeast-southwest direction thus almost parallel to the northeasterly wind stress in Exp.

1b. Therefore, the northeasterly wind stress exerts greater forcing on the lake flow than

the southeasterly wind stress. The resulting lake circulation in Exp. 1b is therefore

stronger than that in Exp. 1c.  The asymmetric shape of the lake, which is characterized
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by greater depth and width over the northern sector, may, in part, also account for the

differences in the simulated circulation in the three experiments.  Since Lake Victoria is

situated in the vicinity of the equator (0.3°N-2.4°S) the Coriolis effect is small and the

circulation changes noted in this section are mainly due to wind stress and bottom

topography. The accuracy of the bythemetry data therefore plays an important role in

customizing the POM model for Lake Victoria.

2.4.2 Idealized surface wind stress forcing with horizontal shear

The large heat capacity and density of water tends to cause the temperature of oceans to

vary relatively slower and retain larger memory of past conditions than the land and

therefore affect the climate on seasonal and longer time-scales.  The oceans store large

amounts of heat during the summers and release it during the winter.  Therefore, the

oceans have longer thermodynamic memory than the atmosphere.  Lake Victoria is the

largest fresh lake in the tropics and considering its spatial scale it would be valuable for

prediction purposes to determine if it also exhibits significant ability to retain heat and

momentum anomalies which can influence the local and regional climate anomalies

during subsequent seasons. In this preliminary inquiry we investigate the ability of Lake

Victoria to retain past memory about its circulation.  A similar study concerning the role

of heat content of the lake will be undertaken in the future.

Two 360-day numerical simulation experiments starting from motionless flow have been

designed and conducted.  In each of the two "memory" experiments (Exp. 2a and 2b) the
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surface wind stress varies only in the north-south direction.  In Exp. 2a the basic forcing

is easterly along the southern perimeter of the lake, linearly decreases northward to zero

near the center and attains maximum westerly intensity along the northern boundary of

the lake (Fig. 2.7).  The value of the wind stress varied from 0.0001m2s-2 to 0. The lake

model was run for 180 days with this upper boundary forcing.  For the rest of the

numerical integration the direction of the surface wind stress forcing was reversed to

investigate the response of the water circulation to abrupt changes in surface momentum

forcing.

In Exp. 2a the initial temperature over the entire volume of the lake was set to 24°C (Fig.

2. 8a) which is approximated from the equilibrium temperature of the lake in our recent

numerical simulation study (Semazzi, 1999; Sun et al 1999ab) based on the RegCM2

regional climate model coupled to a 1-dimensional lake model.  Motionless flow was

prescribed for the initial conditions of the lake circulation.  We can see in Fig. 2.9 (a and

b) that the simulation rapidly attains equilibrium in about 7 days. When the direction of

the upper boundary surface wind stress forcing is reversed at day-180, the lake’s

circulation also reverses direction from cyclonic to anticyclonic. Although this is

expected because of the reversal in the forcing, it is rather surprising that the new

circulation readjusts to a new steady state within only 2 weeks of simulation, around day-

194. The isothermal conditions of the lake are maintained throughout the entire 360-day

simulation and exhibit virtually no response to the reversal in the surface wind forcing

(Fig. 2.9c). Therefore, it is apparent that under isothermal conditions, the memory of the
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lake is short, on the order of 2 weeks.

In Exp. 2b the initial temperature of the lake was changed from isothermal conditions by

introducing vertical temperature stratification.  In the modified initial conditions, the

temperature varies from 21.4°C at the bottom to 24.6°C at the surface (Fig. 2.8b), which

indicates a thermodynamically stable profile.  The other considerations in the design of

the experiment are identical to those in Exp. 2a. The simulated temperature, u component

and v component of the flow at 5m depth of the lake around (33.5°E, 0.5°S) are shown in

Fig. 2.10a, 10b and 10c respectively.  Starting from the motionless initial conditions the

simulation takes about two months to reach steady state, thus much longer than the one

week in Exp. 2a where isothermal initial conditions were employed. Although the

physical explanation for this difference is not entirely clear at this time, we envisage that

the more stable temperature stratification associated with the non-isothermal conditions

and the larger vertical temperature gradient in the shallow water regions in Exp. 2b tend

to inhibit initiation of the upwelling and downwelling. Once warm water descends

through downwelling and the cold water is raised by upwelling, the stratification of the

vertical lake temperature gradient becomes strongly unstable.  These unstable conditions

promote the developments of wave motion in the lake. The oscillation amplitudes were

very large during the strong mixing stage. Since the initial prescribed vertical temperature

gradient is large it prolonged the duration of adjustment to reach equilibrium.  Following

the reversal in the direction of the upper boundary surface wind stress forcing, a new

steady state is achieved in about 14 days and the equilibrium temperature did not change
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as expected, thus in this respect similar to the results in Exp. 2a where isothermal

conditions were assumed. These results indicate that once thermal equilibrium has been

established adjustment to changes in the upper boundary wind forcing occurs rapidly, and

the memory in the momentum field of the lake is short on the order of 2 weeks.

An important feature of the results which are clearly evident in Figs. 10a-10c is the

existence of a 30-45 day oscillation in the u, v, and temperature at 5m depth. The

oscillation is synchronous in all the three variables.  In the deeper layers, such as at 40m

(not displayed), the sign of the oscillation has the opposite sign to the 5m depth signal.

This suggests that the oscillations have a coherent three-dimensional structure over the

entire volume of the lake.  To the contrary, we do not observe the oscillation in Exp. 2a

where the temperature stratification is isothermal.

Wave motion has been extensively investigated in lakes. Csanady (1967 and 1968)

developed a simplified linearized analytical model of the Great Lakes based on a two-

layer circular basin to model the internal baroclinic waves and the surface modes. In the

resulting solutions the phase velocity for the surface waves is given by,

)()(2
1 εOhhgc +′+=  (2.10)

for the surface modes. The parameter ε  is the baroclinic factor which becomes zero

under isothermal conditions. The variables, h  and h′  correspond to the height

perturbation for the top and bottom layers, respectively. The corresponding phase
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velocity for the internal modes is given by,
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=                                                                                   (2.11)

The latter corresponds to the waves observed in our simulations of Exp. 2b which

disappear when if 0=ε , under isothermal conditions (Exp. 2a).  Fig. 2.11a and b are the

vertical cross section of the water temperature along 0.5°S at day 181 (wind direction

reversed) and day 360, respectively.  In the POM model, the water density is a function

of temperature, salinity, and pressure. The salinity was set to a constant value of 0.2ppt,

which corresponds to freshwater lakes (O’Connor et al., 1995). Thus, water density

depends primarily on temperature.   The vertical temperature settles down well to a quasi-

stationary state by day 181 (Fig. 2.11a).  With the continuous mixing due to upwelling

and downwelling, the lake stratification becomes nearly isothermal except at the deeper

layers of the lake (below 30 m) at day 360 (Fig. 2.11b). Meanwhile, the corresponding

oscillations progressively become weaker (Fig. 2.10), which indicates that the lake

stratification plays a crucial role in the development and maintenance of the wave

oscillations.

Csanady's theoretical solutions predict that in the southern hemisphere, the wave patterns

travel around the circular basin in a clockwise direction as we observe in Exp. 2b (Fig

12), since most of Lake Victoria is situated in the southern hemisphere.  Taking the

geometry of the lake into account, we plotted the anomalous temperature latitude–time
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cross sections at 5 m depth from day 181 to day 360, along the 32°E (Fig. 2.12a) and

33.9°E meridians (Fig. 2.12b). The opposite direction in the wave propagation along the

east and west coastal regions of the Lake Victoria is clearly evident. Along the west

border near 32°E, the oscillation with periodicity of about 30 days travels northward.  On

the contrary, along the east border near 33.9°E, a wave with the same periodicity travels

southward.

Beletsky et al (1997) performed a series of numerical experiments to investigate the

numerical simulation of internal Kelvin waves and coastal upwelling fronts. They

employed the POM and DIECAST ocean models to study the response of an idealized

middle-latitude large circular lake and Lake Michigan to an impulsive wind stress

imitating the passage of a weather event. Under steady state conditions resulting from

uniform wind forcing, the balance of forces in the region of upwelling is between the

wind stress, Coriolis force, and the internal pressure gradient. However, when this

balance is disturbed, new balance is established giving rise to the Poincare waves, Kelvin

waves and topographic waves.  In the northern middle latitudes, Poincare waves are

characterized by anticyclonic phase progression with periodicity slightly less than the

inertial period, which corresponds to 17.5 h for central Lake Michigan. Poincare waves

exhibit a basinwide response with oscillations in the thermocline across the entire lake.

The lowest order Poincare wave has maximum amplitude on opposite sides of the lake,

with a node at the center. To the contrary, Kelvin wave disturbances in the thermocline

are trapped in the coastal region. They progress cyclonically around the lake.  The period
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of Kelvin wave in Lake Ontario is 25 days (Schwab, 1977).   In the Exp. 2b, we note the

existence of wave motion with similar features to the numerical solutions obtained by

Beletsky et al (1997).

2.4.3 Upper boundary forcing based on RegCM2 fluxes

In (Exp. 3) we adopted the fluxes generated by the RegCM2 regional climate model to

construct the upper boundary forcing for the lake Victoria model. The fluxes are the

hourly surface wind stress, short wave radiation, longwave radiation, sensible heat flux

and latent heat fluxes from the simulation of the 20km resolution nested RegCM2.  Fig.

2.13 shows the RegCM2 simulated monthly mean 10-m height wind for December 1988,

which is employed as the surface wind stress forcing. As noted earlier the RegCM2 is

coupled to a 1-D lake model. The simulated diurnal surface wind stress is characterized

by the divergent motion during the latter part of the day 18UTC (Fig. 2.13a) and

convergent motion during the night 24UTC (Fig. 2.13b). Starting from motionless initial

state with uniform water temperature of 24°C the lake model was integrated from 01UTC

October 1, 1988 to 24UTC December 31, 1988.

2.4.3.1 Control experiment (Upper boundary forcing based on RegCM2 heat and

wind fluxes)

Fig. 2.14 shows the monthly mean diurnal variation over the lake surface in December

1988.  The contours represent the lake surface temperature pattern and the arrows
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represent the surface water flow.  The surface circulation is stronger during daytime than

nighttime. The lake surface temperature is warmer at 12UTC and cooler at 24UTC.  The

results show that the warmer region is located over the southwestern part of Lake

Victoria and the cooler region is located in the northwest region of Lake Victoria. The

lake surface circulation is characterized by anti-clockwise circular motion in response to

the predominantly easterly surface wind stress that is shown in Fig. 2.13. The close

agreement between the surface water circulation pattern and the topography of the lake

(Fig. 2.1), indicates that the depth of the lake may play a significant role in determining

the climatology of Lake Victoria.

Comparison of the diurnal surface winds and surface water circulation reveals an

important phenomena. Although the surface winds reverse direction during the course of

the day (Fig. 2.13 a and b) in association with the land/lake breeze, and also dominate the

total wind field, the water circulation maintains the same anti-clockwise circulation

throughout the day, similar to the mean flow displayed in Fig. 2.15. This observation re-

enforces the proposition that the circulation of the lake is primarily controlled by the

prevailing wind pattern rather than the component associated with the land/lake breeze.

We postulate that the large inertia associated with the water is responsible for the

relatively weaker response to diurnal cycle, which dominates the near-surface wind

regime. The surface flow transports warmer water northward over the eastern part of the

lake and colder water southward in the western part of the lake. This advection helps to

mix the warm and cold water horizontally and thus significantly modifies the spatial
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distribution of the surface water temperature.

It is instructive to note that the largest warming of the lake takes place over the

shallowest regions of the lake along the southern and eastern shoreline. These are the

regions likely to be responsible for the formation of warm water which then funnels out

to influence the temperature in the rest of the lake. Over these regions we envisage that

any significant increase in the elevation of the lake could result in extensive increase in

the surface area of the lake and induce positive feedback that could, in part, also help to

explain the dramatic maintenance of high lake levels observed in connection with the

aftermath of abnormally wet rain episodes. The sequence of events that we hypothesize in

this mechanism would operate as follows. The initial trigger is an intense rain season e.g.,

1898, 1961/62, or 1997/98; this is followed by large increase in the elevation of Lake

Victoria; colonization of new coastal territory by the lake occurs likely over the plains

regions in the south and east of the lake; this is accompanied by increase in the area of the

lake occupied by shallow coastal waters. The water over the swampy coastal region

originally stagnant could rise high enough to become part of the rest of the lake

circulation; this would be followed by formation of warm coastal water due to insolation

and the low thermal capacity of the shallow column of water; the new coastal warm pools

of water would then be transported toward the interior of the lake and northward where

the water is generally colder, by advection driven by surface wind forcing; this would be

followed by increase in lake surface temperature (LST) and subsequent increase of

precipitation over the lake; this would result in the maintenance of the expanded lake area
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and close the positive feedback loop until a new level of quasi-equilibrium is attained by

the lake.  Preliminary evidence based on this and other studies that we have undertaken

seem to support this hypothesis. However, much work remains to be done to verify it.

Fig. 2.16 shows departures from the monthly mean diurnal cycle at the surface in

December 1988.  The results are obtained by abstracting the entire monthly mean surface

temperature and circulation from the monthly mean 06UTC, 12UTC, 18UTC and 24UTC

surface temperature and circulation.  We can see that the surface water responds strongly

to the variations in surface atmospheric forcing, whereby the divergent circulation

departures occur during daytime (12UTC and 18UTC) and convergent anomalous

circulation during nighttime (24UTC and 06UTC).  The surface temperature along the

lake lateral boundary increases dramatically at 12 UTC, and decreases at 24 UTC.  From

daytime to nighttime, the variation in the water temperature at the center of Lake Victoria

is relatively insignificant.

Fig. 2.17 is the monthly mean diurnal variations at the 20m depth in December 1988.

The circulation patterns and thermal structures are similar to those at the surface.  An

anti-clockwise circulation occupies the entire lake, and the water circulation transports

the warm water northward over the eastern parts and the cold water southward over the

western parts of the lake.  However, the water is colder and the water currents are

weaker.  Also, the diurnal cycle is weaker at the 20-m depth than at the lake surface.  The

experiments described above show that the 3-D lake model produces an active diurnal

cycle of Lake Victoria.
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Next we explored the ability of the model to simulate the seasonal variations of Lake

Victoria. Fig. 2.18 (upper panels) shows the simulated monthly mean surface water

circulation and temperature distribution over Lake Victoria (October-November-

December 1988).  The contours depict the lake surface temperature and the arrows

represent the surface water currents. Fig. 2.18 (lower panels) display the corresponding

results based on the 1-D thermal lake model in the standard RegCM2 version of the

model. Comparison between the results from the 1-D and the 3-D lake model simulations

clearly shows that the latter produces much more realistic results.  In particular, the 3-D

model shows a surface temperature pattern indicative of dynamic mixing characterized

by a horizontal spiral pattern, in the temperature field, which is associated with a

spreading pool of warm water across the northern section of the lake.  This pattern is not

present in the 1-D model.  These results underscore the need to replace the 1-D

formulation of the lake in RegCM2 by the new 3-D formulation.  Since the 3-D lake

model generates more realistic lake water surface temperature patterns than the 1-D

model, it is reasonable to speculate that the coupled RegCM2/3-D lake model would

produce more realistic rainfall patterns over and around the lake than the simulations

based on the coupled RegCM2-1D lake model.  This question is examined more fully in

section 2.5 of this chapter.

2.4.3.2 Upper boundary forcing based on RegCM2 wind only (no heat fluxes

contribution)

In order to investigate the influence of the wind stress a sensitivity experiment (Exp. 4a)
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was carried out by using hourly wind stress forcing without heat fluxes.  The wind stress

forcing is same as that in the control experiment (Exp. 3; section 2.4.3.1).  Fig. 2.19

shows the simulated monthly mean diurnal variation of the lake surface currents in

December 1988.  The arrows represent the surface currents.  Similar to that of the control

experiment, an anti-clockwise circulation dominates the lake surface flow field. The

diurnal cycle still exists in the lake surface water circulation, but it much weaker than the

case when heat flux forcing is included in the boundary forcing (not shown). Hence, the

mean surface water circulation is primarily determined by wind stress, however heat flux

forcing plays the primary role in modulating its diurnal cycle.

2.4.3.3 Upper boundary forcing based on RegCM2 sensible heat, short wave

radiation, and long wave radiation fluxes (no wind stress contribution)

To investigate the contribution of the heat fluxes in the lake simulation, the hourly short

wave radiation, long wave radiation, sensible and latent heat fluxes, which are the same

as those in the control experiment (Exp. 3), were employed to force the lake model (Exp.

4b).  The wind stress was turned off, so that we can isolate the effect of heat fluxes.  The

results of the fourth month (December) of the simulation are shown in Fig. 2.20.  The

contours indicate the lake surface temperature and the arrows represent the surface water

current.  The lake surface temperature is warmer at 18UTC and cooler at 24UTC which a

manifestation of the diurnal cycle.  In December, the warmer region is located over the

southwestern part of the lake and the cooler region is located in the northeast region of

the lake, which is consistent with the results based on the 1-D lake model (Fig. 2.18f).
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However, the corresponding to transport of warmer water northward over the eastern

region of the lake and colder water southward over the western part of the lake in the

control experiment does not exist here. Therefore, the results show that although surface

lake temperature is strongly influenced by radiation and heat fluxes at the surface, it is

evident that advection by water circulation plays a primary role in determining its spatial

structure.

2.5 Coupled RegCM2-POM model simulation results for Lake Victoria

To couple the lake model (section 2.2.2) with the regional climate model (RegCM2,

section 2.2.1), the most important processes are the surface turbulent flux exchanges of

momentum, sensible heat, latent heat and short wave radiation incident across air-lake

interface.  In the lake model, the upper boundary conditions in equation 6 for the

momentum may be expressed as follows:

[ ] aadma uVCwu ρρ =− )0(0                                                                                 (2.12)

[ ] aadma vVCwv ρρ =− )0(0                                                                                 (2.13)

The upper boundary condition in equation 2.7 for the temperature is given by,

[ ] SWLWls FFFFw +++=− θρ0                                                                      (2.14)



36

sF  and lF  are respectively the sensible heat flux and the latent heat flux from the

surface. LWF  and SWF  are net long-wave radiation and shortwave radiation from the

surface. SWF  is calculated by the atmosphere model. LWF  is calculated by

             4
LLW TF γσ= + LanetF                                                                                     (2.15)

γ  is the reflective index and it is set as 0.97 here. σ  is the Stephan-Boltzmann constant.

LT  is the lake surface temperature.  LanetF  is net long-wave radiation from the

atmosphere and it is calculated by the atmosphere model.

lF  is calculated by

           q
p

v
l F

C

L
F =                                                                                                      (2.16)

  qF  is the evaporation from the surface.  sF  and qF  can be calculated as,

 )( 0θθρ −= aadhas VCF                                                                                   (2.17)

)( 0vvaadqaq qqVCF −= ρ                                                                                   (2.18)

where au  and av  are the surface wind speed in the x and y direction respectively.
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22
aaa vuV += is the resultant speed. The other dependant variables are, ρ , θ  and q

which denote the density, temperature and water vapor respectively.  In the above

equations, subscript, “a ” denote quantities at the lowest model level of the atmosphere;

subscript, “o ” refer to quantities at the uppermost level of the lake.  Since the speed of

the surface water flow is much less than that of wind at the surface, it is ignored in the

coupled model.  The drag coefficient dmC , dhC  and dqC  are functions of surface

roughness, temperature and wind speed.  In the RegCM2-POM coupled model, dmC  is

simply set to 0.0015 in this study. dhC  and dqC  are calculated by the atmosphere model.

Sensitivity of the numerical results on the specification of the drag coefficients is not

addressed here. However we recognize that it may be a legitimate research question that

deserves greater attention in the future.

Since the lake model does not have as many physical processes as the climate model it is

simpler and may be integrated more efficiently.  Moreover, the water has greater inertia

than the atmosphere. Therefore, the physical components of the lake, such as velocity and

temperature do not change as quickly as that of the atmosphere. Consequently, the

surface fluxes exchange across the air-lake interface are updated every hour in the lake

model. The same frequency was adopted in the coupling of RegCM2 and the 1-D lake

model. The predicted lake surface temperature is kept constant within the one hour

interval, and it is used as the lower boundary condition for the atmosphere model.

Although the methodology for coupling the atmosphere models to ocean models (a lake
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model here)is well established (Bryan et al 1996), here, for the sake of completion, we

outline the primary features of the procedure.  Equation 2.12-2.18 give the flux exchange

and figure 2.21 schematically summaries the various attributes of the coupling.

To investigate the coupled air-lake climate variability over the basin of Lake Victoria a 4-

month simulation was conducted from September 1, 1988 to December 31, 1988, thus in

this sense similar to the treatment for the uncoupled model simulation. Both the model

domain and resolution were kept the same as those of the uncoupled model.  The initial

and lateral boundary conditions of the atmosphere model were taken from the output of

the coarse resolution (60km) model run. The initial lake temperature was set to

isothermal conditions of 24°C and the lake model was integrated from motionless initial

conditions.

The simulated lake surface water temperature, surface water circulation and rainfall for

the fourth month (December 1988) are shown in Fig. 2.22.  The patterns of the surface

temperature and currents simulated by the coupled model (Fig. 2.22a) are similar to the

results based on the “stand-alone” lake model (Fig. 2.18c). The solution is characterized

by a horizontal spiral pattern in the temperature field which transports the warm water to

the northern section and the cold water to the southern section. The net result is a warm

tongue in the northeastern part and a cold tongue over the northwestern part of the lake.

A distinct warm pool of water is located over the southwestern part of the lake in both the

coupled 3-D lake model (Fig. 2.22a) and 1-D lake model results (Fig.2.18f), but the size
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of the warm pool is diminished in size due to the 3-D mixing in the 3-D lake model. This

warm pool is much weaker in the simulation of the “stand-alone” lake model (Fig.2.18c).

On the average the LSTs in RegCM2-POM simulation is a degree warmer than the

corresponding area average for the RegCM2-1D model. The simulated rainfall from

RegCM2-POM is similar to the pattern produced by the RegCM2-1D model (not shown).

Fig. 2.23 displays the difference (RegCM2-POM minus RegCM2-1D) for the simulated

rainfall, LST, and surface water circulation. The rainfall difference (Fig. 2.23a) is largest

over the southwestern sector of the lake. It is instructive to observe that although the LST

is generally higher in RegCM2-POM (Fig. 2.23a) than RegCM2-1D (Fig. 2.18f) the

corresponding rainfall is generally lower. This suggests that there is significant decrease

in rainfall associated with horizontal moisture flux advection that offsets the expected

increase due to the higher evaporation in response to the higher LST. In Fig. 2.23b we

display the LST departures based on the formula [3D −1D]− ave[3D −1D] which highlight the

horizontal gradient pattern. We postulate that this LST pattern is determined by the

advection of warm water from the shallow region of the lake in southern and western

sectors to the northeastern region. By contrast the RegCM2-1D does not support

advection and upwelling or downwelling processes because it does not have

hydrodynamics in its formulation. Moreover, this also means that the RegCM2-1D model

cannot simulate upwelling and downwelling which plays an important role in

determining the surface structure of LST. Fig. 2.23c shows that the corresponding low-

level (850mb) circulation is direct response to the LST gradient in Fig. 2.23b and
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consistent with the simulated difference between the rainfall simulated by the RegCM2-

POM and RegCM2-1d models.

These results indicate that the hydrodynamics of the lake play an important role in

determining the coupled variability of the lake circulation and the lake basin-wide

climatic conditions. Neglecting the lake’s hydrodynamics and basing the lake model only

on thermodynamical considerations deprives the coupled regional climate model of the

ability to transport heat efficiently within the lake and thereby degrades the simulation of

the climate downstream over the rest of the lake and the surrounding regions.

Over the years, several studies have provided assorted observational data of the

temperature of the lake at different locations and for different years.  Spigel and Coulter

(1996) found that the surface temperature of lake Victoria in December is about 25.4°C

for the period 1960-1961 and 25.2°C for 1990-1991, about 32 km south of the source of

River Nile, at Jinja in Uganda. Ochumba (1996) described observed monthly mean

surface temperature at numerous locations in the northeast part of the lake, ranging from

25.2°C to 26°C in December 1992. Spigel and Coulter (1996) found that the surface

temperatures range between 24.5°C and 26°C during the course of the year based on

Talling’s data (Talling, 1968).  However, the locations of observational stations used to

obtain these data are offshore. Yin and Nicholson (1997) have argued that Talling's

surface temperatures probably best represented the temperature during the period of

1956-78 and used it to calculate the water balance of Lake Victoria using their
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hydrological model.  Since more suitable observational data is not readily available,

Talling’s surface temperature is also used in this study to validate the performance of the

coupled RegCM2-POM and RegCM2-1D models.

Table 2.2  Model simulated lake surface water temperatures averaged over the
entire lake in December 1988 and Talling’s observational data.

RegCM2-POM POM RegCM2-1D
Lake

obs (Talling,
1976)

Mean LST 24.4 °C 22.4 °C 23.3°C 25.2°C

model-obs -0.8 °C -2.8 °C -1.9 °C 0

%
(difference/obs.
)

-3.17% -11.11% -7.54% 0

Table 2.2 summarizes the comparison of the lake surface temperature based on Talling’s

observed data, RegCM2-1D model, and the RegCM2-POM model. The lake maximum

surface temperature simulated by the coupled RegCM2-POM is 25.5°C and it is located

over the southwest sector of the lake, which is the shallowest region of the lake. The area

averaged simulated lake surface temperature over the entire lake is 24.4C which is 0.8°C

(3.17%) cooler than Talling’s observed temperature. The results show that the surface

temperature averaged over the lake, in the “stand-alone” lake model is 22.4°C which is

1°C-2°C cooler than in the case of the coupled RegCM2-POM model and 2.8°C

(11.11%) cooler than Talling’s averaged surface temperature. We attribute the large

negative temperature bias associated with “stand-alone” lake model to the absence of
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coupled lake-atmosphere processes that are responsible for maintaining the higher

temperatures of the lake surface. Back scatter radiation due to the presence of clouds,

downward cloud blackbody radiation, and other positive feedback mechanisms associated

with air-lake coupling are likely to play a significant role in maintaining the higher lake

surface temperatures associated with the coupled RegCM2-POM model results. We

believe such mechanisms may also be responsible for the peculiar occurrence of the

abnormally high elevations of lake Victoria following intense episodes seasonal rains, for

example the 1961-62 East African Short rains that led to the dramatic increase in the

level of Lake Victoria (Flohn, 1987).

In summary, we find that the simulation of lake surface temperature based on the coupled

RegCM2-POM model is superior to the "stand-alone" 3-D lake model and the coupled

RegCM2-1D model. The coupled RegCM2-1D model produces better simulation of the

area average surface temperature for the entire lake that the uncoupled POM model.

However, as pointed out in section 2.4.3.1, the “stand-alone” 3-dimensional lake model

generates more realistic water surface temperature patterns than the 1-dimensional model.

Characterization of the rainfall over Lake Victoria and its catchment has attracted much

research interest over the years.  Spigel and Coulter (1996) found that the monthly

rainfall annual range is about 80mm to 225mm with about 130mm in December.

Ochumba (1996) pointed out that the monthly rainfall varies from 10mm to 135mm over

the northeastern region of Lake Victoria and the rainfall in December is about 130mm.

Ba and Nicholson (1998) investigated the rainfall over the lake and its catchment, and
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estimated the monthly area-averaged rainfall in 1988 to be in the range of 48mm to

185mm and with about 137mm in December 1988. However, as noted earlier, the

observational stations are not located over the lake. Moreover, observation data with

satisfactory spatial and temporal resolution that extend over a sufficiently long period of

time are not yet available.  Therefore, it is not feasible at this time to evaluate the

performance of the coupled RegCM2-POM model over Lake Victoria in satisfactory

detail.  Based on these considerations, the precipitation data of Spigel and Coulter (1996),

and Ba and Nicholson (1998) will be used to carry out preliminary assessment of the

performance of the coupled RegCM2-POM model in simulating rainfall over the lake

basin.

Table 2.3 Comparison of observed and simulated rainfall using the RegCM2-POM
and RegCM2-1D models for December 1988.

RegCM2-POM RegCM2/1-D Observed

Region based on Bugenyi et al
(1996)/entire lake basin

143.5/140.0 mm 157.75
/146.7mm

130/135 mm

difference (simulation-
observed)

13.5/5.1 mm 27.75/11.7 mm 0

percentage (
difference/observed)

10.38%/3.77% 21.35%/8.67% 0

Table 2.3 is a comparison of the model simulations and the observations.  Spigel and

Coulter (1996) averaged the rainfall over the stations of Entebbe, Kisumu, Mwanza and

Bukoba along the perimeter of Lake Victoria and produced an estimate of 130mm for
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December.  The corresponding monthly precipitation simulation based on the RegCM2

model averaged over the same four stations is 143.5mm for December 1988. This is

13.5mm (10.38%) more than the observed average.  In comparison, the corresponding

estimate of rainfall based on the RegCM2/1-D model is 27.75mm (21.35%).  Ba and

Nicholson (1998) estimated 135mm for December 1988 over their study area (5°N-10°S,

25°-40°E) which covers Lake Victoria basin. We computed the simulated rainfall

averaged over the model domain (Fig. 2.22), which is smaller than their study region. For

December 1988 we obtained 140.1mm for RegCM2-POM and 146.7mm for RegCM2/1-

D. The corresponding rainfall bias is +3.77% (RegCM2-POM) and +8.67% (RegCM2/1-

D) compared to the observed rainfall, thus indicating that the performance of RegCM2-

POM is superior to RegCM2/1-D in the simulation of rainfall over the basin of Lake

Victoria.  However, these results must be considered as preliminary until more

appropriate observed data becomes available for the assessment of the model results. In

particular, we note that the regions considered in the comparison of the model

performance and the estimates given by in Ba and Nicholson (1998) are slightly different.

Furthermore, the time period used by Spigel and Coulter (1996) is different from the one

adopted in our study. Despite these differences, the balance of evidence indicates that the

performance of RegCM2-POM is very encouraging as a vehicle for investigating climate

variability over Eastern Africa in general, and the climate over the basin of Lake Victoria,

in particular.

2.6 Conclusions
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In this study, we have configured the POM model for Lake Victoria, and coupled it with

the regional climate model (RegCM2) for Lake Victoria and its catchment. A number of

simulations have been conducted to investigate the dynamics and thermodynamics of

Lake Victoria, and its sensitivity to different forcing specifications.  The results show that

(i) the memory in the momentum of lake Victoria is about two weeks, (ii) there exists a

30-day oscillation in Lake Victoria and the stratified water temperature plays a critical

role in the development of the oscillations, (iii) these oscillations are trapped in the

thermocline along the coast and progress clockwise, (iv) the depth of the lake plays a

significant role in determining the climatology of Lake Victoria, (v) the lake surface

circulation is characterized by counter clockwise motion in response to the predominantly

easterly surface winds, (vi) with time-dependent wind forcing based on the RegCM2

model, although the diurnal component of the surface winds reverse direction in

association with the land/lake breeze, the water circulation maintains the same

anti-clockwise circulation throughout the day. This observation re-enforces the

proposition that the circulation of the lake is primarily controlled by the large-scale wind

pattern rather than the component associated with the land/lake breeze. We postulate that

the large inertia associated with water is responsible for the weak response to diurnal

cycle that dominates the near-surface wind regime. We find that the mean surface water

circulation is primarily determined by wind stress, however heat flux forcing plays the

primary role in modulating its diurnal cycle. Furthermore, the results show that although

surface lake temperature is strongly influenced by radiation and heat fluxes at the surface,

it is evident that advection by water circulation plays a primary role in determining its
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spatial structure.

The 3-dimensional model produces a surface temperature pattern indicative of horizontal

lake water mixing characterized by a horizontal spiral pattern in the temperature field.

This is associated with the spreading of the pool of warm water across the northern

section of the lake. This pattern is not present in the 1-dimensional model.  Based on

preliminary comparison of the coupled RegCM2-POM model simulation results with the

observations, we find that it produces more realistic lake surface temperatures and

rainfall over and around the lake than the standard version of the model (RegCM2-1D)

which employs simple one dimensional thermal diffusion to represent lakes. We find that

the dynamics of the lake play an important role in determining the coupled variability of

the lake circulation and the ambient climatic conditions. Neglecting the lake’s

hydrodynamics and basing the lake model only on thermodynamics deprives the coupled

regional climate model of the ability to transport heat within the lake and affect the

climate over other parts of the lake and perhaps the land regions surrounding the lake.

Shallow nearshore regions of the lake are breeding areas for warm water and could be a

critical factor in the chain of processes which link the fluctuations in the lake level and

area with its surface temperature and influence on the variability of the climate over the

lake basin.
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Fig. 2.1.  Lake Victoria Bathymetry with horizontal resolution of 20 km (redrawn from
Johnson, 1997).  Units in meters.
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Fig. 2.2. Simulated precipitation distribution and diurnal change over Lake catchment in
November 1988.
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Fig. 2.3. Observed mean precipitation frequency distribution and diurnal change over
Lake catchment in November (adapted from Datta, 1981).
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(a) (b)

(c) (d)

Fig. 2.4. Simulated circulation of Lake Victoria driven by easterly wind.  a). surface
current.  b) current at 10m depth.  c). current at 20m depth.  d). vertical velocity at
10m depth. Units in m/s.
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(a) (b)

(c) (d)

Fig. 2.5. Same as Fig. 2.4 except for northeast wind.
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(a) (b)

(c) (d)

Fig. 2.6. Same as Fig. 2.4 except for southeast wind.
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Fig. 2.7. Distribution of wind stress in Exp. 2. Units in m2s-2.
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(a)

(b)

Isothermal Lakmal Lake Conditions (24C)e Conditions (24C)

Stratified Lakatified Lake Conditionse Conditions

Fig. 2.8. Initial vertical temperature distribution along 0.5°S.  a) isothermal conditions. b)
non-isothermal conditions. Units in °C
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(a)

(b)

(c)

Fig. 2.9. Simulated time series of Lake Victoria driven by reversed wind stress in Exp. 2a
under isothermal conditions in Fig. 2.8a: (a) u component of water current at 5m depth at
(33.5°E, 0.5°S). Units in m/s.  (b). v component of water current at 5m depth at (33.5°E,
0.5°S). Units in m/s.  (c). water temperature at 5m depth at (33.5°E, 0.5°S). Units in °C.
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(c)

(a)

(b)

Fig. 2.10. Same as Fig. 2.9 except for the non-isothermal initial condition in Fig. 2.8b



56

(a)

(b)

Fig. 2.11.  Simulated vertical temperature distribution along 0.5°S in Exp. 2b.  a) day
181. b) day 360. Units in °C
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(a)

(b)

Fig. 2.12. Time-latitude cross section of the simulated lake temperature at 5m depth from
day 180 to day 360. a) along 32°E. b) along 33.9°E. Units in °C.
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Mean wind

24UTC

18UTC

(a)

(b)

(c)

Fig. 2.13. RegCM2 simulated  wind at 10m height above Lake Victoria in December
1988.  a). at 18UTC.  b). at 24UTC.  c) monthly mean wind. Units in m/s.
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(a) (b)

(c) (d)

Fig. 2.14. Simulated surface circulation  and temperature of Lake Victoria driven by the
wind stress and heat flux in December 1988. a).  at 06UTC.  b).  at 12UTC.  c). at
18UTC.  d). at 24UTC. Units in m/s (current) and °C (temperature).
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Fig. 2.15. Simulated monthly mean surface circulation and temperature of Lake Victoria
driven by the wind stress and heat flux in December 1988. Units in m/s (current)
and °C (temperature).
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(a) (b)

(c) (d)

Fig. 2.16. Same as Fig. 2. 14 except for the anomalous field. a).  at 06UTC.  b).  at
12UTC.  c). at 18UTC.  d). at 24UTC. Units in m/s (current) and °C
(temperature).
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(a) (b)

(c) (d)

Fig. 2.17. Same as Fig. 2.14 except for field at 20m depth.
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(a)

(c)

(d)

(f)

(e)(b)

Fig. 2.18. Monthly mean surface water circulation and temperature distribution over Lake
Victoria (October-December 1988), simulated by the 3-D and 1-D lake model.   a).
October,  b). November and, c). December, based on the 3-D model;  d). October, e).
November,  and, f).  December, based on the 1-D model. Units in m/s (current) and °C
(temperature).
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daily mean for December 1988

24 UTC mean for December 1988

18 UTC mean for December 1988

(a)

(b)

(c)

Fig. 2.19. Simulated surface circulation of Lake Victoria driven by surface wind stress.
a).  at 18UTC.  b). at 24UTC.  c). mean for one month. Units in m/s.
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18 UTC mean for December 1988

24 UTC mean for December 1988

Daily mean for December 1988

(a)

(b)

(c)

Fig. 2.20. Same as Fig. 2. 19 except driven by heat flux.
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Fig. 2.21. The scheme of the coupled atmosphere-lake system.
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(a)

(b)

Fig. 2.22. December average: (a) Lake surface circulation and temperature in °C, and (b)
rainfall in (mm),  simulated by the coupled RegCM2-POM model.
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(a)

0.7

(b)

(c)

Fig. 2.23. December average difference (RegCM2-POM minus RegCM2-1D): (a).
Rainfall (mm), (b) lake surface temperature, and (c) lake surface circulation. In the

case of surface temperature the area mean values are removed to highlight the surface
gradient and hence the following formula is adopted, [3D −1D]− ave[3D −1D]
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Chapter 3

An Investigation of the Climate of the Lake Victoria

Basin Using a Regional Coupled Atmosphere-Lake

Model

3.1 Background

The primary factor responsible for the climatological seasonal variations of rainfall in

eastern Africa is the meridional movement of the Inter tropical Convergence Zone (ITCZ)

and the influence of the adjacent ocean basins.  Lake Victoria is a large reservoir of

energy and momentum, perhaps, capable of releasing it in a delayed mode and therefore

influencing subsequent seasonal climate through its memory.  Furthermore, the land-lake

breeze effect (Cocheme, 1960) plays an important role in re-distributing the moisture and

energy across the region.  For a broad range of environmental problems, it is necessary to

characterize and understand the time-dependent three-dimensional dynamical and

thermodynamic behavior of the lake’s circulation.  The climatology of large lakes is

particularly interesting dynamically because they have similar forcing as coastal ocean

dynamics and mesoscale water circulation regimes (Csanady 1984).
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In many previous studies of lake-atmosphere systems, models have been used that do not

fully include the circulation of the water.  For example, a coupled regional climate-lake

model has been used to investigate the water balance of the Aral Sea (Small, et al, 1999).

In this study, the lake is represented by a one-dimensional thermodynamic diffusion

equation and does not permit transfer of heat or other quantities between adjacent lake

points.  The climate study of atmosphere-lake interaction over Lake Victoria showed that

the hydrodynamics of the lake plays an important role in determining the coupled

variability of the lake and the regional climate (Song, et al, 2000).  The studies further

showed that the traditional modeling approach in which the lake hydrodynamics are

neglected and the formulation is entirely based on thermodynamical considerations is not

satisfactory for eastern Africa.  Such a strategy deprives the coupled regional climate

model of the ability to transport heat efficiently within the lake and thereby degrades the

simulation of the climate downstream over the rest of the lake and the surrounding

regions.  Thus, a regional coupled atmosphere-lake model is essential for investigating

the coupled variability of the regional climate of eastern Africa.

Over Eastern Africa ENSO plays a dominant role in modulating the regional climate.

The ENSO phenomenon is a quasi-global climatic fluctuation related to the strong air-sea

interaction.   A number of recent studies have analyzed the rainfall over eastern Africa

and have uncovered further interesting associations with ENSO.  Nicholson and

Entekhabi (1987), Ropelewski and Halpert (1987), Ogallo (1987) and Farmer (1988)

have all demonstrated a strong link between the rainfall in eastern African and the global
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ENSO phenomenon.  The interannual climate variability of the eastern African climate is

dominated by ENSO.  Widespread positive anomalies of precipitation tend to occur

during the short rains of the ENSO years, drought conditions during the long rains of the

following year and the short rains of the year prior to ENSO.  The link appears to be

indirect, and the main causal mechanisms appear to be fluctuations in SST of the tropical

Atlantic and Indian Oceans that in turn are loosely coupled to ENSO (Nicholson 1996).

In the eastern Africa, the strongest effect of ENSO appears to be during the short rainy

season (Nicholson 1996).  ENSO can explain about 50% of the eastern Africa rainfall

variance and the remaining variations are determined by the other factors (Ogallo, 1988).

In a recent study, Indeje, et al, 2000, noted that the relatively wet conditions were

observed during the months of March-May and October-December during the ENSO

years; Dry conditions dominate the period during June-September of the ENSO onset

years and the two seasons of the post-ENSO years.  However, due to limitation of the

observational data over Lake Victoria, relatively less attention has been directed to

explore the effects of ENSO on the atmosphere-lake interaction associated with Lake

Victoria and its role in modulating the climate variability over eastern Africa.  The object

of this study is to (a) investigate the variability of the circulation that is associated with

the El Nino and non-El Nino years, (b) understand the physical mechanisms responsible

for the flooding and drought conditions over eastern Africa during the short rains.

Results from this study may provide the background for the short-term climate prediction.

In this study, the regional coupled RegCM2-POM model (Song, et al., 2000) which was
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developed at North Carolina State University is adopted to simulate the climate

conditions over Lake Victoria basin.  The simulations were conducted for the near normal

year (1988) and two contrasting years (the wet (1982) and dry (1987)) to investigate the

dynamical and thermodynamical mechanisms responsible for determining the

corresponding climate anomaly conditions in this case study for eastern Africa during the

short rainy season.

The outline of this chapter is as follows.  Section 3.2 provides the experiment design.

Section 3.3 discusses the model simulation in the near normal year of 1988.  Section 3.4

compares the results from the simulated atmospheric and lake portions of the modeling

system, respectively, in an El Nino year with those in the non-El Nino year.  Conclusions

are given in section 3.5.

3.2 Experiment Design

The coupled RegCM2-POM model described in Chapter 2 is used here to study the

climate variability over Lake Victoria basin and the physical mechanisms involved.  The

atmospheric portion of the coupled RegCM2-POM model adopted here includes 15 σ

levels with the model top at 50mb.  The horizontal grid size is 20km in both the x and y

directions.  The lake portion employs 9 sigma levels in the vertical, and layer thickness of

approximately 8m over the deepest region of the lake and 0.5m over the shallowest

locations.  The horizontal grid spacing is also 20 km in both the x and y directions which
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gives 191 grid points covering the entire lake.  The topography of the model domain and

the lake bathymetry is shown in Fig.3.1.  The surface fluxes across the atmosphere-lake

interface are updated every hour in the lake model.  The predicted lake surface

temperature by the lake model is kept constant within the one-hour interval, and it is used

as the lower boundary condition for the atmospheric model.

According to the analysis of the observational data by Indeje (2000), during the period

1980-1990 over eastern Africa, the wettest year over eastern Africa is 1982, and the driest

year is 1987.  During 1988 the conditions were near normal.  The year 1982 is associated

with one of the strongest El Nino of this century (Trenberth, 1997). In this case study,

model simulations for 1982 and 1987 were conducted using the coupled RegCM2-POM

model to investigate the physical mechanisms responsible for the wet and dry condition

during those years.  The simulation for 1988 is considered as the control experiment.

Four-month simulations using the coupled RegCM2-POM model were conducted from

September 1 to December 31 for 1982, 1987 and 1988.  The model domain is 1660 km by

1480 km centered at (33°E, 1°S), which covers the Lake Victoria catchment (Fig.3.1).

The initial and lateral boundary conditions of the atmospheric model were taken from the

output of the coarse resolution (60km) RegCM2-NCSU model with the simple

formulation of Lake Victoria, run for the three different years.  The results of the

RegCM2-NCSU with 60 km resolution have been discussed in previous studies (Sun et

al, 1999ab, Song et al 2000).  The initial lake temperature was set to isothermal
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conditions of 24°C and the lake model was integrated from motionless initial conditions.

Table 3.1 is a summary of the numerical experiments that were conducted.

Table 3.1 Summary of Numerical Experiments

Simulation
period

Initial
conditions for
the atmosphere
part

Lateral
boundary
condition for the
atmosphere part

Initial
temperature
structure for the
lake part

Experiment for
the normal year
(Control)

Sept. 1, 1988 to
Dec. 31, 1988

Based on the
output of the
RegCM2 for
1988 by 60km

Based on the
output of the
RegCM2 for
1988 by 60km

isothermal
conditions of
24°C

Experiment for
the wet year

Sept. 1, 1982 to
Dec. 31, 1982

Same but for
1982

Same but for
1982

Same

Experiment for
the dry year

Sept. 1, 1987 to
Dec. 31, 1987

Same but for
1987

Same but for
1987

Same

3.3 Simulated results of the control run

As discussed in section 2.4, the climate conditions in 1988 were observed to be

representative of a normal year during 1980s. Therefore, the simulation corresponding to

1988 is considered as the control experiment in this investigation.  The major features of

the simulation results are discussed below.
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3.3.1 Atmospheric analysis

The simulated wind field at 850mb for December is shown in Fig.3.2.  In the large-scale

flow pattern we note an anticyclone located over the Arabian peninsular and the

Mascarene high pressure cell is located over the southern Indian Ocean.  Influenced by

the two high-pressure systems, Northeasterly monsoon which controls the seasonal

climate over eastern Africa during the short rains is determined.  In the wind field at

850mb (Fig.3.2a), the strong northeasterly flow dominates the eastern part of the domain,

the northwestern part of the domain is dominated by northeasterly to easterly flow, and

the southwestern region is mainly dominated by northerly flow. The simulated winds

over Lake Victoria are relatively weak, especially over the southwestern region of the

lake where the monthly averaged wind speed is less than 2m/s (Fig.3.2b).  Over the

northeastern part of the lake, we find a local maximum in the wind speed with values in

excess of 6m/s.  Considering the lake area, the eastern bank is a relatively strong wind

speed region, while the western bank is a relatively weak wind speed area.  This wind

patterns is consistent with the results based on 60km resolution RegCM2 that were

reported by Sun et al (1999), but the coupled RegCM2-POM model generates more

detailed wind structure due to the lake and the complex topography.

 Fig.3.3a displays the vertical cross section of the horizontal zonal wind for December

along 1°S across Lake Victoria and its catchments.  Throughout the entire atmospheric

depth there exists uniform easterly flow.  Easterly flow stronger than 8m/s is centered at
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750mb level (between 35°E and 36°E) and the corresponding northerly wind is greater

than 3.5m/s (Fig.3.3b).  The strong flow over this part of the atmosphere maybe linked to

the northeasterly monsoon.  The maximum regarding the easterly winds is located around

500mb and it is in excess of 11m/s nearly throughout the entire model domain, while the

meridional wind is relatively weak at 500mb.  The simulated strong winds at 500mb

maybe related to the mid-tropospheric Africa easterly jet.  Inspection of the vertical cross

section of horizontal meridional wind for December along 33°E across Lake Victoria and

its catchments (Fig.3.3b) indicates that the northerly winds dominate the low and middle

troposphere, while southerly winds dominate the upper troposphere.  This meridional

wind distribution maybe a manifestation of the Hadley circulation over the lake region.

 The simulated surface air temperature in December is shown in Fig.3.4a.  The air

temperature above the entire lake is significantly higher than that over the surrounding

regions, and this difference is more than 2.5°C.   This pattern of surface air temperature

indicates that the lake strongly influences the climate over eastern Africa.  Over the lake

region, the surface air temperature is relatively high over the southwestern and

northeastern sectors of the lake, and low over the northwestern region of the lake.   This

pattern of the surface air temperature is similar to that in the lake surface temperature

(Fig.3.7a).   The co-located patterns of the surface air temperature and the lake surface

temperature further indicates that there exists strong atmosphere-lake interaction thus

reconfirming the importance of realistic representation of the lake in the model to
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produce realistic the simulation of the surface lake temperature.

 The simulated evaporation is shown in Fig.3.4b.  The high evaporation region is located

over the northern and eastern lake, especially over the northeastern area of the lake.  The

low evaporation area is located to the west of the center of the lake.  This evaporation

pattern is very similar to the wind speed pattern at 850mb (Fig.3.2b).   At 850mb, the cold

and dry downhill wind from the Kenya mountain is strong, especially over the northeast

of the lake (Fig.3.2).  We can see that in equation 2.18, the evaporation rate depends on

the difference between the specific humidity of the air and the saturation specific

humidity of the water surface, and is also determined by the surface air wind speed.  The

saturation specific humidity of the water surface is a function of surface temperature only.

When this strong dry wind crosses the lake surface, high evaporation occurs along the

northern and eastern regions, especially over the north and the airflow becomes moist.

Furthermore, as this moist airflow changes its direction to slight northeasterly and

northerly near the central part of the lake it advects the moisture toward the southwestern

region where the heavy precipitation takes place in the model (Fig.3.5a).  Although the

lake surface temperature is high to the western-central part of the lake (Fig.3.3a), the

surface wind is very weak.  Consequently, the evaporation is relatively weak there too.

Hence, the evaporation patterns are strongly influenced by the wind speed, and the

contribution of moisture advection may be a very important factor in explaining the

heavy rainfall over the southwestern part of Lake Victoria.
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The simulated precipitation in December 1988 is shown in Fig.3.5a.  There are three

heavy rainfall areas located over the northwestern, southwestern and southeastern regions

of the lake.  For the lake surface temperature field (Fig.3.7a), the warm water is also

located over the southwestern and southeastern regions, and a strong temperature gradient

is located over the northwest.  This co-located feature characterized by the heavy rainfall

and over the warm water or the strong LST gradient area indicates existence of strong

interaction between the atmosphere and the lake.  The patterns of the lake surface

temperature strongly influence the distribution of the precipitation over the lake region.

The strong atmosphere-lake interaction is also evident in Fig.3.6, in which the time series

for lake surface temperature and daily precipitation averaged over the lake in December

1988 are shown.  For most of the rainfall events, the lake surface temperatures are also

relatively high.  The precipitation is highly related with the lake surface temperature.

Characterization of the rainfall over Lake Victoria and its catchment has attracted much

research interest over the years.  Spigel and Coulter (1996) found that the monthly

rainfall annual range is about 80mm to 225mm, with about 130mm in December.

Ochumba (1996) pointed out that the monthly rainfall varies from 10mm to 135mm over

the northeastern region of Lake Victoria and the rainfall in December is about 130mm.

Ba and Nicholson (1998) investigated the rainfall over the lake and its catchment, and

estimated the monthly area-averaged rainfall in 1988 to be in the range of 48mm to

185mm and with about 137mm in December 1988.
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Table 3.2 Comparison of observed and simulated rainfall using the RegCM2-POM
model for December 1988.

RegCM2-POM Observed Difference
(simulation-
observed)

Percentage
(difference/obse
rved)

Region based
on Bugenyi et
al (1996)

143.5 mm 130 mm 13.5 mm 10.38%

Entire lake
basin

140.0 mm 135 mm 5.1 mm 3.77%

Table 3.2 shows comparison of the model simulations and the observations.  Spigel and

Coulter (1996) averaged the rainfall over the stations of Entebbe, Kisumu, Mwanza and

Bukoba along the perimeter of Lake Victoria and produced an estimate of 130mm for

December.  The corresponding monthly precipitation simulation based on the RegCM2

model averaged over the same four stations is 143.5mm for December 1988. This is

13.5mm (10.38%) more than the observed average.  Ba and Nicholson (1998) estimated

135mm for December 1988 over their study area (5°N-10°S, 25°-40°E) which covers

much of Lake Victoria basin. We computed the simulated rainfall averaged over the

model domain (Fig.3.5a), which is smaller than their study region.  For December 1988

we obtained 140.1mm for RegCM2-POM. The corresponding rainfall bias is +3.77%

(RegCM2-POM).  We note that the observational stations are not located over the lake.

The regions considered in the comparison of the model performance and the estimates

given by in Ba and Nicholson (1998) are slightly different.  Furthermore, the time period
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used by Spigel and Coulter (1996) is different from the one adopted in our study.  Despite

these differences, the balance of evidence indicates that the performance of RegCM2-

POM is very encouraging as a vehicle for investigating climate variability over eastern

Africa in general, and the climate over the basin of Lake Victoria, in particular.

Fig.3.5b is the difference (P-E) between precipitation and evaporation.  The negative P-E

means that the precipitation is less than the evaporation, and the positive P-E indicates

that the precipitation is greater than the evaporation.  The P-E value is strongly negative

over the western, central and southern sections of the lake, especially over the

southwestern part of the lake where maximum precipitation occurs.  This P-E pattern

suggests that moisture convergence play an important role in determining the

precipitation pattern over the lake basin.  Over the eastern and northern areas where

downhill wind prevails, the evaporation is more than the rainfall.  The averaged P-E over

the entire lake is –13.4 mm.  This implies that the total evaporation during December

1988 is more than the rainfall over Lake Victoria, which is also evident in the climate

conditions computed by Yin and Nicholson (1997).  The net result is that the lake loses

water to its surrounding regions.  This unbalanced hydrological cycle may contribute to

the recent lake level decrease (Yin et al, 1997).  However, under the conditions of

December 1988, Lake Victoria not only sustains itself, but also provides water vapor to

its surround regions.  Therefore, Lake Victoria plays an important role in determining the

hydrological conditions over eastern Africa.
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3.3.2 Lake surface analysis

The simulated lake surface water temperature and surface water circulation during month-

4 (i.e. December 1988) are shown in Fig.3.7a.  The simulation results are characterized by

a horizontal spiral pattern in the water current field which transports warm water to the

northern section and cold water to the southern section.  A distinct warm pool of water is

located over the southwestern part of the lake.  The net result is a warm tongue in the

northeastern part and a cold tongue over the northwestern part of the lake.

Over the years, several studies have provided assorted observational data of the

temperature of the lake at different locations and for different years.  Spigel and Coulter

(1996) discussed the surface temperature of Lake Victoria in December for the period

1960-1961 and for 1990-1991, about 32 km south of the source of River Nile, at Jinja in

Uganda. Ochumba (1996) described observed monthly mean surface temperature at

numerous locations over the northeastern part of the lake for 1992. Spigel and Coulter

(1996) discussed the surface temperature during the course of the year based on Talling’s

data (Talling, 1968).  However, the locations of observational stations used to obtain

these data are offshore. Yin and Nicholson (1997) have argued that Talling's surface

temperatures probably best represented the temperature during the period of 1956-78 and

used it to calculate the water balance of Lake Victoria using their hydrological model.

Since more suitable observational data is not readily available, Talling's surface

temperature is also used in this study to assess the performance of the coupled RegCM2-
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POM model.

Table 3.3 Model simulated lake surface water temperatures averaged over the entire
lake in December 1988 and Talling’s observational data.

RegCM2-POM obs (Talling,
1976)

model-obs Percentage
(difference/obs.
)

Mean LST 24.4°C 25.2°C -0.8°C -3.17%

Table 3.3 summarizes the comparison of the lake surface temperature based on Talling’s

observed data and the RegCM2-POM model. The lake maximum surface temperature

simulated by the coupled RegCM2-POM is 25.5°C and it is located over the southwest

sector of the lake, which is also the shallowest region of the lake. The averaged simulated

lake surface temperature over the entire lake is 24.4C which is 0.8°C (3.17%) cooler than

Talling’s observed temperature.  We note that the observational data might be based on

only a few stations, while the lake surface temperature considered in the comparison of

the model performance is averaged for the entire lake.  Furthermore, the time period used

by Talling is different from the one adopted in our study.  Therefore, we may conclude

that the coupled RegCM2-POM model performs well to reproduce the lake conditions.

However, this comparison with observations must be considered as preliminary until

more compatible observational data becomes available to confirm the analysis.  Despite

these differences, the balance of evidence firmly indicates that the performance of
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RegCM2-POM is superior to the RegCM2-1D model for reproducing and investigating

the climate variability of Eastern Africa in general, and the climate over the basin of Lake

Victoria, in particular.

Fig.3.7b shows the simulated monthly mean vertical velocity over the water surface in

December 1988.  The positive value corresponds to upwelling and the negative value to

downwelling at the surface, respectively.  The downwelling regions are located over the

southern, central-western, central-eastern, and central-northern lake, which are co-located

with the warm pool and the warm tongue in Fig. 3.6a.  The upwelling areas are located

over the northern, northwestern and the areas along the east boundary, which is also co-

located with the cold of water.  These co-located patterns between

upwelling/downwelling and cold/warm areas indicate that the surface warm water is

transported into the deep part of the lake by the downwelling current and the deep cool

water is raised by the upwelling current.  Along the east and north shore, the strong

easterly and northeasterly wind regimes (Fig.3.2) drive the surface water off shore and

thus induce the upwelling there.  The anti-clockwise lake circulation transports the water

to the southern lake where the surface current is very weak, and the water piles there and

thus induces downwelling over the southern region of the lake.  Therefore the coupled

RegCM2-POM model reproduces a reasonable three-dimensional temperature and

circulation patterns even though adequate observational data is not readily available to

validate these simulation results definitively.
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3.3.3 Diurnal variation

Simulation of the realistic diurnal cycle is an important attribute of credible climate

models.  In particular, this is important in the vicinity of large water bodies to ensure that

the simulation of the lake/land breeze is realistic.  Analyses of satellite observational data

shows that the maximum convection occurs over Lake Victoria during the morning, and

over the surrounding land region during the late afternoon and evening (Ba et al., 1998).

Based on rain gauge data Datta (1981) showed that the diurnal cycle is characterized by

morning to midday maximum in rainfall frequency over the western shore, afternoon

maximum over the eastern shore, and an early morning maximum over the center of the

lake in the vicinity of the western island of Nabuyongo and nearby locations.  The

seasonal changes in the large-scale flow pattern associated with the movement of the

ITCZ are further modified on the mesoscale by the land-lake breeze effect (Cocheme,

1960).  The results show that the model remarkably reproduces the observed asymmetries

in the diurnal cycle around Lake Victoria and correctly simulates a diurnal peak in

rainfall around 6-9 am in the morning for the western shoreline of Lake Victoria.  The

peak for the eastern shoreline occurs between 8:00pm and mid-night.  For the model to

produce these results many processes have to be correctly modeled.

The simulated monthly mean wind vectors at 850mb for 06UTC (09 local standard time

(LST)), 12UTC (15 LST), 18UTC (21 LST) and 24UTC (3 LST) December 1988 are

shown respectively in Fig.3.8 a-d.  The land and lake breeze changes are strongly evident.
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The lake breeze dominates the lake catchment during the afternoon (12UTC) and early

evening (18UTC) when the easterly component reaches its maximum over the western

shore and the westerly component reaches its maximum over the eastern coast.  The

strong divergence dominates over the lake and convergence over the surrounding land

during this period of the day.  Strong land breeze circulation occurs late at night (24UTC)

and early in the morning (06UTC) when the convergence dominates over the lake.  This

simulated lake-land breeze is consistent with the observational analysis produced by

Datta (1981).

Corresponding to the lake-land breeze analysis, the simulated precipitation for 0-06UTC,

06-12UTC, 12-18UTC, 18-24UTC December, 1988, over the lake catchment are

displayed in Fig.3.9 a-d.  The maximum rainfall is located over the western part of the

lake, and the minimum rainfall is located over the northeastern part of the lake.  Over the

western part of the lake, most of the precipitation occurs during early morning (0-

06UTC), little during late part of the night (18-24UTC) and late morning (06-12UTC),

and no precipitation during the afternoon (12-18UTC).  Over the central part of the lake,

the precipitation takes place from night (18UTC) to morning (06UTC), and no

precipitation during the daytime (06-18UTC).  Over the eastern part of the lake, the

maximum precipitation occurs around midnight (18-24UTC), and a sharp decrease in

rainfall is evident after midnight with little or no rainfall during daytime (06-18UTC).

Therefore, the precipitation mainly occurs around the mid-night and early morning when

the land breeze dominates over the lake.  Little or no rainfall occurs during daytime and
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early evening when the lake breeze dominates over the lake.  These results show that the

diurnal variations in the precipitation are therefore highly related to the lake-land breeze.

 Fig.3.10a shows the time cross section of streamline at 10m height for December along

1°S across Lake Victoria.  Divergence and convergence activities are clearly indicated by

the streamline pattern.  Divergent flow forms over the eastern coast around 09UTC and

then shifts westward.  This wind divergence passes through 33°E around 10:30 UTC,

which is also confirmed in Fig.3.10b in the time cross section of streamline along 33°E,

and arrives along the western coast around 15UTC.  The wind convergence originates

from the east coast at about 18:30 UTC and also moves westward.  The signal crosses

33°E at about 21UTC, which is also evident in Fig.3.10b, and arrives along the western

cost around 21:30UTC.  It therefore, takes about 6 hours for the divergent air to travel

across the lake, while about 3 hours for the convergent air to travel the same distance.

Since the basic flow is the northeasterly at 1°S (Fig.3.2a), the lake breeze counteracts the

easterly component during the daytime (Fig.3.8b) and the land breeze intensifies the

easterly component (Fig.3.8d).  This westward movement of divergent and convergent

zone may be mainly attributed to Sun’s insolation, but it is apparent that the interaction

between the basic flow and the lake-land breeze also influences this pattern of movement.

In Fig.3.10b, the divergent zone is stationary, however the convergent zone travels

southward between the northern coast and the southern coast from 18:30UTC to

21:30UTC.  Similar to the divergent zone along 1°S in Fig.3.10a, the convergent zone
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along 33°E is also affected by the interaction between the northeasterly flow and the lake-

land breeze.  We find that the basic flow is northeasterly along 33°E (Fig.3.2a), and the

lake breeze counteracts the northerly component during the daytime (Fig.3.8b).

Consequently, the land breeze intensifies the northerly component (Fig.3.8d).

Fig.3.11a shows the monthly mean diurnal variations for surface temperature in

December 1988 along 33°E.  The surface water responds strongly to the variations of the

surface atmospheric forcing, especially near the shore over the southern region of the lake

where the surface temperature is higher than over the northern sector.  The surface

temperature reaches its maximum value of 25.8°C at 12UTC and drops to a minimum of

24.6°C around 03UTC near the shore of the southern part of the lake.  The diurnal change

in surface temperature is about 1.2°C.  Fig.3.11b displays the departures from the

monthly mean.  The results are obtained by abstracting the entire monthly mean surface

temperature from the monthly mean diurnal surface temperature.  From 05UTC, the lake

absorbs energy from the Sun and its temperature begins to rise.  During the 7 hours of the

Solar heating, the lake surface attains its maximum departure of +0.9°C at about 12UTC,

and then begins to decline thereafter.   Around 04UTC, the lake surface attains its

minimum temperature which corresponds to about –0.3°C departure from daily mean.  In

contrast, the variation in the water temperature at the center of Lake Victoria is relatively

insignificant.
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To further explore temperature diurnal changes with depth simulated using the coupled

lake model, the simulated lake temperatures variation with depth around (32.7°E, 1°S) is

displayed in Fig.3.12.  Since most of the temperature changes occur within the upper

portion of the lake above the thermocline, only the top 45m are shown in the figure to

indicate more detail of the diurnal changes.  From midnight to early morning, the mixed

layer is isothermal and this isothermal layer deepens as the lake cools and the thermocline

erodes.   During the early morning, the lake becomes isothermal at 35m depth at a

temperature of about 24.6°C.  During the late morning, the water near the surface warms

rapidly, the lake stratifies, and the mixed layer deepens.  The surface lake water reaches

maximum daily temperature of 25.5°C at 12UTC.  Therefore, the mixed layer varies

diurnally.

In the monthly mean diurnal variation of the lake surface circulation (figures omitted),

similar to the diurnal changes in the “stand-alone” 3-D lake model (Song et al, 2000),

although the surface winds reverse direction during the course of the day in association

with the land/lake breeze, and also dominate the total wind field, the water circulation

maintains the same anti-clockwise circulation (Fig.3.7a) throughout the day.  However,

the diurnal variation occurs at the strength of the surface currents.  This observation re-

enforces the conclusion based on  the “stand-alone” lake model results that the circulation

of the lake is primarily controlled by the prevailing wind pattern rather than the

component associated with the land/lake breeze.
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3.4 Simulation of a wet and dry event using the coupled RegCM2-POM model

1982-1983 El Nino is the strongest air-sea interaction global climate anomaly signal

during the decade of the 1980s.  The climate response over the eastern Africa is also the

strongest and the climate conditions over eastern Africa in 1982 is the wettest year in

1980s (Indeje, 2000).  In contrast, the climate condition over eastern Africa in 1987,

which is a post year of ENSO, is the driest year during the 1980s.

3.4.1 Comparison of the simulated circulation

The simulated wind flow patterns at 850mb for December during the wet El Nino year

(1982) is shown in Fig.3.13a, and the corresponding anomaly pattern (wet year minus the

control year) is displayed in Fig.3.13b.  The wind flow is relatively stronger over the lake

catchment, especially the northerly component.  The averaged wind speed over the lake

catchment is 2.7m/s in 1982 compared to 2.2m/s in 1988.   The northeasterlies decelerate

over the eastern lake and forms a convergent area there.  In the wind anomaly patterns

(Fig.3.13b), the relatively strong northwesterlies anomaly dominate over the northwestern

part of the model domain, the strong northerly anomalies prevail over the lake.  Westerly

anomalies dominate over the eastern part of the domain.  According to the study over a

larger domain (Indeje 2000), over eastern Africa in 1982, the easterly originates from the

Indian Ocean while the westerlies are from the moist Congo forest/Atlantic Ocean.   The

westerly anomaly flow over our domain indicates that the moisture advection from the
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Congo forest/Atlantic Ocean might be important for the wet anomaly conditions over

eastern Africa, while the Indian Ocean perhaps does not seem to have played a critical

role in 1982.

The simulated wind flow patterns for the dry year (1987) and the corresponding anomaly

pattern (dry year minus the control year) at 850mb level are displayed in Fig.3.14a and

Fig.3.14b.  The easterly wind speed over the lake is on average or weaker comparing to

that in 1988.  The averaged wind speed over the lake catchment is 1.8m/s in 1987

compared to 2.2m/s in 1988.   The northeasterlies decelerate over the eastern lake and

which results in a convergent zone there.  In the wind anomaly patterns, we note a

divergence anomaly pattern located over the lake over south of the Equator where the

heavy rainfall occurs under the normal conditions, while the convergent flow dominates

over the central-northern part of the lake associated with relatively light rainfall under

normal conditions (Fig.3.5a).  According to a study based on a larger model domain over

eastern Africa in 1987(Indeje 2000), the southeasterly and northeasterly flows exhibit a

longer continental track and a relatively short maritime track.  The corresponding

divergent circulation over the lake and the drier moisture conditions might be an

important mechanism for supporting the dry anomaly over eastern Africa in 1987.

The latitude-height cross sections for the meridional wind speed averaged between

longitudes 32°E and 33.5°E for the wet minus control and dry minus control are shown in

Fig.3.14.  In the wet year (Fig.3.15a), the southerly wind anomaly extends from surface to
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above 500mb level with overlying northerly wind anomaly centered at 200mb level.  This

negative wind shear may benefit the Hadley circulation over the lake and strengthen the

convection.  In the dry year (Fig.3.14b), the southerly wind anomaly is observed

throughout the entire troposphere.  This pattern might be conducive for the stable

troposphere and weakened Hadley circulation.

The corresponding latitude-height cross sections of vertical wind speed averaged between

longitudes 32°E and 33.5°E for the wet year and dry year are displayed in Fig.3.16.  The

relatively stronger upward movement is located over the lake basin during the wet year

while the relatively weaker upward movement takes place during the dry year.  These

vertical movement patterns are further conducive for the heavy rainfall during the wet

year and light rainfall during the dry year.

These results indicate that the convergence and associated convection and vertical motion

are enhanced over the lake basin during the wet year, and strongly suppressed during the

dry year.  During 1982, the moisture advection from the Congo forest/Atlantic Ocean

might have been an important mechanism for the wet anomaly conditions over eastern

Africa, while the Indian Ocean perhaps did not play a critical role.

3.4.2 Comparison of the rainfall distribution

The simulated precipitation over eastern Africa in December 1982 and its difference from
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the precipitation in December 1988 are shown in Fig.3.17a and Fig.3.17b, respectively.

In December 1982, very wet conditions prevailed over the entire lake and most of the

model domain, such as Kenya Highland and the coastal areas of the Indian Ocean.

Ogallo (1988) investigated the relationships between seasonal rainfall over eastern Africa

and the global sea surface temperature (SST) anomalies based on the period 1923-1984,

and found that rainfall was greater than the long-term mean over the Lake Victoria

catchment during El Nino years. Similar positive precipitation anomalies in December

1982 are evident here.  The averaged monthly rainfall over the lake is about 345.8mm,

which is 112.2mm more than that of 1988. Different from the normal conditions

(Fig.3.5a) in which the maximum rainfall occurs at the western lake, the maximum

precipitation in 1982 is located over the central-eastern part of the lake.  The maximum

anomalous rainfall also occurs over the central-eastern lake where the strongest

anomalous convergence takes place (Fig.3.13b).

The simulated precipitation over eastern Africa in December 1987 and its departure from

the precipitation in December 1988 are displayed in Fig.3.18.  The climate conditions are

relatively dry over most of the model domain, including the whole lake.  The averaged

monthly rainfall over Lake Victoria is about 144.9mm, which is 88.75mm less than that

in the control run and 200.9mm less than that in 1982. Over the lake, the maximum

negative rainfall anomaly occurs at the southern lake where the strongest anomalous

divergence takes place (Fig.3.14b).  Indeje et al (2000) investigated the relationships

between seasonal rainfall over eastern Africa and the ENSO based on the period 1961-
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1990, and found significantly dry conditions over the eastern highlands of Kenya and the

Lake Victoria basin in the one year post-ENSO.  These simulated precipitation anomalies

are consistent with their results.

The simulated surface air temperature anomaly pattern for 1982 December (the wet year

minus the control) and for 1987 December (the dry year minus the control) are displayed

in Fig.3.19.  The heavy cloud cover in 1982 blocks the Sun’s radiation and causes the

surface air temperature to decrease over most of the domain (Fig.3.19a), while the

relatively light cloud cover permits more shortwave radiation to penetrate and raises the

air temperature near the surface over most of the model domain (Fig.3.19b).  The net

results is that the surface air temperature averaged over the lake in 1982 is 22.9°C, which

is 0.3°C cooler than that in 1988, and in 1987 it is 25.3°C, which is 0.9°C warmer than

that in 1988.  The other features are that the surface air temperature anomalies over the

lake are relatively weaker than those over the surrounding regions in both the wet year

and dry year.  It might be the large heat capacity of the lake body blocking the strong

variation.

Fig.3.20 shows the simulated evaporation departures for 1982 December (the wet year

minus the control) and 1987 December (the dry year minus the control).  In 1982

(Fig.3.20a), the area of positive evaporation anomalies is located over the western part of

the lake where strong wind speeds are located (Fig.3.13a) and the anomalous divergence

occurs (Fig.3.13b).  The negative evaporation anomalies occur over the northeastern and



94

eastern lake where the convergence occurs. The monthly averaged evaporation in

December 1982 over the entire lake is about 235.5mm, which is 10.8mm less than that in

1988.   This anomalous evaporation suggests that evaporation be strongly influenced by

horizontal circulation.  In 1982, horizontal wind convergence transports the moist air

from the surrounding area and suppresses evaporation locally over the convergent zone.

On the other hand wind divergence transports the moist air outward and enhances the

evaporation locally in the divergent zone.   In 1987 (Fig.3.20b), the evaporation over the

whole lake is less than that in the control run.  The monthly averaged evaporation in

December 1987 over the entire lake is about 227.5mm, which is 18.88mm less than that

in 1988.  Since the surface air temperature in 1987 over the lake is warmer than that in

the control run (Fig.3.19b), the reduced evaporation over the lake may be attributed to the

weaker wind circulation in 1987 (Fig.3.14).

Fig.3.21 shows the difference between the precipitation and the evaporation (P-E) for

December 1982 and 1987.  In 1982, except for two small areas over northeastern and

northwestern sections of the lake, P-E is positive over the entire lake, especially over the

central-eastern regions of the lake where the maximum precipitation occur (Fig.3.17a).

Over Lake Victoria, the monthly averaged P-E is 110.3mm, which constitutes 32.4

percent of the precipitation.  Over the whole domain, the monthly averaged P-E is

54.4mm.   The lake and its catchment can not provide enough water vapor to support the

rainfall, especially over the lake.  This result suggests that one third of the precipitation in

December 1982 comes from the external sources.  Moreover, the large positive P-E
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region is co-located with the strongly convergent anomalous area in Fig.3.14b.

Therefore, the increased precipitation is mainly due to water vapor convergence through

advection.  These results confirm the relationship in which the eastern Africa rainfall

fluctuations are clearly linked with large-scale features of the general atmospheric

circulation (Nicholson 1996).  The strong anomalous westerly flow over Lake Victoria

(Fig.3.14b) and its basin in 1982 may be an indication that the Indian Ocean perhaps did

not play a critical role in the strong precipitation anomaly, and the precipitation

fluctuations over Lake Victoria might have been more directly influenced by SST

fluctuations over the Atlantic Ocean.

In 1987 (Fig.3.21b), except for some individual small areas, the precipitation is less than

the evaporation over the entire domain, especially over the lake.  Over Lake Victoria, the

monthly averaged P-E is –82.57mm, and the extra evaporation accounts for 56.99 percent

of the precipitation.  Over the entire model domain, the monthly averaged P-E is –

36.31mm.  The lake basin not only provides adequate water vapor to support the local

rainfall, but also is a net source for the region outside.  At 850mb, the anomalous wind

divergence is enhanced over the lake (Fig.3.15b), which results in water vapor divergence

away from the lake.  This water vapor divergence anomaly pattern could have contributed

to the dry climate condition in 1987.

Observed precipitation data over Lake Victoria was not readily available for this study.

However, previous investigations indicate that there is a strong correlation between the
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lake level and monthly precipitation over the Lake Victoria catchment (Morth 1967).  If

the runoff is disregarded, changes in the lake level are driven by P-E; when P-E is

positive, the lake level increases, when P-E is negative, lake level decreases.  Birkett

(1997) analyzed the evolution of the lake level during 1992 and 1993.  The slight

decrease of the lake level occurred during October, November and December, 1992.

Since both 1987 and 1992 are a post-ENSO years associated with dry seasonal climate

condition, the lake level in December 1987 also should decrease and P-E should be

negative.  This indirectly suggests that the simulated negative P-E patterns for 1987 are

realistic.

Table 3.4  Summary of the precipitation and the evaporation over Lake Victoria.

Precipitation
(mm)

Evaporation (mm) Difference (P-E)

1982 345.8 235.5 110.3

1987 145.0 227.5 -82.5

In Table 3.4, the P-E is 110.3mm during the wet year and –82.5mm during the dry year

over the lake.  These different P-E value between the wet year and dry years indicate that

Lake Victoria plays an important role in moderating the climate variation over eastern

Africa.   It stores water during the wet years, and releases it during dry years.  Thus, the

lake alleviates the strength of the extreme drought and flood events.
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3.4.3 Comparison of the lake variations

Examining the pattern of the monthly averaged lake surface water temperature and

current for December 1982 (Fig.3.22a) we find that the LST ranges from 24.5°C to

25.5°C.  Except over the southwestern lake, the lake surface is warmer than that in 1988

(Fig.3.22b).   The monthly averaged LST over the entire lake is 24.82°C, which is 0.38°C

higher than that in 1988.  The maximum LST area is located over the middle-eastern part

of the lake during the wet year, rather tan located over the southwestern lake during the

normal year.  An anti-clockwise circulation dominates over the entire lake surface

(Fig.3.22a), thus in this respect,  similar to the results in the control experiment.

Influenced by the strong anomalous northerly flow over the lake (Fig.3.13b), strong

anomalous southward currents occupy the lake south of 0.6°S latitude (Fig.3.22b).  The

monthly averaged lake surface current velocity over the entire lake is 0.068 m/s in 1982

compared to 0.056 m/s in the control run.  This stronger water current enhances the warm

and cold water mixing, and induces stronger vertical motion for transporting heat.  The

net results is that the horizontal variation is weaker than that of 1988, especially over the

western lake where the heavy precipitation happens in the control run (Fig.3.5a).  This

LST pattern further induces mesoscale flows converging over the central-eastern part of

the lake and diverging over the southwestern region, which is almost a reversal to that

conditions during 1988.  This mesoscale circulation further modifies the large scale

circulation and influences the precipitation pattern.  Therefore, the relatively light rainfall
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over the western region of the lake and the relatively heavy rainfall over the central-

eastern part of the lake in 1982 (Fig.3.17a) may be attributed to the variations in the

LSTs.

The monthly averaged lake surface water temperature and currents for December 1987

are displayed in Fig.3.23.   The LST ranges from 24.6°C to 26.1°C (Fig.3.23a).  The

warm anomaly pool of water spreads over the entire lake (Fig.3.23b).  The monthly

averaged LST over the entire lake is 25.3°C, which is 0.9°C higher than that in the

control experiment.  The maximum difference is 1.2°C and it is located over the

northwestern part of the lake. An anti-clockwise circulation dominates the entire lake

surface, which is similar to the control experiment, but the circulation is weaker than that

in the control experiment.  The horizontal LST gradient is much stronger over the

northwestern region where the induced mesoscale circulation is also relatively strong and

the precipitation is relatively heavy there (Fig.3.18a).  Observed lake surface temperature

for the period of simulation are not readily available, however, the lake surface

temperature produced by the coupled model system in general approximately approaches

the observed value of 25°C for December 1992 that is also the post year of ENSO in

Kenya stations (Ochumba, 1996).

The summary of the lake surface temperature, surface air temperature and the evaporation

over Lake Victoria are displayed in Table 3.5.  Temperature differentials between lake
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and atmosphere affect air moisture.  In Equation 2.18, the evaporation rate is governed by

the difference between the specific humidity of the air and the saturation specific

humidity of the water surface, the latter being a function of surface temperature only.

The wind speed also affects the evaporation rate.

Table 3.5  Summary of the results on the lake surface temperature, surface air
temperature and the evaporation.

Lake surface
temperature
(°C)

Surface air
temperature
(°C)

Wind speed at
850mb (m/s)

Evaporation
(mm)

1982 24.8 22.9 2.7 235.5

1987 25.3 24.0 1.8 227.5

1988 24.4 23.2 2.2 246.2

In December 1982, although the higher evaporation is expected due to the higher

temperature differential 1.8°C (24.8°C-22.9°C) between lake and surface air than that in

1988 (24.4-23.2=1.2°C), the higher air moisture convergence forced by large scale

circulation suppresses the evaporation.  Moreover, the weaker LST gradient is not

conductive for the mesoscale circulation development which further suppresses the

evaporation.  Thus negative evaporation anomalies occur in December 1982.   In

December 1987, the temperature differential (1.3°C) between lake surface and lake

masses does not deviate too much from 1988 (1.2°C), but the surface wind speed (1.8
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m/s) is weaker than that in 1988(2.2 m/s).  The negative evaporation anomalies are

mainly attributed to the weaker wind.  On the other hand, the negative anomalous in the

evaporation are the main contributor to the warmer lake surface temperature anomalies

during both 1982 and 1987.

3.5  Conclusions

In this study, we have used the coupled RegCM2-POM model to simulate the climate

conditions over the Lake Victoria basin.  The simulations have been conducted for a

normal year (1988), two contrasting years (El Nino (1982) and non El Nino (1987)) to

investigate the dynamical and thermodynamical mechanisms responsible for the

occurrences of wet and dry conditions over eastern Africa during the short rainy season.

The model captures the interannual variations in the atmosphere-lake interaction system.

We find that the variation of the large-scale circulation is a very important factor in

determining the climate anomaly conditions.  The results for the simulated circulation

indicate that convergent anomalous wind conditions are located over the lake during the

wet year, and divergent anomalous wind conditions are simulated during the dry year.

The vertical motion is substantially strengthened during wet year and weakened during

the dry year.  This strong/weak vertical motion associated with the convergent/divergent

horizontal circulation intensifies/suppresses moisture convergence and thus influences
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precipitation over Lake Victoria during the wet/dry years.

The strong atmosphere-lake interaction was confirmed over eastern Africa.  The

simulated air temperature above the lake is 2.5°C warmer than that in the surrounding

regions.  In both the surface air temperature and water temperature, the relatively warmer

areas are located over the southwestern and central-eastern regions of the lake, and the

cooler region is located over the northwestern lake sector.  This co-located distribution

for the surface air temperature and the lake surface temperature indicates that it is very

crucial for represent the lake thermodynamics and hydrodynamics for realistic model

reproduction of the regional climate.

The precipitation mainly occurs during midnight and early morning when the land breeze

dominates the lake.  Little or no rainfall occurs during daytime and early evening when

the lake breeze dominates over the lake.  The divergent/convergent flow originates from

the eastern lake during day/night time, and moves southwestward.  The interaction

between the lake-land breeze and the prevailing northeasterly flow provides the

mechanism for the diurnal rainfall geographical asymmetries across the lake and the

divergence/convergence movement.

Lake Victoria plays a very important role in moderating the climate variation and

supporting the hydrological cycle over eastern Africa.  The positive/negative P-E

distribution indicates that the lake stores water moisture during a wet year, and releases
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the moisture during the dry year.  Thus the lake alleviates the strength of potential

extreme drought and flood events.  The negative P-E during the wet year also indicates

that the moisture convergence plays an important role in determining the heavy

precipitation.  The westerly anomaly wind regime during 1982 further suggests that the

moisture advection from the Congo tropical rain forest and Atlantic Ocean, might be an

important factor in explaining the wet anomaly conditions over eastern Africa, while the

Indian Ocean perhaps did not play a critical role during 1982.

The lake circulation variation plays an important role in modulating the LST structure

over Lake Victoria and thus influences the regional coupled climatic conditions.  The

simulated lake circulation is characterized by a horizontal spiral pattern that transports

warm water toward the northern section and cold water toward the southern section.  The

net result is a warm tongue over the northeastern part and a cold tongue over the

northwestern part of the lake.   The lake is warmer during both wet and dry year, but the

water current is stronger during the wet year and weaker during the dry year as a result of

the strong/weak momentum forcing.  The enhanced/weakened lake circulation mixes the

warm and cold water and results in weak/strong horizontal LST gradient during wet/dry

years.  The weakened/intensified horizontal LST induces weak/strong mesoscale

circulation and further impacts the regional climate conditions.  The warmer LST during

both wet and dry years may be attributed to the lower evaporation rate in both wet and

dry years.  Hence, the LST patterns are mainly determined by the heat flux, and modified
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by lake water flow variations.

The patterns of precipitation are strongly influenced not only by the large scale

circulation, but also modified by the mesoscale circulation induced by the LST gradient.

During the wet year, although the averaged LST over the lake is warmer, the LST

gradient over the western region of the lake is weakened, the LST over the southwestern

region is cooled and the maximum LST area moves to the central-eastern part of the lake

away from the southwestern lake.  The rainfall is relatively light over the western region

and heavy over the central-eastern region responding to the variation in the LST.  During

the dry year, the LST horizontal gradient is enhanced over the western part of the lake,

especially over the northwestern sector.  Thus the mesoscale circulation over the lake

basin is enhanced there, and the relatively heavy precipitation still occurs at the western

lake.

We infer from our results that the hydrodynamics of the lake plays an important role in

determining the coupled variability of the lake circulation and the lake basin-wide

climatic conditions. This observation is based on the use of the coupled 3-dimensional

lake model and it is obscured in the results based on the coupled 1-dimensional lake

model due to the shortcomings in the formulation in the latter.  It is therefore apparent

that neglecting the lake’s hydrodynamics and basing the lake model entirely on

thermodynamical considerations deprives the coupled regional climate model of the

ability to transport heat efficiently within the lake and thereby degrades the simulation of
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the climate downstream over the rest of the lake and the surrounding regions.
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Fig. 3.1.  Model domain topography with horizontal resolution of 20 km (combined from
NCAR dataset, and Johnson’s Bathymetry data).  unit: m.
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(a)

(b)

Fig. 3.2. Simulated wind vector and wind speed at 850mb in December 1988. a). wind
vector. b). wind speed. Unit: m/s.
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Fig. 3.3. Simulated wind variation with height in December 1988.  a). vertical cross
section of horizontal zonal wind along 1°S. b). vertical cross section of horizontal
meridional wind along 33°E. unit: m/s.
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(b)

(a)

Fig. 3.4. a). Simulated surface air temperature in December 1988. unit: °C.  b). Simulated
evaporation in December 1988. unit: mm.
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(a)

(b)

Fig.3.5. a). Simulated precipitation in December 1988.  b). Simulated P-E (precipitation
minus evaporation) in December 1988. unit: mm.
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Fig. 3.6. Simulated time series averaged over Lake Victoria in December 1988. a) daily
precipitation. unit: mm. b) daily mean lake surface temperature. unit: °C.



111

Fig. 3.7. Simulated surface lake parameters of Lake Victoria in December 1988.  a).
temperature (°C) and current (m/s).  b). vertical speed (m/s).
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(b)(a)

(c) (d)

Fig. 3.8. Simulated  wind at 850mb in December 1988.  a).  at 06UTC.  b).  at 12UTC.
c). at 18UTC.  d). at 24UTC. unit: m/s.
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(d)(c)

(b)(a)

Fig. 3.9. Simulated  precipitation in December 1988.  a).during 0-06UTC.  b).  during 06-
12UTC.  c). during 12-18UTC.  d). during 18-24UTC. unit: mm.
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Fig. 3.10. Diurnal time cross section of simulated streamline at 10m height for December
1988. a). along 1°S. b). along 33°E. unit: /s.
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Fig. 3.11. Diurnal time cross section of simulated lake surface temperature for December
1988. a). along 1°S. b). anomaly along 1°S. unit: °C.
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Fig 12. Diurnal time-depth cross section of the simulated lake temperature at
(32.7°E,1°S) for December 1988. unit: °C.
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(b)

(a)

Fig. 3.13. a). Simulated circulation at 850mb for December 1982.  b).  simulated anomaly
wind (1982 minus 1988) at 850mb.  unit: m/s.
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(a)

(b)

Fig. 3.14. Simulated circulation at 850mb for December 1987.  b).  simulated anomaly
wind (1987 minus 1988) at 850mb.  unit: m/s.



119

Fig. 3.15. Height cross section with simulated meridional wind anomaly averaged
between longitudes 32°E and 33.5°E for December. a) 1982 minus 1988. b). 1987
minus 1988. unit: m/s.



120

Fig. 3.16. Height cross section with simulated anomalous vertical wind speed averaged
between longitudes 32°E and 33.5°E for December. a) 1982 minus 1988. b). 1987
minus 1988. unit: m/s.
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(b)

(a)

Fig. 3.17. a). Simulated precipitation for December 1982.  b).  simulated anomaly
precipitation (1982 minus 1988).  unit: mm.
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(a)

(b)

Fig. 3.18. a). Simulated precipitation for December 1987.  b).  simulated anomaly
precipitation (1987 minus 1988).  unit: mm.
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(b)

(a)

Fig. 3.19. Simulated anomalous surface air temperature for December. a) 1982 minus
1988. b). 1987 minus 1988. unit: mm.
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(a)

(b)

Fig.20. Simulated anomalous evaporation for December. a) 1982 minus 1988. b). 1987
minus 1988. unit: mm.
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(b)

(a)

Fig. 3.21. Simulated P-E for December. a) 1982  b). 1987. unit: mm.



126

Fig. 3.22. Simulated surface parameters of Lake Victoria for December 1982.  a).
temperature (°C) and current (m/s).  b). anomaly (1982 minus 1988) temperature
(°C) and current (m/s).
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Fig. 3.23. Simulated surface parameters of Lake Victoria for December 1987.  a).
temperature (°C) and current (m/s).  b). anomaly (1987 minus 1988) temperature
(°C) and current (m/s).
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Chapter 4

A GCM Study of Climate Change Induced by

Deforestation in Africa

4.1 Background

Out of nearly 100 countries in the world affected by deforestation and desertification

about half of them are in Africa which is more than 80% of the African countries (Brown

et al 1990 and 1995, and references therein). Although it is generally accepted that the

overall rate of the clearing of the tropical forests is about 0.6% per year, great variation

exists between different regions of the continent of Africa. Ground surveys of tropical

forests are now being augmented by airborne sampling methods, such as the use of low-

altitude photography, satellite systems, and side looking radar (Brown et al 1990).

Remotely sensed data have a great deal of promise to offer, but there are many technical

problems yet to be resolved. For instance, some state-of-the-art satellite images can

distinguish only broad classification of vegetation, others provide greater resolution but a

smaller scale, so that the cost of obtaining and interpreting meaningful coverage can be

prohibitive (Tucker et al 1984, Malingreau et al 1989). Some space or airborne systems
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can be degraded by the frequent cloudiness of the tropics and the smoke from the fires

used to clear the forests. Moreover, because deforestation is such a highly charged

political issue, even the most impeccable data are subject to considerable differences in

interpretation (Matthew 1983, Allen and Barnes 1985). Nevertheless, it is recognized that

the present rates of clearing will probably deplete the forest resource within the next 20 to

30 years. As denser road networks are constructed in the presently relatively inaccessible

regions such as the interior of the Congo tropical rain forest, accelerated deforestation

should be expected.

Since the pioneering study of (Charney et al., 1977) a large volume of modeling &

observational studies have investigated the hypothesis which states that the increase in

surface albedo, the reduction in evapotranspiration and surface roughness (Sud and Smith

1985, Sud et al. 1988, Nobre et al. 1991, and Williams 1990) associated with the

degradation of vegetation could have a positive feedback on future rainfall. The

hypothesis postulates that through these biogeophysical feedbacks, an incipient drought

can become self-promoting (Williams 1990), It is has been predicted that this mechanism

may be partly responsible for the expansion of the sub-Saharan desert boarder region,

thus helping to turn it into a true desert. It is estimated that complete removal of the

Amazon rain forest would have substantial influence on the regional surface temperature

and hydrology (Henderson-Sellers and Gornitz, 1984; Dickinson and Henderson-Sellers

1988; Shukla et al 1990, and Nobre et al 1991). Shukla et al. (1990) showed that the

turning into agriculture of the Amazonian tropical forest could result in the suppression of
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precipitation larger than the corresponding regional reduction in evapotranspiration,

implying that the dynamical convergence of moisture from the surrounding regions also

would decrease as a result of deforestation. From this and other studies we hypothesize

that the ongoing deforestation over the west and central African countries could

significantly affect the regional moisture balance and lead to irreversible regional climatic

changes. More recently Zhang et al (1996ab), investigated the deforestation problem by

replacing all the world’s tropical rain forests with grassland. Their results clarified the

important role deforestation could have on global climate in the future. Recent work

(Eltahir and Gong, 1996, Zheng and Eltahir, 1998) has shown that the West African

monsoon system can be controlled by the meridional gradient of entropy in the boundary

layer, a flat (steep) meridional gradient being associated with a weak (strong) monsoon

circulation. In particular, numerical experiments (Zheng and Eltahir, 1998) showed that

deforestation in the Guinea Coast region could have a greater impact on monsoon

circulation strength than desertification in the Sahel area, by reducing this meridional

gradient.

The primary goal in the present investigation is to focus on the role of deforestation on

the African climate.  The primary research vehicle in our investigation is the standard

version of the NCAR CCM3 global climate model (GCM) with horizontal resolution of

triangular spectral truncation T42 (approximately 2.8 x 2.8 degrees). Two separate ten-

year simulations. For each of the ten-year simulations, the global climatological SST field

was prescribed.  The purpose of the ten year simulations is to provide a sufficiently large
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ensemble whose average minimizes model noise errors.  In the control simulation normal

vegetation is prescribed.  The design of the anomaly experiment is similar to the control

run except that the tropical rain forest regions in Africa are replaced by savanna grassland

vegetation.  We employ higher GCM resolution than in most previous studies in order to

resolve the continental response to deforestation. We stratify the annual cycle into the

seasons, which characterize the main rainy seasons corresponding to the primary climatic

zones of Africa.

Downscaling of the climatic effects of deforestation can be performed by taking the

CCM3 GCM output and using it to generate lateral boundary conditions for the RegCM2-

POM model. However, that will be the subject of a separate investigation in the future.

4.2 Model description

The primary vehicle in this investigation is the standard NCAR CCM3 spectral GCM.

The details about the model may be found in several documents (Acker et al 1996, Bath

et al 1992, Bonan et al 1996, Bryan et al 1996, Hack et al 1993, Kiehl 1996). Here, we

only give a brief outline of the model attributes. CCM3 has a triangular spectral

horizontal grid with truncation T42 (approximately 2.8 x 2.8-degree transform grid). In

the vertical direction the model’s atmosphere is stratified into 18 levels with a rigid lid at

2.917 mb. CCM3 also has the following numerical attributes: a semi-implicit, leap frog

time integration scheme; use of the spectral transform method for treating the dry
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dynamics; application of a bi-harmonic horizontal diffusion operator; a shape-preserving

semi-Lagrangian transport scheme (Williamson and Rasch, 1993) for advecting water

vapor, as well as an arbitrary number of other scalar fields (e.g., cloud water variables,

chemical constituents, etc.). The physics includes use of a delta-Eddington approximation

to calculate solar absorption; use of a Voigt line shape for infrared radiative cooling in the

stratosphere; inclusion of a diurnal cycle; the incorporation of a finite heat capacity

soil/sea ice model; parameterization and treatment of cloud optical properties (Kiehl et

al., 1994); non-local treatment of boundary-layer processes; and use of a simple mass flux

representation of moist convection.

CCM3 has state-of-the-art treatment of the fluxes between the land surface and the

atmosphere, which is important for the present investigation focussing on deforestation

induced climate change. The model is coupled to the land surface model (LSM version 1;

Bonan et al 1996) which is a one-dimensional model of energy, momentum, water, and

CO2 exchange between the atmosphere and land.  Surface types were derived from

Olson et al’s (1983) 0.5 X 0.5 data. Soil colors were taken from the BATS T42 data set

for use with the CCM (Dickinson et al. 1993). Sand, silt, and clay data were derived from

Webb et al.’s (1993) 1.0 x 1.0 data set. Inland water data were derived from Cogley’s

(1991) 1.0 x 1.0 data for perennial freshwater lakes and swamps/marshes

The formulation of LSM accounts for the ecological differences among vegetation types,

hydraulic and thermal differences among soil types, and allows for multiple surface types
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including lakes and wetlands within a grid cell. Vegetation effects are included by

allowing for twelve plant types that differ in leaf and stem areas, root profile, height, leaf

dimension, optical properties, stomatal physiology, roughness length, displacement

height, and biomass. These 12 plant types are combined to form 28 different vegetated

surfaces, each comprised of multiple plant types and bare ground so that, for example, a

mixed broad leaf deciduous and needle leaf evergreen forest consists of patches of

broadleaf deciduous trees, needle leaf evergreen trees, and bare ground. Lakes and

wetland, if present, form additional patches. Soil effects are included by allowing thermal

properties (heat capacity, thermal conductivity) and hydraulic properties (porosity,

saturated hydraulic conductivity, saturated metric potential, slope of retention curve) to

vary as functions of percent sand and percent clay. Soils also differ in color, which affects

soil albedos. Consequently, each grid cell in the domain of interest is assigned a surface

type, a fraction covered by lakes, a fraction covered by wetlands, a soil texture (percent

sand, percent silt, percent clay), and a soil color. In coupling to the atmospheric model,

the land surface model provides to the atmospheric model, at every time step, surface

albedo (direct beam and diffusion for visible and near-infrared wavebands), upward

longwave radiation, sensible heat flux, latent heat flux, water vapor flux, and surface

stresses. The atmospheric model provides to the land model, at every time step, incident

solar radiation (direct beam and diffuse for visible and near-infrared wavebands), incident

longwave radiation, convective and large-scale precipitation, and lowest model level

temperature, wind, specific humidity, pressure, and height.
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Two model simulations are performed to study the sensitivity of the African continent

seasonal and annual climate response to the replacement of the tropical rain forest

vegetation by savanna grassland (Fig.4.1). The purpose of imposing such drastic

modification in vegetation in the anomaly experiment is to study the upper bounds of

climate change that could be expected from the deforestation over Africa. We recognize

that the present level of observed deforestation is more modest than the scale depicted in

Fig.4.1. It is widely noted that in Africa mature forest is being largely replaced by a

mosaic of re-growth forest and shifting agriculture which is different from the situation in

the Amazon which is undergoing extensive agricultural colonization (Gurney et al 1993).

The forest vegetation consists of tropical broadleaf evergreen tree type (type 10 in the

LSM computer code), while the deforested region is characterized by interrupted woods

savanna type of vegetation (type 12 in the LSM computer code). A climatological SST

data set archived at NCAR is used to prescribe the lower boundary conditions over the

oceans in the model. In each run the model is integrated for ten years and the numerical

integrations start from the same initial conditions where the orbital parameters required

for computing the solar zenith angle and the initial conditions correspond to the middle of

October.

4.3 Intraseasonal variability

The monthly evolution of the simulated rainfall is examined by considering latitude and

longitude cross sections through the center of the Congo tropical rain forest, along the
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20E meridian and the equator, respectively. Fig.4.2a shows that the model simulates

realistic migration of the rainfall belt in the meridional direction. The near equatorial

region exhibits rainy conditions nearly through out the year, with two maxima in March-

April and October. The lowest rainfall conditions occur in June & July. The southern

latitudes have one main rain season, which extends from December through February.

Over the northern latitudes corresponding to west Africa and the Sahel, the occurrence of

the rainy season during the months of the northern hemispheric summer is realistically

reproduced, although the limiting latitude of the rain belt does not extend far enough to

the north as observed. Within the longitudinal (10E-30E) band where deforestation

mainly occurs in the model, the two rainfall maxima in March and October are clearly

evident. July is the only month, which is almost void of rainfall.

Deforestation results in significant reduction in the rainfall, with the axis of minimum

rainfall exhibiting south-north migration between 10S & 10N, thus mainly confined to

the region of deforestation. The reversal in the sign of the anomaly pattern in Fig.4.2c

indicates that deforestation results in delayed onset of the September-October-November

rain season. Similar behavior is noted for the February-March-April rain season, although

to a lesser extent. Over the Congo deforested region, maximum reduction in rainfall

occurs during the driest months of the year, in June through September (Fig. 4.3). This

period corresponds to the lowest surface and ground temperatures of the year when the

overhead position of the sun is furthest away from the equatorial belt. However, what

seems to be even more significant is that this period is also associated with minimum
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increase in temperature compared to the rest of the year. Inspection of the primary factors

(Fig.4.4) which contribute to the regional hydrological balance indicates that this period

is unique compared to the rest of the year, because it experiences a net loss of moisture

through horizontal moisture flux divergence in the case of the deforestation run. For the

other seasons, moisture flux convergence is positive irrespective of whether deforestation

occurs or not. For all the four seasons, the replacement of the tropical rain forest with

savanna grassland vegetation results in suppression of precipitation larger than the

corresponding reduction in evapotranspiration, implying that the dynamical horizontal

convergence of moisture from the surrounding regions also would decrease as a result of

deforestation. This outcome is consistent with similar studies conducted in the past to

clarify the potential climate impacts of the Amazonian deforestation (Shukla et al 1990).

4.4 Seasonal variability

We have stratified the year into four equal segments, which are normally used to study

seasonal climate variability of Africa. These seasons are: December-January-February

(DJF), March-April-May (MAM), June-July-August (JJA), and September-October-

November (SON).  Fig.4.5 shows the model results for the control run for each of the

four seasons, and Fig.4.6 gives the corresponding rainfall patterns for the deforestation

run. Both the control and deforestation runs yield similar rainfall patterns. The

corresponding rainfall patterns are not presented here because they have been discussed

comprehensively in other studies (Semazzi et al 1996, Goddard and Graham 1999, and
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others). The model faithfully reproduces the migration of the rainfall regimes during the

annual cycle. Over complex terrain, such as eastern Africa, the T42 resolution of CCM3

may be too coarse to resolve such important features as, the maximum rainfall over the

Ethiopian Highlands. In such cases, it may be necessary to adopt the nested model

approach (Semazzi et al 1993, and Sun et al 1999ab).

Fig.4.7 shows the seasonal rainfall differences between the control and the deforestation

simulations. Over the deforested region the rainfall deficits occur through out the year. In

the seasons of MAM, JJA, and SON the rainfall anomaly patterns are confined to the

region of deforestation. However, the DJF season exhibits distinct contrast from the rest

of the seasons. The rainfall deficits over the near equatorial region are accompanied by a

wave of alternating rainfall centers downstream from their embryonic region over central

Africa where most of the deforestation is imposed in the model.

We believe that the wave-like pattern in the rainfall depicted in Fig.4.7 is associated with

the suppression of Rossby wave trains (Hoskins and Karoly, 1981; Kalnay and Helem,

1981; Kalnay et al 1986) associated with mid-tropospheric latent heating due to tropical

convection over the Congo tropical rain forest. The anomaly pattern manifests itself in

form of regional teleconnection and affects remote regions from the deforested area. Over

southern Africa, deforestation results in reduction in rainfall over Mozambique, and

increase over Botswana, Zambia, the southern region of DRC, and parts of South Africa.

Changes in the activity of trapped Rossby wave trains generated by the mid-tropospheric

latent heating over the tropical forest region is responsible for this continental
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teleconnection climate response.

Fig.4.8 displays the model simulated geopotential anomaly pattern (derived from the

pressure field) at the 200mb pressure level. The presence of a high pressure center in the

upper levels of the atmosphere seen over southern Africa would correspond to low-level

off-shore circulation away from Mozambique toward Madagascar. This flow pattern

would suppress the supply of moisture from the Indian ocean and support the rainfall

deficits observed in Fig.4.7.  The embryonic region for both short Rossby waves and the

long Rossby waves is located to the north of the waves and it extends from the tropical

forest to the region of the location of the ITCZ during DJF. further north which in turn

has been influenced by the replacement of the tropical rain forest. The resulting

suppression of rainfall due to the deforestation reduces upper-level divergence which is

the primary factor responsible for the generation of wave form disturbances

Many studies have shown that latent heating associated with tropical convection tends to

excite Rossby waves (Kalnay et al 1986) downstream from the source region. The

meridional structure of the mean zonal flow essentially determines the relationship

between the wavelength and trajectories of the ensuing wave patterns (Hoskins and

Karoly, 1981). Splitting of forced Rossby wave trains usually observed in connection

with tropical forcing, arise because large-scale waves propagate freely polewards and

eastwards of the poleward flank of the jet. In the atmosphere, global scale teleconection

patterns are the poleward propagating planetary Rossby wave trains predicted by theory

(Hoskins and Karoly, 1981). On the contrary, there have been fewer observational
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examples of the trapped short scale waves, which are also predicted by theory, largely

because of the limited data coverage over the tropics. For the Southern Hemisphere,

Kalnay and Helem (1981) were among the first to point out the existence of large

amplitude, short wavelength, and stationary Rossby wave trains. These waves, with a

dominant scale of wavenumber 7, were prominent over South America during the entire

month of January 1979, the first month of FGGE Special Observing Period (SOP-1).

Kalnay et al (1986) closely reproduced the observed wave trains using a General

Circulation Model and found that convective heating was the primarily responsible for

their origin.

The streamline pattern in Fig.4.9 indicates that the anomaly flow (deforestation minus

control) promotes offshore transport of moisture thus conducive to the drier conditions in

the vicinity of the Mozambique Channel and the adjacent inland region. Streamlines are

lines which are everywhere parallel to the instantaneous wind velocity; i.e., ’snapshots’ of

the flow at an instant or over the period for which the average has been obtained. We also

note an increase in westerly flow in the vicinity of the deforested region, which could

play a significant opposite role in promoting Rossby wave activity evident in Fig.4.7.

Linear analysis based on the potential vorticity equation indicates that the dependence of

the Coriolis parameter on latitude creates a dramatic difference between easterly and

westerly flow over large-scale sources of wave energy (Holton 1972). When westerly

flow intercepts the source region it generated wave trains downstream however, easterly

flow results in only localized disturbances in the vicinity of the source.
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We believe that the Sahara outflow from the deforested region, which is apparent in

Fig.4.9 is a manifestation of the divergence associated with the reduction in surface

roughness due to the deforestation as predicted by Charney’s hypothesis. In future, this

hypothesis should be investigated further.

The apparent opposing roles associated with the increase in westerly flow and the

decrease in the mid-tropospheric diabatic latent heating are not entirely clear based on the

present model simulations, and they will be the subject of further research investigation

to clarify the dynamical reasons for the model results. However, our explanation, based

on the role of Rossby wave activity, may have important implications regarding the

ENSO teleconnection response over southern Africa. We envisage that the large changes

in diabatic latent heating over the central African tropical forest region during ENSO

events could be responsible for inducing and maintaining regional climate anomalies

through the modulation of the structure and magnitude of trapped Rossby wave trains

over the region, similar to the behavior witnessed in the present deforestation study.

However, the present design of model experiments is not appropriate to elucidate this

hypothesis. If this were the case, then, changes in zonal flow and the intensity of diabatic

heating could be important factors in determining the nature of the interannual climate

variability over southern Africa in response to ENSO and other forms of ocean forcing

scenarios. The wavelength of the resulting wave trains could be a key factor in

determining the actual location of the ENSO climate anomalies, thus providing a

plausible explanation for the different responses to different ENSO events over southern
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Africa.

Inspection of major "outbursts" of convective activity over southern Africa suggests

similar structural characteristics, as we have observed in the present model results

(personal communication with Dr. Richard Washington, University of Oxford, England).

This is consistent with our speculation regarding the possible role of shortwave Rossby

waves in providing a link between the near-equatorial anomalies in tropical convection

and distant locations further downstream over southern Africa. Indeed the persistent

"streaks" of convection usually observed over other tropical regions with widespread

organized convection, such as central South America and Indonesia, are potential

candidates for supporting similar regional teleconnection climate change in response to

deforestation.

4.5 Annual Mean Conditions

We show in Fig.4.10 the simulated annual total rainfall. Comparison with the observed

rainfall (Nicholson et al., 1988; and Krishnamurti and Ogallo, 1989) indicates that the

model successfully simulates the general features of the African climate. In the control

run the model successfully reproduces the transition from the wet conditions over the

coastal regions and the drier conditions towards the Sahara desert. The Kalahari desert

and the semi-arid region along the coast of Somalia feature prominently. The difference

fields, deforestation minus control, in Fig.4.11 shows a distinct region of depleted rainfall

over the deforested region. The decrease in rainfall is as large as 300mm/year over the
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deforested region. There is some evidence of weak positive anomalies to the south over

Namibia and South Africa. Deforestation results in marked changes in surface temperate

and ground temperature (Fig.4.12) due to the reduction in evapotranspiration associated

with deforestation. The ground and surface temperature increase is primarily confined to

the deforested regions of West Africa, the Congo basin, and the eastern Africa evergreen

vegetation regions.

4.6 Conclusions

We have investigated the climatic impact of deforestation in Africa. The primary research

vehicle in our investigation is the standard version of the NCAR CCM3 GCM with

horizontal resolution of Triangular spectral truncation T42 (approximately 2.8 x 2.8

degrees). Two separate ten-year simulations based on climatological sea surface

temperature (SST) have been performed. In the control simulation normal vegetation is

prescribed. The design of the anomaly experiment is similar to the control run except that

the tropical rain forest regions in Africa are replaced by savanna grassland.

CCM3 successfully simulates the primary features of the seasonal mean climate

conditions over Africa. The results show that replacement of tropical rain forest

vegetation by savanna grassland vegetation produces the following changes in climate

over Africa, (i) over the deforested region, we observe significant reduction in the rainfall

amounts through out the year. The decrease ranges between 2-3 mm/day during the

northern hemispheric summer months when the region experiences the driest conditions



143

(July-September), to less than 1 mm/day during the wettest months of Autumn and

Spring. The changes are as large as 2.5/5F, for the surface/ground temperatures, thus

consistent with previous studies in the case of the Amazon deforestation studies (Shukla

et al 1990),  (ii) over southern Africa deforestation results in rainfall reduction over

Mozambique, and increase over Botswana, Zambia, Southern DRC, and parts of South

Africa. Changes in the activity of trapped Rossby wave trains generated by the mid-

tropospheric latent heating over the tropical forest region is responsible for this

continental teleconnection climate response, (iii) over Eastern and Western Africa the

impact of deforestation is primarily characterized by reduction in rainfall, however GCM

resolution may not be adequate to resolve the large contrasts in terrain and vegetation

types, and (iv) in the rest of Africa the response is relatively weak.

The impacts of deforestation simulated by the model for the MAM, SON, and JJA

seasons are not too surprising as they may generally be deduced from previous studies

where GCMs were employed to study deforestation over other regions.  In these seasons,

the deforestation results in reduced rainfall which is primarily confined to the deforested

region. However, during the SON season, the model results indicate that deforestation

may significantly if not dramatically affect distant regions from the region where the rain

forest has been cleared. Moreover, the altered circulation at these remote vulnerable

regions over Africa could be re-enforced by other sources of climate variability which

have not been examined in this chapter. For example, we kept the sea-surface temperature

for all the oceans fixed in our model simulations. In reality, it is well known that this is
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not the case. Further modeling investigations should therefore be undertaken to

investigate how the impacts of deforestation  could be modulated by other factors.

Moreover, the reduction in vegetation which was prescribed in the model was rather

drastic because it was merely designed to explore the outer bounds of the impacts of

deforestation on the climate of Africa.  Future investigation should apply the best

estimates of deforestation levels in the models to arrive at more applicable results.

We postulate that the role of trapped Rossby waves may also apply to other situations

when the tropical convection over Africa is enhanced or suppressed by other factors.  In

particular, we hypothesize that during ENSO the suppression and/or shifting of the

convection through the Walker circulation over Central Africa may trigger a similar

mechanism as we have seen in this study.  In other words, during the El Nino events

when tropical convection over the rainforest region is suppressed, the conditions

correspond to our present results where the convection was suppressed by deforestation

which resulted in reduction of rainfall over Mozambique, and increase over Botswana,

Zambia, the southern region of DRC, and parts of Southern Africa. By the same

reasoning, during La Nina, we would anticipate the opposite conditions to prevail and

expect abundant rainfall for Mozambique. Therefore, trapped Rossby wave activity could

be one of the potential mechanisms for explaining the observed relationship between

ENSO and the interannual variability of the climate over Southern Africa.

The wavelength of the resulting wave Rossby wave trains could be a key factor in
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determining the actual location of the ENSO climate anomalies, thus providing a

plausible hypothesis for explaining in part the variations in the response to different

ENSO events over southern Africa (ICPO, 2000).  The 1991-1992 episode in southern

Africa illustrates the degree of nonlinearity and the existence of large gaps in the

understanding of the predictability of the ENSO-related climate anomalies over southern

Africa (IPCC, 1998).  In that episode southern Africa experienced the worst drought of

the century, by as much as 80% below normal (Zinyowera and Unganai, 1993), and

seasonal grain production dropped by 60% below normal. The drought of 1991-1992 was

more severe than that during the 1982-1983 and 1997-1998 ENSO events, although the

corresponding Pacific SST anomalies were considerably weaker. Our study indirectly

suggests that the trapped large amplitude short-wave Rossby wave trains emanating from

the African latent heat source region should be included among the key research question

for clarifying the role of and the interaction among the Pacific-Atlantic ENSO

teleconnection, the Indian Ocean, the Atlantic Ocean, and the middle-latitude synoptic

winter frontal disturbances.

Based on the present results we can infer that, the downscaling would be highly

beneficial not only for the immediate region of Eastern and Central Africa where

significant removal of tropical forest vegetation cover could occur in the coming decades,

but also for the region further south, to infer the projected detailed response of the

Southern Africa region to remote deforestation effects.
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Fig.4.1. Deforested region. The forest vegetation consists of tropical broad leaf evergreen
tree type, while the deforested region is savanna type characterized by interrupted
woods.
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a. RAINFALL (20E) – Control Run b. RAINFALL (20E) – [DEF-CON]

c. RAINFALL (at equator) – Control Run d. Rainfall (at equator) – [DEF-CONT]

Fig.4.2. (a) Time-latitude cross-section of rainfall (mm/day), for the control run, along
20E, (b) time-latitude cross-section of rainfall, for the deforestation minus control
model output, along 20E, (c) time-longitude cross-section of rainfall, for the
control run, along the equator,  (d) time-longitude cross-section of rainfall, for the
deforestation minus control model output, along the equator.
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RAINFALL (mm/day) – DEF (solid); CONT (dashed)

TS (°C) - DEF (solid); CONT (dashed)

TG (°C) - DEF (solid); CONT (dashed)

Fig.4.3. (i) Annual evolution of rainfall (mm/day) (top), (ii) annual evolution of surface
air temperature (°C) (middle), (iii) annual evolution of ground temperature (°C)
(bottom). Area averaging is performed over the primary deforested region [10E-
30E, 5S-5N] over the Congo tropical rain forest. Deforestation experiment (solid),
and control run (dashed).
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Fig.4.4. Seasonal average rainfall (R), evaporation (E), and (R-E), averaged over the
primary deforestation region [10E-30E, 5S-5N] shown in Fig.4.1.  Units mm/day.
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RAINFALL – DJF (CONT) RAINFALL – MAM (CONT)

RAINFALL – SON (CONT) RAINFALL – JJA (CONT)

Fig.4.5. December-January-February (DJF; top-left), March-April-May (MAM; top-
right), June-July-August (JJA; bottom-right), and September-October-November
(SON; bottom-left), total seasonal rainfall (mm) averaged over the 10-years of the
model simulation period for the control run.
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RAINFALL – DJF (DEF) RAINFALL – MAM (DEF)

RAINFALL – SON (DEF) RAINFALL – JJA (DEF)

Fig.4.6. December-January-February (DJF; top-left), March-April-May (MAM; top-
right), June-July-August (JJA; bottom-right), and September-October-November
(SON; bottom-left), total seasonal rainfall (mm) averaged over the 10-years of
model simulation period for the deforestation run.
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RAINFALL [DEF– CONT] - DJF RAINFALL [DEF– CONT] - MAM

RAINFALL [DEF– CONT] - SON RAINFALL [DEF– CONT] - JJA

Fig.4.7. December-January-February (DJF; top-left), March-April-May (MAM; top-
right), June-July-August (JJA; bottom-right), and September-October-November
(SON; bottom-left), total seasonal rainfall (mm) averaged over the 10-years of
model simulation period for the deforestation minus control model output.
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GEOPOTENTIAL ANOMALY AT 200mb [DEF-CONT] - DJF

Fig.4.8. December-January-February (DJF ) anomaly geopotential at 200mb (meters) for
the deforestation minus control model output.
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Fig.4.9. December-January-February streamlines at 850mb, Control run (top), and
deforestation minus control model output (bottom).



155

ANNUAL TOTAL (mm) – DEFORESTATION

ANNUAL TOTAL (mm) – CONTROL

Fig.4.10. Annual mean rainfall (mm) for, the deforestation run (top), and control run
(bottom).
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ANNUAL RAINFALL (mm/year) ANOMALY [DEF-CONT]

Fig.4.11. Annual mean rainfall (mm) for the deforestation minus control model output.
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ANNUAL MEAN TS (°C) – ANOMALY [DEF-CONT]

ANNUAL MEAN TG (°C) – ANOMALY [DEF-CONT]

Fig.4.12. Change in annual mean temperature (K), deforestation minus control model
output, surface air temperature (top), and ground temperature (bottom).



158

Chapter 5

Summary and Conclusion

In this study, a 3-dimensional primitive equation lake model was coupled to the NCAR

regional climate model and applied to a case study to investigate the mechanisms

responsible for the interannual climate variability over the Lake Victoria basin.  In

contribution to future efforts to apply this approach to climate change investigations, a

GCM study based on the NCAR CCM3 climate model has been conducted to understand

the role of deforestation of the Congo tropical rain forest.

In Chapter 2, we discuss the configuration of the POM model for Lake Victoria and its

coupling with the RegCM2 regional climate model over the Lake Victoria catchment.  In

this effort a number of simulations have been conducted to investigate the dynamics and

thermodynamics of Lake Victoria, and its sensitivity to different forcing specifications.

The results show that, (i) the memory in the momentum of lake Victoria is about two

weeks, (ii) there exists a 30-day oscillation in Lake Victoria and the water temperature

stratification plays a critical role in the development of the oscillations, (iii) these

oscillations are trapped above the thermocline along the coast and progress clockwise,

(iv) the bythemetry and geometry of the lake play a fundamental role in determining the
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climatology of Lake Victoria.  The regions of the upwelling or downwelling are

determined by wind stress and nearshore bathymetry, (v) the lake surface circulation is

characterized by counter clockwise motion in response to the predominantly easterly

surface winds, (vi) with time-dependent wind forcing based on the RegCM2 model, in

spite of the fact that the diurnal component of the surface winds reverse direction in

association with the land/lake breeze, the water circulation maintains the same

anti-clockwise circulation throughout the day. This observation re-enforces the

proposition that the circulation of the lake is primarily controlled by the large-scale wind

pattern rather than the component associated with the land/lake breeze.  We postulate that

the large inertia associated with water is responsible for the weak response to diurnal

cycle that dominates the near-surface wind regime.  We find that the mean surface water

circulation is primarily determined by wind stress, however heat flux forcing plays the

dominant role in modulating its diurnal cycle.  Furthermore, the results show that

although surface lake temperature is strongly influenced by radiation and heat fluxes at

the surface, it is evident that advection within the fluid plays a primary role in

determining its spatial structure.

The 3-dimensional model produces a surface temperature pattern indicative of horizontal

lake water mixing characterized by a horizontal spiral pattern in the temperature field.

This is associated with the spreading of the pool of warm water from the regions of

maximum heating in the southeast to the northern section of the lake where the

temperature is initially relatively lower due to upwelling and the water column is deeper.
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This pattern is not present in the 1-dimensional model.  Based on preliminary comparison

of the coupled RegCM2-POM model simulation results with the observations, we find

that it produces more realistic lake surface temperature and rainfall over and around the

lake, than the standard version of the model (RegCM2-1D) which employs simple one

dimensional thermal diffusion to represent lakes.  We find that the dynamics of the lake

plays an important role in determining the coupled variability of the lake circulation and

the ambient climatic conditions.  Neglecting the lake’s hydrodynamics and basing the lake

model entirely only on thermodynamics deprives the coupled regional climate model of

the ability to transport heat within the lake and influence the climate over the rest of the

lake and perhaps the land regions surrounding the lake.  Shallow nearshore regions of the

lake are breeding areas for warm water and could be a critical factor in the chain of

processes which link the fluctuations in the lake level and area, with its surface

temperature and ultimately influence on the variability of the climate over the lake basin.

In Chapter 3, the coupled RegCM2-POM model was applied to simulate the climate

conditions for the normal year (1988), two contrasting years (the El Nino (1982)) and non

El Nino (1987)) to investigate the dynamical and thermodynamical factors responsible for

the occurrences of wet and dry conditions over the Lake Victoria basin during the short

rainy season.  In both surface air temperature and water temperature, the relatively

warmer areas are located at the southwestern and central-eastern region of the lake, and

cooler area is located further to the northwestern sector. The co-located patterns of the

surface air temperature and the lake surface temperature further indicates that there exists
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strong atmosphere-lake interaction thus reconfirming the importance of the need for

realistic representation of the lake in the model to produce realistic the simulation of the

surface lake temperature.  Over the lake basin, the regional climate variability is mainly

determined by the large-scale circulation.  Large-scale convergence anomalies and

stronger vertical motion occur during the wet year, while divergence anomaly conditions

and weaker vertical motion occur during the dry year.  These strong/weak vertical

motions associated with the convergence/divergence horizontal circulation

intensify/suppress moisture convergence and thus influence precipitation over Lake

Victoria during the wet/dry years.  Moisture advection contribution is important but

secondary to evaporation in explaining the heavy rainfall over the lake.  The evaporation

is strongly influenced by the wind speed.

The precipitation mainly occurs around midnight to early morning period when the land

breeze dominates the lake region.  Little or no rainfall occurs during daytime and early

evening when the lake breeze is well established over the lake.  The

divergence/convergence disturbance originates from the eastern part of the lake during

day/night time, and then moves toward the southwest.  The diurnal oscillation in the

atmosphere and the lake thermodynamics interact with each other and modify the

regional climatic conditions. The interaction between the lake-land breeze and the

prevailing northeasterly flow determines the asymmetry in the distribution of the diurnal

rainfall and the southwestward movement of the divergence/convergence disturbances.
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In this case study, P-E is positive during the wet year (1982), and negative during the dry

(1987) and normal year (1988).  These interannual variations in the P-E distribution

indicates that Lake Victoria is a water moisture source for the surrounding region during

normal and dry years and it is sink during the wet year. Thus the lake moderates the

extreme drought and flood conditions.  During the wet year, the negative P-E pattern also

indicates that the moisture convergence plays an important role in determining the heavy

precipitation.  The westerly anomaly wind regime during 1982 further suggests that the

moisture advection from the Congo tropical rain forest and Atlantic Ocean could be an

important factor in explaining the wet anomalies over eastern Africa.  Apparently the

Indian Ocean did not play a critical role in 1982 El Nino.

The lake circulation variations modulate the LST pattern and thus influence the climate

conditions over the lake basin.  Transported by the anti-clockwise spiral currents, a warm

tongue is formed over the northeastern part and a cold tongue over the northwestern part

of the lake.  The averaged LST over the entire fluid depth of the lake is higher during

both wet and dry years than that during the normal year. The water circulation speed is

strong/weak during the wet/dry years in response to the corresponding strong/weak

atmospheric momentum forcing.  This enhanced/weakened lake circulation and the

corresponding horizontal water mixing of warm and cold water, thus results in

weak/strong horizontal LST gradients.  Consequently, the climatologically higher/lower

water temperature over the southwestern/northeastern parts of the lake is

reduced/increased during a wet year. The converse is true during a dry year.  This LST
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pattern further induces weak/strong mesoscale circulation and climatic impacts on the

rainfall distribution over the lake during wet/dry years.  The schematic illustration

regarding the interaction between the large-scale circulation and the mesoscale circulation

during the normal and wet years is displayed in Fig. 5.1 and Fig. 5.2, respectively.

During the 1982 El Nino when the averaged LST over the lake is higher than that during

the normal year, the LST gradient is weakened along the SW-NE axis over the lake.  This

results in a LST distribution whereby the southwestern region of the lake is cooled while

the region of maximum LST shifts to the central-eastern part of the lake from the

southwestern region.  This LST distribution induces mesoscale convergent flow over the

central-eastern part of the lake and divergent flow over the western sector.  This

mesoscale circulation further intensifies/weakens the large-scale vertical upward motion.

The net change in rainfall distribution over the lake during the 1982 EL Nino is therefore

a combination of the effect associated with the large-scale convergence pattern and the

mesoscale climate changes associated shift of the maximum rainfall toward the central-

eastern part of the lake from the western region in response to the LST redistribution.

Conversely, the weaker lake circulation enhances the LST gradient over the western part

of the lake, especially over the northwestern area, and the relatively heavy rainfall is still

located over the northwestern sector of the lake.  Therefore, the hydrodynamics of the

lake plays an important role in determining the coupled variability of the lake circulation

and the lake basin-wide climatic conditions. This conclusion is based on the use of the

coupled 3-dimensional lake model however, and it is obscured in the results based on the
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coupled 1-dimensional lake model.

In Chapter 4, the climatic impact of deforestation in Africa was investigated based on the

standard version of the NCAR CCM3 GCM with horizontal resolution of triangular

spectral truncation T42 (approximately 2.8 x 2.8 degrees).  The design of the anomaly

experiment is similar to the control run except that the tropical rain forest regions in

Africa are replaced by savanna grassland.

CCM3 successfully simulates the primary features of the seasonal mean climate

conditions over Africa. The results show that replacement of tropical rain forest

vegetation by savanna grassland vegetation produces the following changes in climate

over Africa, (i) over the deforested region, we observe significant reduction in the rainfall

amounts through out the year. The decrease ranges between 2-3 mm/day during the

northern hemispheric summer months when the region experiences the driest conditions

(July-September), to less than 1 mm/day during the wettest months of Autumn and

Spring. The changes are as large as 2.5°/5°C, for the surface/ground temperatures, thus

consistent with previous studies in the case of the Amazon deforestation studies (Shukla

et al. 1990),  (ii) over southern Africa deforestation results in rainfall reduction over

Mozambique, and increase over Botswana, Zambia, Southern DRC, and parts of South

Africa. Changes in the activity of trapped Rossby wave trains generated by the mid-

tropospheric latent heating over the tropical forest region is responsible for this

continental teleconnection climate response, (iii) over Eastern and Western Africa the
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impact of deforestation is primarily characterized by reduction in rainfall, however GCM

resolution may not be adequate to resolve the large contrasts in terrain and vegetation

types, the coupled RegCM2-POM model may be used to further investigate this issue in

the future, and (iv) in the rest of Africa the response is relatively weak.

The impacts of deforestation simulated by the model for the MAM, SON, and JJA

seasons are not too surprising as they may generally be deduced from previous studies

where GCMs were employed to study deforestation over other regions.  In these seasons,

the deforestation results in reduced rainfall which is primarily confined to the deforested

region. However, during the DJF season, the model results indicate that deforestation

may significantly if not dramatically affect distant regions from the region where the rain

forest has been cleared. Moreover, the altered circulation at these remote vulnerable

regions over Africa could be re-enforced by other sources of climate variability which

have not been examined in this study. For example, we kept the sea-surface temperature

for all the oceans fixed in our model simulations. In reality, it is well known that this is

not the case. Further modeling investigations should therefore be undertaken to

investigate how the impacts of deforestation could be modulated by other factors.

Moreover, the reduction in vegetation which was prescribed in the model was rather

drastic because it was merely designed to explore the outer bounds of the impacts of

deforestation on the climate of Africa.  Future investigation should apply the best

estimates of deforestation levels in the models to arrive at more applicable results.
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The downscaling of the climatic effects of deforestation climatic can be performed by

taking the CCM3 GCM output and using it to generate lateral boundary conditions for the

RegCM2-POM model. However, that will be the subject of a separate investigation in the

future. Based on the present results we can infer that, the downscaling would be highly

beneficial not only for the immediate region of Eastern and Central Africa where

significant removal of tropical forest vegetation cover could occur in the coming decades,

but also for the region further south, to infer the projected detailed response of the

Southern Africa region to remote deforestation effects.
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Fig. 5.1 Schematic diagram of interaction between large scale circulation and mesoscale
circulation for the normal year
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Fig. 5.2 Schematic diagram of interaction between large scale circulation and mesoscale
circulation for the wet year
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Chapter 6

Recommendations for Future Work

Based on the research undertaken in this thesis we suggest the following investigations as

possible areas of future work.

(1) Our coupled RegCM2-POM model results show that the hydrodynamics of Lake

Victoria play an important role in determining the coupled variability of the lake

and the regional climate. Adopting the traditional modeling approach in which the

lake hydrodynamics are neglected and the formulation is entirely based on

thermodynamics alone is not satisfactory for eastern Africa. Such a strategy

precludes the ability of the coupled regional climate model to transport heat

realistically within the lake and thereby results in degraded simulation of the

climate downstream over the rest of the lake and the surrounding land regions.

Since a large proportion of the surface area of Eastern Africa is occupied by the

large lakes of the Great Rift Valley (Malawi, Tanganyika, and Victoria). We

recommend extension of the model domain to include the three large lakes of

Eastern Africa. In this effort it will be necessary to adopt the double nested

approach employed in the present study.
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(2) The climate over eastern Africa is highly heterogeneous (Sun et al, 1999ab), and

can be divided into 9 homogeneous climate regions based on observational data

(Indeje et al, 2000).  In our present study, the evaluation of the performance of the

coupled model was limited to the basin of Lake Victoria. However, it is evident

that the benefits of the using the POM model for Lake Victoria for the coupled

model may extend beyond the perimeter of the lake. Future work should extend

the evaluation to all the other homogeneous zones adjacent to the lake.

(3) The RegCM2-POM coupled model satisfactorily captures the monthly mean

patterns of the short rains, but the performance of the model in simulating the

onset and withdraw of the short rains has not been addressed.  Knowledge about

the onset of rains is critical for determining the planting time of crops, and

therefore in crop-farming management to stabilize crop yield.   Moreover, the

onset and withdraw of the short rains vary with regions.  It would be desirable to

investigate the onset and withdrawal of the rains for each homogeneous climate

region of eastern Africa.  To reduce noise in the results, the five-day (pentads)

cumulative frequencies of observed rainfall totals could be considered in the

determination of the onset/withdrawal of the short rains.

(4) In this study, all the discussions are based on monthly mean conditions of

December.   However, the results in December do not fully represent the general

climate conditions during the short rains. A investigation on intraseasonal
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variability of the different sub-regions is recommended.   Furthermore, the

investigation on interannual variability was based on only a single wet, normal

and dry year.  Although the wet (1982) year and dry (1987) year represent two

extreme years during the 1980s. The results based on these three years represent

minimum sampling of the variability and in future work more years should be

considered to obtain more robust results.

(5) Our recent studies of lake Victoria based on the POM model have unveiled the

existence of a distinct family of wave trains that are sensitive to the vertical

density stratification in the lake. These waves are mainly within the thermocline.

The oscillations disappear in the case of isothermal lake conditions.  They have

maximum amplitude near the shoreline and propagate clockwise around Lake

Victoria with a period of about 30 days.  Lake Tanganyika: Further evidence of

well defined wave propagation has also been found in Lake Tanganyika based on

observations (personal communication, Pierre-Denis Plisnier, Royal Museum for

Central Africa, Belgium). The large and regular fluctuations in temperature (2

degree) in Lake Tanganyika suggest the possibility of large exchanges of energy

between the lake and the atmosphere. We hypothesize that this would result in

propagating intra-seasonal climate signals over the lake catchment region in

response to wave propagation in the lake. Lake Malawi: The similarities of lake-

basin shape and temperature distribution in Lakes Tanganyika and  Malawi

suggest that the waves that have been observed in the case of the former (Coulter
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and Spigel, 1991; Eccles, 1974; Degnbol & Mapila, 1982) are also likely to occur

in the latter.     These waves can influence the evolution of climatic anomalies on

seasonal time scales, both over the water and the adjacent terrestrial region.

Hence they are the important potential indicators for both seasonal climate and

weather prediction over the lake basin.  Further investigation of wave dynamics

based on both numerical and analytical methods should be undertaken.

(6) Our coupled RegCM2-POM model results indicate that, the lake dynamics exhibit

a heat ’pump’ effect that takes heat away from the warmest (and shallowest)

region of the lake in the southwest and depositing it over the relatively colder

regions in the northeast.  Consequently, the overall LST of the lake is elevated

and the horizontal LST gradient is diminished.  The LST pattern induces a strong

mesoscale circulation and therefore influence the climate conditions over the lake

basin.  There exist strong coupling processes between the atmosphere and lake.

Understanding the primary factors, which determine this coupled variability of

the large lakes is an important prerequisite for understanding the climate

predictability over the region. Sensitivity mechanistic experiments, such as

altering lake depth and lake domain would be useful in clarifying the primary

physical mechanisms involved.

(7) In our investigation on the dynamics and physical mechanisms responsible for the

interannual variability over the lake basin, the results show that the climate
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conditions are mainly determined by the large scale circulation over Lake

Victoria.  During the short rains, the prevailing winds over the lake basically

consist of easterly flow from Indian Ocean.  Therefore, the SSTs over the Indian

Ocean are one of the important factors that could be responsible for determining

the variability of the climate condition over the region.  However, our studies

were based on monthly global 1° x 1° Reynolds SST observations that are coarse

in both spatial and temporal resolution and may not be adequate in providing

enough detail for our study based on 20km resolution.  Weekly with spatial

resolution can match the coupled lake model may be required.  We therefore

recommend use of high resolution Ocean models to generate the coastal SSTs,

such as the variable resolution MICOM model recently developed at North

Carolina State University.

(8) We recommend that future studies should incorporate river inflow and outflow

for Lake Victoria to facilitate long term model integrations.

(9) In our simulations, we applied a constant salinity value of 0.2ppt which is used

for the Great Lakes (O’Connor et al., 1994).  Although it is unlikely that the slight

deviations from the present value would result in significant model simulation

differences, it is recommended that formal confirmation of this claim should be

subject of a future investigation.
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(10) In this study we have adopted the same resolution for the lake model and the

atmosphere model in the coupled system.  Future work should explore if finer

resolution for the lake model could result in a improved model results.
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