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Abstract 

This study addresses four aspects of cloud cover over Lake Malawi and its watershed, 

and it is a contribution to the Management Strategy for the long-term conservation of the 

biodivenity of Lake Malawi as it involves production of maps showing variations of the 

appropriate parameter under study. The tint  aspect of this study refers to the temporal 

variation of cioud cover, the second to the spatial distribution. and the third to the 

Frrguency of low, middle and high clouds. The last aspect refers to the variation of solar 

radiation with cloud cover. Diurnal variation of cloud cover was evaluated with ground 

observations. Seasonal variation was derived fiorn NOAA- 14 AVHRR daytirne imagery . 

Diumally. cloud cover decreases over the lake whiie it increases over the watershed. The 

diffenntial heating betwecn the lake and the watershed influences the diurnal variation. 

Seasonaily, the lake and the watershed have show two peaks of cloud cover, one in the 

rainy season and one in the dry season. The movements of Inter Tropical Convergence 

Zone and Sub-Tropical Pressure System influence the seesonal variation. 

Both the lake and che watershd prcscntcd a longitudinal gradient of cloud cover. The 

western Iakes)iore and wgttnhed arc the ngions with morc cloud covcr. in di t ion ,  

thm is a Iatihidinirl gradient in the watershd. nien is morc cloud cover in the mrth of 

the watcrshd. Topogmphy and airflow Muencc the spatial distribution of clouds. 



Low clouds and middle clouds are fiequent al1 year. Over the lake, low clouds were 

constant, while on the watershed iow clouds increased in the first months of the dry 

season. In both areas, the middle clouds have show two peaks, one in the rainy season 

and one in the dry season. High clouds were mainly present during part of the year chat 

coincides with the rainy season. 

Correlation ktween cloud cover and solar radiation was made for two months, July and 

January. Solar radiation at the lake surface is negatively correlated with cloud cover in 

both months. However, the comlation coefficient for July is higher than for January. It 

appears chat the low comlation coefficient in January is due to the type of clouds rather 

than arnount of cloud cover. 
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Chapter 1 Introduction 

Lake MalawiMiassiilNyasa (hereafter referred to as Lake Malawi), is the ninth largest 

lake in area in the world, but it is the third largest lake in Africa, &er Lake Victoria and 

Lake Tanganyika. It is an important fiesh-water resource for people living on the 

shoreline and its watershed. The people depend largely on the lake for fish. which is a 

very important source of protein. Not only is the lake important for food, but it also has a 

tremendous diversity of fish species. With an estimate of more than 600 species, Lake 

Malawi exceeds any other lake in the world for species diversification (Ribbink, et al.. 

1983). As more than 90% of these species of fish are endemic to Lake Malawi (Kline, et 

d .  1993), conservation of them is an urgent need. 

Conservation of the biodiversity and sustainable management of the resources of the 

Lake rquire a good understanding of the Lake's environment and dynamics. For this 

nason. the t h  countries that ohare the lake: Malawi, Mozambique. and Tanzania, 

designed the Lake Malawi Biodivetsity Conservation Project (LMBCP). This project 

consists of an intcgratcd rcsearch progm that focws on thm main objectives. Firstly. 

the project intends to dcvclop a Biodivcnity Atlas for Lake Malawi. Secondly, it a h  at 

producing an identification guide for the fish species of the Me. T M y ,  the pmjcct wiU 

pooduee a Management Stratcgy for the long-tmn consmation of the biodivcnity of 

Lake Maiawi (LMBCP, 1996). 



It is well known that the degree of scientific uncertainty regarding the lake and its watershed 

needs to be addressed if the Management Strategy for Lake Malawi is to be developed. 

Consequently. an impmved understanding in research areas such as taxonomy, ecology. 

limnology, and cloud climatology will contribute significantly to the Management Strategy. 

in particular, clouds fonn an important part of the physical system associated with Lake 

Malawi, as they can impact both lake dynamics and erosion from the lake's watershed. 

Lake Malawi is well known for its endemic fauna. Conservation of this unique 

biodiversity requires knowledge of physical, chernical and biological aspects of the lake 

and its watershed. To date, the= has not k e n  a study which focuses on the distribution 

of clouds over Lake Malawi and its watershed. The absence of such studies makes the 

variability caused by clou& on the lake's dynamics and biological processes poorly 

undetstood. This deficiency was noted by (Symoens, et al.. 198 1). Information on cloud 

climatology is critical to the ovedl  success of the LMBCP and is vital for saidies 

covcring a wide range of conccm such as climate change, limnology, and ecology. 

This s tdy  is designecl to investigate the nature of spatid and temporal variability of 

clouds over and mund Lake Malawi. It will provide estimates of cloud amount, cloud 

altitude, and cffccts of cloudinear on d u  mâinîion. This information will k uufial to 

the LMBCP as it involvcs podwtion of maps rbowiq variations of the ipproprim 



panuneter under study. Therefore, this study acts as a badine that will provide 

preliminary results on cloud climatology on Lake Malawi and its watershed. 

1.2 Tbab Objectives 

The objectives of  the thesis are as follows: 

1 )  to detemine the temporal variation of cloud cover over Lake Malawi and its 

watershed; 

2) to determine the spatial distribution of  cloud cover over Lake Malawi and its 

watershed; 

3) to assess the fmluency of low, middle and high clouds over Lake Malawi and its 

watershed; 

4) to examine the variation of solar rediation with cloud cover over Lake Malawi. 

1.3 Thair Structure 

This thesis is strucnved in a series of six chapters. Chapter 1 provides an introduction 

and a scientific rationale for t h  woilr. Chapter 2 is a kckground of the pertinent 

litenhnr rquircd to wkmtand the ramifications puociatcd with a& of the strtcd 

objectives. Chaptet 3 dacriôes the min  chrincteristics of physid geogmphy rnd 

climatc of the sady arca. Chiptct 4 prescnts the âata ami metbods uscd ta cornpute the 



temporal and spatial distribution of cloud cover. the tkquency of low. middle and hi& 

clouds and the relationship between cloud cover and solar radiation. Chapter 5 is devoted 

to the presentation of the results and deiailed discussion. Finally. in Chapter 6, a 

summary of the significant conclusions of the study and recornmendations for f i e r  

research is given. 



Chapter II Background 

In this background, clouds are examined from a variety of perspectives, each which are 

important to the study of clouds in the Lake Malawi region. Section 2.1 of this chapter 

describes pertinent literature relating clouds to water exchanges (evaporation and 

precipitation). This background is critical to understanding the role which clouds play in 

water balance. Section 2.2 focuses on the role that clouds play in flues of energy 

ktween the atmosphere and the Earth's surface. This section examines the role which 

clouds play in evaporation and the thermal stratification of Lake Malawi. This 

background concludes with section 2.3, which adcûesses the relevant nmote xnsing 

approaches for the detection of clouds. 

2.1 Cloud iod water txchroges 

Clouds play an important role in the hydrologicaî cycle, which is an essential proccss in 

the earth's climate (Ncubcrger and Cahir, 1969; Roosow and Garder. 1993). Through 

pmcipitation, clouds play a criticai rolc in the hydrologie cycle of h k t  Malawi. For 

3 1 example, pmipitation over the laicc is its main source of water supply. About, 41 km y- 

3 -1  of the mter of the lake cornes h m  pmipirition, wmpued to only 29 km y Erom the 

miin iaflow rivas (Cd, 1995). Th inflowing rivas and the uniquc outflowhg Riva 

Shire cnake rnbr contributions to vuirtions in watcr h l  of the W. 



The water level of Lake Malawi is strongly related to rainfall and evaporation and is 

highly coupled to shon. and long-terni climate variation. Variability in climate, mainly 

precipitation, can result in changes in the status of Lake Malawi, i.e., closedopen basin 

(Spiegel and Coulter, 1996). In the past years. Lake Malawi has had a closed-basin status 

because of its narrow-basin shape. Probably, this status occwred because of a deficit in 

the water balance, mainly lower precipitation and/or higher evaporation causing lowering 

of level klow the outlet. increasing precipitation, as well as water input fiom the riven 

relative to evaporation, c a w d  the lake level to rise, extend its shores and attain an open- 

basin status until the present time (Spiegel and Coulter, 1996). 

Significant changes in water level in Lake Malawi affect the ecosystem directly. For 

example, the vast majority of rockdwelling cichlids species occur in a depth range of 3- 

lOm, which enables vertical immigration (Ribbink, et al., 1983). Less than 5% of the 

potcntially habitable substrats of Lake Malawi is suitable for rockdwelling species. 

Some of the species are endemic to only one particular island, or are geographically 

rcstricted to parts of the rocky shore (Hert, 1990). Decrcasing water levels d u c e  the 

sizc of the habitat availablc for fish, thmby limiting their vertical distribution. In 

aâdition, it incrrws compctition for spaw and food source among the fish, thus 

coneibuting to losscs of fish divcnity in Lake Malawi. 



Direct rainfall over the lake may provide a large part of the nutrient suppiy (e.g., 

phosphorus) which is important for pnmary production. It is estimated that rainfall 

provides an estirnated 7.8 mm01 rnJ y-' of phosphow input to Lake Malawi (Mwita et 

ai., 1999). A geographic cornparison of wet phosphorus deposition with other lakes, 

(e.g.. Lake Valencia, Uganda, Coiorado Mountains) shows that Lake Malawi has higher 

atmospheric phosphorus deposition (Mwita et al., 1999). Domestic cooking and 

vegetation clearance are potentially contributory to the atmospheric loading of 

phosphorus in Lake Malawi (Mwita et al.. 1999). 

The wetershed of Lake Malawi is susceptible to erosion processes. In areas of steep 

topography, charecterizcd by high rates of precipitation, large quantities of sediment cm 

be washed d o m  the dopes a f k  heavy reinfail. Much of this sediment ends up directly 

in the lake or in smams and rivets that flow into the lake. Once in the lake, the 

deposition of sediments can have a negative impact on the lake's ecosystem. Nearly al1 

cichlids in the lake feed on aufwuchs, a conglomeration of algae that fom a mat over 

hard subsüate (Konings, 1995). Sedimcnt deposition over the aufmichs dramatically 

rcduces its prcxiuctivity. Hence, losses in biodiversity as ml1 as a decrcase in fishey 

potential cm occur as a muit of erosion and sedimentation. 



2.2 Cloud and energy exchaager 

Solar radiation is an important variable in the surface energy budget (Rossow and Gwder, 

1993; Sohn and Robertson, 1993). However, most of the clouds reflect the incoming solar 

radiation back to space, thereby reducing the energy within the earth-atmosphere system 

(Sohn and Robertson, 1993). On average. clouds cover about half of the globe giving 

them a major influence on the planetary radiation balance (Petterssen, 1969; Critchficld, 

1983). 

The amount of oolar radiation reaching the bottom of the atmosphere is affected by the 

distribution of cloud cover. For a particular ngion, the lower amount of radiation that 

naches the land-water surface is due to the greater cloudiness of that padcular region 

(Barry and Chotley, 1968; Mason, 1975). For example, the maximum total annual solar 

radiation reaching the earth's surface is found not at the equator, but rather at about 

latitudes 20' N and 20' S (Tnwariha and Hom, 1980). Even with the pcrpendicder rays 

naching the surflice, the lesser amount ncar the equator is due to the greater cloudiness of 

the quatonal ngion (Barry and Chorley, 1968). In general. clouds enhance the 

retkccion of sol* radiation thus cooling the earth-atmosphen system (Wiclicki et al., 

1995). 



Solar radiation received at the surface is also affected by the type of cloud. The 

reflection ofclouds varies considerably with thickness (Figure 1). 

THICKNESS OF CLOUD (METRES) 

Figure 1. Percentage of reflection, absorption and transmission of solar radiation by cloud 
of different thickness (Adapted h m  Hewson and Longley, 1944). 

For example, thick clouds, on average reflect about 70-80% while thin clou& reflect 

between 25950% (Cntchfield, 1983). Measurements have shown that the reflection of a 

complete overcast sky ranges h m  44 to 5W for cirrostratus to 90% for cumulonimbus 

( B q  and Chorley, 1968). Particularîy, high convective clouds have a twofold affect on 

solar radiation. Fhtly,  they reduce the surface solar radiation by reflcctiag it back into 

space. Secondly, they incrrase local surfixe sol= radiation by rcflecting radiation off 

th& sides duc to thcu vertical and limitcd horizontal size (Gautier, 1988). The 

absorption of solar radiation by cloud is a minimal put of the total aîmoopbenc 



transmission (Figure 1). but CM increase significantly when water in liquid fom is 

available within the cloud. 

Reflecting part of the incident solar radiation. clouds have a direct influence on 

evaporation fiom Lake Malawi. Although, the water balance of the lake is mainly 

controiied by rainfdi, it is aiso greatiy afTected by evaporation. whiie river infiow and 

outflow contribute the least. Evaporation accounts for 54 km3 y" of the water loss fiom 

the lake (Cd. 1995). Ody 2W of the total annual water loss from the lake is due to the 

Shire River outflow (Wwst et al., 1996), which at present is estimated to be about 12 km3 

y" ( C d ,  1995). 

Seasonal variations in radiation are nsponsible for variations in water surface 

temperature of Lake Malawi. The absorption of radiation in water is the principal cause 

of thermal stratification on the lake (Spiegel and Coulter, 1996). Ramanathan and 

Collins (1991) have suggestcd bright clouds act as a 'thermostat' that rcsists warming of 

the tropical oceans. On Lake Malawi, cloud cover has a cwling effect in the rainy season 

(Cal. 1995). Unfomuiately, the work by C d  (1995) docs mit provide information about 

the amount and type of clou& t h t  produce this cooling cffect. 

Solar radiation is aiso an important component to the lakc's primary pmductivity. Light 

measurements carrieci out in 1980 a p p d  to k rclatively constant through the year 

(Dcgnbol anâ Mapila, 1982 in Cd, 1995). The seasonil diffmacc in photosynthcsis is 

rclated with amount of nutnents in the epilimnion (Cd, 1995). 



In addition to the effect on the shortwave radiation, clouds also affect the outgoing 

longwave radiation. They can reduce the longwave energy loss to space that is emitted 

fiom the earth's surface and the lower atmosphere (Dhuria and Kyle, 1990; Sohn and 

Robertson, 1993). The high cloud tops in the tropics tend to be bright and cold. thus they 

diminish considerably outgoing longwave radiation (Harshvardhan cr al., 1990; Schmetz 

et al., 1990). This process of nducing the outgoing radiation, refemd to as the cloud 

greenhouse effect, can nsult in an increased surface temperature. 

On the other hand, in the tropics the lowest layers of the atmosphere generally have a 

vey high water-vapor content that essentially saturates most of the longwave spectrum of 

the domwelling radiation (Harshvtvdhan et ai., 1990). This water vapor can balance the 

grcenhow efkt .  The presence of an emitting cloud hue does not rcsult in rnuch 

enhced downward longwave rsdiation in the tropics. The downward radiation h m  the 

cloud base is a major cornponent of the downward longwave flux, unîess the cloud base 

is very high (Harshvarâhan et al., 1990). Dhuria and Kyle (1990), indicate k t  

dccreasing the cloud altitude a d o r  the cloud amount in the tropics tends to incrcase the 

outgoing longwave radiation. 



2.3 Cloud covcr and remote scmsing 

Since the 1960s. knowledge and understanding of the atmosphere has ken  improved 

through the use of satellites. Today. more advanced technology on board satellites 

enables the scanning of the earth and its atmosphere b t h  during the day and at night. 

The many capabilities of satellites allow mapping of a wide range of parameters valuable 

to cloud research. These parameten include cloud cover. movement of cloud. cloud 

types, cloud heights, storm systems and precipitation (Barret and Martin, 1 98 1 ; Bunting 

and Hardy, 1984; Lo, 1986; CrackneIl and Hayes, 199 1). Furthemore, satellites enable 

the collection of such information over spatial scales unavailable to surf'e-based 

instruments, and over temporally complete season and inter-annual d e s .  

Satellite-based rernote sensing of cloud climatology has recently witnessed the advcnt 

and rapid development methodological approaches. The retrieval of cloud information 

h m  satellite chta rnay k accomplished using either manual or autornated means. The 

forrner is implicit in the typical satellite nephanalysis methds. wherc cloud fields arc 

classifiecl according to certain broad-sale chatacteristics (Harris and Bamt, 1978; 

Mcgufie and Robinson, 1988). For clou& occurring on the seale of a pixel or a d l  

collection of  pixels, manual methods may still k employed although they an timc- 

conswning when compad with the usc of automatcd means. 



During the last decades, a large number of automated cloud-monitoring techniques using 

visible (VIS) and infrared (IR) portions of the electrornagnetic spectrum have been 

developed, with varying degrees of complexity (Harris and Barrette, 1978; Stowe et ai., 

1988; Welch, et al.. 1992). Visible images are caused by reflected sunlight fiom the top 

of clouds that stnkes a satellite sensor and causes the sensor to rneasure the intensity of 

radiation in the visible portion of the electromagnetic spectnim (Figure 2). A satellite 

obviously cannot collect visible images at night since sunlight is needed to produce 

images. To overcome this problem, IR images are used. Infiared sensors rneasure the 

intensity of IR radiation (Figure 2). This range of the electrornagnetic spectrum is used to 

measw the amount of heat that is radiated from the tops of clouds. 

Figure 2. The electromagnetic spectrum (Adapted h m  CritcMeld, 1983). 



Cloud classification is best achieved using combinations of visible and infrared data. 

These data can provide a great range of characteristics. notably the cloud reflectance, 

which is a function of cloud optical thickness, cloud morphological ~haracteristics 

(texture. form), and cloud level which is a function of cloud top temperature. However, 

no technique is able to deal effectively with al1 types of cloud conditions. Therefore. 

different kinds of techniques have been proposed to detect clouds from satellite imagery. 

These techniques cm generally be divided into two classes: those phy sically based 

(thresholds); and those using statistical assumptions. 

The threshold technique mats each pixel independently and uses the simplifying 

assumption chat the pixel is either completely clear or cloud-covered, depending upon 

whether the satellite-measured radiances are pater or smaller than the threshold value. 

in other words. if f is the fiaction of the pixel covered by clouds, f is allowed only the 

values O and 1 (Rossow, et al., 1985). Thnsholds can k ented  into cloud detection 

algorithms in at least four ways. Firstly, they cm be empincal constants so that the same 

constants arc applied to al1 samples of imagery data. Secondly, they can k derivcd from 

weather or geographical databases. For exemple, infrarrd ttucsholds can k derived h m  

surface reports of temperature thet are sarnpleâ over many lanâmasscs (Bunting and 

Hardy, 1984). Thirdly, thnsholds can bc derîved from the image itsclf if the a m  

includes clcar and cloudy areas (Rossow and 1993). Finally, to ensure that these 

thrtsholds rcpment clear/cloud boundaries, and not cloud-laycr bomdaries, they cm k 

dctennined h m  a series of imager at diffemt timcs, and the errtreme diracc (Mr 

visible or warrn iafinnd) can k ured as the threrbold @ o d d  et al., 1992). 



Statistical techniques for cloud detection are more cornplicated than simple thresholds. 

Statistical rnethods compare adjacent pixels in the field rather than on a pixel-by-pixel 

basis. The linear regression andysis method is oAen used to derive associations between 

the satellite sensor response and a conventionally measured parameter under a wide range 

of conditions. These techniques are called clustering algorithms, which attempt to find 

natural groupings of pixels in an image (Arking and Childs, 1985). 

Statistical methods have the advantage of fonning natural data groupings without a prior 

classi fication, and the y are somet imes descri bed as unsupervised procedws that produce 

unlabeled categories. These methods are especially proposed to deal with clouds that fil1 

only part of a pixel (Chou, et cil., 1986). If the cloud layers are generaily larger than the 

pixels, and the cloud and surface radiance are fairly uniform, then those pixels (clear and 

cloudy) will tend to cluster in the multi-âimensional scatter plot, while pixels with values 

ktwcen O and 1 will s p d  out (Aiking and Childs, 1985; Desbois, et al., 1982). The 

number of clusters to k found may k limited, but the algorithrns arc otherwir fke to 

find as many clusten as the image suggtsts. 

Al1 cloud algorithms consist of two b i c  steps, i.e., cloud detcction, and cloud d y s i s .  

The fint step sepamtes the d a n c e  values into those rcpesenting clear and cloudy 

scenes. The second stcp involves the qu~ntitstive determination of cloud propRetics h m  

the m c a s d  d a n c e .  This step may k as simple as countiq cloudy pixels to obtain a 

si@e clouâ purameter (e.g., clod covtt) or as cornplex as utilking ndiative traiwfer 

models to obtdn a set of cloud pmprieties. For the latter, a h  algorithm is kiilt on 



assumptions regarding which atmosphenc. surface and cloud proprietics affect the 

satellite measwrments and by how much (Carleton. 1991). In pnnciple, although the 

respective radiative mode1 may distinguish different algorithms, any radiative mode1 can 

be employed to o h i n  cloud properties with any cloud detection logic (Arking and 

Childs, 1985). 

Although several methods already exist for the assessrnent of the amount and properties 

of cloud through satellite irnagery, there is no widely accepted scheme for automatic 

cloud detection. The determination of diable information of cloud cover and their 

properties h m  a satellite needs to account for varying important aspects. Examples 

include n a d  aspects such as effects of atmospheric absorption. scattering and 

nflcction by atmospheric gases, attenuation by aerosols, and changes in solar elevation 

accoding to time of day and season. in addition, technical aspects like changes in the 

sun-earth-satellite gcometry and the sensor spectral nsolution neeû to be considercd 

(Barkcr end Davies, 1989 in Carleton. 199 1 ). 

Cloud information h m  satellites is dependent, to a large dcgree, on the nature of the 

underlyins surficc cover type. and its change in time. The task is nlatively caoy over thc 

watcr surfaces of oceans ancî laks, but much more dificult ovcr land. Land is 

characterizcd by large spuial variations in rcflectance and infrprrd temperature (Rossow, 

et al., 1985). In oomc wer, the infnrrd diat ion from the piound combines with the 

diation from the cloud cud gives the cloud a digital vduc indisthguishable from tbe 

sur f~c t .  Some of these difficulties occur evcn over mtct sitihccs. As rn example, a thin 



cims cloud may be undetected over a water surface for the same reason as previously 

indicated (Matthews and Rossow. 1987). 

The spatial resolution of  satellite measurements affects the results of dl algorithms. 

When pixel size is larger than individual cloud elements. then the varying fraction 

coverage of the pixeis produces a wide scatter of radiance values. Consequently. 

difficulties in estimating cloud cover are likely to occur for certain kinds of cloud, such as 

small clouds (e.g., cumulus). There is a high likelihood that for a thteshold rnethod,/is 

neither zero nor one, but somewhere in between (Arking and Childs. 1985). In other 

words the larger the pixel, the less accunite the results are becaw the greater the 

l ikelihd that / is neither O nor 1. Higher spatial resolution sensors such as Advanced 

Very High Resolution Radiometer (AVHRR) clearly decrease the enor in this 

assumption. For example, the AVHRR sensor is capable of identiwg small-size clouds 

such as fair-weather cumulus clouds (Phulpin et al., 1983). 

The threshold technique tends to exaggcrate the tendcncy noted from surfhce 

observations of cloud clover, so that when the sky is mostly cloud-covercd but has gaps 

prcsent, the satellite may compte a complete overcast for a particulet pixel. In other 

words. clear or overcast skies tend to occur more ofien than p d y  cloudy skies (Carleton, 

1991). Fixcd <hrrsholds can k usch1 for mtRctcd ucap such as occuis and laices. 

Water surfaces arc usually quite Qrk in the visible bands with the exception of the 

reflection b w n  as sungiint (usually brightcr than clouds), when sun ud satellite angles 

arc quai in the sune p l w .  'Ibcicfore, t&sc arcas rhould not k proeerced in visible 



images (Schon and Henderson-Sellers. 1984; Saunders, 1985). Lake and ocean surfwe 

temperatures Vary slowly during the day and fiom day-to-day. so that a fixed temperature 

threshold may be useful within restricted latitude ranges and times of year (Rossow et al., 

1985). 

A great limitation of the algorithms is that they may not be msferable without 

modification to other clirnatic regimes or latitudes. For example. cloud detection 

utilizing visible and/or thermal infrared data and developed for tropical regions will not 

be directly applicable to semi-arid or arid land areas where the sub-cloud layer is much 

drier (Griffith et al., 1981). Nowadays, many modifications and combinations of the 

statistical and threshold cloud retrieval methods are still king developed as ways to 

increase information taken h m  satellite as reliably as possible. 



Chapter III Study Area 

In this chapter, information is provided on the main characteristics of physical geography 

and climate of Lake Malawi and its watenhed. Section 3.1 describes the geopphical 

location and characteristics of Lake Malawi and its watershed. while section 3.2 describes 

the climate of this ngion. This section also includes a description of wind, cloud. and 

solar insolation patterns in the ngion of Lake Malawi. 

3.1 Gcagraphical Location 

Lake Malawi lies in Southem-cenaal Afnca, located in the southem end of the East 

Afican Rift Valley systern. It ohares boundaries with thne countries. Malawi. 

Mombique and Tanzania The lake is located at an altitude of 475x11 above sea level 

with geographicai boundaries at 9'30' - 14'30' S. and 3330' - 3550'  E (Cd, 1995). It is 

long and m w  with an approximate ltngth of 570km, and a maximum width of 7 S h  

(Figure 3). The lake covers a surfre area of about 28.800km2 and attains a maximum 

deph of 700m. 



Figure 3. Lake Malawi and its watetshed (Adapted h m  Crossley, 1984). Ibo Wrc 
Malawi Biodive~ity Consmation Pmject research station was locatcd at (13'42' S, a d  
34'37' E), the western lakcsbort (leA side of nwnber 15 in the figure). 



The total watershed area of Lake Malawi covers parts of Mozambique, Tanzania and 

Malawi. Its approximate area of 97,700km2 (1 26,500km2 including the lake) lies mostly 

within the country of Malawi. South of latitude 1 l0  on the eastem side of the lake, the 

watershed is narrow (Figure 3). North of this line, the watershed widens to include the 

Ruhuhu River located in T a m i a .  From the northwest point to the south, it follows first 

the Malawi-Zarnbia border, and next the Malawi-Mozambique borders. 

The watershed of Lake Malawi is a land of considerable variety of sharp contrasts in 

landscape. The major geographical feature marking the watershed fiom no& to the 

south is a series of faults, known as the Rift Valley system. The topography of l e  

watershed m a  has two main features, Le., the plateau region and the highland a m .  nie 

westem plateau Vary between 760 and 1500m above sea level, with gentle dopes 

intersperscd by broad valleys, while the highland areas are rugged steep areas of granite 

and other crystalline rocks (Moyo, et al., 1993). Generally, in the westem laiceshore the 

land rises smoathly towards the westem cnst of Rift Valley (Figure 3). About two-thirds 

of western shorcline are charecterized by gmtly sloping sandy kaches or swampy river 

esniaries (Cnil. 1995). 

On the eastcm sidc, the watershed varies considcrably thughout the arca It consis*, of 

a series of plateau, while in many regions is broken by hiflan& (Hatch, 1972). Th 

plateau kgins at about 3ûûm above sm level rising stcaâily to about 2ûûûm in many 

amas (Bcrry, 1971). Tben b a gcrrcral rir in aititude fiam the cutcm lands t o m r b  the 

laiceshort iht dclineitw the eastcm c m  of Rift Vdky. The bighiamis cui rrrh 



altitudes above 2500m. The eastem shoreline of Lake Malawi is characterized by steep 

slopes at many places. 

3.2 Regional climate 

The climate in eastem Afnca is one of the most compler in the Afncan continent, and 

remains a subject of scientific debate (e.g., Kenworthy, 197 1 ; Torrance, 1972; Nicholson, 

1996; Rozanski, et cd., 1996). This clirnate is associated with regional factors and 

changes rapidly over short distances. hence, only a few generalities can be made 

conceming the region as a whole or its link to global climate (Nicholson, 1996). The 

latitudinal extent of Lake Malawi and the great variations in altitude (topography of the 

watershed) are responsible for these complex climatic conditions. In general, the climate 

varies h m  tropical to subtropical. arneliorated by influes of maritime air mostly h m  

the indian Ocean (Moyo, et al., 1993). At the muthem end of Lake Malawi, the climate 

is affected by the Southcm Hcmisphere SubTropical High Pressure System. (STPS), 

(Torrance. 1 972). 

Variations of topography crcatcs various microclimates that am expcrienced in diffcrcnt 

areas, even those locatcd at the urne latitude, e.g., Likotna Island, Chinthechc, and 

MPmba (dl locrted at 12' S). nKsc regions display very diffmnt pmeM of rainfall 

(Malawi Govcrnmcnt, 1983). A n o h  example ut the ShUe Highlands in the south t& 



experience annual rainfall of up to 2500 mm. while areas in the Shire Valley have as little 

as 375 mm of rainfall per annum (Moyo. et al., 1993). 

There are two main seasons in Malawi: 1)  the rainy season that lasts kom November to 

April; and 2) the dry season which lasts from May to October (Chi-Bonnardel. 1973). 

During the rainy season, a broad beit of maximum convective activity known as the Inter- 

Tropical Convergence Zone (ITCZ) invades the country from the north on its southward 

movement to its southem limit, and on its way back to the north. The ITCZ is the main 

min system, and it marks the meeting point of North-east Monsoon air masses and the 

South-east Trade Winds (Figure 4). 

Figure 4. The seasonai displacement of the intertropical Convergence Zone (ITCZ) and 
the Intemcanic Confluence (IOC) in (a) Jmuivy and (b) July. (Adaptai h m  Lacau et 
al., 1992). 



The other system is the moist Zaire Air Boundary (ZAB). which marks the boundaty 

between the Indian Ocean southeast trades and the South Atlantic air that reaches Malawi 

via Zaiie. This system is also known as the Interoceanic Confluence Zone (IOC) (Figure 

4). The ZAB system also brings widespread tains. which becomes heavy when 

associated with the [TCZ (Pike and Rimmington, 1965). The variable date of 

establishment of the ITCZ over the Malawi region determines the length of the rainy 

season. ûccasionaily, the Lake Malawi region is affected by tropical cyclones that 

originate fiom the Mozambique Channel in the Indian Ocean. Depending on its position 

over the Mozambique Channel, a cyclone can nsult in either a wet or dry spell in Malawi 

(Torrance, 1972). 

The northward movement of the ITCZ in April allows a regular retreat northwards of the 

main rains and the initiation of the dry season. During the dry season, the weather is 

influenceci by the STPS. in June and July, a strong hi&-pressun ce11 over the South 

Afncan coast brings cool and moist southerly air into Malawi (Figure 4). Karndonyo 

(1988) claims that the cool and moist air leads to condensation when it is forced over 

highlanâs and wt-facing escarpments dong the lakeshorc. 



(a) Wind 

Overall, the Malawi region is seasonally under the influence of two major aintrearns. 

From November to April, the prevailing winds are northeast. This trade wind crosses the 

lndian Ocean and brings a humid air current to the region (Hatch. 1972). From A p d  on, 

the prevailing wind is the southeast and, because it has again crossed the indian Ocean, it 

bnngs hurnid air. July is therefon the petiod when the southeast airîlow from the 

southem indian Ocean high dominates conditions over the eastem side of the watershed 

(Berry, 1971). In addition, it bnngs rains in some ngions (Hatch, 1972). The mean flow 

ptterns of surface winds are shown in (Figure 5). Generally, Lake Malawi generates a 

land breeze in the night and a lake bmze in the daytime with a substantial moderating 

cffect on the winds in its vicinity (Cd ,  1 995). 



Figure 5 .  Mean surface airfiow patterns for the months January, April, July and Octokr 
in the east of' Afnca (Adaptcd h m  &ny, 1972). 

There are seasonal variations in wind speed with an increase in the dry season (Crul, 

1995). The wind pattern on inâividuil âays vMes grcatiy. The most important firior 

affecthg locai wind patterns b the topognphic features of the Wre Malawi baw and the 



rift escarpments (Malawi Governrnent, 1983). During June, July and August the wind 

can reaches speeds in excess of 15m/s, which cm persist for periods of several days 

(Spiegel and Coulter, 1996). Diurnal patterns of winds over the lake are generally low 

with a nighttime minimum; speeds up to 8m/s are common at night and 1 1 m/s during the 

day (Berry, 1971 ). 

(b) Cloud eover 

Then is a serious shortage of research pertaining to clouds in the Lake Malawi area (thus 

the nason for this thesis topic). Then are however, a few summary conditions that set 

the stage for the mon detailed research that is presented in subsequent chapters. 

Cloud cover in Malawi is iduenced by convective motion and omgraphic processes 

(topography of the region). Dcep convection is the cause of most rainfall in the tropics. 

as it is a major aspect of the tropical atrnosphere (Riehi. 1954, cited by Kilonsky and 

Ramage, 1976). The carly rains in Novemkr are due to moist southeast air masses 

producing wnvcctiw thunderstoms as they pass over the hiflan& and rift escarpments 

(Shela, 1990). Genedly, in Malawi the thundtrstonn effects and convective showers 

oecur lrtc in the aftcmoon whcn Id  heating is gnrim. in othcr words on i d  highct 

cloud coverage will pmkbly occur late in the aAcrnoon (Malawi Govanment, 1983). 



The southeast trade winds are succeeded by the ITCZ and ZAB winds, which cause 

widespread medium to heavy stomis across the region during the rainy season. After the 

rainy season in May. the cloud cover is again influenced by the moist southeast trades 

that get n-established &er the ITCZ has moved northward. Shela (1990) indicated that 

in May tain occurs mainly over the highlands and southeast-facing escarpments. 

Therefore, highlands of steep topography facing the prevailing southeast winds of the 

region lead to high-cloud cover. 

In Lake Malawi, cloud cover is influenced by lake-land temperature differences (Malawi 

Govemment, 1983). As an example, cloud cover on the lakeshore occurs with a greater 

percentage in the early hours of moming. As the land cools down during the night, 

convectional storm activity is likely to occur over the relatively wanner waters of the lake 

(Malawi Govemment, 1983). During the day, the situation is reversed. Usually. the= is 

a descending air ce11 over the lake that leads to scattered or absent cloud cover over the 

lake, while clouds are fonmd over nearby land ( S p o m s  et al., 198 1). 

(c) Sunahine 

The numkt of hows of sunshinc varies scrsonally with the maximum oecuming in 

September or ûctobtt, while the minimum is in Dccembet or Janwy when cloud covcr 

is gmmt (Malawi Govemmeat, 1983). Arcas of low rainfdl have tbe highcst 9inihinc 

houn. PIRicUlP 10 the western @on, the maximum mndhe occun in the min sbdow 

28 



areas of the Shire Valley and southern lakeshore (Malawi Govemrnent. 1983). 

Mountainous and high plateau anas which tend to be wet and cloudy, have 

comparatively few sunshine hours (Berry, 197 1 ; Malawi Government, 1983). 



Chapter IV Data and Methods 

The following sections describe the data and methods of analysis utilized to accomplish 

the four objectives of this study. Section 4.1 describes generaily the surface and the 

satellite data utilized in this study. Section 4.2 describes the analysis iipplied in this 

study. This section is divided in four subsections, with each one refemng to one of the 

stated objectives. 

4.1 Data 

(a) Surîace data 

Clouds have conventiodly been reponed h m  local land-based obsenmions. The sudace 

data for this study are cloud amounts, surface radiation and digital picturcs taken with the 

use of a digital camem. Cloud data were pmvided h m  four mcttorologicai stations 

munà Lake Malawi (Figure 6). 



Figure 6. The watenhed area of lake Malawi and the locations of the four meteorological 
stations. 

Salima and Karonga meteorological stations are located close to the lakeshore, ai an 

estimated distance of about 1 km from the lakeshore. Because of their locations, these 

two meteorological stations are suitable to evaluate the cloud variability over the lake. 

Lichinga and Chitipa, meteorological stations located far from the lakeshore, are more 

suited to evoluating cloud variability over the watershed (Figure 6). 

The Malawi Meteorological Depairment provided monthly means of cloud cover for 

Salima, Karonga and Chitipa In addition, for Salima annual hourly m e m  were provided. 



Mombique Meteorological Service provided data of cloud cover for Lichinga and pertain 

to monthly means and annual hourly means. 

Pictuns were taken with a Nikon 600 digitai camera. They were taken vertically with the 

carnent facing the sky directly at the LMBCP nsearch station (13'42' S, and 34'37' E). 

Seventy-thm pictures (from Febniary to June 1999) were used in this study. 

The solar radiation measurements at the suiface were taken using a Campbell Li200X 

mode1 pyranometer calibrated for the daylight spectmm (400 to 1 100nm). This 

instrument was located at the LMBCP research station. The output of the pyranometer 

was sampled every 5 seconds and averaged over half-hourly and daily intervals. The 

solar radiation dataset in the analysis included two sets of radiation measurements: daily 

average; and the measurement coincident with the time of the denveâ cloud cover (e.g., 

satellite overpass). Appendix A lists the dates h m  which the collected data were used. 

(b) Satellite data 

Cloud cover can k computed h m  in situ m~unments made at metsorological 

stations. Homver, the large sisc of Lake Malawi (28.800km2) and its watcnhcd m a  

(97,700krn2) hampers this method of mcusurcmcnt. Satellite nmote rcnsing offm an 

effective tool to mcasurc cloud covet of the wholc wateftbed 8rea and M e  Malawi. 





10-bit to 8-bit that gives a range from O to 255 of gray levels. This range represents 

temperatures from 200 - 302K. 

(a) Temporal variitioo of cloud cover 

The diunial vatiability of cloud cover over the lake and watershed were evaluated 

through in situ measurernents made at meteorological stations. Salima and Lichinga 

respectively. Because of their locations. these two meteorological stations are suitable to 

evaiuate the cloud variability over the lake and watenhed (Figure 6). 

The seasonai variability of cloud cover was denved h m  satellite data and analyzed 

within IDRISI, a Geographical Information System (GIS) software, (Clark University, 

1995). Cloud cover percentage over the two geographical areas, the lake and the 

watcrshtd, werc detemind in the following manner: 1) h m  each daily satellite M e  

two images werc derivcâ, one nprcsenting the lake and othcr the watershcd; 2) the 

numkr of clouây pixels within the am (e.g.. laire or watenhed) werc wunted and then 

dividcd by the totai n u m k  of pixels rcprcscnting the arrr; and 3) for u f h  a m  the Mly 

pcrcentages werc average to calculate the monthly mean pcrccntage of cloud covcr. 



A threshold technique was used to differentiate cloudy and clear scenes within each of 

the pixels within the study area. The tkshold is a simple method w d  for cloud detection 

in many areas of the globe including regions of low latitudes (Rossow et al., 1985; Stowe et 

al.. 1 988; Reinke et al., 1 992; Rossow and Gardner, 1 993). Pixels were classi fed as either 

clear or cloudy accoràing to whether its measured temperature differed for less than some 

preâetermined thshold amount. If the pixel was classified as cloudy. it was assumed to be 

1 W! cloud covered. 

The lowest surface temperature for Lake Malawi ever recorded is 296K (Eccles, 1974). 

For this study, the pixel that had a temperature equal or lower than 288K was computed as 

cloudy. The use of 288k as a threshold, instead of the value 296K or one close to it, was 

intended to d u c e  overestimation of cloud cover caused by pixels that were pwially 

cloud covered. The same thnshold of 288K was alw applied for the watershed. This 

takes into account that on the watershed of Lake Malawi, local hcating is usually greatest 

in the aftcrnoon (Malawi Government, 1983). As the satellite daytime overpass in Lake 

Malawi occwrcd mund 14:Oû hn local time, it was very likely that at chat time the 

ternpcmturt on land was greatcr than the ti~~shold. It then follows that the= is a low 

probability for clear pixds on land king computed as cloud covacd. 



Validation of satellite cloud detection requins comparison with coincident ground 

observations. In order to evaluate the reliability of the satellite-derived cloud 

measurernents, a comparison with cloud pictures taken with a digital carnera on the 

ground was conducted. Only pictures taken during the satellite ovevus time were used 

as ground validation for satellite cloud detection. 

However. this approach has its limitations for direct comparison. Depending on the 

horizontayverticai distribution of clouds, the overhead cloud fraction deduced from the 

ground observations (in this study a digital camera) might not be consistent with the 

cloud frection obtained h m  satellite measurements (Schreiner, et al.. 1993). Then some 

considerations were taken into account. First, it was assumed that digital pictues 50%, 

or more than 50% cloud covered were considerrd as totally cloud covered, whereas 

pictures lcss than SC)?!% cloud coverd werc considercd as clear. Second, only the pixel of 

the satellite image at the geographic location w h m  the digital camera was positioned 

(13'42' S. and 34'37' E) was evaluatcd for cornparison. The statistical chi-square test 

was calculated to evaluatc the proportions (cloudy and clear) of the two indepcndent 

observations (camera and satellite). The chi-square test was cornputcd using the 

STATISTICA program (StaSotl, 1997). 



(b) Spatial distribution of cloud cover 

The spatial distribution of cloud cover over the lake and the wateahed was denved from 

satellite data and analyzed within IDRISI. GIS software, (Clark University. 1995). Three 

periods were chosen in this study, the rainy season ( h m  Novernber to April), the dry 

season (fiorn May to October) and the entire year. For each period. cloud cover 

frequency maps were detenined by computing the ratio of cloudy scenes at the pixel 

location to the total nurnber of images npnsenting the period. The cloud detection 

technique to differentiate cloudy and clear scenes is provided in the previous subsection 

(a). The maps were smoothed using a mode filter. The mode filter creates a new image 

in ihat each pixel's value is based on its value and those of its imrnediate neighbors (Clark 

University, 1995). The nature of this operation was determined by the values stored in a 

5 x 5 template. 

For each pend, comlation ktween cloud cover and topography was evaluated with the 

use of a Digital Elevation Mode1 (DEM) of the entire watershed. The correlations were 

cornputcd with IDRiSI software (Clark University, 1995). 



(c) Frequency of low. middk, and bigh clouds 

The height attributed to clouds was based on the top temperature of clouds and was 

defined by the channel-4 of AVHRR, which was assumed to represent temperature at the 

top of the thick clouds. The diffennt layen of clouds are indicated in accordance with 

limits given by (Schrnett et ai., 1990). see (Table 1 ). 

Table 1 .  Cloud layers. 

Cloud layen Temperature K 

Low (cloud top height > 700 mb) Tcmpcmturt h m  climatological T > 281 
profile at 700 rnb 

Middle (cloud top height bctwcen Tempcmturc from clirnatologkal 258k 5 T s 281k 
700400 mb) profile at 400 mb and 700 mb 

High (cloud top height < 400 mb) T c m p c ~  h m  climaiological T < 258k 
profile at 400 mb 

Low clouds wcrc defineâ as clouds with top pressure (>7Wmb), middle clouds &find as 

rhosc ktwcm (700 - 400mb). and high clouds defincd as clou& with top pressure (5400 

mb). A climatological profile of p m s w  venus mean temperature available h m  tbe 

Maiawi Mciromlogicaî Dcpircmait wu useci, and the temperature a! a puticular pemuc 

was extracteci (Table 1). 



In Table 2. then is a list of cloud types that are labeled as low, middle and high clouds. 

in the same table. cumulonimbus cloud is indicated as high cloud because it can deveiop a 

thickness over l2km (Oliver and Hidore, 1984). As the satellite views the earth From 

above and hence only the tops of clouds. a cumulonimbus cloud with large vertical extent 

is classified as a hi& cloud. 

Table 2. Cloud types evaluated as low, middle and high clouds. 

Cloud layer Cloud type 

Cimro. Cimurnulus, Cinosmtw 
Cumuionimbw ( D e p  convtctivc cloud) 

w- 

Lou 

MU& 

The cloud layers denved from satellite data werc d y z e d  within IDRISI, GIS software, 

(Clark University. 1995). The perccntage of each cloud layer ovcr the two geographieal 

m. lake and watershcd. wu determincd by the following stcps: 1 )  two images were 

dcnvcd h m  mch chly satellite imrge, one rcpmcnthg the lake iad othcr the 

&cd; 2) bom the two images the ratio of cloudy pixels of e r h  pMicular cloud 

layer to the total numkr of pixels npnscnting the ana (e.g.. Iakc) wu dculrted; 3) for 

Nimbostratus, Stratocumulw 
Stratuo, Cumulus 

Altostratus, Altocumulus 



each area (e.g., lake) the daily cloud arnounts for each of the thne cloud layers were 

averaged to produce monthly rneans. 

(d) Variation of solar radiation with cloud cover 

In this section, the daily cloud cover for July 97 and January 98 was derived from 

available AVHRR images. July and January were chosen to represent the dry and the 

rainy seasons respectively. Following Gautyer (1988) the cloud cover percentage was 

computed from within an area of 50 x 50 pixels centered on the location of the surface 

radiation measurements (LMBCP research station) (Figure 7). 

Figure 7. Area of Lake Malawi h m  which cloud cover percentage was derived through the 
satellite. The dot indicates the location of LMBCP weather station (1 3'42' S, and 34'37' E). 



The derived cloud cover is obtained from only one daily measurement (the satellite 

overpass around 14:OOh local time). Because of that. it was assumed that the satellite- 

derived cloudiness npresents the cloud cover for most of the daytime, (Figure 8 and 

discussions of cloud diunial variation, in the next Section 5.1 (b)). Cloud cover 

measurements wen analyzed within IDRISI, GIS sokare (Clark University, 1995). The 

cloud detection technique to differentiate cloudy and clear scenes is provided in the 

previous subsection (a). 

in general, research has show that a linear relationship exists between the arnount of 

radiation that is received at the earth's surface and percent cloud cover (Henderson- 

Sellers and Robinson, 1996). This study examines the nahue of the correlation between 

cloud percent cover and radiation receipt at the surface of Lake Malawi for conditions 

typical of a dry season (July 97) and a wet season (Januey 98). The correlations k t m c n  

cloud cover and the two sets of radiation (coincident mcasurement with dcrived cloud 

cover and daily average) were computed using the STAïISTICA progrsm (StaSofl, 

1997). Since taking a daily average in effect nmoves thc influence of the diunial cycle. 

the coincident time served as verification for a direct cornpuison with dcrivod cloud 

cover. Hcnce, the correlations i n c l d d  two sets of radiation measurements for each 

month: daily average. and the mcasuhmtnt coincident with the time of the derived clod 

covcr (sec Appmdix A). 



Chapter V Results and Discussion 

This chapter presents the nsults and discussions in a series of four sections. in Section 

5.1, the focus is on the temporal distribution of cloud cover over the watershed and Lake 

Malawi. Section 5.2 examines the spatiai distribution of cloud cover over Lake Malawi 

and its watenhed. Section 5.3 describes the fiequency of low, middle and high clouds 

over the lake and watershed. Finally, the variation of solar radiation with cloud cover at 

the surfice of Lake Malawi is presented in section 5.4. 

5.1 Temporal variation of clord cover over Lake Malawi and L watenhed 

This section tirstly analyse the pcrfonnance of the cloud detection algorithm applied in 

this study. in subsection (b), the diurnal variation of cloud cover is investigated. Next 

subsection (c) extends the discussion to the seasonal variation of cloud cover. The 1st 

subsection (d) analyzcs the comlations kiwccn seasonal cloud cover denvcd h m  

satellite and p u n d  observations (mctcorolo~cal stations). 



(a) Aîgoritbmvalidation 

Seventy-three digital pictures were taken during the period February-June 1999. Table 3 

shows the cloudy and clear proportions of both the digital carnera and comsponding 

satellite images. 

Table 3. The observed cloudy/clear kquencies of the satellite pixel and digital canera 
pictures. 

The applied chi-square test (with Yates' correction applied) shows no significant 

diffemnce at W.05 in cloudy/clear proportions between the satellite images and digital 

camera pictum. This mult indicws that as a thnshold, the 288K temperature is 

suitable for cloudy/clear cloud detcction to the region of Lake Malawi. Thm is some 

diagrecment homver, knmcn the satellite and surfwe-denved estimates (Tabk 3). 

Some of these discrrprncies arc subscquentîy phsenteci to provide a contmt of the 

satellite-baced clouâ climatology. 

I 

Digital crwm 
I 

SattUite pixel 

Clear 

36 

41 

Cloudy 

37 

32 



The earth location of each image pixel varies with time, due to relative motion of the 

satellite and the earth (Rossow and Gardner, 1993). If there is a shifi of the image througb 

the map geocorrection, then it is possible that the pixel of the satellite image will not 

match exactly with the location of the digital camera. Consequently, the digital camera 

can report a clear scene, while the satellite cornputes a cloudy scene or vice-versa. This 

wiii afKect the ciear/cioudy proportions between sateliite and carnera. 

A problem with the spatial resolution of AVHRR is that it deteriorates From the centre 

outwanis dong the satellite's swath. Hence, different resolutions occur since some 

images used in this study were captured farther away h m  nadir point. This alters the 

pixel-by-pixel representation of a particular cloudy case. in other words, the low angle of 

the satellite view incnases the size of the pixels and increases the probability of the 

occurrence of clear pixels. This type of problem is panicularly acute with cumulus cloud 

types. A cumulus cloud at very low altitude can cover more than 50% of the digital 

picture and then the picturc is considend cloud covered. On the other hand, the satellite 

secs the same cloud as a small element within the pixel. If the cloud does not change the 

irradiancc of the pixel to a value lower than that of the thnshold, then the pixel is 

computed as clcar. 

A type of c lod  such as cinostranis, which in Malawi in some cases is very thin 

cspcciaiiy during the month of Junc, CM a i l y  go undctcctcd by the satellite. The 

t h e d  inadirnce b m  the lakdand can pus througb the cloud giving the ciod a 



temperature greater ihan that of the threshold. Consequently. the camera shows the 

presence of cloud. but there will be no cloudy case for the satellite pixel. 

The chi-square analysis indicates that the surface and satellite based estimates of cloudy 

and clear scenes are indistinguishable statistically. Given the caveats reviewed in the 

preceding paragraphs. then it is reasonable to wume that over larger space and time 

scales the satellite provides a good estimate of cloud cover. In the next subsections, 

information on the diumal and seasonal evolution of clouds is piesented as a pmequisite 

to producing a cloud climatology for Lake Malawi and its watenheds. 

(b) Diurnd variation of clwd covcr 

In this subsection, cloud diurnal variability is only evaluated with cloud &ta (gmund 

observations) h m  Salima and Lichinga meteorological stations (Figure 6). in addition, 

to help the discussion in this section some notes of cloud conditions obtained at the 

LMBCP station during January to July 1999 are used. Furthemore, it is essumed that 

Salima npresents cloud variation over the lake, while Lichinga d a s  likewise over the 

watetshcû. 



Figure 8 shows annual means of percentage of cloud cover of Salima at diffe~nt times of 

the day. Variation in cloudiness decreases from 06:OO hrs, until 10:OO hrs ihen increases 

slightly fiom 1 1 :O0 tus to 1 7:00 hrs. 

Cloud diurnrl va rMn 

I 

Figure 8. Diurnal variation of cloud cover of Salima. Salima is assumed to represent 
typical 'lake' conditions. The means are fiom one year (1977). 

Daytime variability of cloudincss ovcr the lake is influenced by the differential heating 

betwem lake waters and land surface. The nsdting differcnce in temperaturc genemtes 

an aiinow h m  the lalre to the land. This pattern is well obsmcd and it is linkcâ to 

whcn thc su rim over the region. As the sun rises, it is âbqwntly possible to obst~yc 

clouds ovcr the lake rnoving onto the land. in aââition, the M o w  crrites a d d i n g  

air cell ovcr tht Iake (Symocns, et al., 1981) and thereby retîuces cloud covcr over the 

lakc oo that it is cithcr scaacrcd or absent. Becwe of these f~ctors, cloud cover ovn tbe 

lake is duced to a minimum during most of the daytime. In addition, dcpd ing  on the 



weather conditions of the &y the cloud amount at 17100 hrs can Vary suddenly fiom one 

day to another. The lakeshon and nearby land can be clear or completely cloud covered. 

On the other hand, Salima has high cloud amount at 06:OO hrs (Figure 8). It is very likely 

that the high cloud cover is linked with reversal airtlow that occurs during nighnime to 

early in the morning. At night, the land coois rapidly while the iake nmains warm (Cd, 

1995). The coder air flows d o m  the gradient fiom land to lake as a land breeze. 

Consequently, nocturnal convection takes place over the lake and facilitates cloud 

formation over the lake. 

Figure 9 shows annual means of cloud cover of Lichinga at different times of the day. 

Cloud cover rises in the morning 09:OO hrs reaching a maximum around 15:OO hrs. From 

1500 hrs cloud cover decreases towards the evening 2 1 :O0 hrs. 

Cbud dkirnrl vrillkn 
75.0 1 

Figure 9. Diumil variation of cloud cowr of Lichuigr Lic- is ammeci to rqma~ 
typid 'waâcrsheâ' conditions. The meam m h m  one ycu (1997). 



Watershed cloud cover increascs as the convection reaches its maximum around 15:OO 

hrs. This pattern is mainly due io higher surface tempratures amund 14:OO tus (Malawi 

Govemment, 1983). The clouds form on land by convection and by orographic 

processes. For example, cumulus clouds that fom on hills near the lakeshore are 

influenced by the air that flows from the lake ont0 the land. It appears that orographic 

processes and convection are the main facton influencing the great cloud cover on the 

watenhed during daytime. However, as is shown on Figure 9, after 1500 hrs the cloud 

cover over the watershed decreases. Important facton affecting this pattern include the 

movement of clouds, surface heating and reversal of the airflow. 

Late in the aftemoon, clouds fonned over land rnove closer to the lake or over the Me. 

The majority of these clouds break d o m  over the lake, but some nmain. For example, at 

LMBCP station clouds like altostratus, altocumulus and dense cirrus were Fnqucntly 

observeci moving from eastward over the lake around 16:OO hrs local time. It is likely 

that because of this movement of clouds, cloudiness over the watershed decreases d e r  

15:Oû tirs to inctcase a little over Lake Malawi and anas on the lakeshore late in the 

afkmoon (Figure 8). 

Rcduced heating is another factor that could k rclated with variation of clouâ cover on 

watershd h m  late afbmoon towards the cvening 2 1 :O0 hrs (Figure 9). As the Sun sets, 

thc heating of land surface ceases so that convection over land is continuowly rcâuced to 

a minimum. thus affecting the formation of clouds. In sddition, at night the nlrtivcly 

wann lake establisha a reversil of airfîow. Collscquently, cloud f o d o n  over the lud 



by orographie proccss is also well reduced. This is accompanied with a decreasing wind 

speed during the nighttime (Berry, 197 1 ). Actually. the variability of cloudiness on land 

is in agreement with findings from a study for the African continent undertaken by 

Saunders (1985). who found that during daytime. the Afncan continent shows maximum 

cloudiness in the aflemoon, 

(c) Sewonal variation of  cloud cover 

Satellite observation of cloudiness can be used to estimate seasonal patterns of cloud over 

the lake and its watenhed (Figure 10). 

Figue 10. Monthly meuu of cloud covcr cornputai h m  satellite for tbe l&e (a) and the 
mtmhed (b) (contimd). 



Figure 10. (Continued) Monthly rneans of cloud cover computed fiom satellite for the 
lake (a) and the watershed (b). 

Low cloud coverage of bctween 15-30s for the lake and of 2040% over land was 

computed for most of the months of the dry season, the period h m  May to October. 

Medium coverage (30-60%) over the lake occurred during the months of April, July and 

Novemkr (Figure 10a). On land. medium cloud cover (40-60%) occurrrd during Apd, 

June, July and Novemkr. Months of persistently high cloud cover (coverege gratter 

than Wh) were computed for Dccemkr, Januery, Febniary and March (Figure lob). 

Both the lake and the watershed show the sarne pattern of high c l o u  cover for the s ~ i c  

pcriod, Dcccmkr to March. 



In general. the variation of cloud cover is consistent with a normal annual variation for 

tropical regions where high cloud cover occurs during the rainy season with low cloud 

cover during the dry season. Probably the most important factors affecting the pattern of 

cloud cover over the entire ngion of Lake Malawi are the movement of the ITCZ and the 

prevailing winds with southeart direction (STPS). 

During December/January. the ITCZ is situated well south of the Equator. As a result, 

extensive cloudy areas appear at 1 OOS to 15's latitude zone (Critchfield, 1983; Stowe, et 

al.. 1988). The ITCZ brings a belt of low pressure that increases cloudimss over the 

Lake Malawi region. &cause of its effects over the region, which kgin in Novemkr 

and last until MarcMApnl, both the lake and watershed show high cloud coverage, 

(Figure 10). 

Not only the cloud cover over the lakc and watershcd is affkcted by ITCZ over the pend 

h m  Novemkr to Apiil, but also it could k influenced by the Zaire Air Boundary 

(ZAB) system and tropical cyclones that onginate in the indian Ocean. For example, the 

ZAB could bring widespd  cloud cover with it over Malawi (Pike and RimMngton, 

1965). If a cyclone moves ovcr land and naches Malawi, then the southcm half of the 

lake and its watcrshed uwrlly cxpericnce exceptionai cloud cover (Torrance, 1972). The 

variable drte of establishment of the ITCZ o v a  Malawi, gencdly dettrmines the length 

of timc of high cloud covcr. 



With its movement back to the north in April. the ITCZ continuously reduces the 

cloudiness over the Malawi region. AAer May. cloud cover increases even with the 

retreat of the lTCZ northwards (Figure 10). This variation occurs during the dry season 

and, it is probably influenced by the prevailing southeasterly winds (STPS) fiom May to 

September. The STPS over southern Mozambique bring cool moist air to Malawi. 

Consequently, the cloud cover is highest when winds are directed towards escarprnents 

that directly face the prevailing southeast winds. Usually during the dry season, 

highlands and shoreline have a hi& presence of a particular cloud type such as 

altocumulus. smtocumulus and cumulus cloud. 

The difference in cloud cover between lake and watershed is accennieted h m  April to 

July (Figure 10). as described above. In this period, winds play an important role in 

cloud cover. The watershcd area is characterized by high hills and mountains with great 

slope. &cause of  such topography, then is mon cloud cover over the watershed than 

o v a  the Iakc, which is a flat surfece. Little difference in cloud cover is seen during rainy 

season as the prcscnce of iTCZ has F a t  influence ovcr the lake and watershed anas. 

(d) Sateüite venus h l  c h d  obsenrtiona 

As the ITCZ moves northward, it duces the cloudul#r ovcr the Iake and watcnhed. 

This prttcm ir clculy seen on the Karonga and Chitipa meteomlogid stations (Figure 

i 1). 



Figure 11. Monthly means of cloud cowr of four mctcorological stations Salima (a), 
Karonga (b), Lichinga (c), and Chitipa (d). For Chitipa and Karonga the data are âom 
(1 98 1 -90); for Silima arc h m  (1 967-77); for Lichinga arc h m  (1 997) (cortliltucd). 



Figure 1 1. (Coririnued) Monthîy means of cloud cover of four meteorologicai stationa 
Salima (a), Karonga (b), Lichinga (c), and Chitipa (d). For Chitipa iurd Keronga the âa!a 
are from (1 98 1-90); for Saüms an h m  (1 967-77); for Lichinga arc bom (1 997). 



Unlike Karonga and Chitipa which n located in the north, (see locations in Figure 6). 

the cloud cover denved from satellite (Figure 10) and those observed at Lichinga and 

Saiima (Figure 1 1) does not show the sarne pattern. There is a peak of cloudiness around 

July. As indicated, cloud cover is highest where the highlands face the prevailing 

southeast winds. This is the case for mas locatrd just northwest of Sdima and highiands 

around Lichinga meteorologicai stations. When the lakeshore parallels the wind 

direction, the effect of southeast winds is minimal or even absent. An example is the 

topography amund Karonga (Malawi Govemment, 1 983). 

In addition, it is the muthem half of Malawi that usually experiences pater influence of 

the STPS. Frequently, winds reach their maximum speed around the month of July and 

rcmain high throughout the month. Figure 12 shows the wind speed (7 day d n g  

average) rneasumi at LMBCP station. This increase in speed probably explains the high 

cloud cover around July at the two south locateâ stations, Salima and Lichinga (Figure 

1 1). This trend is also scen with cloud cover computed h m  satellite for the lake and its 

watershcd (Figw 10). 



Figw 12. Daily mean average of wind speed at LMBCP station in 1997. 

Assuming that Lichinga and Chitipa meteorological stations represent typical 'watershed' 

conditions, and Salirna and Karonga typical 'lake' conditions. correlations with satellite 

data wen then calculated (Table 4). 

Table 4. Statistics for correlations knvten cloud cover derived h m  satellite and four 
meteorologicd stations. Comlation coefficients in boid type arc significant. (r = 
mgession comlation coefficient; $ = coefficient of detemination; p = probability; n = 
number of cases) 

SateULte Mttcomlogical Mean Std. Dv. 
stationa Cloud(%) Cloud (%) r ? P n 

Lake 44.98 23.6 1 
Salima 48.65 21.70 0.95 0.91 0.000 12 
KmW 55.10 21.02 0.84 0.70 0.001 12 

Lad 56.58 2 1 .46 
Lichinga 63 .94 20.03 O.% 0.93 0.000 12 
C hitipa 58.54 19.82 0.89 0.8û 0.000 12 



Statistical analyses of the comlation between the satellite and surface-baseci cloudiness 

reveal a significant correlation between Salirna (0.95), Karonga (0.84) and the lake cloud 

cover computed fiom satellite (Table 4). There are also significant correlations between 

satellite cloud cover computed for the watershed and the two stations Lichinga (0.96) and 

Chitipa (0.89) (Table 4). These high correlations confirm that the satellite-derived 

seasonai cloud ciirnatolo+~y agrees w i h  ground-based meteoroiogicd station estimates of 

the seasonal variation of cloudiness both within the watershed and over the lake. 

5.2 SpiHi1 distribution of cloud cover over Lake Malawi and iu watenbd 

This section cxtends the nsults and discussion of spatial distribution of cloud cover over 

Lake Malawi and its watcnheâ. Processes that mate spatial distribution patterns are 

pmented. 

The spatiai distribution of cloud cover is studied over three tirne sales: annual (nvelve 

months); rainy season (six months); and dry scsson (six months). Figure 1 3 shows the 

thne periods (a) mual, (b) niny swon, and (c) dry Kason, of the gcographical 

distribution of cloud cover over Lake Malawi and its watershed. The cloud covet 

rcpnscnts the clod OCCIVICMC frrpucncy @ercentage) at crch AVHRR pixel location. 

It should be notd thu these maps w m  crcateâ using the daytime satellite ovqmss. 



Annual cloud distribution 

Figure 13. Spatial distribution of cloud cover percentage over Lake Malawi and its 
watershed: (a) annual, (b) rainy season and (c) dry season. The maps were smoothed 
using a 5x5 mode filter (continued). 
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Figure 13. (Confinued) Spatial distribution of cloud cover percentage over Lake Malawi 
and its watershed: (a) annual, (b) rainy season and (c) dry season. The maps were 
smoothed using a 5x5 mode filter. 



Dry season cbud distribution 

Cloud cover in percentages 

Figure 13. (Coniinued) Spatial distribution of cloud cover percentage over Lake Malawi 
and its watershed: (a) annual, (b) rainy season and (c) dry season. The maps were 
smoothed using a 5x5 mode filter. 



Over the lake and watershed. high cloud cover is mainly situated on the eastem regions 

around latitudes 9' 45' S. 1 I o  S and 13* S, while low cloud cover generally occurs at the 

western regions (Figure 13a). During the rainy season, the lake appears to be divided in 

three distinct anas with less cloud cover (Figure 13b). During the dry season, this 

pattern declines over the lake while the difference between east and West increases over 

the watershed (Figure 13c). The longitudinal west-est gradient is easy explained by 

taking into account the topography of the watershed, lake-land temperature differences, 

the shape of the lakeshore, and seasonal variations in cloud cover. 

Over the lake, the pattem of cloud cover is dected by the shape of shoreline. Figure 3 

shows the topography of the lake watershed. Most of the eastem shoreline is 

characterized by steep slopes in many places and has heights over SOOm. 11 is this 

characteristic of the shoreline that makes the eastem region of  the lake particularly 

cloudy during the rainy season (Figure 13b). As indicated in Section 5.1 (b), over the 

lake the cloud cover tends to k scattercd or absent. because of the temperature difference 

behwcen the watershed and the lake. The rapid heating of land causes onshore winch and 

a compensating offshore movcmcnt aloft. Onshore winds may form a distinct line 

mark4 by cumulus cloud dcvelopmcnt over the windward side of mountains (orognphic 

lift). However, because of the rctum air alof& those cumulus clouds which develop over 

land also migrate towards the Iakc, thcrcby incrcasing the cloud wvet ovrr Lakt Malawi. 

A particulsir case is the region when high cloud covcr crosses the lakc at 11' S latiadc 

(Figurc 13b). At that latitude, both west and eut shorelines have rtecp topography and 

puociated high clouâ cover. 



The spatial distribution of cloud cover ovct the lake is aiso affected by the predominance 

of cumulonimbus cloud that characterizes the eastem watershed of Lake Malawi. 

Individual cumulonimbus. which principally develop in the ITCZ, sometimes reach more 

than 2Okm in height (Barry and Chorley, 1968), and spread leeward to form an anvil of 

cirrus clouds. From ground observations. the anvil portion was often obrrved covering 

the eastem side of the iake. This expiains the high cloudiness values presented in Figure 

13b. In addition, turbulence dong the front of an advancing cumulonimbus ofien creates 

a roll of dark cumulus or stratus. These clouds were often observed over the eastem side 

of the lake. 

Another factor contributing to high cloud arnounts on the eastem side is that long ranges 

of mountains on the eastem watershed may affect the indian Ocean airflow that crosses 

them. The aifflow on this side of the watershed is freqwntly northeast in the rainy 

oeason and southeast in the dry season. In both directions, these trade winds cross the 

Indian ûcean (sec Figure 4 and Figure 5). and bring a humid air cunent to the land 

(Hatch 1972). A displacement of air upwards over the moutains forms standing 

airwaves in the lecwarâ side of the moutains. Generaily. the development of leeward 

airwavts is comrnonly essociated by the prrscnce of clouds. It is very likely that 

airwaves fom in the eastcrn watcRhtd and laicahorc of the lake, thuo contributing to 

highcst cloud wver. 

Figure 13c shows differcnccs in cloud cover ktmen west and cast siâes of tbe 

watmhcd. It is in this seuon whcn the M o w  is the Wn f w  contributhg to cloud 



cover over the region (see also Section 5.1 (c)). It is very probable that the prevailing 

southeast winds are stronger on the eastem side than the westem side of the lake. thus 

creating high cloud amounts (orographie lift). Another aspect is that the airflow, aller 

crossing the eastem watershed. can present low humidity duc: to condensation (formation 

of clouds) in the eastem region. When the wind reaches the westem side the low 

humidity reduces the formation of çlouds. 

There is a gradient of cloud cover between the northem and southem sides of the 

watershed (Figure 13a). The northem side, particularly around 9' 15' S 34' E has more 

cloud cover than the wuth side. It is likely ihat the northem region is strongly affectcd 

by the movement of the ITCZ and local topography. When the ITCZ moves southward, 

it first reaches the northem end of the watershed, then promoting high cloud cover in that 

region. On moving back north, the iTCZ allows a regular ntreat northwards of the main 

tains in Malawi, contributing again for high cloud cover in the north during the first 

months of the dry season (Figure 13c). 

In addition, the STPS also affects cloud cover in the north. During the &y seeson, the 

strong southeast winds tend to blow dong the south-north a i s  of the lake, king fwneled 

dong the length by mountains on either side (Crul. 1995). Fwthennorc, it is at the 

northern end of the lake when the adjacent watcrshd has high dtitudes, over 25ûûm. 

The southciist eirflow rises over the rift floor and routh facing escsrpments, thus 

Urrcasing cloud cover. Cmrsly (1984) claims that the aorthcm prrt of the mtcn&d 

hu hi- rainfall duc to air-ldca moisture ûom Lake Milawi. in othcr words, tbc 



orientation of the lake with respect to wind direction also influences the spatial 

distribution of cloud cover over the watershed. 

An attempt was made to compare the results (maps) of this study to a Digital Elevation 

Model (DEM) of the Lake Malawi watershed. The results of this correlation are 

presented in (Table 5).  

Table 5. Comlation results between topography and cloud cover. 

The highcst positive comlation is associateci with the rainy season, when most of the 

watcrshed is fnquently cloud covered. The lowest value, that of the dry season, is nlated 

to the low frequcncy of cloud cover. As shown on (Figure 13c). the= is a markcd 

contrast between western and eastern sidts of the watcrshcd. As the comlation is done 

with the DEM for the wholc watershcâ, that contrast could k affccting the nsult of the 

comlation. In other woids, it is most likely that the &y-rcaron conclation vduc is 

Snécted by any meteomlogiclil vuiaôlc ratha than the topography vmus cloud cover 

firquency vducs. In gcneral, the spatial distribution of cloud COVCI over the waîmkd is 

positivtly a s s a i d  with topography as is &&nt h m  the muai comlation (Table 5). 

D y  saaoii 
I 

0.58 
b 

Cloud cover 
r 

Correlation 
J 

Annual 

0.70 

Rainy season 

0.74 



In addition, these results are in accordance with findings by the Malawi Government 

(1983), who have indicated that cloud cover is related to topography. Highlands in 

Malawi lead to high cloud coverage. 

Overall, Figures 13% 13b and 13c show a significant difference of cloud cover between 

the lake and the adjacent watershed. This supports the argument that in the dapime, 

cloudiness decreases over the lake while over the watershed it increases. The results 

h m  this section and those in section 5.1 (b) agree with the findings of other researchers 

(Symoens et al.. 198 1 ; Malawi Governrnent, 1983). 

5.3 The Frqueney of Law, Middle, and High cloudr over Lake Malawi and ita 

watenhed 

This section prcsents results h m  d y s i s  of cloud level within the watershed and over 

L&e Malawi. It begins with the subsection of the hi& cloud layer followed by middle 

and low cloud layers. Processes that cmte these patterns are discusscd. It should k 

notcd that the cloud amounts computcd in this shdy w m  obsmsd h m  above, as the 

satellite vicws the top of the clouds. Obviously, in this m s ~ c r  the undedying cloud 

Iaym arc obscurrd by the higher laycrs of clou& and hence not computcd or computed 

with less cmtainty. In this section, idonnation ô a d  on ground observations (Juiuuy to 

Juiy 1999) is takm into account. The notes wcm taken diiting the satellite ov- at the 

LMBCP rracuch station u put of field va i f idon .  



(a) High clouds 

Figure 14 shows monthly means for low. middle and high level clouds. 

Figure 14. Monthly means of low, rniddle and high cloud layen for Lake Malawi (a) ad 
its WamShad (b). 



The variability of high clouds over the lake and the watershed was much higher ihan for 

low and middle clouds. as show in (Figure 14). In the lake and watershed the high 

cloud layer was more persistent in the rainy season. During this season, hi& coverage of 

hi& level clouds o c c m d  fiom December up to March. The dry season presented very 

low amounts of high clouds. In June and July. both the lake and watenhed had zero 

percentoge of high level clouds (Figure 11). Tnroughout the year, the watershed had 

more high clouds coverage than the lake. However, differences behueen the lake and 

watershed are small, except in January when the diffennce is approximately 10%. 

Overall, the kquency variability of hi& clouds is stmngly associated with the 

southward and northward motion of the ITCZ that coincides with the rainy season of 

Lake Malawi. As the lTCZ invades and develops over the Malawi region, it cmtes a 

strong convection that forms deep convective cells. It is noticed that cumulonimbus 

cloud a deep convective cloud, is identified as high cloud (Table 2). Field observations 

during January and March indicateâ the prcsence of cumulonimbus on every day. 

Furthmore, it was comrnon to observe mon than one cumulonimbus at the time of 

satellite ovcrpaos. It is considend likely thst the prcsence of this type of cloud is the 

main factor contributing to the covcrage of high clouds k ing grcatest durhg the rainy 

season. 

On the othcr han4 thiough the ground observations at the LMBCP d o n ,  

cumulonimbus clouds wcre reportcd as clouds thot fonn over îhc wit«a&d. Nom of thb 

clouâ type was obcweù to fom over the iake. Howm, as a cumulonimbus c l d  hr 



high vertical extent. the upper p a ~ ~  of the cloud can change its appearance to an anvil 

shape, generally extending horizontally. In most cases. this portion of the cloud was 

observed over the lake and generating dense cirrus cloud or even a dense cirrostratus 

cloud. It is most likely that over the lake the high cloud coverage is represented by 

cirrus, cirrostratus or cirrocumulus cloud rather than cumulonimbus cloud itself. 

During June and July. no significant amounts of high clouds wete computed through the 

satellite (Figure 14). It should k noticed that high clouds like cumulonimbus were not 

observed h m  the LMBCP nsearch station during this period. Lahuec (1988) in his 

sîudy (1987) also found an absence of convective clouds during the month of July in the 

ngion where is located Lake Malawi. This change in high clouds is associated with the 

seasonal variation in the location of the ITCZ. During this month, the ITCZ is situatcd in 

the northem hemisphere. In addition, the STPS lies to the south of Malawi fiom May to 

Septcmkr and as a high-pressure system it supprcsses vertical cloud development. 

However, for some days of June the coverage of high clouds was observed over the lake 

and watershed. Clouds such as cirrostratus were vcry thin and transparent while most 

cimu cloud had vey dclicate filaments. Some cirrocumulus clouds were also observeci 

with vcry small elemcnts. It is likely that the characteristics of thtsc clouds king thin, 

delicate filaments and s d l  elanents, made thcm undeteetable by cloud dctection 

algorithm uJed in this h d y ,  or classificd in a diBennt catcgory, (e.g., middle clouds) 



The cloud detection method applied in this study involves the assumptions that no pixels 

are partially filled and that the clouds are opaque. For example, a thin cimis cloud has a 

w m  radiometric count relative io thick cirrus (Saunden. 1985). This happens when 

irradiance fiom the surface combines with cloud irradiance. As a result. the cloud 

appears to be located at a lower altitude and it is evaluated as middle or low cloud. In 

fwt, it is possible that some high ciouds during the dry season were compured to a 

different class, thus affecting their estimation through the satellite observations. It is 

difficult to quanti@ this confusion in the class separation since access to radiosonde &ta 

to estimate cloud heights was not available at the LMBCP site. 

(b) Middle cloudr 

Ovcr the lalre and watershcd, the middle cloud layer is prrscnt d l  year (Figwe 14). As 

noted for high clouds. the watcrshed shows higher middle cloud coverage than the lake. 

This tendency occurs during botb the rainy and dry seasons. 

Middle clouds are persistent during the rainy season and show s d l  vuiability 

throu@out the scrson. The variability ranges h m  13% to 25% over the lake anâ on the 

watctshcâ from 18% to 3 W i  (Figure 14). The vhability of middle clouds during the 

niny seuon is likely affcctad by the prescnce of the iTCZ when it dtvelopa over the 

region. This sysccm b M ~ s  to the region Iargc~scale convection cumnts. The air 

thughout the tropospbeFe risa slowly and uniformiy, extding m s s  the watmkd 
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and the lake. This large-scale ascent can produce clouds such as altostratus and 

altocurnulus. Field observations indicated that two types of middle clouds. altostratus 

and altocumulus, are frequently presect at the same time and it is not unusual for 

altostratus to change into altocumulus and vice versa. 

During the dry seasun, the variabiiity of middle clouds is very hi&. The lake has a range 

from 8% to 30% and the watershed from 12% to 4 1 % (Figure 14). During this season. 

the ITCZ is nomally furchest noith, thereby allowing the STPS to shift north and over 

Malawi. The resulting large-sale subsidence is critical to the formation of persistent low 

and middle stratifonn clouds (Randel and Haar, 1990). In many cases during the dry 

season, particularly (May-July 1999), altostratus and to a lesser extent altocumulus were 

observed over the land moving from the east and southeast over the lake. in the 

aftemoon. This movement is likely to be influenced by the aimow that onginates over 

the Indian ûcean (Figure 4). 

Particular to the watershed, the highest middle cloud coverage occurs during July, the 

month in the rniddle of the dry season. One reason for this highest coverage could k the 

influence of the oouthern a n d  winds, which incrrase during the dry season. When this 

horizontai moving air encounters highci land. a range of mountains for cxample, the au is 

fotccd to nsc. Under these ciicumstmccs clouds arc fomed. Particularly in Malawi. the 

winds arc strong in July (Figure 12). This otmigth is enough to cicste turbulence on the 

letward si& of mountains and then to form clouds such as altocumulus. When the ITCZ 



is displaced southward. the STPS carmot move north so the middle clouds decrease 

(Figure 14). 

In some cases high cloud cover of middle clouds include the possibility that they are al1 

composed of high thin and low clouds. It should also be noted that stratocumulus (a low 

cioud) is fkquentiy present during the dry season. Although stratocurndus is usually 

considered to k as low cloud. via satellite observation they can easily be classified as 

middle clouds (Stowe. et al.. 1988). Hence. it is likely that the highest pcak of rniddle 

clouds during dry season is affected in part by the presence of low clouds. 

(c) Low clouds 

nie lake and wirtershed have a persistent coverage of low level clouds throughout the 

year (Figure 14). The watershed not only has higher coverage than the lake, but also has 

differcnt variability. In the watershed. low cloud coveragc is high during the dry season, 

with a maximum in June, (2 1 . 1  %) (Figure 14). Over the lakc low clouds have a high 

covcrqp during the rainy ~luon, with the maximum occurring in April. (13.6%) (Figure 

14). In fact, these differcnccs agrce with pund  observations taken during satellite 

overpassts. 



With the presence of ITCZ. low clouds during the rainy season were often cumulus, 

stratocumulus and stratus in nature. In general. most of these clouds originated near noon 

and over the watershed. This explains why the watershed has higher coverage of low 

clouds than the lake for al1 months (Figure 14). On the other hand, few low clouds 

originated over the lake. As indicated in Section 5.1 (b), cloud coverage over the lake 

reduces to a minimum around noon. Just afier local noon, which coincides with the 

satellite pass (arounâ 14:00 hrs local time), some clouds which formed over the land 

moved towards the lake, increasing the amount of low clouds over the lake. This 

phenornenon was only observed on the eastem laiceshore. I t  is probable that the amount 

of low clouds over the lake is mainly due to the motion of clouds formed on the 

watershed (see previous section 5.2 for more details). 

The lake and watershed have a difference in low cloud variability during the dry season. 

Over the lake. low clouds tend to reduce in their frequency while over the watershed they 

tend to increase. (Figure 14). Accordingly, ground observations during the first months 

of the &y season. Le., May-July, the main types of low clouds wcrc cumulus and 

stratocumulus. These ciouds f o d  nadily over the land anci near shotcline when the 

southcm winâs (STPS) sm blowing over the region. As a rcsult. low clouds incrrarc 

over the watenheâ, while over the lakc the reverse occurs. Most of the tirne, particularly 

in May, low levcl clouds werc almost absent. 



As noted before, satellite does not detect underlying low clouds when middle and high 

layers of clouds are present. Hence, the low values for the lake and in particular those for 

the watenhed can be explained partly due to the low clouds king obscured when the 

middle and hi& clouds are present. This would account entirely for the low values of 

Iow clouds, principaliy during the rainy season when the frequency of iow clouds is high. 

This limitation is most severe where high clouds coverage is hi&, e.g., over the 

watershed. Rossow and Lacis (1990), have shown that estimates of low cloud cover are 

most uncertain in the tropics when the coverage of high level clouds is high. 

5.4 Variation of solrr radiation with cloud covtr at the surface of Lake Mainwi 

In this section. the correlations between cloud percentage cover and radiation receipt at 

the surface of Lake Malawi for the conditions typical of a dry season and a wet season 

n presented. 

The nsults of thcse correlations ktwccn solar radiation and cloud covcr indicate that 

s u r f i  radiation and cloudiness are negatively correlatai, but show complex 

rclationships ovcr the coincident (H) and the daily (D)  timescales examincd h (Table 

6). 



Table 6. Statistics for correlations between cloud cover and solar radiation. H indicates 
measured radiation coincident with satellite overpass and D the daily mean. Conelation 
coeffcients in bold type are significant. (r = regression correlation coefficient; = 
coeficient of determination; t = T statistic; p = probability; n = nurnber of cases) 

Mtan Std. Dv. r P t P n 

July 97 Cloud (%) 4 1.769 47.652 
H (kw) 0.458 0.17 1 -0.938 0.879 -7.143 0.000 9 
D (kw) 0.175 0.056 -0.908 0.824 -5.725 0.001 9 

January 98 Cloud (%) 75.364 30.597 
H(kw) 0.773 0.175 -0.458 0.209 -1.544 0.157 1 1  
D (kw) 0.249 0.044 -0.759 0.576 -3.497 0.007 11  

In general. July has the highest percent of explained variance and these comlations are 

both significant (Table 6). Results h m  the January analysis show that the coincident 

surface radiation and the satellite cloud cover do not illustrate the expected negative 

rclationship. while the daily averaged radiation data do show a statistically significant 

negative rdationship (Table 6). In general, this difference in the comlation values 

indicates an expected tcndcncy for Lake Malawi. Some of these discrepancies are 

subsqwntl y discussed. 

For the month of July. the fl values of the cloud cover and radiation rclationship are v e y  

high for both sets of nuîiation (Table 6). It follom that l e s  than 20SC of the variation in 

solar raâiation is not accounted for by variation in cloud cova. As indicatcd in the 

pmiou sections (section 5.3 (b) and 5.3 (c)), the STPS is locatd ovcr Malrwi & h g  

July ud is criticai to the formation of persistent low ad miââlt sûaîiform cloudr. 'ibis 
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pattern of clouds is also displayed in (Figure 14.a). As in this particular month the 

rainfall in Lake Malawi is insignificant (Malawi Government, 1983). low and middle 

clouds are present the sarne structure al1 the month round. In addition. when these clouds 

are present they can remain for a significant period over Lake Malawi. Then, it is likely 

that radiation in July is most affected by cloud arnount, thus explaining the highest values 

of correlation between cioud cover and the two sets of radiation data. 

In January Malawi is influenced by the ITCZ. which brings high convection and 

extensive cloudy areas. Although the ITCZ influences high cloudiness, in Lake Malawi 

the cloudiness during daytime duces  to a minimum (section 5.1 (b)). in other words, 

the sky is partly cloudy during most of the daytime, and as a result the nlationship 

ktween cloud cover and radiation is most likely complex. 

For example, discrepancies in solar-radiation measmments can occur when the highest 

radiation values are measund on partly cloudy âays (Appendix A). This happens when 

the su is unobscund on scattered skies, despite the relative amount of cloud cover. On 

the other han& the reverse can occur when the lowest radiation values are measured on 

clear days (e.g. cloudiness lcss then 2W). This is the case whcn a cloud tempotaniy cuts 

off the dinct solar radiation, then giving low reliance upon the nlationship betmen 

radiation and cloud cover. This discrcpancy fqucntly occm when cumulifomi cloud, a 

typid convective cloud, is prrscnt. In Lake Maiawi, cumulus cloub are vciy froqucnt 

in Jsnuay. It is likely that the week comlation ktwcen cloud cover d the coincident 

radiation (H) for Januuy is Inectcd by those factors above iadicatcd. In addition. it 



should be noted that the weather station from which the radiation data were gathered 

measures at half-hou intervals. Any significant variation of cloudiness occurred before 

the time or afier when the cloud cover was derived strongly affects any conelation. 

Another important factor, which affects the solar radiation versus cloud amount in 

Jiuiuary, is cloud structure. In highiy convrctive ngions of the tropics, changes in 

radiation flux are more dominated by optical thickness than by cloud amount ( H a ~ a n  

and Doelling, 199 1 ; Sohn and Robertson, 1993). Consequently, different radiation values 

can occur even with the same cloud cover percentage (Appendix A). During January, 

variation in cloud thickness and density occur in Lake Malawi, as the month lies within 

the rainy season. An overcast day wherc clouds are likely to produce precipitation has a 

different radiation at the surface fiom an overcast day with clouds that will not produce 

precipitation. iribarne and Cho, (1980). c lah  that a cloud with about lOOm in thickness 

and a concentration around of 2000 dropletdcm' could reflect dmost al1 solar radiation. 

During the rainy season observed clou& such stratus, stratocumulus, cumulus and 

nimbostratus over Lake Malawi fnquently varied h m  bright to very dark when seen 

h m  the surface. Rossow and Lacis (1990) indicated that in the tropics. cloud propneties 

do neither al1 act in concert with the radiation nor do th& effccts Vary with the same 

amplitudes and phases, so that sometimes cannot k descrikd by simple lincar 

comlations. 



Particular for January, it seems that the correlation between daily radiation values (D) ;uid 

cloud cover (Table 6) is not strongly affected by cloud structure variation and cleadpartly 

cloudy sky conditions during the day. In general, the daily radiation average in effect 

baiances the influence of thox factors. Since for both months, January and July. the 

comiations ktween derived cioud cover and daily average of radiation are significant, a 

preliminary lake- wide scenario of radiation patterns for Lake Malawi is, there fon, 

provided (Figure 15). 



Solar radiation 

0 N O rth 

Figure 15. Map of daily annuai mean of solar radiation at the surface of Lake Malawi. 
The map was constructed with the use of the regression equations of July and January. 
The regression equations are indicated in the Appendix C. July was assumed to represent 
the dry season and January the rainy season. 



Figure 15 shows surface radiation patterns (east to west) similar to those of cloud cover 

over the lake (section 5.2). Low means of radiation occur at the eastem lakeshore where 

cloud cover is high, and high radiation at western lakeshore where cloud cover is low. 

This pattern of radiation is mostly dominated by the spatial distribution of clouds in the 

rainy season (Fi y w 1 3 b), rather ihan the diy xason where the cloud distribution over 

the lake is almost similar (Figure 1343. 



Chapter VI Conclusions and Recommendations 

This chapter presents conclusions and recommendations about cloud climatology over 

Lake Malawi and its watershed. Section 6.1 describes the most significant conclusions of 

this study. Section 6.1 is presented in a senes of four subsections. Each subsection is 

linked to one of the four objectives of this study. In section 6.2, some recommendations 

for further research are presented. 

6. L Conclusions 

(a) Temporal variation of cloud cover over Lake Malawi and ifr wa tenhd  

The first objective of this thesis was to determine the temporal distribution of cloud covcr 

over Lake Malawi and its watershcd. This study examined diurnal and seasonal patterns 

of cloudiness by pnsenting data both in ground observations of cloudiness and computeâ 

cloudiness h m  a satellite datasct. Lake Malawi and its watershed experience vey 

distinct diurnal and seasonal patterns of cloud cover dyoughout the year. 

During the day, Lake Maîawi has low cloudintss mund noan (1 1:00 hm) and high 

clouâiness carly moming (06:ûû hm). The mtershed, in contrast, bas mon cloud cova 

around (15:W hm) and less at night. The rasons for k s c  p.tcmu arc relatai to 



differential heating of the water and land, and the influence of orographic effects 

associated with both land and lake breezes, which are established diumally. 

Seasonally, the lake and watershed have high cloudiness during the rainy season, 

November to Apd. Low cloudiness occurs during the dry season, May to October. In 

general. high cloud coverage during the rainy season is intluenced by the lTCZ in its 

movement to and fiom Malawi ngion. in particular, the dry season is characterized by 

having a peak of cloudiness and it is influenced by the STPS. Cloud cover over the 

watershed is higher than that over the lake throughout the year. 

Results fiom this study also indicated that cloud cover from satellite imagery could k 

exwted for Lake Malawi and its watershed. The monthly variability of cloudiness 

computed from satellite agrees with convectional cloud measurements h m  local 

meteorological stations. 

(b) Spatial dttributioa of eloud cover over Lake Malrwi rad ib wattniad 

The second objective of this thesis was to determine the spatiai distribution of cloud 

cover over Lake Malawi and its watenhed. Data of the spatial distribution of cloud covsr 

wen pmmtcd wing timc scquential AVHRR satellite data S@d p.t(crns of 

cloudineat werr erumiacd for the dy season, the niny season rad a ycir @do Finilly, 

wmlations ktmai cloud covcr anâ topography of t& wutas&d wcm aumiacd. 



Over the watershed, there is a clear latitudinal gradient of cloud cover amount. The 

northern side of the watenhed has more cloud cover than the southem side. This pattern 

is influenced by the ITCZ and the southerly airflow. On the other hand, there is also a 

gradient ktween the eastern and the westem sides of the watershed. The eastem side has 

more cloud cover than the westem side. ln particular, high cioud cover occurs on the east 

around 11' S and 13' S latinide. During the dry season. the contrast of cloud cover 

between the West and east is hi&, more cloud cover king on the eastem side. This 

contrast is influenced by the airflow that crosses the lndian Ocean. There is evidence that 

over the watershed, the cloud cover is associated with topography due to orogtaphic 

processes. High altitude and high dope environments both result in a higher probability 

of cloud cover. 

Over the lake, the pattern of cloud cover is dominated by a contrast ktween the westem 

and eastem shorelines. Low cloud cover occurs dong the westem shoreline and high 

cloud cover over the eastem shore. The center of the lake, around 12' S, and the south- 

side at 14' S latitude are the areas with low cloud cover. During the rainy season, the 

cloud is lesseneci not only at those two latitudes but also in the north ktween 10' S and 

10' 45' S latituâe. During the &y saison, most of the lake is under the semc mount of 

cloud cover. It is evident that the spntial distribution of cloud cova over the lake is 

affectcd by the geomorphologiccil differcnces around the penmetcr of the Rift Vailey. 

Ovcmll, the spatial distribution of clowl cover over the lake is influenceci by the 

orientation of the Idcc with respect to the airflow, the shape of the lakahote, tempcruwc 



differences between the lake and watenhed, and finally the topography of the adjacent 

watershed. 

(c) The Frequency of low, middle, and high clouds over Lake Malawi rad its 

watenhed 

The third objective of this thesis was to mess the frequency of low, middle and hi@ 

clouds over Lake Malawi and its watershed. The fkquency of these thm cloud layers 

was evaluated with the use of AVHRR satellite data for a one-year pend. 

Results h m  this study show that fiom Novemkr to April, the high layer of clouds is the 

most fkquent, followed by the middle and low cloud layers. Although April is in the 

rainy season, it is the only month where the high clouds are less than the middle and low. 

In the rniddle of the year, lune and July. high clouds are absent. The variability of the 

high clouds is infiuenced with the movement of ITCZ. Both the lake anci watershed 

follow the same variation of high clouds. 

The middle laycr of clouds is fiquent al1 year. Both arcas, the laite and the watcrshd, 

show two pcaks with mpcct to the occurrence of rniddle clouds, one in tbc Nny s c w n  

and one in the dry scuion. During the &y seeson, th middle cloud kqutllcy U vcry 

high in only one month (July). whik in the rainy 3#ron it is wndintiy bigb in dl 



months. The highest frequency occurs in luly, and is probably influenced by the winds 

and the STPS. The watershed has more middle cloud coverage than the lake. 

Like middle clouds, the low layer of clouds is also fkquent throughout the year. Over 

the lake, low clouds wen constant with a small reduction during the dry season, while on 

the watershed low clouds increased in the tint months of the dry season. During the dry 

season, the variability of iow clouds is influenced by the airflow. The watershed has 

higher low cloud coverage than the lake. 

(d) Variation of solrr radiation with cloud covcr at the surface of Lake Malawi 

The fourth objective of this thesis was to examine the variation of solar radiation with 

cloudiness at the surface of Lake Malawi. This snidy presented cloudiness derived h m  

AVHRR and solar radiation at the surfie mcasud with the use of a pyranometer. The 

nature of comlations ktwcen cloudiness and radiation (daily average and coincident 

measurcmcnt with detived clod cover) wen examincd for July 97 (typical conditions of 

a dry season) and Januey 98 (typical conditions of a rsiny season). 

Therc is an indication that on Lake Malawi v ~ a t i o n  in solat radiation is linked with 

cloud cover. What îhe rtsults of this stdy indicatcd am rht the variability of ndirtion 

with cloud cover is negative and depeadent upon #uon. Sol= radiation and cloud covn 

are strongiy coirelitcd in July, a month of the dry sason. while modcntc comldon Ù in 
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January, a month of the rainy season. Probably this difference is associated with the type 

of clouds that occurs during the presence of ITCZ (in January) and the STPS (in July). 

There is high comlation ktween measured daily radiation and satellite-derived cloud 

cover. However, there is a high probability that an underestimation occurs w i h  

coincident radiation. This is the case for January a month of the rainy season, when 

convective clouds (vertical development) are frequent. Overall, although the results 

indicate a negative correlation between cloud cover and radiation, then is some 

subjectivity about the relationship ktween radiation and cloud cover on Lake Malawi. 

The understanding of cloud effect on solar radiation, however, is far h m  cornplete. 

The NOAA-14 AVHRR imqgtry dataset was utilized as the basis for this study. The 

spatial resolution on the satellite &ta (1.1 km x 1.1 km) appears sufficient to resolve the 

temporal and spatid clouâ covcr and cloud hcights ovcr the lake and its watershed. 

Howevcr, it appcars that somc gapa cxist in knowkdge of cloud cover over Lake Mdawi 

and its watenhed. The accuracy of cloud cover will improve es the quality of the &ta 

Unprovcs. It is thcrcforc iccommtndcd t h :  



a) there is a need for more data fiom other rneteorological stations around the lake, 

particular in Tanzania (northeastem watershed), in order that a better undentand of cloud 

cover variations and a better cornparison arnong diffrrent mas can be gained. 

b) satellite data should be more systematically collected and analyzed. Attention should 

be addressed to collect data with great time nsolution. This could be most effectively 

achieved by the use of geostationary satellite data. 

C) through satellite observation an evaluation of cloud cover at night is camed out, 

showing its diunial and seasonal variation over the lake and its watershed. 

d) hourly sampled events of cloud cover and radiation, e.g. daytime averages fiom 06:00 

hrs to 18:OO hn, will be usehl to ktter understanding how clouds affect wlar radiation 

at surface. Particular attention should be addressed to the radiation measurements. It is 

rccommended to incrcapc the time nsolution of the pyranometer (c.g., 1 minute average), 

particularly if the derived cloud cover is fiom satellite. 
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APPENDIX A 

Cloud cover and Radiation mtasuremtnh 



Tabk 1. Cloud cowr and solar radiation data. As the pyranometer sampleâ every 5 seconds and averaged over half-hourly: the next 
Mf-My mewirrmeat PAn the derivcd cloud cover (satellite overpass) is used. 

Sattllitt ovcrpou Cloud covcr Coincident radiation CoUcideat radiation Ddy amn of radiation 
T i  (%) Timc kW/m+2 kW/m*2 

Juiy-97 



APPENDIX B 

AVHRR data from NOAA-14 satellite 



Tible 1 . I .  NOM-14 AVHRR images usad in this study. Duc to various equipment and measumnenis problems, some data were 
missing aOm tht rroords. 

hy t ia ie  Satellite ovcrpms Cloud covcr Cloud covtr 
Mora Date Mean (%) Man (%) 

Lakt Watctsbcd 



APPENDIX C 

Plotr of cloud covcr venus solar radiation 



Fi- 1. Plots of the cloud cover venus daily average of solar radiation. (a) July 1997 
data end (b) Jan- 1998 data. 



Figure 2. Plots of the cloud cover versus coinciûcnt measumncnt of solar radiation. (a) 
July 1997 data and (b) Jenuay 1998 data 




