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sarellite data. SSTS idcdcd from AVHRR imagery were lsed !o rcst one hr?odesn ld rhe dialon
distribution. nancly tbat in.rcascd sdcr column s$bility ir rhe nolth dnd a sboalirs nned kyer
exqgerate ihe loss iares b, sinting and depE$ rhe pply of rutierts ion below. Vriations in warcr

balanoe for rhe llte aE consisrert wirh obseflatioDs of signitcanr cha.gcs in latc w.rcr cbcmisrry dunng

1. INTRODUCTION

The Great Lakes of East Africa arc rich sources of inlbrmation aboul climatic
variations in recent times as well as ovcr long periods of hunan history and
prchislory (Johnson and Odada, 1996). Pal€olinnology hns revealed that Lake
Victoria, a major source ofthe White Nile. was dry during the last glrcialperiod, and
began to overflow comparatively recently (Johnson et al., 19961 Johnson er d.,
1998). The geat Atiican lakes are sensitivc indicato.s of climate, and several of
them offer long sedimentary records. One such lake is Edward, a half gaben on the
equator in the Westem Rift nt thc border of Uganda and the Republic of the Congo.
Despite polenlially rich geological history, it is little studied and remains largely
unxnown rn mrny respecls,

Water balance and mass budgels lbr chemical constiruents p(rvide essential
lrrmework for climate sludies. No such firmework hlts previously been assembled
for Lake Edward, bur there are indicAtir)ns that the lake is dynamic and responsive to
climate variarions. Surveys of its w ter chemisrry during rhe past 40 years have
identified rwo-fbld chinges in total ionic composilion (Lehman er d1., 1998). Thc
llke is noteworthy fbr its relatively high ionic sfength despite being one ol the
headwater sources of the White Nile. The other hcudwrt€r source, Lake Victoria! is
ofm$kcdly lower ionic srength. Tal l ing andTal l ins (1965) remarkedon i ts unusual
ion r,rtios, particulady its high contenls oi Mg .rnd K. They ascribed its unusual
chcmistry to basrc volcanic sourc€ rocks in the carchment. Degens (1973) slared lhAr
Edward. and all of fie lakes of the African Western Rif-t, were influenccd by
hydrothermal inputs. If hydrothemal influences are indeed pervasive, thcrc oould be
anomalies in matcrial and possibly even heal budgcts for the lake.

This study assembles mereorological. hydrological. and chemical data tbr Lake
Edward and its catchment .rnd organizes lhem into a coherent model for rhe lake.
The model is based on prirciples of mass rnd heat balance constrained by existing
data. The relative influence of dilferent climate variables on waler b, ance and
mixing conditions is ,lsscsscd. The purpose of rhe srudy wls to collcct, review, and
analyze exisling data so as to identify gaps in existing kDowlcdge. ff well as to
uncover potenrial inconsistencies in rhe existinp dara record.
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2. STUDY SITE

L.ike Edwffd (Figure 1) receives dfainage ftom rhe sourh$€st€rn Ruwenzoris to
the noth, the highlands ofRwanda and SW Uganda (Kigezi district) to the east. rnd
lhe virunga volcanoes to the souft. Net inllow occurs through the Kuinga Chrnnel
fon r shallorv but optically deep and hypereutrophic norlheanem exlension. Lake
Georse. Lakc Ceorge and its sufloundjng catchmenls were studied during fie 1960s
rs prrt of r Royal Society component of the lnternatlonal Biological Programme
(IBP) (Burgis et ul , 1912). Lake Edwa.d irself is anoxic bekrw cn. ,10 m n) i$
maxmum depth of  ca.  120 m. but  i t  is  only  rvcdkl )  chemical ly  s t rat i f ied.  ] 'he
remperrture dillircncc bet\veen surface and deep Naters of lhe lake is only aboul I
'C maximum, with surt-ace lemperatures around 26'C. Thcrc is thus rcason to
believe lhal the lake circula(es seasonally. btrt no tinrc scrics of observations exist to
conllrm lhe deduction. Thc stratigruphic record in its sedinents extends ibr at least
hundr€d s, and p.obably { ic$ thousrnd. mctc m ( I)egens, I 971).

29" 20' E

10 '  s

20' s

290 30' E 29'50 E

N

I  r0 K[4

40 's

20 m coniour lnl-orval

Lake Edward

f.i!rr. / hl. Edsrdbrthtncry, tudrrun l;ofr.nlinalbyT Lordll

Thc scdiments of Lake Edward are a rich diaton ooze, with biogenic silica
\arying belween 5q. and 50q. by mass of rhe sedirnent (Johnson rnd Kelts, personrl
f.minunicationi J. Russell er ai., ms. in preparalion). Authogenic calcite constirules
Jbout 109. by mass on average! with marked temporal variation. Recently, the



238 The E lt Aftican Grcat lakes: LimMlog!, Pahcoli,nnolosr ana Biodi,erciry

diatom flora h,rs b€en weakly developed in the lake, particularly in th€ north (Hecky
and Kling. 1987), althoueh Wonhington (1932) mentioned a conspicuous increase rn
diatoms along a transecl from the Kazinga Channel inb northern Lake Edward in
l9ll. Dintoms were nearly absenr trom noflhem hke sites sampled io 1995.
consistent with diminished diarom rcpresentation in surface sediments (l.ehman 

"rdl., 1998). Dissolved silicate is abund{nt at Fesent (150 lrM SRSi, Lehnan er al.,
1998), and is not b€ing reduced to low levels by rhc bio8enic precipitation typical of
many lakes. The enorrnous concentrirtions and larirbility of fossil diaroms suggesr
that the presenl condition is aberranr, bul not unique becaure wide variarion ir
biogenic Si is a fealure of the str igraphic record.

3. DATA SOURCES

Analysis ol radiation balancc components requires infomation about insolation,
cloud cover, and surface meteorology al rypropriate gcographic scales. Cloud cover
and top-of-atmosphere sho( wave rudiation were exkrct€d iiom rudiation budgct
estimales produced by fie U.S. National Ocernic and Atmospheric Adminisrrltion
(NOAA) as p rt of its global radiation budget neasurcments. The radirtion budgel
relies on sensor drta fron polar orbiting environm€ntal satellitcs ro compule shon
wave and long wavc .adiadon flur from RADRET algorithm! {plied ro Lcvcl lb
salellite data 0. Guch, NOAA NESDIS. pel1j. comm.). Thc radiadon budgct t'lux
measurcmenls are dcscribed ar http:/Arv!v2.ncdc.noaa.gov/docs/klnvhrnl/c9/sec9-
3.htm. Rctrieval lelcl information lrom NOAA-14 3nd NOAA-I5 AVI{RR sensors
were obtirined daily by special rcquest 1br both ascending rnd descending orbhal
pathr over Easl Air ica (4'N io l5 'S, 28" E ro 38'E).  This remote scnsing scheme
provided 4 scenes each day,2 during dry and 2 during night.

Data included geographically-rclbrenced estim tes for both avdlable .rnd
absorbed short wave radiation (W m:), outgoinS long wavc radiation (OLR, W fir:),
as well as l2 daytime scene index values thar incorporrte cloudiness on I four point
tcrle (Rufi and Gruber. 1988).

Data coresponding to the surlacc of Lake Edward wer€ extracted from the larger
set by selecting points within a prescribed search iield with latitude and longirude
boundaries rhat described a parall€logram. For Lakc Edward, admissible Longirude
was 29.3" E to 29.8o E. Within ftis runge, adnissible Latilude was constraincd lo be
Sreater than (Longitude-30.:") but less than (lnngitudc-29.7o). Binary dara
received frcm NOAA in sequential EDGEIS file formal were exracled by softwarc
wrilrcn by the author in Visual Basic.

Daily milximum and minimum air tcmperature, wind speed, barometric pressure,
and dew poinl were extracred trorn Global Summary of Dry climate observations
from 1994 lo 1998 for I(asese, Uganda (Stn 636740: 0' I I N, 30" 6' E, elevation
961 m) ,Jchived by the National Climare Dara Cenrer (NCDC). Dara may be
accessed by way of h(tp://www.ncdc.nodn-gov/cgi-bir/res40.pl?page=gsod.htrDl.
Meln values for each month were calculated for the reference Deriod and the monrhlv
me.tns were used in model cllculations.
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Precipilalion estimates for the geographic region around Lake Edward wcre
obtained liom NCDC archivcs in rhe Globai Historical Climate Nehvork version 2
(URL: htlp://www.ncdc.noaa.gov/cgi'bidres40.pl?page=ghcn.html). Mean monthly
precipitation estimates werc obtained fbr ren stations .anging ffon 1.3" S to 0.E" N.
lnd from 29.4' !o 30.6'E, at elevations runging from 920 to 2300 m.

3.1 Conceptual Overvielv

Changes in heat conlent and scasonal mixing depth of lakes and surtace ocern
waters are consequences of heat and momentum fluxes (Price, l98li Monismirh,
1985; Spigel 

"r 
at, 1986i Spigel, l9E0t Spigel and Imbergcr, 1980i Imbefger and

Patlerson, 1990). Heat gained liom inadiance is lost to rhc atmosphere over time.
Thc hcat loss mechanisms are by long $ave rddiation, conduction, and evaporation;
outflow losses ofhea! must be considercd in some cases. Ne! heat loss by long wnve
radialion depends on thc tcmperature diffefence between surtace wnter and rhc sky as
$ell as humidity and cloud cover (Ketnan, t97c/.

Varirtion in the water v0por or greenhouse gas content of the atmosphere can
change the nel gmy body (i.e.. cmissivity is less than l) long wavelenglh radialivc
heal flux iiom the lakc surfac€. Heat loss by conduclion is ibrmulatcd a5 r line^r
lunctbn of wind stccd and the lemperature gradienl tiom lake srrlacc ro nir, wirh
bulk transfer coclllcicnts tha! vary according to stabilily, or thc rclativc tcmperrrure
of lake and air (Cr(tcy, 1989). Latent heat loss by elaporution is linkcd with
conduction loss Ind othcr scalar fluxes by the concept of the Bowcn rario, using
humidily ditterenccs in the rir compared with a waler slluralcd tmosphcrc ar
equiljbrium with the lake surface temperalurc. Drlion is crediled wirh being rhe first
pcrson to recognizc lhat thc riu€ ofevaporation of water is prcportionll to lhc v por
pressure ditler€ncc bctwecn rhe ai. and rhe satlrated vrpor l ycr al thc w tcr suriace.
Iillhcr dccrc sed wind speed or increascd rchtivc humidity in the bulk ahosphere
{ i l l  decrease th is  heal  Uux.  Thc c l lcct  o l  wind rc t ion is  ro replace rhe vapof ,
irturated boundary ldycr nc.rr thc wlter sudace wirh air rhfl is nol s ur'dled tlirh

The he brl.rnce of surilce wrtefs is lundnnentally sclf-corcctingt a lcmporary
Jcerc.$c in hcar loss will be conpensNed ibr by clevaled w ter remperature, with
result ntly increased hefl flux by all three heat loss mechanisms When each
mechanism is considercd in isolAlion, if rh€ wind slows down, or if rhe ^ir
rdnperrrure rises, or if the hunudity increases, or if the sun shincs more brightly. in
c,rch crsc thc surface warms.
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4.0 I{YDROLOGY AND BALANCES FOR HEAT. WATER.
AND CHEI\{ICAL CONSTITUENTS

4,1 Heat Balance

Lak€ heat content is considered to be the resuit of a balance among shon wave
and lory wave radiative flllr€s, evaporation, and heat conductior Th€ enerry
balance model is

A Lake Heat = SW,"r+ LWi., - LH - SH (l)

wh€re Sw is short wav€ radiation, LW is long wave radiation, LH is latenl heal
loss by evaporation and SH h sensible heat loss by ftee and forced convection. The
scaling constaDts in equations were chosen 10 permil calculalion of heat flux in cal
cmr dr. Net short wave radiation received into th€ lak€ water is calculatcd as
insolalion measured at dte ground (swo) reduced by lake albedo (a):

s w d d = ( l  - c ) s w o  Q )

wh€re (t = 0.07 (Yin and Nicholson, 1998). lncident SWo is calculated iom
sateilite-derived measurcmen$ of available SW at the top of the atmosphere
(SW."*ir.u.) by using a conection for cloud effect (Yin andNicholson, 1998):

Swo - sw., . , .b| .  (0 803 - 0.34 c 0.458c) t3)

where C is the fiaction of sky occluded by clouds. The NOAA radiation budget
calculations generated mean daily Sw,".ir.hj".

Net h€at loss by long wave mdiation k estimated as gray body radiation upward
from the lake surface combined with counter-radiation of LW radiation downward
fiom the afilosphere, using the approach introduced by Keijman (1974) and
subsequently adopted for modeling evaporalion in the S!. Lawrence creat Lakes
(Croley, 1989)l

LW"d=oT^r (0.53 +0.065 earo')(p+(l  -pxl  -C))-  € o TLl (4)

wh€re e is emissivity (= 0.97 Strub and Powell, 1987), o is the Stefan-Boltzmann
€onstant, TL and TAi, ar€ lake surface and air temp€ranrre (K), e^i, is atmosplere
vapor pressure (mb), and p is a dimensioniess parameter.

Heat losses by cvaporalion and conduction are conrputed liom heat and vapor
pressure gradients using bulk coefficients estimated for the turbulent atmospheric
boundary layer ov€r the lake. Two differ€nt metbods were used to estimalc the
lransler coemcients. In one case (Model 1), bulk transfer coefficients were
calcuiated by th€ it€raiive algoritlm published by Crol€y (1989, his eqs. I to l0).

This rnethod invol
wind speed and an

u = u' /  K [ ln(

T - T L = T ' t t n
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r '= Qx/(r  cp
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I

I

:

Where U is mean wind speed at reference height Z above the
fiction velocily, K is von Karman s constant, ZL is roughness length,
temperalure al reterence height. TL is potential temperature al ZL.

(5)

T is polential

scrling temperlture d€llned as

T'= QH / ( r  Cp K U' )  (7)

where Cp is the specific heat of .lir at constrnr pressure, Qn is thc lurbulcnt hcat
llux to the surface, and r is air density.

(8)

q . : 6 . l l e x p ( l 7 . l T / ( T r + 2 3 7 . 3 ) )  ( 9 )

l - lert  balance is rhus n iuncr ion of SWo. ' lL,  ' l^r ,  eA,, ,  C. rnd wind spccd. l ' rble I
\ummarizes fie key prrnmerers and rheir deiinirions

Th€ second approach (Model 2) was to approximate evaporation,
l lux, by lhe bulk t i ) rmula pioposcd by Mridmenl l l993):

Erap (cm d r) = 0.02909(I-ake lreu, m:)0 05 (cr e,u,t

Sallration vapor pressure at the lemperatur€ of lhe lake surface
\,laidmenr, 1993) as

Theory of the Surface Mixed Layer

Modern synrhesis of lheofy rbor the sLnJrce mixed layer is rypi.xll) credired ro
\ rL ler  and Kraus (1977).  They dfew cnr  err l ier  srudies ro sumnraf ize hor !  wind sress
.ird buoyancy lbrces erode an exisring tbermocline. They are crediled lvrh solving
:h. problem of the seirsDnrl thernocline. Subsequenr sludies have extended rhe
'hcory of lhc scr ! )nr l thcrrnocl i rc  k)  lhc d iufnr lmixcd layer .

Solrr rrdirlion thrl pcncnates r llrkc surtrcc is trltimrtcly rbvtrbed and converted
' , hear. Because the specific volume of water, and alternatively its density. .uc
: ,nlinear functions of remperature, the absorption of heat causes buoyancy changes.
: L!hl attenrates ditlerenrirlly according to \,r'lvelengrh. The solar inadiance at
,ngcr waveleDgths (IR) is abs(trbcd lvilhin thc top 2 merers or lcss b) \larer itself.

: -thl at shorter wavelengths, panicularly 400-700 nm (PAR: photosyrthcticrlly
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active radiation), which is the photosynthetic and visible part of the spectrum,
penctrates more de€ply. It! atbduation rate varies strongly with dissolved and
particulate matter in the water. In particular, PAR penetration varies inversely wirh
algal biomass.

Heat loss occurs at lhe lake surface. The result is a cooled surface film. A1
lemPeratures S.eater than 4oc, the cooting g€nerates convection by water rhat
bccomcs denser than lhe waterjust below. The kinetic energy ofresulting convection
cells rdds to kinetic energy produced by wind stress. The two sources of kinetic
en€rgy provide the turbulence velocity shears th( work lgainst any existing stable
densily gradient at the base of the turbulenl mixed layer. Doring da)'rime, however.
light absorption is a buoyancy generating mechanism that acts as a sint for this
kinetic energy.

rarl. L Pmn l.! deliDiions ld heaL balancc model orDlicd to tntc Edwed
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Light anenuation is strongly nonlinear, such rhal more light is absorbed !r rhe rop
half of any warer layer than in the bottom half of rhc $Ine layer- The resulr is
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continual production oi posililc buoyrncy while the sun is shininS. Turbulence
Unetic energ) is eithcr prni{1lv or completel! expended by working ro nnx the water
rn opposition to th€sc buoluncy forces. As a result. durin8 tull sunlight hours the
diumal mi\ed laycr shoals and nnriing is conlained much clcer to rhe surl:ce thnn
,luring (he nighl. Dayrimc nrixed hYer lhickness can be predicled trom irradiance.
light auenuali()n. and lhc kineric energ,v from \ind rnd surfrce cooling.

Throughoul the nighr, drc mi\cd hyer deetens as large convecrion cells. torced
by rhe wind if i( is prcscrr, ennrin cool lvater at the base of the layer Therate of
hycr deepcning is set by lhe generaLized entrainmenl Lrt! (Shemun 

"t 
d1.. 1978).

Nhich considers, lvr i lxb le k inet ic  energy.  convcc( ion cc l l  s izc,  nDd the potent ia l
energ,v represenred b) strble dcnsil) strutilicdtion th t opposes lhe entrainment
larces. Il lrkes encrgy lo pull cooler, dense waler liom lhe bottom of the nrixed lLrlcr
rnd lift it upt! rd agarnst gravny. As a resull oi lhe ,)vcrniBhr proccss drivcn by
lu.frce cooling. rhe mrximum e\tent of rertical mr\ing is t)?ic.rlly reached at or

{
t

1.3 Diffusion Processes Belo\v the lllixed Laver

Nl ix in-q processcs below lhe lurbulcnt  ixcd l lycf  \ !crc  N)deled for  th is  s tudy as
cddy difiLrsion. using x constrnt dilJusion coeliicicnt of 0.02 cmr s r. lmberger and
Pr(erson (  1990) . i tc  rh is  vr luc as a lower l in i r  o i  d i f iLrs ion ra les below lhe mircd
llyer, and ir is probrbly trr)sr rppropriate to the reAion of high gradient ditfusivc
llures immedi tcly bclow the surfoce layer. This coetTicient prob.rbly
underesl iml les cddy d i l fus ion in  the bulk of  the hypol imnion.  bLr  is  inconseqL'€nl i r l
r,, mixed la)'cr dlnunrics und surtace h€at ilux.

l .{ SensitivityAnalysis

Scnsitivil) Inalysis for the heal brl3nce model $xs c('rducrcd by spccilyin-q a
'shndard clrmare condi l ion cqunl ()  cmpnical mean nrur lhly condrr ions for air
rcmperarure, dew ponrt, irrs)hlion, stltion barometrc pressure, liaclion cloud coler
xnd wind spccd. Dry-of-month conditions were obttlincd by lincnr intcrpol.rtion ol
rhe monrhly m€ans, assu ing rh t thc mcans rcprcscnlcd conditions al mid-month.
Simulatjons over rn entire ycirr \\$c conducled wnh u holizontully rveraged mlxed-
lrr"er model rsing r rimc stcp ol onc hour.

Air remperrturc wrs sinrulrted iroln the dail) maxrrnum and mininun records by
r.'uming lhlt minimum remperature occuned at sLrnrise. and thrl ml]rimum
r.mperarure occurred midway belNeen noon l]nd sunsct. Air lcmpcmlures at other
llmes $€re obrxined b) linear inlerpolution. The initi.rl condrrion for lake
r.mperaturc $as specified by running $e model for one ycrr und,:r lhc standard"
.hmaie scenario naning wilh an i$lhcmal wuter column al 25.5 "C. The final
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calculated temperaturc distributiotr at rhe end of thc year was stipulated as the initial
state for all further sirnulations.

A rettrence, orBase simulation w.ls conducted by running the model for one year
und€r the standard mqm climrte conditions as specilied in Tablc 2. Then, each
climate variable was independently both increNed and decreased by finite steps, and
the response variabl€s were re.alculated by annual simulation$ tbr each penurbation.
The magnitudes of the step perturbations were in proponion to tte statjstical
variability of empirical climate data. Specifically, the standard dcviation of each
climate vnriable in the Kasese data set was calculatcd by month for dala poolcd
across yea.s. For €ach month and esch climate variable, a day to day slandard
deviation (SDr,) was computed where iindicates the clim.rte vari$le and m
represenis month. An index for varjability of monthly means was defined as double
the expccted 30-day random sumple st ndard cnor frcm the pooleddatal

Dev = 2xSDr., /J3O ( l0)

Water Balatft

pressure were tabular
data existed b idenrif,
variables,

This indcx, when either added or subtracted from the mean value! was taken to
approximate a 957. confidencc interval for yeff-to'year variation in mean climale
values for any given month,

Tnrl. 2, Mean lahcs by month for climarc vuriablcs, dd m!8!il!ds of pmudrtions (Dcv, fton

AitTva'C AirTMtN "C TD''C U btl

Mean Dcv Mern Dev Meun Llcv Mcan Dev

Muv

sep

2t9 071 t8.2 l.ot 19.0t 0.51
29,5 0.'| 17.8 0.70 17,8t 0.?2
28.6 1.28 t8.6 0,68 19.02 036
2a.7 0.96 t9.2, 0.95 19,?3 0.47
2r, l  0 . t3 l8 , l  0 .78 t9,66 040
23.3 0.90 lE.o 0.?5 19.00 0.35
28.0 t .04 l9 , l  1 .55 lE, ls  0.54
2r.8 0.?8 17.6 0.88 t7.44 0.5.1
29.A 0.t1 t7.9 0.80 18.72 0.32
23.9 0.?9 17.8 0.69 19. t3 02E
28.1 0,82 18.6 0,?6 t9,40 0.28
28.6 0.73 17 8 0.88 19.15 0.18

2.4t 0.29
2 t 4  0 t
2.48 044
2,t4 0,25
2 0 0  0 6 3

t.65 0.48
|,66 024
2,22 0.60

2.68 0.62
267 040
233 o. t l
2,31 0.39

0.4r3 0.105
0.305 008r
0.48t  0.100
0.133 0.082
0.257 0 078
0.292 0_079
0,318 0.084
0.494 0.106

0.353 0.013
0.3?0 0.019
0.51? 0.t00
0.420 0.093

4.5 llydrologic lU

Hydrologic characrcrisr
data providd by Vincr arx
ILEC (2000), and LErdal .
such fundamcnhl poinrs l
modem bathymeFy mea5u
reponed in Tnbl€ 4. D
tryDROl k, ! hydroloSrcal
30 arc-second Dighal Et.\
(Fiturc 2). Thc
htl?//edcdaac.usgs.go!/8!o
Edward was calculated as

Outflow = Input from c

Direct precipiration on
averagc preciPirarion al l0
srarrons are located insid
(Figure 2). The dala r.pr(

Thc diff€rcntial effccts of each ind€pendeflt climale factor (c.9., air
temperature, dew point temperaturc, wind speed, or ftactiooal cloud cover) on
each rcsponse variablc (e.9., lake surface temperature, mixing depth, evaporation
rale) were then compared against thc stal|dlrd reforcnce conditions. The
v$iations deflned in Eq. l0 are tubulated by month for each independent climote
variable in Table 2- ToD of aunosDherc shon wave radiation and bammetic
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pressure were tabulrted by month as mern values only in Table j: insutTicient
dala existed to identify the magnirudcs of interannuai variation in rhese t\vo tarter

Ldlc l. Morthly meatrs for lop of,atnosphcr.
shon wrve radiarion and rlllloo bdonrcuic lrcssure

sw"," 
" Psr^

w m r  m b
. 1 2 1 8
.r35 2

,100 (

118 8
,112 5
422.6
4 1 5  0

901.1

905 (

903 8

1.5 Hydrologic Model for Lake Edward

Hydrologic characteristics ofLake Edward and its calchmenr are nssembled from
Jl l ln provided by Viner and Smirh (1971),  Bugenyi ( t982),  Hecky . tnd Kl ing (1987).
II-EC (2000), rnd L€rdal ?r a/. l2ool). Ditlerent sources are nol in rgreemenl aboul
\uch fundrmcntal poinrs us lalie mean deplh ( nd volume) or catchmenr arca. The
modern bathymetry medsured by Lerdal et al. (200),) was adopted lnd lalues are
..ported in lable 1. Drainage brsin boundaries ti)r Africa werc trken frorn
IIYDROlk. a hydrologic lly corect I,km resolurion vclxion ofrhe cTOpO3O gtobrl
l0;rc-second Digital Elevarion Model produced by rhe USGS EROS Data Cenler
Iitur€ 2). The data and derivatjons described al

i]llt://edcdaac.usgs.gov/gtopo30/hydro/readme.hrml. W,rler balance for Lake
liJ\vard was calculdcd as

Ourllow = Input from cdchmenl + direct precipitation evaporation (11)

Direct precipitdtion on the hke surface was rrken lo be lhe mcan of the annu.
.\erage precipitation ar 10 srdlions around Lake Edward (1211 mm yt'r). Sjx oi the
-r.trrons are located insidc the catchmeDt boundary, .rnd the orhers llrc ctose by
Iirgure 2). The data represemed 470 station-years of.ccord ranging from 19 ro 87
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years per stltion. Precipitation did not vary siedficandy with elevation among these
stalions (Figure 3). Moreover, annual precipitarion was not well correlaEd among
the I0 stations. In 44 pairwise conelations rhe mcan coffelation was 0.25 (range = -
0.23 to 0.?6), and only 8 station pairs €xhibited correlation greater than 0.5. The
estimated prccipitation reported by Viner and Smith (1973) for Lake George is 307.
lowcr than the average valuc of 1214 mm yr'r found here, but it is within the range of
varialion ofthe dara amonc station:i.

Fig!.d :. HYDROII d.lirrge blsid boundlri.s wilh Pfifsctrcr t vel 4

cod6, 3lr.rh ddimge (D(:W, 1993), md GHCN v.6ion 2 clidG sr.tiols.

Watcr input from the calchm€nt was estimated by the m€thod ofviner and Smith
(1973). Total runoff was €stimrt€d liom measuremcnts of runoff yicld by lh€
Nyamuganasani River. which drdns ffom lhe Ruwenzoris into northern Lake
Edward. From me$ured discharge and river catchment area, Vincr and Smirh (1973)
reporl0.5l8 m )'r" in surface runoffper m" of land surfice. Thus, for thc terrestrid
catchdent of Lakc Edward (203?4 knr exclusive of lale surface irea), the expectcd
mean annual watcr incom€ by dhecr proponions is 1.06 x l0ro mr. Because rhe
relationship belwecn mean precipitation and mean fluvial runofT is not known fbr
Lake Ed$ard catchments, the runoff yicld may contain syslematic bias whcn applicd
to the entirc catchment area and to long term temporal avcrrges. Hence, scnsitiviiy
analyses were used to infer the porential importancc of thesc different assumprions.
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Histodcal measurements were used for dischsJge of the Nyamuganarani River
and Kazinga ChrDnel into northern Lake Edward (Viner and Smith. 1973). Residual
hydrologic income was assumed to derive lrom streams visible in Figure 2 including
(1) the Lubilia River forning the inremational boundary at rhe nonh of the lalie and
also draining fiom the Ruwenzoris, (2) the Ishasha forming lhe international
bound.ry al the south of the lake, and bgether with the Ntungwe, Mehuera.
Ruampuno and Niamweru draining fron ihe Kigezi and Ankole highlands of SW
Uganda into the southeastern shore of the lake, (3) the Ruchuru and other unnamed
sEeams draining thc rift north of the Virunga yolcanoes. and (4) niscellaneous
unnamed mountain torrents which cascade from the Congo escarpment al the wcst.
The HYDROIk data set identifies two major sub'catchments fbr Lakc Edward-
Catchmcnt 2967 includes drainage ftom the Ruwenzoris, Lakc George, and the
Uganda highlands. Catchment 2966 is dominated by drainage from lhe virunga
district but also includ€s ihe Congo €scarpment.

Sensitivity analysis \!as conductcd to €valuate lhe potential imp.rcl of re8bnal
variations in rainfall. Annual rainfall al ten stations around Lake Edward (GHCN
version 2, Nalional Climate Data C€nter archivcs: httpr/w$,w.ncd€.noaa.gov/cgi-
bir/res4o.pl?page=ghcn.html) exhibits a mean CV (Coefficient of Variltion = rltio
of Studnd Devialion to M€an) of 0.188 (SD = 0.056). Approximation of a 95qo
probability rflnge for annual reSion.il precipitation was assumed to be thc mean (1214
mm) plus or minus double this CV multiplied by rhe mean. The samc CV (i.e..
0.188) was lssumed reprcsenhlive oftotlrl surtace runoft:

4.6 Chemical Balance

The ion composition of hydroloSic sources to Lake Edward was reconstrucled
lrom historical meflsurements lnd literdure r€ports. The chemical composition of fte
Kazingr Channel discharge was assumed &r be fte samc as thal of Lake Ccorge
durinS niny season condidons (Viner, 1969). During the dry season there is littlc or
no net discharge into Lake Edward fiom ihe Kazinga (Wonhiogton, 1932). The
chemical composition of thc Nyamugan sani River wrs assumed to be tha( rcporied
for streams from th€ Edward dninrge of the Ruwenzoris (Visser, I 974). Initially, all
other fluvirl inpuls werc assumed to have the composition of streams drainin8 the
Kigezi highlands (Viss€r. 197.{). Rainrf l€r was alsumed to hrve the composition
rcported by Visscr (1961). By muldplying each sourc€ concenlrrlion by the mean
hyd()logic fluxes, bulk chemical inputs werc obtained. Mrss flux out of the lale wlts
calculated as the composition of Lake Edwurd surface wrtcr reportcd by Lehman er
al (1998) nultiplicd by Semliki River discharge volume calculatd frcm thc
hydrologic rnodel.

Sedim€nts of Lake Edward consist ofrich siliceous ooze with about 40% SiOr by
weight on average, l.2E sulfur, and rl least 159. calcitei mosr ofthe carbonares arc
CaCOr, bu! about 12% arc MgCOr (J. Russell ,/ al., ms. in p.eparntion). Scdimenr
accumulation ratcs are roughly 0.1 cm yr'. At sediment density of 2.5 g cm r. and
porosity of0.9. thc mineral contcnt and sedimenr ion rates indicate about 0.33 mol

Water Bala cl

CaCO3. 0.05 rnol MgCO..
sediments, Removal rares I

4,7 Remote Sensii

Surface lemperatures o
(Advanced Vcry High Re
Satellite Active Archive. T
searched for relatively clin
1999. Suitable scencs ur L
at satellite nadir, were do\
wer€ extracted from the pr!
version 4.3. The sofi\rare
Institute RAS, Moscow (h!
C was calculated by mullr
images using the brighhcsj
and the calculared slrelhte
NOAA-I2 and NOA - l . t  I
directly from lrlucs t
80vr808O/EBB/mYnicssr hr
specifically fof Lake Ed\!t
temperature measuremenrs.

The calculared SST\ ,
numer,cal values, and scr.
resorufion on a reclangutr
l,rtitudc and krn8irudc gc,, l
rcctangula. rcgions rrng,nr
offshore reSions within rhc
surface lemperaturc and \rrt
ot these an,rlytical regn,n. ,
surface, bur ro be smJlt .
localized cloud covcr.

Twenty-fbur satcllrrc rr
surfirce temperatures $J\ s

5, RESULTS

5.1 Heat Balance I

Summary resuhs arc rct
calculate evaporarion rrtc!
pernfbaions of the retcr.



CaCOr. 0.05 mol MgCOr. 0.09 mol S. and 1.7 mol SiO: m' yi' accumulat€ in th€
sediments. Removal rates by burial muit be included in m ss brlance calculations.

4,7 Remote Sensing of Lake Edward Surface Temperature

Suri.rce lemperatures of Lake Edwlrd were calculatcd from archiv,rl AVHRR
(Advrnced Very High Resolution Radiomerer) dat sers maintained by NOAA s
Satellite Aclilc Archive. The oniine archive avrilable at www.saa.noaa-gov wrs
searched lbr rclatively cloud-l;ce images of Lake Edward duriDg 1995. 1996. nnd
1999. Suil ble scenes at Local Arer Covcrage (LAC) rcsolution. norlnnallj I.I knr
rt snt€llhe nadir. $cre downlorded in l0 bit Lerel lB ftrrnrlr. Spectrnl chnnnel dall
Ncrc extracred liom the packed binury files by XV-HRPI-Dara Acquisition sofr\rrre.
lersion .1.3 The software \vas furchased from Dr. A. Mazuro!. Space Rese{rch
InstirLIe RAS, Moscow (http://snris.iki.rssi.ru). Surface lake temperrlure in degrees
C was cllculirlcd by muhichanncl splrt (MCSST spli0 algorithnis for day or niBhr
irnages usinB thc brightness lemperrtures ('K) recorded in AVHRR channels ,1 and 5.
and the c lcultlred satellite zenirh angles. Equations and enlibrurion coefiicicnts tir
NOAA-12 and NOAA'lJ polar o.bi t ing enl i ronmentl l  sareUires (POES) $ere used
directly lionr values pub|lhed by NOAA ar ht rp://psbsgi I -nesd is.noua.
-!ov:8080[8B/nrnicssr.html. Ir \'.rs not possible n) crlibrate the equalioos
spocil'icrlly for Lnkc Edward owing to the ,rbsence ol contcrnporaneous lulc surface
rcmpcrarure measurements.

lhc cl lculared SSTs were encodcd.rs 8,bi t  sc l rr  represenlal ions oi  their
numcricrl v lues. iind were projecred rnd visualizcd rs gray-scale imagcs t l-km
rcsolulion on r rccbngul3r coordinlle lyslem by XV-HRPT sofilrLrre, using rhc
lrtitude rnd l{,ngitude geo-rclerence data embcdded in (he AVHRR scan lines. Thcn,
recrangulrr rcgions ranging liom 36 to:89 kmr *ere lisrrll) sclccted in cloud t'ce
ollihore regions Nirhin th€ northern hrlf ilnd rhe ()uthcrn half of the lakc. Menn
surfrce temperrture and sondrrd dcviation \|ere calculated lbr eich rcgron. The size
of rhese an lyticrl regions rlus chosen to providc good s,rmpli S dcnsity nt lhe ldkc
\urtrcc, but lo bc sm ll cnou-qh lo bc locrted well oll:shorc while avoiding uny
[)cul izcd cloud colcr.

l\enty-fbur sarellire imdgcs wcrc e$mined li)r ihis repo(. One pair of hkc
'urlice lemDcrJturcs $rs sxnrDled for eich dale.
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RESULTS

Heat Balance Model aod Sensitivity Analysis5 . 1

Summrry rcrults are r€ported in lable 5 tbr thc 1wo alternitive mod€ls used to
..rlculare claporation rares. lables 6 xnd 7 repon respon{cs achieled lrom
r.rturbllions of lhe rcfcrenc€ lalu€s durinB sensitivil) rnrl!ses. Tolal mixing



250 The Ean African Creat lakes: Linnoksy, Palaeolinnolosy and Biodiversity

duration reports the total number of days doring the year when the lake is calculated
ro mia to its tulIdeprh.

Table 5. Model Esuts for rcferen€ (nean) dimale

conditions lisied io Tables 2 and 3. Resuts aE for wo

alLehativc modcls of cvapontior described i! the teit

Responsevanubb Mo Mo

de l  I  dc l2

TL @ribud for year

Tr dirimln for /at

Toul nirins duotioi, drys

103

3
291

269
2

161

l l l

3
21.O

5
26.0
0

106

lndcpcndst penurhri

U

Seflsirivity calculations Eeated climate varirbles as indepcndent and unconelated.
Assumption of independence is suppoired by climate data frcm KNese, lts there e
no correlltions among daily mrximum or minimum air temperature, dew point
rcmperature, m€an wind sp€ed. and precipitation that exceed 0.36 in pair-wise
comparisons. Scnsitivity calculations reveal that cloud cover and wind speed lre by
far the most influentialclim.rt€ lircrors. within rhe limils ofobserved natural variation.
Magnitudes ofpertubations used in the an,rlyscs were reported in Table 2.

I4bls 6 Rcsul6 oiscnsniliry analysh for Li*c Edward hcar balalcc wirh evapootioo Model I

hrdcpcndcnt Pcnurbdlion AEVAP Al!fC) ATL fC) ATr.('C) ^ mixiig t'cdod
vu i lb le  (6hdr )  min  (d )

5,2 Water Bal:

Semliki River drsc
total su.rface runofa,
measuements from th
Channel, the Nyamugi
evaporation at Mbarari
correlation between lh.
of vffiability in pre.

The estimaled Sem
calculated by Hursr I l9
by Worthington ( l9l l l
r), and sbou15 times rtr
estimated thc catchmcn
indicates (Figure 2).

Mean annualourlltl
to a theofetical cotuen
was scaled prcponN.
analysis. The ran-qe o
examined (approxin
Results are shown in 'l

were cssentially dre i
climate variable other
variations in ionic srn
observed fbr Lake Ed$
Ionic strcngth has lanr
few percent increrse rn
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?drld 7 R.sul6 oa smritirity amly* ior brc Edsud hd brlrnce untrE cvcpolrion Nlodel :.
Indrt.nde.t petubarion I EVAI, ATLr ( ) JTr.(!C) AIr.a'C) tnirinstsiod
\ ' r t rb lc  ( Imdr )
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.0  t l
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- 0 1 9

+0?8
- l  r l

< , , Water Balance

Semliki River discharge from Lflle Edlv d wrs cfllculated by diiference ffom
knal srrlrcc runofl drrect prcc]pit.riion, and evnpornti{'n. Historical direct
ntirsurcnrcnts iiom the IBP pcriod cxisr ibr htdftrk)gic inputs from the Knzinga
Chrnnel, the Nyamugams ni Riter, and riinlirll. Monthly precipiiation rnd pan
claporation ar Mbarar.r fron 1969 to 197,1 (Hldh'net, l99l) exhibir no significlnt
fo elation betwccn the tno lirirbles (R = ,0.162, n = 68). Conseq[cnlly. th€ effects
oi  var iabi l i ly in p.ecipi lat ion Nas simulaled independentU Irom variar ions in

The est imated Semli t i  outf lo$, in l rble I  is bout double the 5 x lOq mr vr ' r
.ilculrted by Ilursr (1927), about triple thc cquivrlent annualized llo$ rit|c m€asured
h y W o r l h i n g t o n ( 1 9 3 2 ) d u r i n 8 d r y s e a s o n . o n d i t x r n s r n J u n e l g 3 t ( c a . 3 . 3 x 1 o ' ' ] m r y r
'), and nb(||lr 5 times rhe mean dischurgc reponed b) Talbol .r dl. {2000). Hursr had
csrima(ed the catchment area I2OOO km:. much smaller lhan lhc modern DEM now
rndicrrcs ( l i igure:) .

Mcrn annual outllow is about 809. oftotal w.rler income to Lake Edward. l€ading
l(' theorctical concentrrtion iirct(tr oi 1.2 for conser!'ilive solurcs. Surface runoff
srs sculed propo(ionally io variarions in rcgional precipitrtion for scnsitiviiy
,rnrlysis. Thc range of laristion in thcoretical concentration iirctor li)r rhe ranges
.umincd (approximating .r S59. Confidence lnterval) w s Ll to 16 (Table 8).
l{csults are shown in T blc 8 for evaporarive ilux Modcl l; rcsulrs tiom Mod.l 2
\crc esseolillly the samc. A-qain, cloud cover cnrcrged as the mosl influcntirl
.lim.!re variable other than variation in precipilrrxrn itsell These rerults imply
.Jrialions in ir)nic stfength of abour .107., which is less lhan hrs .rctu.rlly been
,'hserved fbr Lake Edward surlace wrter over several decades (Lehnr n ?r dl., 1998).
l,inic strength has varied by nearly a factor of two. Evrporiuion can produce only r
rc\' perc€nr incrersc in salt concenrrarions of thc llke durin! I single dry ser$n. In



252 The East Ahican Grcat lalkes: Ln nolog, Palaeolinnolosr and Bio.lirersitr

rddition to climale-induced variation, the cause of different salt concenlralions
rneasured in Lake Edward oyer the years may have to be sought in seasonal
variations ofthe fluvial inputs to the lake.
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5.3 Chemlcal Constituents and Mass Balance

Historical measurements of water chemistry in rain, Lake George, Lake Edward,
Ruwenzori drainage, and streams of the Kigezi highlands (Visser, l96l; Talling and
Talling, 1965i Viner, 1969) are combined in Table 9 to estimate thc major element
balance for the lake. The relatively conservrtive solutes Na, K, and Cl ffc fhr more
concentmted in Lake Edward than the theoretical expectation for a conserviltive
solute (Table 4), based on existing river and rain chemistsy.

Hydrology and the bulk chemistry summadzed in Table 9 underscore a
geochemicrl anomaly about Lake Edward. Thc lakc is lar out of chemical mass
balance based on existing measurements. Table l0 repons mass balance of major
consdtuen$ computed liom Tables 4 and 9. Massive sources ar9 required for Na, K,
Mg and bicarbonat€ to balance ftc mass budgets. There are not enough inputs ofCa,
SO{ and SiO, to account for measued sedimentation rates. Instead. there must be
addirional weathering sources of Ca, Si, as well as bicarbonate and othcr caiions to
close the water column and sediment budgets. The required ion composilion and
stoichionetry of the weathering producl suggests an alkaline rock sowc€ material
dominaEd by soluble carbonate salts. Absence of stong salt gradients in the lake
argues against the likelihood that the salls are injected ftom goundwater sources.
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into l-ake Edward is essenlially unknown and uomeasured (Kilham, 1984). The
figures presented in Table l0 thus corutitute an expLicit, model based, d pto.i and
quantitative hypothesis about the geochemistry of hydrologic sources to Lake
Edward. They help explain the decrease in cations and carbonate ftom southwest to
northeast in the lake that is evident in chemical analyses published by Worlhington
(1932, his table 3). Seasonal variations in these rather high predicted annual mean
concentrations may also help to explain the two fold range in the ionic strength of
Lake Edward that has been recorded by different investigators.
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Lake Temperature Gradients by Remote Sensing

ln rhe absence of spccific calibr.rtion of calculated sSTs to Lake Edward.
anilyses were confined to assessment of tempcrrirrc difterences lvilhin the lake
nlher than to temperatue in absolule terms. Tcnperalure ditlerences between no.th
central Lake Ed\rard and south centrrl Lake Edrvrd are plolled in FiSure 4.
Discernible and statistically si-enificrnt tcmperature diflerences exist on most dates.
but there is not a consistent gradien! betwecn nonh rnd south lhroughout the year.
Instcrd, there is a t€ndency for the hke to be w.rrmer in thc vnrlh during the dry
seasons and to bc wrrmer in the norlh dunng rainy season conditions. Tcnrperr(ure
difierences of l"C or creater are not uncommon

6, DISCUSSION

Lakc Edwnrd h.rs €xperienced slriking variation in dissolvcd s.Ll( concentralion
durinS the last 35 )crrs. These varia(ions are parlially clim,rte rchtcd, based on the
water balanc€ model,,rnd rrc consistcn( wilh the generally warm€r, wetter condilions
ol the present high elevation lropics comparcd with condilrcns 40 years ago
(l-ehmrn, l99E). Chemical data are presented in ' luble l i  a long 1 gradienl of
increasing conductivity and ionic strength. liom measurements by Kilh.rnr 11972).
Lchman 1r o1. ( 1998). and Talling and l rlling ( 1965). bn aclivities were calculrted
liom bnic strength by the Glnlelberg approrim.tlion (Stumm and Morgan, 1970).
using tcmperature coeflicienls at 25 'C (Stumm rnd MorgAn. 1970, table 5.1). and
ron activiry p()ducls (lA?) were calculrted. chloridc is uscd as a conservat've
reference solute lor comprrisons. Several points can be made that hrvc implications
li)r rhe sedirnenrary record of l-akc EdwArd.l

L C'CI ratios decreas€ wilh cvaporrtivc concentration. Ca is diffcrcnti ll)
lost, prcbably as carbonate to the sediments.

2. Ca conccnlrali()ns remair relalilely constant. but Ca,4!'tg f.tlios frll wrlh
progressrve san conc€nrri!fi 0n.

3. During the last 40 years Lake [dward h.rs vrried iion1 being at lhc
sarurrlion point with respecr to calcite. to being l8-li)ld supenrLurated.

The pll and CtMg rarios of I- ke l:dlvrrd iDdicrte Lhat dolomite should be tlrc
rlrcmodlmnicruy srabLe phase for the solid mincrals (Stunn and Morg n, 1970.
l.rgurcs 5 l1), as is also rrue of sea water. ln f;rct. as in scr wnler lhe precipitating

incr^l is m.rinly calcite, but the carbonate should have a v.riabLe composition of
\lgCOr. The ra'ge of supersarurarion reported in Tablc I I is cornparible with up lo
rbout 107, MgCOr in thc c bon,tte solid phase (Slumm and Morgan, 1970. Figures
j l1)i percentag€ composition should increrse wirh conductiviry and ic)nic strcngth
.'i rhe lake water. Consequenrly, the observation of rboul l2q. Mg conlent in the
..dimentary calcite of Lake Edw|rrd is consistent wtrh the high lelels of
-upcrsaturalion observed earlier in the 20d ccnrury rarher tban laler. C./Mg ratios of
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the precipitating carbonrtes may provide a proxy signrl of chinges in water balancc
throueh evaporative conceDtration and relaled changes. Sedimenlary calcite is the
result of ( 1) evaporative concentration of water already at the prccipitation point, (2)
elevated water temperature, or (3) increased ratcs of photosynthesis. Not all algal
taxa can €qElly Lse bicrrbonaie as a carbon souncc (Prins and Elzenea, 1989;
Rietesell ?r al., 1993). Thus, ihe types of specics that are sdmulated unde.
rh€rnlting conditions of water column stability or mixing rnay control some of the
se$onality and isotopic composition ofcalcite deposition in Lake Edward.

r,rie 7/. (ncnical cmditiors atr ding c bullc cqlilibria tcost a nnse of
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Related arguments apply to the deposilion of biogenic Si. Diatoms are nol
abundant ar the surface sedimcnts nor in the modern plankton. The dominant fbssil
diatom in lhe sediments ofLakc Edward is C)cirrrepftdnor ddrrarii, ll taxon fbrmerly
classified as Srepfianol6cus da tasii (C^sse et al., 1983). This unicellular centric
diatom has been identified as a low Si/P ftrtio sDccies, with favorable stoichiometries
near l:l by moles (Kilhrm €t al, 1986). Present day Lake Edward is very rich in
SRSi (soluble rcacrive silicon), lnd thc Si/P ralio is exrremely high (ca.200:l).
Thcse are not fte typical condhions associated with success by
Cyclostephaloslstephanod,.rcr,.r. Hence, ils paucity in thc plankon and the surfac€
sedimenl is consistent with the chemistry, but the lakc musl havc exhibited alternate
stat€s under perhaps altcred climate conditions and mixing rcgimcs thar promoled
vast production ol these diatoms in the recent past.

One hypothesis fof the paucily ofdirroms in l-ake Edward at present, panicularly
in the north, is that incrcased water column stability cnhances diatom loss rates by
sinting (E. Ralph. pers. comm.). The presumed mechanism would be a wanner
surface layer resulting from the wa|m dischnrgc of Lake George through the Kazing.r
channel during the rainy season, Water temperatures are in tact occasionally warmer
in the north than in the south during rhe rainy months of April and May (Figure 4),
but at other times the surfacc water is warmer in the south. The spatial pa(em
reporled by Heclf aod Kling (1987) wls obscrvcd in smples collecled in mid'
March l9?2, a monlh that can exhibit the stan of rainy season conditions.

Sensitivity analys€s which predicr the responses of lake surfacc ternpcralure and
evaporation rates to climate changes also docudent pr€dicted changes in lake mixing
dynamics. Changes in wind spccd, cloud cover, and other climate factors can
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theorerically increase or diminish the period ol dccp miring in Lake Ed\aard by
$eeks or monlhs. It rs plausible that altered mixing rcgimcs under allernate climale
scenlrrios have been lhe cause of the great vari.(i(nr\ in di.r()m success wLthin the
lakc, as rccordcd in ils sedi.nents.

'lhc 
hcrt b:rhncc model tbr Lake Ed\\ard and exis(lns nrctco(rlogicxl data

indrcare rhrl temporal variations in lvind speed and radiarion bahnce owing lo cloud
colcr arc thc dominating sources ot' variation in bolh lLikc tcmpcrnture and
evlporulion (Tablcs 5 rnd 6). Model simulations were bdsed on independent
per(urbaoon of individual climdtc llrirbles. Any empirical posili!e cotrelations
benveen wind speed ,rnd either air temperrturc or irrdirnce \\'ould tend to subdue the
prcdicred eltcls on lake l€mperature. but $ould exuggcralc ctitctr on evlporation.
lrrespecli!c ol rhcsc sccondrrl efiects shich may amplaly the yrriuions in
elaporarion rirrc, it is clcnr rhnt Lrk€ EdNard his e\hibired \\ide lrriali()ns in $rter
turnover and €laporrtire concentriri()n ol dissolved snlls in this c€ntury alone.

The methods us€d ro estimatc tcmpcralure nnd evrporrlion Ibr LikE Ed$ard mry
have lvld€ applicarion to tropical lakcs in general. llnd in pnrticular ro the g.ear hkcs
('fEnst Alricx Similarly, s€nsitivity analyses bNcd on thcsc solurion merhods, using
cmpiricrl vlriulxrns in input variables as referencc, should pcrmil quanlitatrve
predicrion oi luke responsc Q specitlc climare change scenr.ios.

7. CO\CLUSIONSANDRECOMMENDATIONS

I-rkc Edw rd rck)n lcs strongly to cljmate ch0nge signals. Irs tlutcr dclention
rlnre is rcl livcly rhor conrpared wilh olher grear lakes oflhe re-qion, but lhc unusu,rl
leochernical composjrion of its inpurs liom the soulh inreracr $irh warer balancc ro
fruduce striking chrnges in chemisry and ionic nrcngth. The lrke is of adequate
'izc t(r be inrestigrted wirh eriisring sarellite rechnolog), rnd ir crhibits temporal rnd
rparial panerns rhat.rppc.rr n) bc correlated sith climflte. 'lhe dara sets und modcls
Jcleloped tbr rhis srudy successfully brou8hr into ibcrN issrEs rhat r€quir€ funher
rlcld \vork. remore sensing, and addition ldevek,pmcnt ol rhcory These are:

L Improlcd rlcvation naps are needed |o corroborate or rcline lhe existing
DEM for thc rcgion. to deiine morc preciscly the totrl urea of drrimge,
and io panition the relali!e rers ol sub-calchments lvirh differing slrerm
chemlslry.

2. W ter sanrples nust be collecred sBisonrlly frr)nr lhe Ruchuru River and
othcr strcLrms enlering Lake Edward lrom lfie south. Chcniicdl lnalyses of
thcsc wrrcrs should be used to resl lhc d /rfldi hypolhcsis of rhe;
composition and thcir potentirl tbr alterinS the \utef chemisry of Ldke
Edward.

I Thc dischdrge flow of the Sernliki River !l irs sourc€ must be rnersured in
order to Iest ihe validily of prcdicled water balance (Table 1)-
Furthermore. measuremenrs are needed for rhc dischffge Uow of the
soulhcrn nvcrs.
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4. Ca,Mg ratios of sedimentary carbonates should be investigated as an index
of lake water balance.

5. More precise estimates ofcloud cover and wind speed over Lakc Edward
are required, and any cloudiness diffe.cnces between day and nighr should
be quantified.

6. Additional AVHRR scencs of Lake Edward fioln huhiple years should be
assembled to test rhe generaliry of surface rcmperature differences betwccn
lake regions in dillerenl seasons. An etfbrt should be made to assess the
accuracy of the lemperatwe estimates in absolute tems. Then the heat
balance model for the lake can be tested using remolely sensed
temPeralurcs,
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