
w
c
t
i
t
c
t
a
r
f

t
p
c
p
d

M
e
c
l
w
f
a
t
c
b
s
o
i
b
w
r
t

Quaternary Research51, 104–107 (1999)
Article ID qres.1998.2011, available online at http://www.idealibrary.com on

0

LETTER TO THE EDITOR

Comment on “Antiphasing between Rainfall in Africa’s Rift Valley
and North America’s Great Basin”
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INTRODUCTION

Johnsonet al. (1996) presented evidence that Lake Victo
as dry before 12,80014C years ago. Broeckeret al. (1998)
oncluded from water-balance calculations that the prec
ion rate when the lake was dry must have been smaller th
s now by a factor of at least four. The apparent magnitud
he change in precipitation and its near simultaneity with o
hanges elsewhere on the globe were advanced in supp
he hypothesis that the global climate system underwen
brupt change at the time of the Bo¨lling–Alleröd interstade
ather than a gradual, linear response to changes in o
orcing.

Broeckeret al.acknowledged clearly some shortcoming
heir quantitative analysis of the relation between lake area
recipitation. Specifically, they noted that their analysis
luded two positive feedbacks of climatic drying and
ossible accompanying forcing function that might opp
rying:

Of course, with drier conditions, it might be expected that the eva
oration rate over the lake would rise [the first positive feedback] and th
the fraction of runoff from the land portion of the basin would fall [the
second feedback]. However, to the extent the tropics cooled during
glacial time, evaporation rates would have been reduced [the additio
forcing]. Unfortunately, there is no way to assess how large these chan
would be.

echanisms of the first feedback were not specified by
ckeret al., but two distinct processes are potentially sign
ant. First, regional drying would reduce the evaporation f
and, causing warming and drying of the atmosphere.
ould tend to increase the gradient of vapor-pressure d

rom lake to atmosphere, thereby driving up lake evapora
ccording to Penman’s (1948) relation; herein, this will

ermed the lake-evaporation feedback. Second, a region
rease in aridity could well cause changes in surface rad
alance, for example, through decreased cloud cover an
ultant enhancement of surface solar radiation. This c
ppose or even outweigh any direct, orbitally forced reduc

n radiation (the tropical cooling during glacial time mention
y Broeckeret al.). The land-runoff feedback is associa
ith the reduction in soil-water storage that accompani

eduction in precipitation; this permits an increase in the f
ion of precipitation that can be absorbed by the land
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ence, a suppression of runoff. Here the calculations of
cker et al. are generalized to assess the importance o

ake-evaporation and land-runoff feedbacks and to estima
ensitivity of lake area to changes in radiation that might h
een induced by regional cooling and/or aridification.

mplication for the hypothesis of abrupt global climatic cha
s noted in the conclusion.

THEORY

and-Runoff Feedback

A simple expression for the joint control of land wa
alance by water and energy supplies has been develop
udyko (1974, pp 321–330) on the basis of dimensio
nalysis and various empirical studies. The fraction of
ual mean land precipitationP that evaporatesE is given as
function of the ratio of annual surface net radiationR,

xpressed here as equivalent evaporation rate) to a
recipitation,

E

P
5 fSR

PD . (1)

he functionf(x) is given by

f~x! 5 @x tanh~x21!~1 2 e2x!# 1/ 2. (2)

or smallx, representing humid climate, the evaporation f
ion f is asymptotic tox, and for largex, or arid climate, i
pproaches 1 asymptotically. AsP decreases, the index
ridity R/P increases, as does the evaporation ratio,E/P. Note
hat (1) and (2) also determine the runoff rate through
quation of land water balance

P 5 E 1 Y. (3)

n contrast to (1) and (2), Broeckeret al. assumed thatf
emains constant at its estimated present-day value.

ake-Evaporation Feedback

For the lake, variablesPw andEw are defined by analogy
heir land counterparts. It might be expected that the long-
ake radiation balance would differ from that of the land,
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o differences in albedo and thermal state. It is not appa
owever, that such a difference would greatly affect the pre
nalysis, and it will be ignored here.
A very small lake would be expected to lose water

vaporation at a rate greater than the rateR, because the a
dvects sensible heat, generated by dry land, over the
roviding an additional source of energy,H, for evaporation

his is the “oasis effect.” (Note that here the sign convention
is positive into the lake, which is opposite the conventio

efinition of a surface heat flux. Additionally,R, H, and Ew

re all expressed as fluxes per unit area.) Lake evaporat
hen

Ew 5 R 1 H. (4)

t is reasonable to expect that the importance of advectio
easured byH, will decrease as lake size increases. A v

imple model of advection might specify that the total c
umption of advected energy by evaporation from the
HAw, in which Aw is lake area) is proportional to the line
ength scale of the lake; clearly the amount of sensible
dvected over the upwind edge of the lake will be appr
ately proportional to the cross-wind width of the lake. It
lso be expected thatHAw will increase with the size of the lak

n the direction of the wind, but that this increase will be m
ess than linear in lake fetch (Brutsaert, 1982, Ch. 7; Ga
992, Ch. 4). The advection term is also expected to
roportional to the deficit of land evaporation below the l
adiation balance (Bouchet, 1963; Brutsaert, 1982). Acc
ngly,

HAw 5 al b~R 2 E!, (5)

n which a andb are constants, andl is a linear measure
ake size, taken here to be the square root of lake area
xponentb ought to be in the range 1–1.5, on the basis of

oregoing discussion. Whenl is expressed in terms of la
rea, (5) becomes

H 5 aAw
2g/ 2~R 2 E!, (6)

n which the exponentg (5 2 2 b) lies in the range 0.5–1. Th
oefficienta quantifies the overall magnitude of the advec
ffect. Lacking definitive lake data, we estimate the valuea

rom water-balance data for Tunisian oases (Oke, 197
43); the oases are taken collectively as an analogue for a

n an arid climate. For a total oasis areaAw of 150 km2, with
egligible evaporationE in the surrounding environment, t
atio H/R has been estimated to be 0.36. Combination of t
ata with (4) and (6) yields
t,
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Ew 5 R 1 ~0.36!S150 km2

Aw
D g/ 2

~R 2 E!. (7)

Just as land aridity may increase the tendency for eva
ion from the lake, so the moistening and cooling of air ma
ver the lake would tend to suppress evaporation over
owever, given the relative areas of lake and land in the L
ictoria basin, and the weak influence of the lake-evapora

eedback (discussed below), it does not appear necess
onsider the suppression of land evaporation by the prese
he lake.

ake Water Balance

Following Broeckeret al., this analysis addresses only
quilibrium behavior of the closed-basin lake. The runoff f

and balances the excess of lake-surface evaporationEw over
ake-surface precipitationPw,

~P 2 E!~A 2 Aw! 5 ~Ew 2 Pw!Aw, (8)

hereA is the combined area of the lake and its drainage b
he lake area can then be expressed, using (1) and (8),

Aw

A
5

@1 2 f~R/P!#

@1 2 f~R/P!# 2 ~Pw/P!~1 2 Ew/Pw!
. (9)

APPLICATION

Several numerical values used here are given in Table
roeckeret al. (1998), which appears to be based upon

eport by Kite (1982) of the annual water balance estimate
he 5-yr period 1970–1974. Thus,Pw 5 1660 mm/yr andEw

1590 mm/yr; also,A is 263,000 km2 and Aw is presently
9,000 km2. From Kite (1982) it is also known that runoffY

rom land (per unit area of land) is 150 mm/yr. The system
2), (3), and (7) can be solved to yield consistent valuesP
ndR for any assumed value of the lake-evaporation expo
. For g equal (0.5, 1), the associated values ofP and R are
950, 970 mm/yr) and (1530, 1580 mm/yr). If, instead of (7
s assumed thatEw equalsR (no lake-evaporation feedbac
henP 5 980 mm/yr. These values forP are all considerabl
maller than the estimated lake precipitation, but they appe
e consistent with the land observational record for the L
ictoria basin (Korzun, 1974). The small spread of the e
ates of R suggests that the lake-evaporation feedbac
eak.
The lake area fraction is plotted in Figure 1 as a functio

w using (1), (2), either (7) orEw 5 R, and (9), with the rati
/Pw held fixed at our estimate of its present-day value.
urve is highly insensitive to assumptions about the l
vaporation feedback, whose influence is minimal. The c
ponding curve from Broeckeret al. (1998) is also shown;
ay be retrieved in the present analysis by takingP 5 P and
w
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5 0.91, and usingEw 5 R in place of (7). (The curve o
roeckeret al. is actually independent of the assumed rati
w to P when the value off is chosen consistently.) Broeck
t al. chose an arbitrary criterion ofAw/A 5 0.1 to define
rying of the lake and found that this implied rainfall of ab
00 mm/yr, or a reduction by more than a factor of four. Us

he same criterion, the present analysis implies rainfall of a
60 mm/yr, just under a twofold reduction. The differe
etween the two analyses is even more striking if a m
tringent criterion for loss of the lake is used. Reduction of
rea to 1 and 0.1% of its maximum area results from pre

ation of about 500 and 300 mm/yr in the present analysis
ould require rainfalls as small as about 40 and 4 mm/yr in
nalysis of Broeckeret al.The difference between these res
btained here and those of Broeckeret al. is almost entirely
ttributable to consideration of the land-runoff feedback.

ADDITIONAL CONSIDERATIONS

A factor not yet considered is the possible difference
ween present-day and glacial-period surface radiation ba
f the Lake Victoria region. As already noted, surface
adiation may have been either higher or lower than it is
hen the lake was dry; cooling would have suppressed en
vailability, while aridification may have enhanced solar r
tion at the surface. We cannot evaluate which of these fa
revailed around Lake Victoria prior to deglaciation, but
nly acknowledge that they may have been significant and
ave been of either sign. Figure 2 illustrates the sensitivi

ake area to the value ofR. If a 10% increase inRaccompanie
glacial-period reduction in precipitation, thenPw would need

o decrease only to 950 mm/yr to bring the lake to 10% o

FIG. 1. Fractional lake areaAw /A as function of lake precipitationPw.
olid curves are calculated usingg 5 0.5 in (7) and usingEw 5 R in place
f (7); curve forg 5 1 lies between these and is not plotted. The dashed

s that of Broeckeret al. (1998). Maximum graph values of fractional lake a
0.262) and lake precipitation (1660 mm/yr) are estimated present-day v
he horizontal dashed line represents lake area at 10% of present valu
f
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resent area. Conversely, ifR is decreased by 10%, thenPw

ould need to drop to 780 mm/yr. The percentage reductio
w for these two cases would be 43 and 53%, respective
The present analysis has also ignored any change in the

w /P as lake size changes. This would be realistic if
mplification of lake precipitation were caused by some p

cal factor (e.g., topography) other than the presence o
ake. As an alternative to the constant-ratio assumption
an assume that the ratio varies linearly with the lake hori
al scale, having a value of 1 for a vanishingly small lake
ncreasing as the square root of lake area to its present
hen the lake is at its maximum size. The results for this

not shown here) reveal that the relation between land pr
tation and lake area is only weakly affected by the inclusio

scale dependence of lake/land precipitation ratio; the effe
ts inclusion is to steepen theAw(P) function.

The theory and its application here ignore any change
easonality of climate. There is no obvious benefit to purs
he issue further in this direction; with increasing number
egrees of freedom, the problem becomes proportionatel
onstrained. It may be noted, however, that the theory
ented by Milly (1994) provides a framework for generaliz
1) and (2) for changing seasonality of climate.

CONCLUSION

According to this assessment, the lake-evaporation feed
as little effect on the conclusions of Broeckeret al., but the
ffect of the land-runoff feedback is substantial. Instead o

ourfold reduction in precipitation suggested by Broeckeet
l., only a halving is needed to to dry the lake to 10% of
resent area. Furthermore, consideration of the land-r

eedback suggests that it is far easier to remove the rema

FIG. 2. Fractional lake areaAw /A as function of lake precipitationPw, for
arious values of surface net radiation,R. Calculations were performed usi

w 5 R in place of (7). The central curve usesR 5 1590 mm/yr, while othe
urves use values ofR 10% lower or higher than this value. Maximum gra
alues and horizontal dashed line are as in Figure 1.

e

es.



1
I fica
u e i
s on
n tion
t

ity
l ile
h ou
c th
t
A gic
r oth
e en
q s
l tio
c g
L to
i

B atio
tion

B phas-
at

B idel,

B

G niv.

J obi,
cene

K s

K dat,

M nnual

O

P il and
.

y
A

42

LETTER TO THE EDITOR 107
0% of lake area than implied by the model of Broeckeret al.
t can also be seen that changes in radiation add signi
ncertainty to the calculations; a small fractional chang
urface net radiation (potentially of either sign) has a n
egligible effect on the size of the reduction in precipita

hat is needed to reduce lake area by 90%.
Overall, the present analysis suggests a higher sensitiv

ake area to precipitation than previously recognized. Wh
alving of precipitation indeed represents an “enorm
hange in climate,” such a change is considerably smaller
he glacial–interglacial change estimated by Broeckeret al.
rguably, this modified interpretation of the paleohydrolo

ecord is still consistent with the abrupt global change hyp
sis; in particular, the timing of lake refilling has not be
uestioned, and the estimated change in precipitation is

arge. However, the reduced magnitude of the precipita
hange presumably makes it easier to explain the dryin
ake Victoria in terms of orbital forcing, without the need

nvoke an abrupt shift in global climate.
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