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Abstract

We modeled the two most extreme highstands of Lake Naivasha during the last 175 k.y. to estimate potential precipitation/

evaporation changes in this basin. In a first step, the bathymetry of the paleolakes at f 135 and 9 k.y. BP was reconstructed from

sediment cores and surface outcrops. Second, we modeled the paleohydrologic budget during the highstands using a simplified

coupled energy mass-balance model. Our results show that the hydrologic and hence the climate conditions at f 135 and 9 k.y.

BP were similar, but significantly different from today. The main difference is a f 15% higher value in precipitation compared to

the present. An adaptation and migration of vegetation in the cause of climate changes would result in a f 30% increase in

precipitation. The most likely cause for such a wetter climate at f 135 and 9 k.y. BP is a more intense intertropical convergence

and increased precipitation in East Africa.
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1. Introduction

In East Africa, Quaternary climatic changes are

recorded in lacustrine sediments reflecting changes in

water level and hydrochemistry (e.g., Richardson and

Richardson, 1972; Gasse et al., 1989; Johnson et al.,

2000; Talbot and Lærdal, 2000; Verschuren et al.,

2000; Barker et al., 2001; Trauth et al., 2001). To

determine the magnitude of such climate changes,

lake-balance modeling is now a widely used and

accepted tool (e.g., Barron and Moore, 1994; Nich-

olson and Yin, 2001). Since the water storage of a lake

is directly related to regional hydrologic conditions,

these models provide important insights into the rela-

tionship between various components of the catchment

(i.e., basin geometry, climate, vegetation and subsur-

face conditions) and can, therefore, also be used to

predict future freshwater supply.

Lake-balance models have to be adjusted to the

environmental conditions in the basin. This calibration

is more precise if several natural scenarios in the same

basin are available for different time slices. Unfortu-

nately, instrumental climate records in East Africa are

short and do not document the full natural variability in

a lake basin. Moreover, the interference of natural

changes and human impact on lake-level fluctuations

0921-8181/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.

PII: S0921 -8181 (02 )00178 -9

* Corresponding author. Tel.: +49-331-977-2908; fax: +49-331-

977-5060.

E-mail address: bergner@geo.uni-potsdam.de

(A.G.N. Bergner).

www.elsevier.com/locate/gloplacha

Global and Planetary Change 36 (2003) 117–136



during the last hundred years causes further difficul-

ties. To overcome this problem, environmental con-

ditions can be reconstructed using natural climate

archives such as lake sediments. Paleoenvironmental

data can help to define extreme hydrologic scenarios

and the potential magnitude of precipitation/evapora-

tion changes in the catchment. In such an environment,

water-balance modeling provides the opportunity to

give precise answers about the absolute values of

climate changes in the past.

Widespread lacustrine deposits in the Naivasha

basin record multiple lake-level highstands and inter-

mittent lowstands during the last 175 k.y. (Richardson

and Richardson, 1972; Richardson and Dussinger,

1986; Trauth and Strecker, 1996; Trauth et al.,

2001) (Figs. 1 and 2). High-precision 40Ar/39Ar age

data of intercalated tuffs provide a precise age con-

trol for these hydrological changes. The two most

extreme highstands during the last 175 k.y. occurred

during the late Pleistocene between 139 and 133 k.y.

BP and in the early Holocene between 10 and 6 k.y.

BP (Richardson and Richardson, 1972; Trauth et al.,

2001). Although timing and magnitude of the hydro-

logic changes are well known, the climate conditions

during these times are not well defined. Results from

earlier lake-balance modeling for the early Holocene

wet period contradict in the magnitude of climate

changes and suggest an increase in precipitation by

10–17% (Hastenrath and Kutzbach, 1983) or 20–

55%, respectively (Vincent et al., 1989). For the late

Pleistocene, the climate conditions for East Africa

have to be interpolated from large-scale general cir-

culation model (GCM) results that suggest changes in

the same order of magnitude (Prell and Kutzbach,

1987; deNoblet et al., 1996; Dong et al., 1996). To

obtain a more precise estimate for the hydrologic

variability in the Central Kenya Rift, we reconstructed

the geometry of the water body of Lake Naivasha at

around 135 and 9 k.y. BP. Using a water-balance

model, we show that a significantly higher precipita-

tion/evaporation ratio is the most likely cause for

these two highstands.

2. Regional settings

Temporal variances in the hydrologic budget of the

Central Kenya Rift lakes are mainly controlled by

changes in precipitation, which is in turn linked to the

seasonal migration of the Intertropical Convergence

Zone (ITCZ) (Nicholson, 1996). This pronounced

equatorial low-pressure cell is caused by the zenith

of the overhead sun and, therefore, reaches its max-

imum value during March and September in the

Central Kenya Rift. While surface temperatures coin-

cide with maximum solar radiation, the time of

maximum rainfall follows the latitudinal position of

the ITCZ with a time lag of about 4 weeks. Local

rainfall mainly results from moisture transport from

the Indian Ocean and/or westerly winds from the

Congo basin (Fig. 3). Both wind circulation systems

are attracted by the ITCZ, crossing East Africa and

causing convective rainfall in the center of the ITCZ.

Heaviest rains occur in spring, when the trade winds

Fig. 1. Topographic map of East Africa showing the major fault

systems, the large lakes, the position of the July and January

Intertropical Convergence Zone (ITCZ) and the location of the

study area. (1) Lake Turkana, (2) Lake Magadi, (3) Lake Natron, (4)

Lake Victoria, (5) Lake Albert, (6) Lake Tanganyika, (7) Lake

Malawi.
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Fig. 2. Map of the Naivasha basin in the Central Kenya Rift showing (A) topography and (B) climate conditions in the lake catchment area and locations of meteorological stations:

(1) Naivasha W.D.D., (2) Kimakia Forest Station, (3) Nakuru Met. Station, (4) Nyahuhuru, (5) Nairobi Dagoret Corner, (6) Muguga K.A.R.I., (7) Kedong Ranch, (8) Naivasha

Mkungi, (9) Longonot Carnell, (10) Aberdare West Gate, (11) Aberdare East Gate, (12) Naivasha Morendat, (13) Naivasha Kongoni Farm, (14) Nakuru, (15) Nairobi Internatinal

Airport, (16) Narok, (17) Nyeri, (18) Kiambu, (19) Ngong, (20) S. Kinangop (Ndiara). Climate information from KMD (2000) (stations 1–7), Vincent et al. (1989) (stations 8–11,

13), Vincent et al. (1979) (station 12), GDS (1994) and ISMCS (1995) (stations 14–17), Rodhe and Virji (1976) (stations 18–19), Ojany and Ogendo (1988) (station 20).
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parallel the rift margins and thunderstorms occur

every afternoon.

Located at 1890 m above sea level, Lake Naivasha

is the highest lake in the Central Kenya Rift (0j55VS
36j20VE) (Fig. 2). The Mau Escarpment (3080 m

a.s.l.) and the volcano Mt. Eburru (2840 m) bound

the closed-basin lake to the west. To the north and east

(Kinangop Plateau), the basin is bordered by Plio-

Pleistocene fault scarps, whereas the volcano Mt.

Longonot (2776 m) and the Olkaria Volcanic Complex

(2440 m) define a southern barrier. The history of the

Naivasha basin began at about 320 k.y. BP, when lava

flows at Olkaria closed the southern outlet between the

flanks of the 400-k.y.-old Mt. Longonot and the Mau

Escarpment. However, a large lake did not exist before

f 146 k.y. BP (Trauth et al., 2001). Modern Lake

Naivasha contains f 0.85 km3 of water and covers an

area of about 180 km2. Around 20% of the lake surface

is covered by papyrus swamps. Whereas most of the

Kenya Rift lakes such as Lake Elmenteita (1776 m)

and Lake Nakuru (1758 m) are highly alkaline, Lake

Naivasha is fresh and has a pH of f 8.1 (Åse, 1987).

Since the lake area only receives 600 mm year � 1 of

rainfall and potential evapotranspiration is about 1900

mm year � 1 (Clarke et al., 1990), the low pH can only

be a consequence of the high water influx from the

Malewa and Gilgil rivers draining the Kinangop Pla-

teau and the 4400-m high Aberdare Range to the east.

In these areas, evapotranspiration is low due to a thin

vegetation coverage up to elevations of 2600 m and

high water runoff on steep slopes with poorly devel-

oped soils (Griffiths, 1972; Jätzold, 1981; KMD,

2000) (Figs. 2 and 6). In contrast, high elevated afro-

montane forests of the Aberdare Range play a major

role in storing huge amounts of moisture (Jätzold,

1981). As shown by experiments in water wells,

almost the entire amount of water received from the

rift margins reaches Lake Naivasha after a very short

time (e.g., Vincent et al., 1979; Onacha, 2000). Infil-

trating into the lake, about 15% of the river input

leaves the lake by underground seepage through

porous volcanic material. Although the total amount

Fig. 3. Air flow pattern and precipitation of East Africa during (A) May to October and (B) November to April. Contours of seasonal

precipitation show rainfall maxima in northern (Ethiopia) and southern East Africa (Madagascar), which are manly controlled by topography

and sea-surface temperatures (SST) of the Indian Ocean. The predominating circulation systems of the SE and NE trade winds, as well as

westwind streams, only indirectly affect the rainfall pattern of the study area. Modified after Survey of Kenya (1991).
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of this subsurface outflow is still a matter of debate,

this process is certainly important in the hydrochem-

ical budget and the solute export from the lake (e.g.,

Gaudet and Melack, 1981; Ojiambo-Bwire and Lyons,

1996).

3. Methods

The model employed in this study computes an

equilibrium lake level of a closed-basin lake using the

balance between basin-averaged precipitation and

evaporation. As in most lake-balance models, evapo-

ration is the most critical component, but difficult to

determine. Our model uses a energy-budget method

evaluating incoming and outgoing radiation at the

earth’s surface. The algorithm was first developed

by Blodgett et al. (1997), but significantly modified,

translated into MatlabR code and applied to a land-

slide-dammed lake in the Central Andes by Book-

hagen et al. (2001). The most important differences in

the application of the model to the semiarid intra-

Andean basin and Lake Naivasha were the importance

of seepage and a potential vegetation feedback in the

lake basin.

The steady state hydrological budget for a closed-

basin lake system can be written as:

DVlake ¼ Pbas � ½Ewaw þ Elð1� awÞ� � Sbas ¼ 0 ð1Þ

where DVlake is the volumetric change in the water

body, Pbas is the basin-averaged precipitation, Ew and

El denote the evaporation over water and land,

respectively, aw is the lake–area ratio, or the fraction

of the catchment covered by water, and Sbas is the

basin-integrated seepage (Fig. 4). Whereas the mod-

ern values for Pbas, Ew and Sbas are easy to determine,

El is difficult to estimate mainly due to the complexity

Fig. 4. Concept of lake-balance model based on Blodgett et al. (1997) and Bookhagen et al. (2001) showing the major components of the

hydrologic system. The model is a combination of an (A) energy budget approach, where the potential evaporation rate of the earth surface is

calculated from radiation-controlled and climate-triggered energy transformations at the lower atmosphere boundary. Based on the differences

between water- and vegetation-covered areas, two values of potential evaporation are obtained and introduced into a (B) mass-balance equation.

Herein, the total of the catchment evaporation is balanced with the values of basin-averaged precipitation and seepage. In the case of a

hydrologic steady state, the change in the water storage of the closed-basin Lake Naivasha is zero.
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of related parameters and their spatial variability in the

catchment. On the other hand, the equation clearly

indicates that higher lake levels and larger lakes are

always the consequence of increased precipitation

and/or reduced evaporation and seepage, as long as

no important tectonic movements affected the basin

geometry during the studied time-period.

For the hydrologic modeling, we used a two-step

approach. First, the present-day lake was modeled

using modern climate parameters. The result was

intensely tested for robustness and sensitivity to all

parameters. Then, the reconstructed paleolakes were

modeled by changing the climate parameters until the

paleolake levels were reached. During the modeling,

changes in the radiation pattern due to variations in

the earth’s orbit as well as changes in vegetation in the

cause of climate shifts were considered (Kutzbach and

Webb, 1993; Kutzbach et al., 1996; Carrington et al.,

2001). From all solutions, the scenarios consistent

with results from pollen analyses and large-scale

GCMs were preferred (e.g., Maitima, 1991; Street-

Perrott and Perrott, 1993; deNoblet et al., 1996; Dong

et al., 1996).

3.1. Paleolake reconstruction techniques

The chronology of the lake-level fluctuations in

the Naivasha basin is based on the correlation of

lake-sediment outcrops at 12 locations in the Lake

Naivasha basin (Washbourn-Kamau, 1975; Bone,

1985; Clarke et al., 1990; Trauth et al., 2001) (Fig.

5). In the Ol Njorowa Gorge within the southern rim

of the basin, a 60-m-thick succession of lake sedi-

ments, between 146 and 60 k.y. old, is used as a

reference section for the late Pleistocene lake high-

stands (Trauth and Strecker, 1996). The deposits of

the early Holocene highstand were described in a

sediment core from the present lake (Richardson and

Richardson, 1972; Richardson and Dussinger, 1986)

and additional unpublished core logs from water

wells (S. Higgins, personal communication, 2000)

(Fig. 5).

The geometry of the water body for the 135- and

9-k.y. BP time slices was reconstructed from the

elevation of the youngest sediments deposited during

these highstands. A set of elevation reference points

was obtained by correlating the different outcrops and

profiles. The altitude of each reference point was

corrected for tectonic movements and erosion using

the chronology by Bosworth and Strecker (1997).

The typical offsets of normal faults for the last 175

k.y. are in the order of a few meters (Strecker et al.,

1990; Bosworth and Strecker, 1997). The reference

points were embedded into a digital elevation model

(DEM) of the present-day Naivasha basin. Because of

their significantly older tectonic history, it is assumed

that the higher elevated parts of the catchment were

not subjected to important morphological changes

during the last 300 k.y. (Baker and Wohlenberg,

1971; Strecker et al., 1990; Bosworth and Strecker,

1997). All present elevation data are based on digi-

tized topographic maps at a scale of 1:250,000 and

1:50,000.

The paleolakes were computed by triangulation

between the reference points using bilinear and t-

spline interpolation techniques. The t-spline technique

uses Green’s functions for a spline in tension (Wessel

and Bercovici, 1998). The inclusion of a tension t

greatly improves the stability of the method relative to

conventional gridding routines without tension, e.g.,

undesirable oscillations between data points. The

value of t can vary between 0 (corresponding to the

biharmonic spline solution; Sandwell, 1987) and 1

equivalent to bilinear interpolation.

3.2. Algorithm for modeling modern and paleoevapo-

ration

The energy budget equation after Brutsaert (1982)

and Shuttleworth (1988) assumes that the difference

Fig. 5. Geology of the Naivasha basin. (A) Map showing lithologic units (after Clarke et al., 1990) and key outcrops in the vicinity of the

modern lake for paleolake reconstruction. (B) Stratigraphic correlation for bathymetry reconstructions with inferred paleolake levels and

corresponding sediments (dashed). (1) Oserian Farm (Washbourn-Kamau, 1975), (2) Munyu railway cut (Washbourn-Kamau, 1975), (3)

Lolonito North (Bone, 1985), (4) Ololbutot North (Bone, 1985), (5) Ol Njorowa Gorge (Trauth et al., 2001), (6) Ol Njorowa Gorge II (Clarke et

al., 1990), (7) Maasai Gorge (Clarke et al., 1990), (8) Gorge Farm North (Clarke et al., 1990), (9) Lake Naivasha South (Bone, 1985), (10) Lake

Naivasha South II (private sediment core by S. Higgins, personal communication, 2000), (11) Crescent Island (Richardson and Richardson,

1972), (12) Naivasha East (unpublished core data by the Kenyan Government, personal communication, 2000), (13) Waterloo Ridge (Clarke et

al., 1990), (14) Gilgil railway cut (Washbourn-Kamau, 1975), (15) Malewa railway cut (Washbourn-Kamau, 1975).
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between incoming and outgoing radiation at the earth

surface, the net heating rate, is zero:

Rsw � Rlu þ eRld � H � LE ¼ 0 ð2Þ

where Rsw is the net shortwave radiation down, Rlu

the longwave radiation up, e the surface emissivity,

Rld the longwave radiation down, H the sensible

heating rate, L the latent heat of vaporization and

E is rate of evaporation. Solving for E, the equation

becomes:

E ¼ H � eRld þ Rlu � Rsw

L
ð3Þ

where H is calculated by

H ¼ pCDUcp

RTa
ðTs � TaÞ ð4Þ

with p for the air pressure, CD for the surface drag

coefficient, U refers to wind speed, cp is the specific

heat of dry air, R the gas constant of dry air and Ta
and Ts corresponding to the air and surface temper-

ature, respectively (Brutsaert, 1982). The net long-

wave radiation down Rld is obtained by:

Rld ¼ 1:24
rhesðTaÞ
100Ta

� �1
7

rT4
s ð1� aVccbVÞ ð5Þ

where rh is the relative humidity, es(Ta) the saturation

vapour pressure depending on temperature, r reflects

the Stefan–Boltzmann constant and aVand bVrefer to
longwave cloud parameters. The net longwave radia-

tion up Rlu can be given as:

Rlu ¼ erT 4
s ð6Þ

where e corresponds to the surface emissivity (Brut-

saert, 1982). The net shortwave radiation down Rsw is

calculated from the cloud-free shortwave radiation

Rsws, the surface albedo a, two values referring to

shortwave cloud parameters a and b and the cloud

cover cc (Brutsaert, 1982):

Rsw ¼ Rswcð1� aÞ½1� ðaþ bccÞ� ð7Þ

Independently from the energy budget equation,

the potential evaporation can be calculated using a

bulk transfer method as described by Brutsaert (1982):

Epot ¼
0:622CDUf

RTa
½esðTsÞ � rhesðTaÞ� ð8Þ

where Epot is the potential evaporation and f is the soil

moisture availability; both parameters are given in

volumetric units.

Combining Eqs. (3) and (8), evaporation in the

Naivasha catchment can be estimated from very few

environmental parameters. Assuming that radiation-

controlled energy transformations at the atmosphere/

lithosphere boundary are the triggering mechanism for

evaporation from the surface, evaporation clearly

depends on the characteristics of the boundary layer.

Since the high topographic relief of the 3400-km2

large Naivasha catchment forces spatially varying

environmental conditions, we resampled all parame-

ters to a 1�1-km regular grid using t-spline interpo-

lation techniques (Wessel and Bercovici, 1998).

Climatic data were obtained by averaging data sets

for the last 20 years from 19 weather stations (GDS,

1994; ISMCS, 1995; KMD, 2000) and expanding this

dataset by contoured values from climatological maps

(Griffiths, 1972; Jätzold, 1981; Ojany and Ogendo,

1988; Survey of Kenya, 1991). The present-day

vegetation coverage was obtained from vegetation

maps and field observations published by Jätzold

(1981), Ojany and Ogendo (1988) and the Survey of

Kenya (1991) and additional information from satel-

lite images and field mapping.

Based on basin-averaged values, the modern

hydrologic budget for Lake Naivasha was computed

using Eq. (1). For the paleoclimatic scenario, the

corresponding climate parameters were determined

according to orbital-induced insolation changes and

limited environmental data such as vegetation recon-

structions based on Holocene pollen data (Maitima,

1991; Street-Perrott and Perrott, 1993). For some

parameters, such as wind speed and cloud coverage,

modeling results from GCM results provided impor-

tant constraints. Since several parameters were only

determined for the 9-k.y., but not for the 135-k.y.

BP timeslice, we used the 9-k.y. BP conditions as a

starting point also for the late Pleistocene model

run.
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4. Reconstruction of paleolakes

In contrast to the rift-shoulder areas, i.e., the

Aberdare Range and the Mau Escarpment, tectonism

and volcanism during the last 300 k.y. significantly

modified the inner graben part of the catchment. At

around 300 k.y. BP, the inner rift depression reached a

maximum altitude near Gilgil (at 2010 m today),

separating the Nakuru–Elmenteita and Naivasha

basins (Thompson and Dodson, 1963) (Fig. 2). From

this point, the rift floor descends north- and southward

with a f 2% gradient. Late Pleistocene trachytes, like

the Gilgil Trachytes in the North (f 950 k.y. old) and

the Limuru Trachytes in the South (f 2.01–1.88

M.y. old), as well as the Kinangop Tuffs in the East

and the Mau Tuffs in the West (f 4.5–3.4 M.y. old),

were the most prominent geologic units deposited in

the inner rift (Clarke et al., 1990). The majority of the

mid Pleistocene Olkaria Comendites, the Ol Njorowa

Pantellerites and the Olongonot Volcanics were erup-

ted well before 320 k.y. BP closing the Naivasha basin

towards the south (Trauth and Strecker, 1996). The

volcanic barrier reached a minimum elevation of

around 1950 m and was laterally overlain by lake

deposits. The base of these lake sediments documents

the earliest history of Lake Naivasha after f 146 k.y.

BP (Fig. 5).

The 135-k.y. BP highstand is documented by a

sequence of lake sediments containing two diatomite

beds and intercalated waterlain tuffs. The sequence

reaches f 20 m in the Ol Njorowa Gorge and

thickens toward the deepest point of the paleolake

up to 80F 10 m. The sediments are covered by the

106F 4-k.y.-old Kedong Valley Tuff (Trauth et al.,

2001). This tuff can be easily identified in most of the

other outcrops and sediment cores north of the gorge

and represents an excellent paleobathymetric marker

horizon (Fig. 5). This marker defines the position of

the lake bottom at 1840 m in the location of the Ol

Njorowa Gorge, descending northward to around

1750 m near the center of the present lake. North of

the present Lake Naivasha, lake sediments overlying

volcanic rocks of a similar age as the Olkaria volcanic

rocks define an elevation of 1875 m for the lake

bottom (Clarke et al., 1990). Sedimentary indicators,

such as authigenic minerals and diatoms at the south-

ern end of the Ol Njorowa Gorge suggest that the

paleolake level remained at around 1900F 10 m for a

long time span. The large lake deepened toward the

center, but expanded into much shallower areas in the

south and northeast. This geometry is corroborated by

results from diatom analysis indicating shallow- and

deep-water environments (Trauth and Strecker, 1996;

Trauth et al., 2001).

Taking into consideration that the maximum lake

level reached approximately 1900 m, the best approx-

imation for the true paleolake size was obtained using

the t-spline method with t = 0.2. The paleolake then

covers an area of about 520 km2 and the volume of the

water body isf 55 km3 (Table 1). In comparison with

the present-day lake, the paleolake was three times

larger with a volume of the water body 60 times

larger. At its deepest point, the paleolake was 150 m

deep, in comparison with 9 m for the present-day lake

(Fig. 6).

In contrast to the Pleistocene conditions, the early

Holocene morphology of the Naivasha basin was not

Table 1

Summary of reconstructed basin geometry using various interpola-

tion techniques

Method 9-k.y. BP time slice 135-k.y. BP time slice

Lake

size

(km2)

Volume

(km3)

Lake

size

(km2)

Volume

(km3)

t-spline (t = 0.1) 693.3 64.9 525.4 57.0

t-spline (t = 0.2) 692.6 64.3 518.5 55.4

t-spline (t = 0.7) 684.5 59.3 472.6 46.8

t-spline (t = 0.9) 667.7 54.3 * 442.6 * 40.6 *

Linear with

1�10� 2 km2

grid cells

627.6 * 55.1 476.6 45.9

Quintic 697.2 63.6 525.9 56.4

Mean 677.2 60.3 493.6 50.4

Mean without

values indicated

by (*)

687.1 61.4 503.8 52.3

All calculations were done in MatlabR using 1�1-km regular grids

of elevation reference points. Values for the size and volume of the

paleowater bodies of Lake Naivasha during the 9- and 135-k.y. BP

highstands were obtained from different interpolation techniques. t-

spline interpolation uses Green’s functions for a spline in tension

(Wessel and Bercovici, 1998), where t varies between 0 (equivalent

to biharmonic spline solution; Sandwell, 1987) and 1 (equivalent to

bilinear interpolation). The quintic method refers to a fifth-order

cubic interpolation method. Best estimates for the true paleolake

extensions are closest to the median and written in bold letters (t-

spline interpolation with t = 0.7 for the 9-k.y. BP highstand and

t= 0.2 for the 135-k.y. BP highstand).
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much different from the present-day situation. The

activity of the Eburru Volcanic Center and the inner

graben volcanoes terminated before the Holocene

lake-level highstand. Only a few volcanic centers of

the Olkaria Complex erupted after this event (Clarke

et al., 1990). The onset of the 9-k.y. BP highstand was

documented in a sediment core obtained in the Cres-

cent Island Crater, where deposits of this age were

described at f 28 m depth below the present-day

lake bottom (Richardson and Richardson, 1972). The

9–6-k.y.-old sediment layer has a thickness of about

14 m at an altitude of 1848–1862 m. Equivalent

sediments were neither identified in the Ol Njorowa

Gorge nor in the deposits of the Olkaria or Mt.

Longonot volcanic complex. Only in the outcrops

close to the present shoreline, Holocene lake sedi-

ments were identified (Bone, 1985; Clarke et al.,

1990; S. Higgins, personal communication, 2000).

In addition, beach gravels inferred to correspond to

this lake highstand, were found in several localities at

an elevation of about 2000 m (Washbourn-Kamau,

1975; Bone, 1985). From morphologic observations

and the distribution of lake deposits, we infer that the

maximum thickness of these highstand deposits

occurs near the deepest point of the present-day Lake

Naivasha, and thins out toward the shore lines. The

past 6 k.y. BP sediments only slightly modify the

early Holocene lake bathymetry, since they are V 20

m thick (Richardson and Richardson, 1972; Clarke et

al., 1990) (Fig. 5).

Although beach gravels suggest that the lake

remained at the observed elevations for a longer time,

a second stable lake occurred at a deeper elevation. At

the time when the paleolake reached 2000 m, over-

flowing water partly eroded the southern barrier and

began to form the modern Ol Njorowa Gorge. Sub-

sequently, the lake level dropped gradually, until it

stabilized again at about 5700 BP (Richardson and

Richardson, 1972). This second stable paleolake le-

vel is inferred from paleoshorelines at 1950F 10 m

(Washbourn-Kamau, 1975). Assuming the maximum

Holocene lake level at an elevation of 2000F 10 m,

the most likely lake size was around 685 km2. In

contrast to the Pleistocene lake reconstructions, the

best result was obtained using a t-spline interpolation

with t = 0.7, where the curvature of the modeled

bathymetry is at a minimum. The volume of this water

body is approximately 59 km3 (Table 1; Fig. 6). For the

lower stable lake level at f 1950 m, the correspond-

ing values were 480 km2 for the lake area and 34 km3

for volume.

5. Validation of the hydrologic model for the

present-day Lake Naivasha

Due to the high relief and large lateral vegetation

changes, the present-day Lake Naivasha basin shows

extreme gradients for single environmental parameters

(Jätzold, 1981). In order to take into account this spatial

heterogeneity, basin-averaged values for the Lake Nai-

vasha catchment were obtained using two different

techniques; climatological parameters, such as insola-

tion, precipitation, air pressure, wind speed, cloud co-

verage, relative humidity and air temperature were cal-

culated by interpolation between climate stations

within and in the vicinity of the catchment (Fig. 2).

The basin-averaged value for temperature is 13.5F 0.5

jC, whereas annual precipitation varies between 950

and 1050 mm year � 1. Wind speed for the Lake

Naivasha basin was obtained from the climatic stations

Nyahururu, Nakuru, Naivasha and Nairobi (GDS,

1994; ISMCS, 1995; KMD, 2000). From these data

sources, a basin-averaged value of 2.5F 0.3 m s� 1

was determined, which is consistent with results from

Nicholson (1996), as well as measurements by R.

Hennemann (personal communication, 2001). The

solar radiation was set to 415F 3 W m� 2 according

to Berger and Loutre (1991); cloudiness was 65F 5%

and relative humidity was 65F 5% using the informa-

Fig. 6. Comparison of the modern and reconstructed paleoconditions for Lake Naivasha and the catchment. Upper graphs show the present-day

morphology and vegetation coverage compiled from topographic and vegetation maps, satellite images and field observations. Elevation

contours were generated at different scales for the outer (1:250,000) and inner (1:50,000) parts of the basin. Whereas the actual vegetation

distribution, as shown in (A), was used for the present-day hydrologic modeling, (B) illustrates the estimated modern vegetation coverage

without human impact. Paleoreconstructions (lower graphs) were obtained from 3D landscape computations based on geologic field data and t-

spline interpolation techniques with (C) t = 0.7 for 9 k.y. BP highstand and (D) t = 0.2 for 135 k.y. BP highstand. Paleovegetation reconstructions

are based on published pollen data for the Holocene. The reconstructed 9 k.y. BP vegetation coverage was also applied to the 135 k.y. BP

situation, based on significant similarities in the large-scale climate conditions.
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Table 2

Characterization of catchment area today and during lake highstands

Surface pattern and parameters Catchment area characterized by specific vegetation provinces (%)

a e f z0 Modern 9-k.y. BP time slice 135-k.y. BP time slice

(cm)
Actual coverage Potential coverage Reconstructed coverage

(1) Water surfaces

0.06 0.99 0.97 0.01 0.05 0.05 0.20 ( + 287%) 0.15 ( + 192%)

(2) Savanna grassland

0.25 0.98 0.05 5.0 0.07 0.14 0.10 (� 28%) 0.07 (� 50%)

(3) Dry woodlands

0.20 0.96 0.10 10.0 0.20 0.25 0.09 (� 62%) 0.17 (� 31%)

(4) Pastures and farming

0.15 0.95 0.30 20.0 0.44 0 0 0

(5) Sclerophyll forests

0.12 0.96 0.50 30.0 0.08 0.37 0.20 (� 46%) 0.20 (� 45%)

(6) Afro-montane forests

0.09 0.96 0.80 50.0 0.13 0.17 0.34 ( + 96%) 0.37 ( + 115%)

(7) Afro-alpine heath, bogs

0.20 0.97 0.30 10.0 0.02 0.02 0.04 ( + 75%) 0.04 ( + 67%)

Means for surface patterns a e f z0 (cm) CD a e f z0 CD

Mean, land surfaces (2–7) 0.16 0.96 0.35 22.5 4.0� 10� 3 0.14 0.96 0.50 32.0 4.4� 10� 3

Confidence range F 0.02 F 0.02 F 0.05 F 5.0 0.2� 10� 3 F 0.02 F 0.02 F 0.05 F 5.0 0.2� 10� 3

Surface patterns terminology correspond to the mapping of (1) water-covered areas in the catchment of Lake Naivasha and (2–7) six classes of land-surface areas distinguished by

predominant vegetation coverage (cf., Jätzold, 1981). Corresponding environmental parameters were derived from empirical data and tables as outlined in Brutsaert (1982) and

Schmugge and André (1991). a reflects the surface albedo, e the surface emissivity, f the soil moisture availability and z0 corresponds to the roughness length (according to Schmugge

and André, 1991, with CD = j2ln(zr/z0)
� 2, with j= 0.4 and zr = 1.30� 104 cm). The portion of the catchment area characterized by a particular vegetation coverage is calculated from

raster-based maps. The actual modern vegetation coverage includes changes by human influence, whereas the potential coverage of present-day is hypothetical as predicted by the

altitudinal variation of vegetation (Jätzold, 1981; Maitima, 1991). Paleovegetation was inferred from pollen data (Maitima, 1991; Street-Perrott and Perrott, 1993). The difference

between modern and past vegetation is expressed as percentage from the potential modern conditions (in brackets).
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tion given in Rodhe and Virji (1976), GDS (1994),

ISMCS (1995) and KMD (2000). The values for the

short- and longwave cloud coefficients, which symbol-

ize the predominant character of clouds in the catch-

ment, were obtained as described in Bookhagen et al.

(2001) (Table 3).

In contrast to the climatological parameters, all

environmental parameters depending on surface char-

acteristics, such as emissivity, soil moisture availabil-

ity, albedo and surface roughness, were compiled for

water-covered and land-surface regions separately

(Fig. 4). Six classes of different surface patterns were

Table 3

Summary of all input parameters and corresponding modeling results for modern and paleo-Lake Naivasha

Parameter Units Modern 9-k.y. BP time slice 135-k.y. BP time slice Confidence Ref.

Without

vegetation

feedback

With

vegetation

feedback

Without

vegetation

feedback

With

vegetation

feedback

Catchment area km2 3400 F 100 a

Maximum lake level m a.s.l. 1889 2000F 10 1900F 10 – a

Water body km3 0.85 59.3 55.4 F 5 a

Lake area km2 178.6 684.5 518.5 F 15 a

Portion of basin

covered by lake

– 0.052 0.201 0.152 F 0.05 a

– – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – –
Cloudfree shortwave

radiation
W m� 2 415 F 3 b

Shortwave cloud

parameters

– 0.39, 0.38 – c

Longwave cloud

parameters

– 0.22, 2.0 – c

Air pressure Pa 815� 105 – d
– – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – –
Cloud coverage – 0.65 0.65 0.70 0.65 0.70 F 0.05 d

Relative humidity – 0.65 0.65 0.70 0.65 0.70 F 0.05 d

Windspeed m s� 1 2.5 2.5 2.8 2.5 2.8 F 0.3 d

Air temperature �C 13.5 13.5 13.0 13.5 13.0 F 0.5 d

Surface temperature �C 18.3 18.3 15.7 18.3 15.7 F 0.5 e

Lake-surface water

temperature

�C 17.4 17.4 16.1 17.4 16.1 F 0.5 e

Surface drag coefficient – 4.0� 10 � 3 4.0� 10� 3 4.4� 10� 3 4.0� 10� 3 4.4� 10� 3 F 0.2� 10� 3 f

Surface albedo

over water, land

– 0.06, 0.16 0.06, 0.16 0.06, 0.14 0.06, 0.16 0.06, 0.14 F 0.02 f

Surface emissivity

over water, land

– 0.99, 0.96 0.99, 0.96 0.99, 0.96 0.99, 0.96 0.99, 0.96 F 0.02 f

Soil moisture

over water, land

– 0.97, 0.35 0.97, 0.35 0.97, 0.5 0.97, 0.35 0.97, 0.5 F 0.05 f

– – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – –
Evaporation over water mm yr � 1 m� 2 1880 1880 1850 1880 1850 F 30 e

Evaporation over land mm yr � 1 m� 2 915 915 1125 915 1125 F 100 e

Precipitation mm yr � 1 m� 2 970 1125 1280 1075 1240 F 100 e

Precipitation including

expected basin drainage

mm yr � 1 m� 2 1070 1225 f 1380 1175 f 1340 – g

All input parameters are derived from available climate data sets (see references). Listed values correspond to basin-averaged values, which

were obtained by interpolation between weather stations within and in the vicinity of the catchment. Surface-pattern related parameters are

derived from vegetation mappings (see text for further explanations). All hydrologic modelings were done in MatlabR using the lake-balance

modeling concept published by Blodgett et al. (1997) and Bookhagen et al. (2001). Final modeling results for a steady state of the lake-balance

are given in bold letters. Indices reflect: (a) values taken from digital elevation model; (b) Berger and Loutre (1991); (c) Bookhagen et al.

(2001); (d) Rodhe and Virji (1976), GDS (1994), ISMCS (1995) and KMD (2000); (e) calculated value for given parameters in the modeling

run; (f) surface pattern-related parameters as attributed to vegetation mappings (cf., Table 2); (g) modeled precipitation values including a

postulated basin-averaged seepage of Sbas = 100 mm year� 1.
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determined, distinguishing between water surfaces,

regions covered by afro-alpine heath and bogs, bam-

boo tree-dominated forests, the sclerophyll forests of

Juniperus and Podocarpus, intensively used areas

with pastures and farming, Acacia-dominated dry

woodland and open savanna land with scattered

shrubs and trees (Jätzold, 1981) (Fig. 6). The fraction

of the catchment area defined by each surface pattern

was calculated from a raster-based mapping of vege-

tation coverage, where each cell represents an area of

1�1 km. From this mapping, weighting averaged

values for albedo, surface roughness, emissivity and

soil moisture availability were determined following

the principles outlined in Schmugge and André

(1991). Basin-averaged albedo a = 0.16F 0.02 and

surface roughness, reflected by the surface drag coef-

ficient CD = 4.0F 0.2� 10� 3, represent the predom-

inant savanna-type and deforested environments in the

present-day catchment (Jätzold, 1981; Schmugge and

André, 1991). Although, nearly 80% of the former

sclerophyll forests are cleared for agricultural use,

basin-averaged values for emissivity e = 0.96F 0.02

and soil moisture availability f= 0.35F 0.05 are more

or less unaffected and reflect prevailing occurrence of

water-unsaturated soils (Brutsaert, 1982; Schmugge

and André, 1991) (Table 2).

While the majority of all parameters could easily be

determined, the amount of subsurface outflow from the

lake bottom is a matter of debate. Gaudet and Melack

(1981) and Ojiambo-Bwire and Lyons (1996) use such

a subsurface outflow as a partial explanation for the

low alkalinity of the lake. Assuming, about 36 million

m3 of the direct water loss from Lake Naivasha is

contributed to seepage, they also postulate an even

higher value for precipitation in the hydrologic budget

of the lake. Consequently, the given basin-averaged

precipitation varies between 900 and 1100 mm year� 1

(Griffiths, 1972; Ojany and Ogendo, 1988; Survey of

Kenya, 1991; GDS, 1994; ISMCS, 1995; KMD,

2000). In the present-day hydrologic simulation, we

used a basin-averaged value of 100 mm year � 1

reflecting the entire basin seepage, although this value

is only attributed to subsurface outflow in the lake area

itself.

Applying the input parameters for the present-day

conditions (Table 3), the model computes a hypo-

thetical lake precisely at the modern level of Lake

Naivasha at 1890 m (Fig. 7). The modeled evapora-

tion rates were 1880F 30 mm year� 1 over open

water, but 915F 100 mm year� 1 over land. In order

to maintain a stable lake level, the value of precip-

itation has to reach 970F 100 mm year� 1. This value

increases to about 1070 mm year� 1, as soon as the

model allows a significant subsurface outflow as

suggested by Ojiambo-Bwire and Lyons (1996).

Intense sensitivity testing of our results was done

for the model-input parameters such as solar radiation,

temperature, cloud coverage, relative humidity, wind

Fig. 7. Modeled lake-fill curves for (A) the modern lake reaching the 1890-m contour and (B) the paleo-lakes at 2000 m (9 k.y. BP) and 1900 m

(135 k.y. BP).
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Fig. 8. Results of sensitivity tests for model parameters with important impact on the final result; veg: vegetation coverage, cc: cloud coverage, ws: wind speed, rh: relative humidity.

Fluctuations in vegetation coverage introduce larger changes in the modeled precipitation values as compared to all other parameters. In the paleomodeling, the higher portion of

water-covered areas reduces the influence of vegetation, whereas all general climatic parameters, i.e., cloud coverage, wind speed and relative humidity, show higher degrees of

uncertainty.
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speed and the surface-drag coefficient. The influence

of each single coefficient was expressed as the devia-

tion of the inferred rainfall value from the modern

precipitation estimate. Considering the confidence of

the coefficients and their natural variability, the sensi-

tivity tests yield an uncertainty of the modeled pre-

cipitation between 2.5% and 10%. Whereas surface

roughness is of particular importance, introducing

large uncertainties, cloud coverage, wind speed and

relative humidity are less important for the final result

(Fig. 8). Summing up all uncertainties in definition of

the paleoenvironmental parameters and the natural

variability of the modern climate indices, the error

in the final results most likely is not more than 15%.

Thus, a careful adjustment of the model to the

paleoconditions starting from the modern values in

small steps leads to reasonable results and provides

some valuable informations about the dynamics and

sensitivity of the lake system.

6. Modeling the paleolake highstands

First, we tried to model the late Pleistocene and

early Holocene lakes using the modern values for

precipitation and evaporation (Table 3). The resulting

hypothetical lakes cover an area similar to the modern

lake but the volume of the water bodies are 4.5 and 2.3

km3, respectively, due to the differences in bathymetry.

With the selected input parameters, the late Pleistocene

lake does not reach the southern basin boundary and

rises only up to the 1760F 5-m contour, whereas the

early Holocene lake reaches 1855F 5 m. The enor-

mous discrepancies between the modeled lakes and the

reconstructed geometry of the paleolakes imply sig-

nificant differences in the hydrologic budget and,

hence, the climatic boundary conditions of the catch-

ment area.

The most effective mechanism changing the lake

hydrology is either higher lateral moisture transport

increasing precipitation or reduced basin-averaged

temperatures lowering evaporation. Applying these

arguments to the modeling, as a first test all environ-

mental parameters were kept at their modern values

assuming that the entire change in the hydrologic

budget is attributed to a change in rainfall. The

simulation of the 135-k.y. BP highstand suggests an

increase of 11% rainfall (1075 mm year � 1), whereas

the 9-k.y. BP paleolake can be simulated using an

increase of 16% (1125 mm year� 1) (Table 3).

Such dramatic changes require the adaptation of

many other environmental factors, such as wind

speed, cloudiness and higher relative humidity. A

realistic scenario for the region of the Naivasha basin

is an increase of these parameters by 10% according

to similar investigations by Kutzbach et al. (1996).

Another consequence of higher moisture levels is a

significant change in vegetation of the present-day

grassland areas. Climate modeling experiments have

shown that vegetation feedbacks can dramatically

influence local climatic conditions (e.g., Doherty et

al., 2000; Renssen and Lautenschlager, 2000; Car-

rington et al., 2001). Unfortunately, no Pleistocene

vegetation reconstructions are available, but pollen

analysis covering the Holocene suggests more exten-

sive woodlands, at least for the more elevated parts of

the Lake Naivasha catchment (Maitima, 1991; Street-

Perrott and Perrott, 1993). Such vegetation changes

would have caused a lower surface albedo, higher soil

moisture availability, surface emissivity and surface

drag coefficient.

Starting from the grid-based mapping of present-

day vegetation coverage, we computed a basin-wide

interpolation of paleovegetation using the Holocene

pollen records (Maitima, 1991; Street-Perrott and Per-

rott, 1993). Although, this interpolation can only reflect

a very rough estimate of the paleovegetation change, it

provides important insights into the potential environ-

mental change due to a more humid climate in the

Naivasha basin. Whereas the fraction of the catchment

area covered by afro-alpine elements, as well as wet

montane forests dramatically increased ( + 70% to

+ 100%), areas of dry woodlands and savanna habitats

were reduced by � 30% to � 60% (Table 2; Fig. 6).

Following the principles outlined by Schmugge and

André (1991), surface roughness of the paleo-Naivasha

basin was increased to CD = 4.4F 0.2� 10� 3, where-

as basin-averaged albedo was reduced to a = 0.14F
0.02. The basin-averaged emissivity was e = 0.96F
0.02, whereas soil moisture availability reached f =

0.5F 0.05.

The Holocene pollen assemblages also indicate a

basin-wide temperature reduction (Street-Perrott and

Perrott, 1993) that is most likely attributed to the

vegetation change rather than insolation changes (Mai-

tima, 1991; Kutzbach et al., 1996; Renssen and Lau-
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tenschlager, 2000). Although, the absolute value of

this temperature change is not known, large-scale

GCM results imply a reduction on the order of � 0.5

to � 2 jC (deMenocal and Rind, 1993; Jolly et al.,

1998). Since, mean annual insolation does not signifi-

cantly differ from the present-day value, we used a

basin-averaged temperature reduction of � 0.5F 0.5

jC as a realistic model input for the early Holocene

simulation as well as for the late Pleistocene model

run. Following the same argument, we applied the

paleovegetation reconstruction to both time slices

(Table 3).

In consideration of all feedback mechanisms, the

time to fill the lake basin after a hypothetical abrupt

climate change towards the reconstructed conditions

would have been longer by a factor of 10 as compared

to the present (Fig. 7). The modeled value for the basin-

averaged precipitation is 1240F 100 mm year � 1

( + 28%) for the 135-k.y. BP lake level, and 1280F
100 mm year � 1 ( + 32%) for the 9-k.y. BP highstand,

respectively. Variations of the input parameters within

the defined confidence ranges indicate that changes in

the vegetation-controlled parameters introduce a lower

degree of uncertainty into the modeling results than

during the modern run (Fig. 8). The higher portion of

water-covered areas during the paleohighstands

reduces the hydrologic influence of vegetation. In

contrast, general climatic parameters, i.e., cloud cover-

age, wind speed and relative humidity, show a higher

degree of uncertainty for the paleomodeling results

(F 4% to F 6%).

Our model runs do not consider changes in the

subsurface outflow. However, during the 9-k.y. BP

highstand, the lake had at least a temporary overflow

through the Ol Njorowa Gorge (Washbourn-Kamau,

1977). As there are good arguments for a subsurface

outflow under the present lake, a potential change in

the amount of groundwater infiltration was discussed

(Gaudet and Melack, 1981; Ojiambo-Bwire and

Lyons, 1996; R. Becht, personal communication,

2000). It is assumed that infiltration should have been

comparable to its present-day value during the pale-

olake highstands, or even less due to more water-

saturated grounds, higher water tables and lower

groundwater gradients. Although, exact values of the

overflow and subsurface outflow are unknown, the

modeled values for paleoprecipitation for both high-

stands are believed to be minimum estimates.

7. Paleoclimate implications

The dimension of Lake Naivasha during the two

highstands at 135 and 9 k.y. BP compared to present

illustrates the extreme variability of climate and

hydrology in the Central Kenya Rift. Since the Nai-

vasha basin was not affected by important tectonic

movements or volcanic activity during the last 175

k.y., the observed lake-level fluctuations document

long-term changes in the precipitation/evaporation

balance. Our modeling results suggest that precipita-

tion was increased by 11–16% compared to the

present-day value. Starting from the modern climate

conditions, such an increase in humidity would result

in a stable lake at the reconstructed level after a

minimum time of 200 years. This change toward more

humid conditions, however, would also cause changes

in vegetation in the catchment. If the adaptation and

migration of vegetation and subsequent higher tran-

spiration are introduced into the model, the hydro-

climatic conditions in the catchment would be

characterized by a 28–32% increase in mean annual

precipitation. A change in the amount of subsurface

outflow from the lake would lead to further changes in

the paleohydrologic budget; but since no strong argu-

ments support such changes, our modeling results

reflect minimum, but realistic estimates of the precip-

itation/evaporation change.

For the early Holocene climate optimum, our

modeling results are in the same order of magnitude

as climate parameters modeled by Hastenrath and

Kutzbach (1983) for this region. The authors use a

more generalized energy budget method and found a

minimum precipitation change of 10% in the catch-

ment. Vegetation changes in the cause of such a more

humid climate would increase this value to 17%

(Hastenrath and Kutzbach, 1983). In contrast, Vin-

cent et al. (1989) found a 350-mm year � 1 ( + 55%)

increase in rainfall, similar to the results from GCM

experiments (deMenocal and Rind, 1993) and run-off

calculations by Butzer et al. (1972). However, these

results seem to overestimate the regional precipitation

changes because they do not take into account the

large spatial heterogenities in rainfall in the Central

Kenya Rift. Our grid-based lake-balance model

allows a precise assessment of local rainfall anoma-

lies and large gradients in the environmental param-

eters. The modeled precipitation changes of 16–32%
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are, therefore, believed to be a better estimate for the

true paleoclimatic conditions in the Central Kenya

Rift.

In contrast to the detailed paleoclimatic informa-

tion for the Early Holocene, climate records for the

late Pleistocene are scarce (Richardson and Richard-

son, 1972; Trauth et al., 2001). The history of Lake

Naivasha suggests that although the causes for the

highstands at 135 and 9 k.y. BP were different

(Richardson and Dussinger, 1986; Trauth et al.,

2001), the hydroclimatic conditions in the Naivasha

basin during these highstands show significant sim-

ilarities. Whereas the 135-k.y. BP highstand seems to

be the result of maximum March insolation on the

equator resulting in a strong intertropical convergence

and high precipitation during the April/May rains

(Trauth et al., 2001), the 9-k.y. BP highstand corre-

lates with maximum Northern Hemisphere insolation

and a strong summer monsoonal circulation (Richard-

son and Dussinger, 1986; Gasse, 2000). Herein, a

stronger influence of westerly flows may be specu-

lated. However, an important factor for both high-

stands seems to be higher intraannual fluctuations in

air temperature. More precipitation during the rainy

seasons and decreased evaporation during the dry

season would result in a more positive net moisture

budget in the course of a year.

The magnitude of the hydrologic changes in the

Naivasha basin provides valuable insights into the

sensitivity of this natural system. Obviously, the

present-day character of the modern lake only repre-

sents a snapshot of its natural variability and the

climate system. As demonstrated by our modeling, a

relatively small change in humidity can rise the lake

level from less than 10 to more than 100 m, an area

three times larger would be flooded by water. Paleo-

climatic reconstructions from other basins suggest,

that high and large lakes are a common feature in

East Africa at least during the Early Holocene (Street-

Perrott and Perrott, 1993; Jolly et al., 1998; Gasse,

2000). During this time, open water surfaces or

papyrus swamps covered most of the inner graben

region. These dramatic environmental changes cer-

tainly had important consequences and feedbacks on

regional, but maybe also for global climates. Such

relationships between East African climate and the

global implications should be the subject for future

large-scale GCM experiments.
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