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Abstract Sequences of paleo-shorelines and the
deposits of rift lakes are used to reconstruct past
climate changes in East Africa. These recorders of
hydrological changes in the Rift Valley indicate
extreme lake-level variations on the order of tens to
hundreds of meters during the last 20,000 years. Lake-
balance and climate modeling results, on the other
hand, suggest relatively moderate changes in the
precipitation-evaporation balance during that time
interval. What could cause such a disparity? We
investigated the physical characteristics and hydrol-
ogy of lake basins to resolve this difference. Nine
closed-basin lakes, Ziway-Shalla, Awassa, Turkana,
Suguta, Baringo-Bogoria, Nakuru-Elmenteita, Naiva-
sha, Magadi-Natron, Manyara, and open-basin Lake
Victoria in the eastern branch of the East African Rift
System (EARS) were used for this study. We created a
classification scheme of lake response to climate
based on empirical measures of topography (hypso-
metric integral) and climate (aridity index). With
reference to early Holocene lake levels, we found that
lakes in the crest of the Ethiopian and Kenyan domes
were most sensitive to recording regional climatic
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shifts. Their hypsometric values fall between 0.23—
0.29, in a graben-shaped basin, and their aridity index
is above unity (humid). Of the ten lakes, three lakes in
the EARS are sensitive lakes: Naivasha (HI = 0.23, Al
= 1.20) in the Kenya Rift, Awassa (HI = 0.23, Al =
1.03) and Ziway-Shalla (HI = 0.23, AI = 1.33) in the
Main Ethiopian Rift (Main Ethiopian Rift). Two lakes
have the graben shape, but lower aridity indices, and
thus Lakes Suguta (HI = 0.29, Al = 0.43) and Nakuru-
Elmenteita (HI = 0.30, AI = 0.85) are most sensitive to
local climate changes. Though relatively shallow and
slightly alkaline today, they fluctuated by four to ten
times the modern water depth during the last 20,000
years. Five of the study lakes are pan-shaped and
experienced lower magnitudes of lake level change
during the same time period. Understanding the
sensitivity of these lakes is critical in establishing
the timing or synchronicity of regional-scale events or
trends and predicting future hydrological variations in
the wake of global climate changes.

Keywords East African Rift - Tectonics -
Geomorphometry - Aridity index -

Sensitive lakes

Introduction

The sedimentary sequences of equatorial African lakes

have been used widely as archives of past climate
changes in the low latitudes on diverse time scales
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(Verschuren et al. 2000; Gasse 2000; Barker and Gasse
2003; Trauth et al. 2005; Legesse et al. 2002). In these
studies, biological and geochemical proxies, and
sequences of paleoshorelines have been used to study
past climate fluctuations (Gasse 2000; Barker and
Gasse 2003). A crucial prerequisite for paleoclimate
interpretation of lacustrine sedimentary sequences,
however, is an understanding of the lake system under
investigation, such as the: (a) response to changes in
climate and catchment activities, (b) response of
biological and physico-chemical properties to mois-
ture changes, and (c) site-specific processes governing
the incorporation of environmental signals into the
sediments (Street-Perrott and Harrison 1985; Legesse
et al. 2002). Complexities, however, also arise in
inferring climate from these records, especially in
tectonically active settings, because responses of lakes
to climate are also mediated by the geomorphic and
hydrologic setting of basins thus creating non-linearity
and spatial heterogeneity in the pattern and timing of
inferred change.

Large lakes in East Africa experienced large
hydrologic fluctuations, driven by insolation changes,
during the late Pleistocene and early Holocene (15—
5 ka BP). Although the timing and magnitude of the
hydrological shifts in the basins are known, the
climate conditions at those times are not well defined.
Lake water-balance modeling results for some East
African lakes show only moderate changes in effec-
tive moisture (~25% more rain) that cannot account
for the high lake stands (Hastenrath and Kutzbach
1983; Bergner and Trauth 2004; Diihnforth et al.
2006). Street-Perrott and Harrison (1985) explained
this response of East African Rift System (EARS)
lakes to climate changes using a Precipitation-
Evaporation balance in the catchment and introduced
the term “amplifier lakes.” Their classification of
lake sensitivity showed closed lakes are more sensi-
tive ‘amplifiers’ than open lakes with large outflows.
They suspected the graben morphologies of the
EARS lakes had an influence on whether a basin
was an “amplifier lake,” but did not pursue the idea.
Another common ratio used in sensitivity studies has
been catchment/lake area ratio. Basins with large
catchment-to-lake-surface area ratios have demon-
strated large amplification factors (Burrough and
Thomas 2009).

Basic morphometric features such as volume,
surface area, and mean depth, as well as information
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related to hypsographic curves, are increasingly being
used to describe limnological changes that occur as
lake volume changes (Johansson et al. 2007). In very
flat basins, changes in lake volume cause horizontal
oscillations rather than vertical changes in shoreline
position, making lakes that are steep over a wide
range of water depths more suitable for sensitivity
studies. Morphometric variables in basins can be
determined by hypsometric analysis of Digital Ele-
vation Models (DEM). In the past, routine hypso-
metric analyses were limited by computer power.
With advances in computing and GIS technology
since 1952, hypsometry is being reinvestigated to
improve understanding of geomorphologically con-
trolled dynamics of sediment proxies. A combination
of lake bathymetric maps and hypsometric curves can
provide visual representation of 2D and 3D properties
of a lake (Johansson et al. 2007). The integral of the
curve provides a simple index of the depth distribu-
tion within the lake/area under consideration, which
can be used to quantify the size and form of a lake.

This paper investigates the sensitivity of EARS
lakes as climate recorders by incorporating variables
that describe lake form and hydrology, and is a
continuation of the work by Street-Perrott and
Harrison (1985) who first introduced the term
“amplifier lake.” We investigated nine closed-basin
rift lakes between 5°S and 10°N latitude and 30°E
and 40°E longitude, from Ethiopia through Kenya to
Tanzania. The study included Lakes Ziway-Shalla,
Awassa, Turkana, Suguta, Baringo-Bogoria, Nakuru-
Elmenteita, Naivasha, Magadi-Natron, Manyara, and
one open non-rift lake, Victoria, which is situated in
the plateau region between the eastern (Gregory Rift)
and the western arms (Albertine Rift) of the EARS.
The latter basin was included for comparison. Results
from our analysis can be used to better constrain
climate interpretations from lakes.

Tectonic setting and climate

The EARS has two main branches, the eastern and
the western branches that crosscut Eastern and
Central Africa, beginning at the triple junction of
the Red Sea and Gulf of Aden oceanic ridges, and the
Afar Rift at about 10°N latitude to more than 30°S
latitude, terminating on land with the Lake Malawi
basin. It is structurally and magmatically controlled,
creating complex relief and drainage conditions that
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are highly variable through time, initiated about
45 Ma and continuing to present (Baker et al. 1972;
Strecker et al. 1990; Ebinger et al. 2000; Chorowicz
2005). We studied lakes in the Eastern branch, which
extends over a distance of 2,200 km, from the Afar
triangle in the north, through the Main Ethiopian Rift
(MER), the Turkana-Omo lows, the Kenyan (Greg-
ory) rift, to the basins of the North-Tanzania diver-
gence. The EARS is generally <100 km wide, with
the exception of the region between southern Ethi-
opia and Northern Kenya, and the region in Northern
Tanzania, where the Kenyan (Gregory) rift termi-
nates. In these regions, the rift is more than 300 km
wide (Chorowicz 2005).

The NE-striking MER (330 km long, 50 km wide)
floor rises progressively from the northeast with
elevations of 750-1,700 m southwestwards, and
finally downgrades to 1,100 m in the south (Ayenew
et al. 2007; Chorowicz 2005). The Kenyan (Gregory)
rift region corresponds to the Kenyan dome. Eleva-
tions in this rift floor rise from about 1,050 m in the
north around the Baringo-Bogoria Basin to about
2,000 m in the middle, and step down progressively
southwards to about 600 m asl in the Natron basin
(Chorowicz 2005). The floor of the rift is highest in
the central portion, between Lake Nakuru and Lake
Naivasha, and decreases in altitude in both directions
along the rift. The basins in the rift are generally
bordered on both sides by high relief, comprising
almost continuous parallel mountain lines and pla-
teaus, and sometimes, volcanic massifs. Between
these domes are the Turkana-Omo lows, with signif-
icantly lower (250 m asl) elevations than the dome
regions. This low area has no pronounced rift
shoulders, but there are several N- to NE-striking
half-graben basins, e.g. Omo Valley, Lake Turkana
and Chew Babhir.

Late Cenozoic tectonic activity in the EARS
commenced with southward propagation of rifting
and magmatic activity and progressive formation of
faulted troughs throughout the length of the rift, in
which lakes have formed (Tiercelin and Lezzar 2002;
Trauth et al. 2007). These troughs are generally half-
grabens bounded by major high-angle boundary
faults on one side and a faulted flexural margin on
the other, or less frequently, grabens bounded by two
faults of similar importance. These lakes are typically
elongate, following the dominant trend of the faults:
NNE-SSW-trending lakes within the MER, NS-

trending within the Turkana-Omo lows. Further south
in the Kenyan rift they assume a NNW-SSE to NS
trend and NS to NNW trend in Northern Tanzania, at
the termination of the rift (Le Turdu et al. 1999). In
contrast to the large (~30,000 km?) and deep
(~1,000 m) lakes of the western rift, the lakes in
the eastern rift are small (about 100-200 km? surface
area), shallow (<10 m deep) and mostly of the
closed-basin type, with internal drainage (Ebinger
et al. 1993; Singer and Stoffers 1980). Few of the
lake basins in the EARS contain fresh water, and
most are quite saline.

Rifting of the EARS was preceded by doming of
the Ethiopian and the Kenyan domes. This morpho-
tectonic evolution contributed significantly to creat-
ing important orographic barriers and environmental
changes (Sepulchre et al. 2006; Spiegel et al. 2007).
Modern climate is governed by the seasonal influence
of several major air streams and convergence zones
that interact with regional orography, large inland
water bodies and sea-surface temperature fluctuations
in the Indian and the Atlantic Oceans (Nicholson
1996). Meridional moisture transport shows the
Ethiopian Highlands deflect the northeast monsoon
flow southward along the Somalian coast during
winter and the Kenyan highlands deflect the southeast
flow northward during summer (Sepulchre et al.
2006). As a result, climate patterns are highly
complex and variable. In general, highlands flanking
the Rift Valley intercept most of the monsoonal
rainfall in the region, resulting in a strong moisture
deficit at the rift floor, particularly near the lakes.

Lake basins

The location and key characteristics of the ten study
basins are summarized in Table 1. Each basin
contains at least two modern lakes owing to frag-
mentation caused by faulting and volcanic eruptions
within the basins that diverted or dammed surface
drainage, hence multiplying the number of basins
within a tectonic depression. The catchment areas of
most of these basins are within the rift, most areas
being supplied by streams descending from high
marginal escarpments. Basin sizes range from a few
hundred to thousands of square kilometres. Major
rivers such as the Ewaso Ngiro which feeds Lake
Natron, and the Kerio River which feeds Lake
Turkana, are channeled N or S along fault-angle
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depressions. These basins are all closed and their
chemistry ranges from fresh, alkaline to saline,
depending on the input-output balance of each
system. The fresh lakes are Naivasha, Awassa,
Baringo, Ziway, Langano and Victoria, while the
alkaline to saline lakes are Turkana, Suguta, Bogoria,
Nakuru-Elmenteita, Magadi- Natron and Manyara.

Two of the basins, Ziway-Shala and Awassa, are
located within the MER. The Ziway-Shala is a system
of four interconnected, internally drained basins
(Ziway, Langano, Abiyata, and Shala) in a NNE-
SSW down-faulted structure, with the Somalian
Plateau on the east and the Ethiopian Plateau on the
west. Three of these sub-basins formed in tectonically
controlled basins, whereas Shala occupies a deep
caldera (Le Turdu et al. 1999; Legesse et al. 2002).
Mean annual precipitation varies from 600 mm/year
close to the lakes to 1,200 mm/year on the humid
plateaus and escarpments. Ziway and Shalla receive
water principally from the west escarpment. Langano
is fed from the east escarpment, while Abiyata is
mainted by overflow from Ziway and Langano
(Alemayehu et al. 2006; Ayenew 2003). Basin evapo-
transpiration has been estimated at 900 mm/year
(Ayenew 2003). Evaporation ranges from 2,500
mm/year in the rift floor to <1,000 mm/year in the
highlands (Le Turdu et al. 1999). South of the Ziway-
Shala basin, at the southern edge of the MER, is the
Awassa basin, located within a pair of collapsed
Pliocene calderas, Awassa and Corbetti (Ayenew and
Greegziabher 2006). The catchment area is smaller
(1,455 km?) and the lake area is 129 km? Maximum
and mean depths are 21 and 10 m. Awassa receives
surface input intermittently from the Shallo swamp,
fed from the eastern wall of the rift valley. The lake
has no surface outlet and is a freshwater system
maintained by significant outflow of groundwater
northwards (Darling et al. 1996). Rainfall is about
960 mm/year (Ayenew and Greegziabher 2006) and
pan evaporation estimates over the lake range from
1,600 to 2,140 mm/year (Makin et al. 1976; Telford
et al. 1999).

The Turkana and Suguta basins (375 m asl) lie in
the Turkana-Omo lows region, located between the
Ethiopian and the Kenyan domes (Chorowicz 2005).
Turkana is the largest lake in the eastern rift, with a
catchment covering 130,860 km>. The mean and
maximum depths are 35 and 120 m, respectively. In
this bottom rift setting, the lake receives about

300 mm/year of rainfall (Nicholson 1996; Odada
et al. 2003). The annual evaporation rate is about
2,300 mm/year and evapotranspiration is about
2,500 mm/year (Nyenzi et al. 1981; Ferguson and
Harbott 1982). Lake Turkana is saline-alkaline and
receives 90% of its water via the Omo River from
Ethiopia, with minor inputs from the Turkwell and
Kerio river systems to the south (Odada et al. 2003).
Directly south of the Turkana basin lies the Suguta
basin, separated by a transverse volcanic barrier
currently occupied by Lakes Logipi and Alablab
(Dunkley et al. 1993). In the dry season, the water
body is reduced to salt pans that are restricted to the
deepest parts of both lakes. At its maximum exten-
sion, the lake depth varies between 3 and 5 m. Together
the lakes cover 80 km® and the catchment covers
12,800 km?. Rainfall varies from <300 mm/year over
the lake to 1,000 mm/year in the headwaters of the
Suguta River, located in the south. There is consid-
erable subsurface water inflow from the north as well
(Castanier et al. 1993). Evapotranspiration is 2,309
mm/year (Nyenzi et al. 1981).

Baringo-Bogoria basin lies in the northernmost
part of the Kenyan dome and developed in the main
region with half-grabens. It has two closed lakes,
Baringo and Bogoria. Baringo is fresh, whereas
Bogoria is saline and alkaline. The entire basin
covers 6,200 km? and is drained by five rivers. Lake
Baringo is currently very shallow, with a mean depth
of ~1.6 m and a maximum depth of 2.1 m. It is fed
perennially by the Perkarra and Molo rivers from the
south. The ephemeral rivers, Ol Arabel and Mukatan,
enter it from the east and from the west, and several
ephemeral rivers drain the Kamasia highlands (Tarits
et al. 2006; Bessems et al. 2008). Lake Bogoria is
deeper (10 m) and is fed by nearly 200 hydrothermal
springs along the lakeshore, as well as four seasonal
rivers (Waseges-Sandai, Loboi, Emsos and Mogun).
The entire basin receives between 600 and 900 mm/
year of rainfall on the rift floor and >1,000 mm/year
in the adjacent uplands. Potential evaporation exceeds
2,500 mm/year (Nyenzi et al. 1981; Rowntree 1989;
Owen et al. 2004).

The Nakuru-Elmenteita basin contains two shal-
low alkaline lakes, Nakuru and Elmenteita. The basin
is set between east-dipping normal faults of the Mau
escarpment and west-dipping faults to the east in the
intra-rift Bahati-Kinangop plateau. The northern
boundary comprises the Menengai Caldera, and to
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the south, the Eburru volcano separates it from the
Naivasha basin. The catchment is about 2,390 km? in
area. Mean annual rainfall is up to 1,200 mm/year in
the catchment and potential evapotranspiration is
1,400 mm/year, whereas evaporation over the lake is
about 1,736 mm/year. Both lakes are shallow, with
an average water depth of <3 m (Diihnforth et al.
2006). The basin is fed mainly by streams from the
Mau escarpment. Naivasha basin (1,885 m asl) is the
highest point of the Kenyan Rift. Naivasha is fed by
three rivers that drain the Bahati-Kinangop ramp
highlands, which receive up to 1,500 mm/year of
rainfall and have evapotranspiration of about
1,250 mm/year. Rainfall over the lake is about
600 mm/year while evaporation is ~ 1,800 mm/year.
The basin is confined by volcanoes that create three
connected satellite basins, the main lake, Crescent
crater and Oloidien. Crescent Crater Lake in the
southeastern sector represents the deepest part of the
lake (18 m) and a permeable sill separates the main
lake from more alkaline Lake Oloidien in the
southwestern sector (Ase et al. 1986; Verschuren
1999). The volcanic-tectonic origin of the lake
accounts for its relatively circular shape.

The Victoria basin straddles the equator and is the
second largest lake in the world, covering 68,800 km?.
The catchment area is 184,000 km2. Lake Victoria
formed as a result of river reversal and ponding as a
consequence of rift margin uplift along the western
branch in the late Pleistocene (~ 14.6 ka BP) (Scholz
et al. 1998) and can thus be described as a tectonically
induced lacustrine system. It is an open lake, receiv-
ing water from several rivers, the largest being the
Kagera and the Katonga in the west and draining to the
north through the Nile. Rainfall over the lake is about
1,200 mm/year and up to 2,400 mm/year in the
catchment. Evapotranspiration is about 1,690 mm/year
and river inflow makes a minor contribution (Spigel
and Coulter 1996).

At the southern tip of the Kenya Rift is the Magadi-
Natron basin that contains two lakes, Magadi and
Natron, whose catchment covers 23,207 km?. Annual
rainfall in the catchment is about 1,000 mm/year and
evaporation is about 1,750 mm/year (Burrough and
Thomas 2009). Lake Magadi is formed by an assem-
blage of several small basins defined by a complex
system of N-S-, NNW-SSE- and NNE-SSW-trending
faults. Magadi has no perennial inflowing streams at
present and is fed by numerous (partly hot) springs as
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well as rainfall (Barker 1990). Lake Natron is a
shallow water body covered by eight saline lagoons,
with a maximum depth of about 2 m. It is fed mainly
by two rivers, Peninj and Ewaso Ngiro, and some
perennial streams (Knight Piesold and Partners 1992).
Both lakes have extensive trona crusts that dissolve
during the rainy season. Manyara basin lies in the
Manyara Rift at the southern termination of the eastern
branch of the East African Rift in the Tanzanian
Divergence Zone. This basin contains Lakes Manyara
and Burungi (Ebinger et al. 1997; Chorowicz 2005;
Ring et al. 2005). The lakes cover a surface area of
about 440 km? with a maximum depth of 4 m. Mean
rainfall ranges between 500 and 600 mm/year. The
catchment area is 10,930 km> and receives annual
precipitation between 800 and 1,000 mm/year and
potential evapotranspiration is 2,000 mm/year (Casanova
and Hillaire-Marcel 1992; Nyenzi et al. 1981). The main
perennial rivers are located west of the lake.

Methods

We assessed the basin factors that can cause signif-
icant heterogeneity in paleoclimate records within the
EARS: (1) geomorphic characteristics that best
describe basin form and the accommodation space
available for storage and preservation of sediment
records, and (2) the aridity index (AI), which is an
indicator of the effective moisture available to a basin
relative to the demand under prevailing climatic
conditions.

Geomorphic analyses

Hypsometric analysis describes the elevation distri-
bution across an area of land surface, therefore it is an
important tool for assessing and comparing geomor-
phic evolution of various landforms, irrespective of
factors such as tectonics, climate, and lithology,
which may be responsible for their creation (Hurtrez
et al. 1999; Montgomery et al. 2001). Two products
of these analyses are the hypsometric curve and the
hypsometric integral (HI). The latter is a dimension-
less parameter that allows different catchments to be
compared. The absolute and relative vertical resolu-
tions of the Shuttle Radar Topography Mission
(SRTM) DEM in Africa are estimated as £+ 5.6 m
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and + 9.8 m, respectively (Rodriguez et al. 2006).
This low error has little effect on hypsometric
analyses of large catchments. Moreover, studies show
that hypsometry is largely insensitive to grid scale,
through comparison of results from a 10, 20 and 90 m
DEM (Hancock et al. 2006).

We used the 3 arc second or 90-m DEMs from the
SRTM and processed 52 SRTM tiles covering the
EARS. Where necessary, various tiles were “mosa-
iced” into larger grids and the larger DEMs were re-
sampled into a coarser grid before processing to save
on computing time. Existing data gaps were filled by
interpolation and data were smoothed using a 9 x 9-
pixel moving average filter. We conducted watershed
analyses for each basin, then carried out morphomet-
ric analyses, developing hypsometric curves and
integrals and swath profiles of East-West sections
from the data.

The hypsometric curve for each basin was created
by dividing into equal elevations the range of
elevations and calculating the proportion of basin
area within each interval. Elevations were normalized
to the relief of the catchment so that they ranged from
0 to 1. The two ratios are plotted against each other.
The hypsometric integral (HI) is the area under the
curve obtained by numerically integrating this area.
An alternative method uses the simple equation
introduced by Pike and Wilson (1971):

HI Mean Elevation — Minimum Elevation

(1)

This equation is widely used because it does not
require rigorous computation of the hypsometry of
the basin, but rather, relies on three easily obtainable
values, mean, maximum and minimum DEM values.
This approach, however, is very sensitive to noise and
outliers in the DEM. We compared both approaches
by using the equation and integrating the area under
the curve using the trapezoidal method “trapz,”
developed in MATLAB®.

Maximum Elevation — Minimum Elevation

Swath analysis and basin characteristics

To assess the topographic variations for each basin, we
took swath profiles oriented approximately perpendic-
ular to the main axis of the lake basins, from the
resampled SRTM data. The area of the swath is defined
by the rectangular grid sections that envelope each lake

basin. For uniformity, we defined the extent of the
swath as 300 m above the altitude of the current lake
level because this is the highest inferred early Holo-
cene lake level, which is observed in the Suguta Valley
(Garcin et al. 2009). For each swath area, we calculated
the maximum, mean and minimum elevations. Swath
profiles provide valuable insights into the geomorpho-
logic means and variances of a basin and show depths
and lake basin extent. These help define the graben-
and pan-shaped basins in this study.

Table 1 shows the key characteristics of the lakes
in the study. Because we are comparing several
basins of various sizes, surface areas and volumes, we
scaled them for comparison by their early Holocene
lake level to basin size and lake size. Early Holocene
lake levels used were based on published paleoshor-
eline levels that had been identified by wave-cut
notches, as shoreline cliffs, beaches, or shallow-water
sediments with dated organic matter and stromato-
lites (References in Table 1).

Aridity index

The aridity index is used to define the moisture
availability in a basin based on meteorological vari-
ables such as precipitation and air temperature. There
are several indices currently in use. The De Martonne’s
aridity index is defined by the ratio between the mean
annual precipitation (P) and temperature plus 10°C [P/
(T + 10)] (Paltineanu et al. 2007). The Thornthwaite
index is defined by the ratio of the difference between
precipitation and evapotranspiration to the potential
evapotranspiration and given by 100((P/PE)—1). The
water deficit (WD) is simply the difference between
precipitation and evapotranspiration (P—ET), and the
UNESCO aridity index is the ratio between precipita-
tion and evapotranspiration. All these terms have some
value in studying the potential impact of climatic
change on water resources. The potential evapotrans-
piration according to the definition used by the
UNESCO is calculated using the Penman formula,
which requires meteorological data that are difficult to
acquire for most basins in the world. This led to the
introduction of a more simplified approach for calcu-
lating the potential evapotranspiration using the
Thornthwaite formula. This index is widely known as
the UNEP aridity index (Tsakiris and Vangelis 2005)
and is defined as:
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P

= BE (2)
Where P is the total annual precipitation (mm/year)
and PE is the potential evapotranspiration (mm/year).
According to this concept, regions where the aridity
index is lower than unity are broadly classified as dry
since the evaporative demand cannot be met by
precipitation. Regions with an aridity index higher
than unity are broadly classified as wet. We used
published and known meteorological data of annual
rainfall and potential evapotranspiration values for the
lake basins in our study. Their areas are between 1,455
to 184,000 kmz, and annual rainfall over the catch-
ments varies from 500 to 2,400 mm/year. Potential
evaporation ranges from 1,690 to 2,600 mm/year, and
the values were used as inputs to compute the UNEP
aridity index (Table 1).

Al

Results
Morphometric analyses and lake features

Averaged statistics for each E-W-oriented swath
section, plotted against longitude (Fig. 2a), illustrate
the relationship between specific basin geometry and
location along the EARS. The basins range from
symmetric to asymmetric. The lowest mean and
minimum elevation values are for the Turkana basin,
and values increase significantly from the Turkana-
Omo lows in both directions, southward to the Kenyan
dome and northward to the Ethiopian dome. The swath
profile reliefs gradually increase southward to the
Suguta basin, through the Baringo-Bogoria, Nakuru-
Elmenteita basins and peak at the Naivasha basin.
From there, southward along the rift, the mean and
minimum values decrease through the Magadi-Natron
basin to the Manyara basin. A similar pattern is
observed north of the Turkana-Omo lows, the average
minimum and mean elevations increase through the
Awassa basin and terminate at the Ziway-Shalla basin.
There is, however, a great variability in averaged
maximum elevations for each swath profile caused by
the existence of volcanoes and features related to the
en-echelon faults that influence the local topography,
but have no distinguishing characteristics.

The swath profiles also show strong topographic
differences, creating two main morphological shapes,
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distinct grabens and pan-shaped depressions. Exam-
ples of pan-shaped morphologies with gentle slopes
are the Victoria, Turkana, Manyara, Magadi-Natron
and Baringo-Bogoria basins. The Ziway-Shalla,
Awassa, Suguta, Nakuru-Elmenteita, Naivasha basins
show graben or half-graben morphologies with
steeper slopes (Fig. 2a).

Figure 2b shows results of hypsometric analyses.
The hypsometric curves are typically sigmoidal or
concave up, which can be grouped broadly into three
categories of landmass distribution. The first category
includes Lakes Manyara, Turkana and Victoria,
which have relatively flat basins, and hence low
hypsometric integral values. These lakes have low
gradients and most of their relief occupies less than
50% of the highest altitude, giving them a lower local
elevation range. The second category includes basins
with pronounced step-like features in the higher
altitudes and relatively higher hypsometric integrals.
Examples in this category are Lakes Naivasha,
Awassa, Ziway-Shalla and Suguta. The Ziway-Shalla,
Suguta and Awassa catchments have shoulders in the
hypsometric curve. The shoulders characterize abrupt
rises in land surface as a series of fault steps that
point to the tectonic activity of the EARS. Lakes in
the third category have the highest topographic
gradients and include Lakes Nakuru-Elmenteita,
Magadi-Natron and Baringo-Bogoria. Lakes Nak-
uru-Elmenteita and Baringo-Bogoria have a high
gradient in the hypsometric curve, i.e. they are
characterized by a higher local elevation range. At
30% altitude, the hypsometric curves of lakes in the
second category (Fig. 2b) are comparable to the full
profile of lakes Baringo-Bogoria, Magadi-Natron and
Nakuru Elmenteita.

Hypsometric integrals for these basins range from
0.13 to 0.37 (Table 1). These values are relatively
low, indicating that a greater proportion of the
landmass within the catchment is at low or interme-
diate elevations. The results fall into three categories,
similar to the hypsometric curve classification
(Fig. 2b): 0.1-0.2, 0.21-0.3, and 0.31-0.4. The 0.1-
0.2 category basins occupy the terminal end of the rift
valleys. Both lakes Manyara and Turkana have
hypsometric integrals of 0.13. Lake Victoria is a
non-rift lake, but also falls in this category with a
value of 0.17. Category II with HI values of 0.21-0.3,
occupy the highest elevation in the EARS dome.
Naivasha, Awassa, and Ziway-Shalla have integrals
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of 0.23, Suguta has an HI of 0.29 and the Nakuru-
Elmenteita basin has a value of 0.3. Category III
comprises the lakes in the intermediate area between
the termination of the Kenyan rift and the dome.
Examples are Lakes Magadi-Natron and Baringo-
Bogoria, which have higher HI values of 0.36 and
0.37, respectively, and their hypsometric curves are
almost linear. An exception to this rule, but also a
member of this group, is the Suguta basin, which is
located in an intermediate region, but has a lower
integral (0.29). A plausible explanation for this lower
value is its location. It is surrounded by volcanic
formations to the north (the Barrier) and east (Tirr
Tirr Plateau, Emuruangogolak), giving it high gradi-
ents similar to those of the Category II basins.

A strong correlation exists between relief and
hypsometric integrals for the study area. The inter-
mediate HIs of ~0.23-0.29 are typical for basins
characterized by distinct graben morphology and a
tectonically active rift setting, whereas the lower and
higher values describe pan-shaped basins in highly
eroded, or tectonically less active settings.

Scaling by Holocene lake level rise to basin area
enabled comparisons. Nakuru-Elmenteita emerges as
having the largest change (0.0753) and the Turkana
Basin had the least change (0.0006). Table 1 is
arranged in descending order of normalized values.
Victoria is last because it is a non-rift lake. By this
classification, five lakes, Nakuru-Elmenteita, Naiva-
sha, Awassa, Suguta and Ziway-Shalla, emerge as
“sensitive.” This finding is in agreement with the
hypsometry and aridity index classification. Lakes
Victoria, Baringo-Bogoria, Manyara, Turkana and
Magadi-Natron  experienced relatively  minor
increases in water levels during the early Holocene
wet episode in East Africa (Table 1).

Aridity index

Results for the study area range from 0.50 to 1.42.
Lower values denote arid basins and higher values
denote humid basins. There is a striking spatial
pattern of the aridity index along the N-S axis of the
eastern branch of the EARS (Fig. 3). The lowest Al
values occur in the low-elevation basins in the Omo-
Turkana lows and at the southern termination of the
Kenya Rift, i.e. in the catchments of Lakes Turkana,
Suguta, Baringo-Bogoria, Magadi-Natron and Many-
ara, with values of 0.55, 0.43, 0.43, 0.57 and 0.50,

respectively (Fig. 3). The Al values for lake basins at
the domes of the Kenyan and Ethiopian rifts are
higher (wet), e.g. the Ziway-Shalla, Awassa and
Naivasha basins, which have indices of more than
unity, 1.33, 1.03 and 1.20, respectively. The catch-
ment of the Nakuru-Elmenteita basin, however,
which also lies in the Kenyan dome, has an aridity
index of 0.85. We explain the exceptionally low
value of this basin by the relatively small catchment
area of the basin and its location north of Naivasha,
lacking the high-elevation topography that captures
high precipitation winds.

The spatial distribution of Al is a result of
orographic effects. The rift flanks deflect moist air
upward causing rain in the highlands. The air
descends into the valleys devoid of moisture. Thus
higher Al corresponds to high elevation and vice
versa. Lake Victoria has an Al of 1.42, which is the
highest value of all lakes in the study. This lake
receives an enormous amount of rainfall in the
184,000-km” catchment that is not compensated for
by high evapotranspiration in the lake area.

Discussion

In this study we used empirical measures to scale the
sensitivity of EARS lakes with respect to their ability
to record climate shifts. Using the geomorphologic
and hydrologic settings of ten lake basins, we
determined the key factors that amplify their sensi-
tivity. The geomorphologic setting is described here
by the hypsometry, whereas the climate setting is
characterized by the aridity index. Traditionally,
morphometric studies have been applied to sections
of topography and individual drainage basins. To our
knowledge, this is the first attempt to apply the
approach in lakes of the East African rift system to
classify them with respect to climate sensitivity.
Swath profiles of mean elevation show the topo-
graphic differences that exist east and west of the
basins (Fig. 2). In general, the mean elevations from
the swath profiles of the lakes display either graben or
half-graben shapes or pan-shaped basins. The shape
affects the response and the preservation of the lake
sediment record, and we used it to identify the
potential for lake level amplification. No direct
correlation exists between the swath profile shapes
and the hypsometric analyses. The swath profiles,
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Fig. 1 Map of the eastern

branch of the East African
Rift System (EARS)
showing the lake basins of
the study and the main
faults and volcanic centers
defining them. Insets 1-5
show the extent of the early
Holocene lakes and their
height above the modern
lake (see Table 1 for
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however, provide information about the slope and
shape of lake basins and their catchments, both of
which influence orographic rainfall distribution. From
the swath profiles, we classified lakes as pan-shaped
or graben-shaped. The former have greater oscilla-
tions in surface area relative to depth, while the latter
have greater oscillations in lake level relative to
surface area due to the constraining steep walls that
bound them. The latter have high potential to yield
good sediment records for paleoclimate studies,
however the presence and preservation of biological
and geochemical indicators of such climate changes
depends on the chemistry of the lake.

The spatial distribution of HI values within the rift
follows the general trend of the absolute elevation of
basins above sea level (Fig. 4), with the exception of
the Victoria basin. High values are found within the
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Kenyan and Ethiopian domes, whereas low values are
observed in the intermediate zones of the Turkana-
Omo lows and Tanzania divergence. This finding
points to tectonic control because both the domes and
the basin-and-range-type tectonic setting of the
Turkana-Omo area relate to the thermomechanical
state of the lithosphere at the time of rifting and basin
formation (Buck 1991; Ebinger et al. 2000). Hot,
weak lithosphere over the Turkana-Omo basin area
developed broad rift zones bounded by low-angle
border faults, creating pan-shaped basins with large
basin areas (Fig. 1), while cold, strong lithosphere
developed narrow rift zones bounded by high-angle
border faults at the crest of the domes, creating
graben-shaped basins in, for example, the Nakuru-
Elmenteita, Naivasha, Ziway and Awassa basins
(Fig. 4), with smaller basin areas (Table 1). A similar
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Fig. 2 Morphometric characteristics from the SRTM (a) EW-
oriented sections of swath profiles across the lake basins along
the EARS derived from Shuttle Radar Topography Mission
(SRTM) data. Each swath profile includes the lowermost
300 m of the lake basin. Bold lines indicate mean values of
topography, thin grey lines are maximum (top) and minimum
(bottom) elevations. Blue lines correspond to typical pan-
shaped morphologies, whereas red profiles represent graben

study by Hurtrez et al. (1999) found tectonic control
to be dominant on drainage basin hypsometry in
regions subjected to rapid tectonic uplift rates, in the
Siwalik Hills of the Himalayas.

Using size and basin morphology to define sensi-
tivity of lakes, various studies have shown that basins
with large catchment-to-lake-surface area ratios have
large amplification factors. Thus, they do not require
a high input of water to maintain a positive hydro-
logical balance (Burrough and Thomas 2009). In our
study, it could explain the magnitude of paleolakes in
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morphologies and the purple profile represents distinct half-
graben morphology in lake basins (b) Hypsometric curves and
hypsometric integrals of basins. The lowest values are for the
lakes that lie at the northern and southern termination of
the Kenya rift, while the intermediate values represent lakes in
the Ethiopian and Kenyan domes. High values belong to the
lakes in the intermediate elevations

the Suguta, Ziway-Shala, Naivasha, Awassa and
Turkana basins (Table 1). However, we see excep-
tions to this rule in the Magadi-Natron and Baringo-
Bogoria basins. For instance, Lake Manyara has a
catchment-to-lake-surface area ratio of 24, but the
highest lake level recorded was only 23 m above the
current lake level. In some of these examples,
overflow toward adjacent basins explains relatively
low lake levels during periods of wetter climate.
While important for some regions, size ratio is not the
sole determinant of response to climate change for
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Fig. 3 Spatial distribution
of aridity index values. The
arrow shows wind direction
from the Indian Ocean.
High aridity index values
are seen in the domes of
Ethiopia and Kenya, which
capture moisture-laden air
from the Indian Ocean.
Victoria is a large water
body that is dominated by
convective rainfall
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the lakes of the EARS (Table 1). Lakes with larger
groundwater catchments than surface-water catch-
ments cannot be classified with this method. These
include such EARS lakes as Nakuru-Elmenteita,
Magadi-Natron, Baringo-Bogoria. Thus both surface
and subsurface input must be considered, along with
information on size and morphology of the lake
basins.

We used the aridity index to describe the effective
moisture within basins. Using the UNEP classifica-
tion scheme, regions with an aridity index >0.65 are
classified as humid, while those <0.65 are divided
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into four arid subclasses, from dry sub-humid to
hyper-arid. Sub-humid to sub-arid basins in the
EARS are Suguta (0.43), Baringo-Bogoria (0.43),
Manyara (0.50), Turkana (0.54) and Magadi-Natron
(0.57). Humid basins are Nakuru-Elmenteita (0.85),
Ziway-Shalla (1.33), Awassa (1.03), Naivasha (1.20)
and Victoria (1.40). Because aridity indices correlate
directly with precipitation and inversely with poten-
tial evapotranspiration, a low aridity index for a
region means low rainfall because rainfall is hindered
by greatly heated land surfaces and presence of dry
descending air. Lower elevations (<1,500 m asl),
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such as the intermediate zones between the domes
and the flanks of the domes, correspond to lower
aridity indices (drier conditions) due to rain shadow-
ing from the Indian Ocean moisture and relatively
high air temperatures. The Victoria basin, though
only 1,100 m asl, is relatively humid as it is not
influenced by orographic rain shadowing and receives
rainfall from the plateaus in both the western and
eastern arms of the EARS, both at high elevations
(~3,200 m). High-elevation lakes include the Nak-
uru-Elmenteita, Naivasha, Awassa and Ziway-Shalla
basins, which have high aridity indices (Fig. 5). Their
landmass is distributed across the high-elevation

Ethiopian rift at the Turkana-Omo lows (~4°N latitude). The
basins are labeled as follows: MN -Manyara, Mg-NT -Magadi-
Natron, NV- Naivasha, NK-EL- Nakuru-Elmenteita, BR-BG -
Baringo-Bogoria, SG -Suguta, TR -Turkana, AW -Awassa,
Zw-SH -Ziway-Shalla

plateaus (>2,500 m), which capture most of the
moisture coming from the Indian Ocean.

Climate in the EARS is influenced greatly by
topography. Plotting the hypsometric integral (HI)
and aridity index (AI) values against altitude illus-
trates this relation. The aridity index of the lakes
increases with altitude (Fig. 4). The Ethiopian and
Kenyan domes create an orographic barrier that
captures the moisture-laden air from the Indian
Ocean and the highlands receive high rainfall, as
observed in high-elevation (>1,500 m asl) lakes such
as Naivasha (1,885 m asl), Awassa (1,680 m asl) and
Ziway-Shala (1,636—1,557 m asl). The intermediate
zones are in the rain shadow, thus their aridity index
values decrease away from the crest of the domes in
the Suguta, Turkana, Baringo-Bogoria, Magadi-
Natron and Manyara basins. The Al of Lake Victoria
(1.4) reflects high rainfall and relatively low evapo-
transpiration in a catchment that includes the plateau
areas of both arms of the rift and the large lake area
of 68,800 km?, which is more humid as a result of
local convectional rainfall.

We used early Holocene lake levels from published
paleoshoreline studies (Table 1) to explore the sensi-
tivity of lakes to climate change. In some basins,
preservation of the sediment record is not perfect,
especially in the pan-shaped basins, because of
reworking and erosion of sediments during arid-to-
humid transitions. The most dramatic change was
observed in the Nakuru-Elmenteita and Suguta basins,
where early Holocene lake levels were 45x and 75 x
higher than today, respectively. Both have graben
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shapes and HI of 0.23 and 0.29, respectively. Their
basins receive lower rainfall (Als of 0.85 and 0.45),
and we suspect a significant contribution of ground-
water from neighboring basins kept water levels high.
In the Kenyan rift, studies have shown that ground-
water flows from the Naivasha basin to the north and
south, following the hydraulic gradient created by the
up-doming of the central section. Therefore, the
amplifier effect of Lake Naivasha also contributes to
the Lake Nakuru-Elmenteita system. Analogously,
high-elevation Suguta lake received significant
groundwater inflow or even surface overflow from
the high Baringo-Bogoria system during the early
Holocene (Garcin et al. 2009) that compensated for
the extremely low aridity index of these basins.

The EARS’s diverse lakes were valuable for
sensitivity studies using empirical measures. Accord-
ing to this approach for evaluating sensitivity of lakes
to climate fluctiations, lakes with a combination of an
aridity index >1 and a hypsometric integral ~0.23
plot as the most sensitive (Fig.5) to local and
regional climatic changes. These are rift lakes with
graben morphologies and humid conditions, such as
Naivasha, Awassa and Ziway-Shala. Their water
balance is dominated by rainfall and surface inflow.
Other lakes, such as Nakuru-Elmenteita and Suguta
have graben morphologies and ideal hypsometry
values, however, they receive low rainfall, and thus
do not make good archives of local arid-humid
transitions, because they receive significant ground-
water from neighboring basins. They do however,
archive regional climate changes. This helps explain
why lake level changes during the early Holocene
varied in magnitude among the lakes of the EARS.
Because both basin morphology and climate are the
consequence of up-doming and rifting in East Africa,
this study highlights the importance of site-specific
morphometry in tectonically controlled basins for
unraveling climate histories from sediment records.

Conclusions

Previous shoreline studies of lakes in the EARS
showed high water levels during the Holocene, though
modeling results show only 25% more rainfall, which
cannot account for the high lake levels. The “amplifier
lake” concept was introduced by Street (1980) and
Street-Perrott and Harrison (1985) to explain this
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phenomenon. We expanded upon this concept in our
study by including a detailed morphometric analysis of
basins using SRTM Digital Elevation Model and
climate data. Considering the early Holocene high lake
levels, we found that a lake basin with a hypsometric
integral (HI) value between 0.23 and 0.30 and an
aridity index (AI) > 1 responds sensitively to climate
changes. Both of these variables are directly linked to
tectonics in the EARS. The rift lakes have distinct
graben morphologies related to up-doming, rifting and
volcanism within the EARS. The steep walls of such
grabens inhibit wind-driven mixing, as opposed to the
situation in pan-shaped basins. Of the ten lakes we
examined, three are “amplifiers” and have provided
adequate sediment records for paleoclimate studies.
The non-uniform responses of lakes to climate change
because of morphometric differences, dictates that
caution be used in generalizing about climate infer-
ences derived from a single lake in the EARS. Careful
calibration of basins and modeling of lake responses
can be used to better constrain the nature of lake
responses to climate. Studies of modern lake responses
to climate shifts is of interest to planning and
management authorities who must deal with future
climate-change scenarios. Our findings come from
study of the lakes in the eastern arm of the EARS, but
may also apply to similar geomorphologic and
climatic settings elsewhere.

References

Alemayehu T, Ayenew T, Kebede S (2006) Hydrogeochemical
and lake level changes in the Ethiopian Rift. J Hydrol
316:290-300

Ase LE, Sernbo K, Syren P (1986) Studies of Lake Naivasha,
Kenya and its drainage area. Naturgeografiska Institutio-
nen Stockholms Universitet Forskningsrapport 63:1-75

Ayenew T (2003) Environmental Implications of changes in
the levels of lakes in the Ethiopian Rift since 1970. J
Hydrol 279:83-93

Ayenew T, Greegziabher Y (2006) Application of a spreadsheet
hydrological model for computing the long-term water
balance of Lake Awassa, Ethiopia. Hydrol Sci J 51:3

Ayenew T, Becht R, Van Lieshout A, Gebreegziabher Y,
Legesse D, Onyando J (2007) Hydrodynamics of topo-
graphically closed lakes in the Ethio-Kenyan Rift: The
case of lakes Awassa and Naivasha. J Spatial Hydrol
7:81-100

Baker BH, Mohr PA, Williams LAJ (1972) Geology of the
eastern rift system of Africa. Geol Soc Am Spec Pap
136:67



J Paleolimnol (2010) 44:629-644

643

Barker PA (1990) Diatoms as palaeolimnological indicators: A
reconstruction of Late Quaternary environments in two
East African salt lakes. Unpublished Ph.D. thesis,
Loughborough University of Technology, Leicestershire

Barker PA, Gasse F (2003) New evidence for a reduced water
balance in East Africa during the Last Glacial Maximum:
implication for model-data comparison. Quat Sci Rev
22:823-837

Bergner AGN, Trauth MH (2004) Comparison of the hydro-
logic and hydrochemical evolution of Lake Naivasha
(Kenya) during three highstands between 175 and 60 kyr
BP. Palacogeogr Palaeoclimatol Palaeoecol 125:17-36

Bessems I, Verschuren D, Russell JM, Hus J, Mees F,
Cumminge BF (2008) Palaeolimnological evidence for
widespread late 18th century drought across equatorial
East Africa. Palaeogeogr Palaeoclimatol Palaeoecol
259:107-120

Buck R (1991) Modes of continental lithospheric extension.
J Geophys Res 96:20161-20178

Burrough SL, Thomas DSG (2009) Geomorphological contri-
butions to paleolimnology on the African continent.
Geomorphology 103:285-298

Casanova J, Hillaire-Marcel C (1992) Chronology and paleo-
hydrology of Late Quaternary high lake levels in the
Manyara Basin (Tanzania) from isotopic data (%0, °c,
14C, Th/U) on fossil stromatolites. Quat Res 38:205-226

Castanier S, Bernet-Rollande M, Maurin A, Perthuisot J (1993)
Effects of microbial activity on the hydrochemistry and
sedimentology of Lake Logipi, Kenya. Hydrobiologia
267:99-112

Chorowicz J (2005) The East African Rift System. J Afr Earth
Sci 43:379-410

Darling WG, Gizaw B, Arusei MK (1996) Lake groundwater
relationships and fluid rock interaction in the East African
rift valley, isotopic evidence. J Afr Earth Sci 22:423-431

Diihnforth M, Bergner AGN, Trauth MH (2006) The hydro-
logical budget of the Nakuru- Elmenteita basin, Central
Kenya Rift, during the Early Holocene wet period. J Pa-
leolimnol 36:281-294

Dunkley PN, Smith M, Allen DJ, Darling WG (1993) The
geothermal activity and geology of the northern sector of
the Kenya Rift Valley. Research Report SC/93/1. British
Geological Survey, Keyworth

Ebinger CJ, Yamane T, Kelley S (1993) Volcanism and
extension between the main Ethiopian and Gregory Rifts.
In: Thorweihe U, Schdelmeier H (eds) Geoscientific
Research in Northeast Africa. Rotterdam, Balkema, pp
301-304

Ebinger CJ, Poudjom Y, Mbede E, Foster F, Dawson JB (1997)
Rifting Archean lithosphere: The Eyasi-Manyara-Natron
rifts, East Africa. Geol Soc London Special Publications
154, pp 947-960

Ebinger CJ, Yamane T, Harding DJ, Tesfaye S, Kelley S, Rex
DC (2000) Rift deflection, migration, and propagation:
Linkage of the Ethiopian and Eastern rifts, Africa. GSA
Bull 112:163-176

Ferguson AJD, Harbott BJ (1982) Geographical, physical and
chemical aspects of Lake Turkana. In: Hopson AJ (ed)
Lake Turkana: A report on the findings of the lake Tur-
kana project, 1972-1975, vol 1. Overseas Development
Administration, London, pp 1-108

Garcin Y, Junginger A, Melnick D, Olago DO, Strecker MR,
Trauth MH (2009) Late Pleistocene—Holocene rise and
collapse of Lake Suguta, northern Kenya Rift. Quat Sci
Rev 28:911-925

Gasse F (2000) Hydrological changes in the African tropics
since the Last Glacial Maximum. Quat Sci Rev 19:189—
211

Hancock GR, Martinez C, Evans KG, Moliere DR (2006) A
comparison of SRTM and high-resolution digital eleva-
tion models and their use in catchment geomorphology
and hydrology: Australian examples. Earth Surf Processes
31:1394-1412

Hastenrath SL, Kutzbach JE (1983) Paleoclimatic estimates
from water and energy budgets of East African lakes.
Quat Res 19:141-153

Hurtrez JE, Sol C, Lucazeau F (1999) Effect of Drainage area
on Hypsometry from an analysis of small-scale drainage
basins in the Siwalik hills (Central Nepal). Earth Surf
Process 24:799-808

Johansson H, Brolin AA, Hakanson L (2007) New Approaches
to modeling of Lake basin morphometry. Environ Model
Assess 12:213-228

Knight Piesold & Partners (1992) Ewaso Ngiro (south) Mul-
tipurpose project. Environmental impact assessment,
Stage III Reports. Socio-economics, ecology and land use,
fisheries, flamingo and construction impact. Tour du Vala,
Humberside International, ADEC, Trump, Knight Piesold
& Partners, Kent

Le Turdu C, Tiercelin JJ, Gibert E, Travi Y, Lezzar KE, Ric-
hert JP, Massault M, Gasse F, Bonnefille R, Decobert M,
Gensous B, Jeudy V, Tamrat E, Mohammed MU, Martens
K, Atnafu B, Chernet T, Williamson D, Taieb M (1999)
The Ziway-Shala basin system, Main Ethiopian Rift:
influence of volcanism, tectonism, and climate forcing on
basin formation and sedimentation. Palacogeogr Palaeo-
climatol Palaeoecol 150:135-177

Legesse D, Gasse F, Radakovitch O, Vallet-Coulomb C,
Bonnefille R, Verschuren D, Gibert E, Barker P (2002)
Environmental changes in a tropical lake (Lake Abiyata,
Ethiopia) during recent centuries. Palaeogeogr Palaeocli-
matol Palaeoecol 187:233-258

Makin MJ, Kingham TJ, Waddams AE, Birchall CJ, Eavis BW
(1976) Prospects for irrigation development around lake
Ziway, Ethiopia. Land Res. Study. Division, Ministry of
Overseas Development, 26. Tolworth, UK, 270 pp

Montgomery DR, Balco G, Willett SD (2001) Climate, tec-
tonics and the morphology of the Andes. Geology
29:579-582

Nicholson SE (1996) A review of dynamics and climate vari-
ability in Eastern Africa. In: Johnson TJ, Odada EO (eds),
The Limnology, Climatology and Paleoclimatology of the
Eastern African lakes. Gordon and Breach, Amsterdam,
pp. 25-56. 63-75

Nyenzi BS, Kiangi PMR, Rao NNP (1981) Evaporation values
in East Africa. Arch Met Geoph Biokl Ser B 29:35-55

Odada EO, Olago DO, Bugenyi F, Kulindwa K, Karimumu-
ryango J, West K, Ntiba M, Wandiga S, Aloo-Obudho P,
Achola P (2003) Environmental assessment of the East
African Rift Valley lakes. Aquat Sci 65:254-271

Owen RB, Renaut RW, Hover VC, Ashley GM, Muasya AM
(2004) Swamps, Springs and diatoms: Wetlands of the

@ Springer



644

J Paleolimnol (2010) 44:629-644

semi-arid Bogoria-Baringo Rift, Kenya. Hydrobiologia
518:59-78

Paltineanu C, Mihailescu IF, Seceleanu I, Dragota C, Vasen-
ciuc F (2007) Using aridity indices to describe some cli-
mate and soil features in Eastern Europe: a Romanian case
study. Theor Appl Climatol 90:263-274

Pike RJ, Wilson SE (1971) Elevation—relief ratio, hypsometric
integral and geomorphic area—altitude analysis. Geol Soc
Amer Bull 82:1079-1084

Ring U, Hilde L, Schwartz L, Bromage TG, Sanaane C (2005)
Kinematic and sedimentological evolution of the Manyara
Rift in northern Tanzania. East Afr Geol Mag 142:355-
368

Rodriguez E, Morris C, Belz E (2006) A global assessment of
the SRTM performance. Photogramm Eng Rem S 72:237—
247

Rowntree KM (1989) Rainfall characteristics, rainfall reli-
ability, and the definition of drought: Baringo District,
Kenya. S Afr Geog J 71:74-80

Scholz CA, Moore TC, Hutchinson DR, Golmshtok AlJ,
Klitgord KD, Kurotchkin AG (1998) Comparative
sequence stratigraphy of low-latitude versus high-latitude
lacustrine rift basins: seismic data examples from the east
African and Baikal rifts. Palaeogeogr Palaeoclimatol
Palaeoecol 140:401-420

Sepulchre P, Ramstein G, Fluteau F, Schuster M, Tiercelin J,
Brunet M (2006) Tectonic uplift and eastern Africa ari-
dification. Science 313:1419-1423

Singer A, Stoffers P (1980) Clay mineral diagenesis in two
East African lake sediments. Clay Miner 15:291-307

Spiegel C, Kohn BP, Belton DX, Gleadow AJW (2007) Mor-
photectonic evolution of the Central Kenya rift flanks:
Implications for late Cenozoic environmental change in
East Africa. Geology 35:427-430

Spigel RH, Coulter GW (1996) Comparison of hydrology and
physical limnology of the East African Great Lakes:
Tanganyika, Malawi, Victoria, Kivu and Turkana (with
reference to some North American Great Lakes). In:
Johnson TC, Odada EO (eds) The Limnology, Climatol-
ogy and Paleoclimatology of East African Lakes: Gordon
and Breach, Toronto, pp 103-139

Strecker MR, Blisniuk PM, Eisbacher GH (1990) Rotation of
extension direction in the central Kenya Rift. Geology
18:299-302

@ Springer

Street FA (1980) The relative importance of climate and local
hydrogeological factors in influencing lake-level fluctua-
tions. Palaeoecol Afr 12:137-158

Street-Perrott FA, Harrison SP (1985) In: Hecht AD (eds),
Paleoclimate Analysis and Modeling. Wiley, New York,
291-340

Tarits C, Renaut RW, Tiercelin J, Le Hériss€ A, Cotten J,
Cabon J (2006) Geochemical evidence of hydrothermal
recharge in Lake Baringo, central Kenya Rift Valley.
Hydrol Process 20:2027-2055

Telford RJ, Lamb HF, Mohammed MU (1999) Diatom-derived
palaeoconductivity estimates for Lake Awassa, Ethiopia. J
Paleolimnol 21:409-421

Tiercelin JJ (1990) Rift-sedimentation: responses to climate,
tectonism and volcanism. Examples of the East African
Rift. J Afr Earth Sci 10:283-305

Tiercelin JJ, Lezzar KE (2002) A 300 Million years history of
rift lakes in central and east Africa: an updated broad
view. In: Odada EO, Olago DO (eds) The East African
great Lakes: Limnology, Paleolimnology and Biodiver-
sity. Kluwer, Dordrecht, pp 3-62

Trauth MH, Maslin MA, Deino A, Strecker MR (2005) Late
Cenozoic moisture history of East Africa. Science
309:2051-2053

Trauth MH, Maslin MA, Deino AL, Strecker MR, Bergner
AGN, Diihnforth M (2007) High- and low-latitude forcing
of Plio-Pleistocene East African climate and human evo-
lution. J Hum Evol 53:475-486

Tsakiris G, Vangelis H (2005) Establishing a drought index
incorporating evapotranspiration. Eur Wat 9(10):3-11

Verschuren D (1999) Sedimentation controls on the preserva-
tion and time resolution of climate proxy records from
shallow fluctuating lakes. Quat Sci Rev 18:821-837

Verschuren D, Tibby J, Sabbe K, Roberts N (2000) Effects of
depth, salinity and substrate on the invertebrate commu-
nity of a tropical fluctuating lake. Ecology 81:164—182

Washbourn-Kamau C (1970) Late Quaternary chronology of
the Nakuru-Elmenteita Basin, Kenya. Nature 226:253—
254

Washbourn-Kamau CK (1975) Late Quaternary shorelines of
Lake Naivasha, Kenya. Azania X: 77-92



	The sensitivity of East African rift lakes to climate fluctuations
	Abstract
	Introduction
	Tectonic setting and climate
	Lake basins

	Methods
	Geomorphic analyses
	Swath analysis and basin characteristics
	Aridity index

	Results
	Morphometric analyses and lake features
	Aridity index

	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


