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a b s t r a c t

The termination of the African Humid Period (AHP) about 5 thousand years ago (ka) was the most

dramatic climate shift in northern and equatorial Africa since the end of the Pleistocene. Based on TEX86

paleotemperature data from Lake Turkana, Kenya, we show that a temperature shift of 2–4 1C occurred

over the two millennia spanning the end of the AHP, with the warmest conditions occurring at �5 ka.

Lakes Malawi and Tanganyika, as well as Mt. Kilimanjaro. Additionally, we document the temperature

history for the last 220 years from Lake Turkana that indicates the thermal anomaly at 5 ka was warmer

than the present day Lake Turkana temperatures and on par with modern temperatures of Lakes

Tanganyika and Malawi. We suggest that the thermal response at the end of the AHP may be linked to

local insolation during September–November, when local air temperature rises to an annual maximum

over Lakes Malawi and Tanganyika and a secondary maximum over Lake Turkana and Mt. Kilimanjaro.

September–November insolation peaked at �5 ka and likely caused air and water temperatures in the

region to rise to maxima at that time.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The precise timing, pace and extent of the African Humid
Period (AHP) are the focus of continued investigation, particularly
the rate at which much of northern and equatorial Africa changed
from a wet, verdant landscape, with a lake-filled ‘‘green Sahara’’
and high lake levels as far south as Lake Rukwa (�8 1S latitude) to
expansive desert, diminished lake levels, and the replacement of
mesic with drought-tolerant plants. The AHP lasted from �14.5
to 5 ka, and is attributed to a non-linear response to Northern
Hemisphere summer insolation forcing that first strengthened,
then weakened the African Monsoon system, amplified by atmo-
sphere-vegetation feedbacks (Kutzbach and Street-Perrott, 1985;
Claussen and Gayler, 1997; Liu et al., 2007; Tierney et al., 2011).
The environmental response at the end of the AHP, with its
abrupt, seemingly geographically extensive character, has been
likened to other dramatic wide-spread environmental events,
such as the Younger Dryas (deMenocal et al., 2000). However,
the climate signal of the AHP appears somewhat spatially and
temporally variable across Africa, so the term ‘‘African Humid
Period,’’ applies neither to the entire continent, nor is its duration
fixed within the part of the continent where it does apply.
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Consequently, understanding the environmental shift at the end
of the AHP has been confounded by responses captured in
paleorecords, with evidence for both an abrupt shift towards
aridity, completed over decades to centuries, and for a more
gradual response over several millennia (Niedermeyer et al.,
2010; Vincens et al., 2010). While the AHP is reported to have
terminated abruptly at 5.5 ka based on changes in dust concen-
tration in ocean sediment core records off northwest Africa
(deMenocal et al., 2000), the actual shift to more arid conditions
appears to have been latitudinally time transgressive across much
of northern Africa (Kuper and Kropelin, 2006).

The thermal evolution during the termination of the AHP is not
well documented, partly because of a lack of suitable temperature
proxy records. Recently, however, a number of African lake
temperature records have been produced through the application
of the TEX86 temperature proxy. TEX86 is based on the degree of
cyclization of membrane lipids from aquatic Thaumarchaeota,
previously referred to as Crenarchaeota (Brochier-Armanet et al.,
2008), specifically isoprenoid glycerol dialkyl glycerol tetraethers
(GDGTs), which are well preserved in marine and lacustrine
sediments (Schouten et al., 2002; Kim et al., 2010; Powers et al.,
2010). The distribution of these compounds correlates with sur-
face water temperature in the oceans and some lakes, and thereby
provides the opportunity to reconstruct past temperature
(Schouten et al., 2002; Kim et al., 2010; Powers et al., 2010). In
many lakes, TEX86 may not be a reliable proxy for past tempera-
ture, particularly in small lakes where substantial amounts of
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soil-derived isoprenoid tetraether compounds confound the sig-
nal derived from aquatic Thaumarchaeota (Blaga et al., 2009;
Powers et al., 2010). This terrestrial influence is quantified by the
so-called BIT (Branched and Isoprenoid Tetraether) index, a ratio
of predominantly soil-derived branched GDGTs to isoprenoid
GDGTs produced by aquatic Thaumarchaeota. The BIT index
ranges from 0 (predominantly aquatic) to 1 (predominantly
terrestrial) (Hopmans et al., 2004). TEX86 is not considered to be
a reliable recorder of past temperature in lake sediment when BIT
values exceed �0.4 (Blaga et al., 2009). Additionally, the relative
distribution of GDGTs can be biased by the presence of methano-
genic Euryarchaeota, which generate some of the same mem-
brane lipids as Thaumarchaeota but lack the appropriate
temperature relationship (Schouten et al., 2007b). GDGT-0 is a
commonly found membrane lipid of Archaea, while crenarchaeol
is thought to provide more specific evidence of Thaumarchaeota
(Sinninghe Damsté et al., 2002; Pitcher et al., 2011). Thus, a ratio
of GDGT-0 to crenarchaeol can be used to assess the influence of
methanogenesis, and should be low (o2) for sediments with low
methanogenic input (Schouten et al., 2002; Blaga et al., 2009). The
TEX86 proxy has been applied to several African lake systems,
such as Malawi and Tanganyika, and shown to record known
climate events such as glacial–interglacial cycles (Powers et al.,
2005; Tierney et al., 2008; Woltering et al., 2011) and the Younger
Dryas (Powers et al., 2005).

We generated a lake temperature record from Lake Turkana
using this TEX86 paleothermometer, which shows, in combination
with other records, that much of tropical East Africa experienced a
significant shift in temperature over the two millennia centered
on 5 ka, which undoubtedly added to the stress imposed on the
fauna and flora from hydrological changes associated with the
end of the AHP.
2. Regional setting and modern climatology

Lake Turkana (31350N, 36170E) lies in a broad depression at
360 m above sea level between the Ethiopian Rift to the northeast
and the Kenyan Rift to the south and is the largest lake in the
eastern arm of the Rift Valley, with a length of about 250 km and
an average width of 30 km (Fig. 1). The Turkana basin is hot and
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Fig. 1. Map of Africa with Lakes Turkana, Malawi, Tanganyika, and Mt. Kilimanjaro (tria

and core locations. Bathymetric contours are at 10 m intervals. Two piston cores were

and from 40 m depth in the north basin, (LT84-7P). A freeze core was also used, taken
arid, and subject to extended periods of intense diurnal winds.
The amplitude of seasonal variability in air temperature and
rainfall, while present at Lake Turkana, is subdued compared to
the other great lakes of East Africa. Surface water temperatures in
Lake Turkana typically range from about 26 1C to 30 1C through-
out the year, while bottom water temperatures exhibit only
minor seasonal fluctuations between 24.5 1C and 26.5 1C
(Ferguson and Harbott, 1982) (Fig. 2). The lake exhibits weak
thermal stratification during the spring months, in contrast to
more uniform temperature structure due to wind mixing at other
times of the year (Ferguson and Harbott, 1982). Daily mean
maximum and minimum air temperatures recorded on the
western shore of the lake in 1973–1975 were 32.5 1C and
26.0 1C, respectively, and were slightly cooler in the summer
months than in the winter, due to the cooling influence of
occasional rains and clouds with passage of the African rain belt,
associated with the Intertropical Convergence Zone (ITCZ)
(Ferguson and Harbott, 1982). Modern Lake Turkana typically
exhibits temperatures 1–3 1C warmer in the north basin than in
the south due to upwelling in the south basin produced by the
predominantly southerly winds (Fig. 2). Mean annual rainfall in
the Turkana Depression is about 200 mm yr�1 (Nicholson et al.,
1988), while the annual evaporation rate is about 2300 mm yr�1

(Ferguson and Harbott, 1982). The closed-basin lake receives 80–
90% of its fresh water from the Omo River, which drains the
Ethiopian Highlands to the north (Fig. 1), where annual rainfall is
in the range of 800–1200 mm yr�1 (Ferguson and Harbott, 1982).
Lake Turkana has a salinity of about 25, dominated by Naþ ,
HCO3

� , and Cl� ions, and a pH averaging 9.1 (Cerling, 1979;
Ferguson and Harbott, 1982). A unique aspect of Lake Turkana
among the great lakes of the Rift Valley is that its bottom waters
are continuously oxygenated due to its average depth of just 35 m
and frequent exposure to intense wind.
3. Materials and methods

3.1. Sample collection

We generated a high-resolution (o90 year time step) tem-
perature record spanning the termination of the AHP in East Africa
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Fig. 2. Temperature structure of Lake Turkana along a north–south transect

during August 1974, October 1973 and March 1975 showing a temperature

difference between the two basins during each season (�2 1C) and across the

annual cycle (Ferguson and Harbott, 1982).
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Fig. 3. Lake Turkana age models for LT84-2P, the southern basin core (open

symbols) and LT84-7P, the northern basin core (solid symbols). Circles represent

calibrated AMS radiocarbon dates on ostracod shells 4150 mm, squares represent

calibrated carbonate correlation dates, and diamonds represent magnetic suscept-

ibility stratigraphic correlation ages (Halfman et al., 1994). Error bars represent

range of depths sampled in the core (horizontal error bars) and 71s radiocarbon

error (vertical error bars).
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from sediments of Lake Turkana in northern Kenya (Fig. 1) using the
TEX86 paleotemperature proxy. TEX86 values from sediments recov-
ered with Kullenberg piston cores from the south basin (LT84-2P,
spanning �6–1 ka) and the north basin (LT84-7P, spanning �2.5–
0.4 ka), each 12 m long, supplemented by TEX86 values from a freeze
core recovered from the south basin (LT94-14FC, spanning the
interval from AD 1770 to 1990), documenting the more recent
temperature history of surface water from Lake Turkana.

3.2. Chronology

Age models for 6 piston cores from Lake Turkana, including LT84-
2P and LT84-7P, are published in Halfman et al. (1994). The age
models are based on a total of 68 radiocarbon dates, combined with
stratigraphic correlations of carbonate abundance (%CaCO3) and
magnetic susceptibility (MS) among the dated cores.

Low abundances of organic carbon in the sediment required
the selection of carbonate fractions for dating, including bulk
carbonate, ostracods 4150 mm, ostracods in the 63–150 mm
range, and carbonate o63 mm, which is predominantly euhedral,
low-Mg calcite crystals (micrite) 2–5 mm long that precipitates
out of the surface waters (Halfman et al., 1994). Ostracods
4150 mm consistently provided the youngest dates at any level
in the cores (Halfman et al., 1994), while micrite dates tended to
be older, presumed to be due to an eolian contribution of fine-
grained carbonate from nearby exposed lake deposits. A total of
19 radiocarbon dates were obtained on the various carbonate
fractions from LT84-2P, of which three dates were on ostracods
greater than 150 mm. We constructed an age model that is based
on the 3 dates on the large ostracods in combination with
9 stratigraphic correlations of MS or %CaCO3 peaks with nearby
core LT84-1P that has ostracod dates (4150 mm) at 3 horizons
(Fig. 3 and Table S1) (Halfman et al., 1994). The MS and %CaCO3

peaks were assigned the average of the ages in the two cores by
Halfman et al. (1994) by interpolation between radiocarbon-
dated horizons. The average difference in age assignments to
the respective MS and carbonate horizons in the two cores was 65
years. The resultant age model is defined by the equation:

AgeðkaÞ ¼ 1:120þ0:00406� DepthðcmÞ, R2
¼ 0:998 ð1Þ

The age discrepancy between coarse ostracods and micrite was
minor in this core, with the fine fraction estimated to contain only
5% ‘‘old’’ carbon (Halfman et al., 1994). An age model based on a
linear regression through all 19 radiocarbon dates in core LT84-
2P, independent of stratigraphic correlation to other cores, would
be defined by the equation:

AgeðkaÞ ¼ 1:368þ0:00388� DepthðcmÞ, R2
¼ 0:916 ð2Þ

While we employ the first age model, the second one differs from
it by a maximum of 248 years at the top of the core and by just 60
years at 10 m burial depth. The age model for core LT84-7P is
based on 5 AMS dates on ostracods 4150 mm, supplemented by
14 stratigraphic correlations of MS or %CaCO3 to two dated cores
nearby (Fig. 3 and Table S1) (Halfman et al., 1994). It is defined by
the equation:

AgeðkaÞ ¼ 0:497þ0:00163� DepthðcmÞ, R2
¼ 0:966 ð3Þ

The extrapolated core–top ages of 1.1 ka for core LT84-2P and
0.5 ka for core LT84-7P are due to over-penetration of the
sediment–water interface by the piston corer. This is supported
by the observation during coring operations that the top of the
piston core weight stand was covered with mud (Halfman et al.,
1994), and by post-bomb radiocarbon dates on carbonates in
near-surface sediments in three other cores recovered from Lake
Turkana. An AMS radiocarbon analysis of ostracods 4150 mm from
56 to 58 cm depth in a short ‘‘Ligi’’ core, LT90-19LG, recovered from
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the central basin of Lake Turkana in 1990 by Lister of ETH showed
evidence of bomb radiocarbon, with a measurement of 114.870.6%
modern (AA-8681). No other dates were obtained on this core, but a
freeze core, LT90-6FC, recovered near this site had a linear sedi-
mentation rate of about 2 cm/yr, based on 210Pb analyses (Ricketts
and Anderson, 1998). Applying this rate to the Ligi core places the
actual age of the radiocarbon dated horizon at AD 1962, a time
when the atmospheric concentration of radiocarbon was rising too
rapidly to ascertain a precise reservoir age for Lake Turkana water.
We assume the reservoir age to be zero, but recognize that it could
be �200–300 years, based on the post-bomb measurement.

The age model for LT94-14FC (Ricketts and Anderson, 1998) is
based on 210Pb analyses back to AD 1850 and an assumed
constant mass accumulation rate prior to this. All radiocarbon
dates are presented as calibrated years before 1950 based on the
IntCal09 calibration (Reimer et al., 2009) and calculated using
CalPal calibration software (Weninger et al., 2011).

3.3. Lipid extraction and analysis

Lipids were extracted from freeze-dried, homogenized sedi-
ments using either Soxhlet or accelerated solvent extraction
(DionexTM ASE). The total lipid extract (TLE) was then separated
into the neutral, free fatty acid, and phospholipid fatty acid
fractions using Alltech Ultra-Clean SPE aminopropylsilyl bond
elute columns, cleaned prior to use with 10 mL successive rinses
of MeOH followed by 1:1 DCM:2-propanol (v:v). The neutral, free
fatty acid, and phospholipid fatty acid fractions were eluted by
8 mL each of 1:1 DCM:2-propanol (v:v), 4% glacial acetic acid in
distilled ethyl ether, and MeOH, respectively. Column chromato-
graphy using activated alumina was used to further separate the
neutral fraction using 9:1 hexane:DCM (v:v) followed by 1:1
DCM:MeOH (v:v), to elute the apolar and polar fractions, respec-
tively. The polar fraction was filtered (0.45 mm PTFE filter)
(Hopmans et al., 2000), dried under N2, then redissolved in 99:1
hexane:isopropanol (v:v) prior to analysis.

GDGTs were analyzed at the Royal Netherlands Institute for
Sea Research by high performance liquid chromatography/atmo-
spheric pressure chemical ionization mass spectrometry (HPLC/
APCI-MS), using an Agilent 1100 series LC with an Alltech Prevail
Cyano column (150 mm�2.1 mm; 3 mm) (Schouten et al., 2007a).
TEX86 temperatures were calculated using the ratio of GDGTs I–IV
(Schouten et al., 2002). Replicate TEX86 analyses indicate a mean
reproducibility of 70.1 1C for these Lake Turkana records, with a
maximum difference of 70.2 1C between duplicate analyses.
GDGTs were quantified using a C46 tetraether lipid as an external
standard as described by Huguet et al. (2006).

3.4. Estimation of paleotemperatures using TEX86

An independent calibration of TEX86 with surface temperature
has been established for lakes (Powers et al., 2004, 2010), with
some tropical lake additions (Tierney et al., 2010a). However,
TEX86 values for Lake Turkana are converted to mean annual lake
surface temperatures (LST) using the (sub)tropical relationship for
marine sediments, TEX86 (high temperature calibration) (Kim
et al., 2010). Lake Turkana core–top samples consistently plot
anomalously warm on the global lake calibration curve (i.e., the
core–top value of TEX86 from Lake Turkana is lower than
predicted by the global lake calibration curve, given the lake’s
mean annual lake surface temperature) (Powers et al., 2010), but
yield LST similar to those of the present day when using the global
marine calibration line (Kim et al., 2010). While this may be
due to the slightly brackish composition of Lake Turkana
water, indicating the Thaumarchaeota populations here may
more closely match those of marine than lacustrine settings,
Wuchter et al. (2004) found no influence of salinity on TEX86.
Alternatively, we speculate that the calibration offset may result
from Lake Turkana having neither a permanent chemocline nor
anoxic deep water. Thaumarchaeota are known to be ammonia
oxidizers (Konneke et al., 2005; Wuchter et al., 2006), and there-
fore may be nourished by the proximity of an oxic and anoxic
water boundary where turbulent mixing can provide an ample
supply of ammonia across the chemocline (Konneke et al., 2005;
Blaga et al., 2011). In the absence of such conditions, such as in
the oceans and in Lake Turkana, a different community of
Thaumarchaea may dominate and generate GDGTs that track
the marine TEX86 calibration curve. The only other tropical lake
that plots as far on the warm side of the global lake calibration
curve and fits the marine calibration, Lake Victoria (Powers et al.,
2010; Tierney et al., 2010a), also lacks an anoxic hypolimnion,
though unlike Lake Turkana, Lake Victoria is not saline. While the
selection of the marine calibration curve (Kim et al., 2010) results
in absolute values of temperature that are �4 1C warmer than the
lake calibration curve (Powers et al., 2010), the trend of tempera-
ture change through time is identical for either the marine or
lacustrine calibration (Kim et al., 2010; Powers et al., 2010). The
calibration error associated with the marine global calibration
dataset based on 255 reconstructed marine temperatures from
temperate and tropical settings is �2.5 1C (Kim et al., 2010),
which we believe is a conservative value that exceeds what would
be expected within a single large, tropical lake.
3.5. BIT index and GDGT contributions

The BIT values for this study and all lake sediments discussed
here were less than 0.3, indicating little impact of soil-derived
lipids on the TEX86 values (Fig. S1). Similarly, the ratio of GDGT-0/
crenarchaeol is o0.3 for all samples discussed and therefore it is
unlikely that there is any substantial methanogenic contributions
to the GDGT pool (Blaga et al., 2009) for the Lake Turkana
sediments (Fig. S1).
4. Results and discussion

4.1. Lake Turkana climate record trends

Reconstructed temperatures for core LT84-2P in the south
basin of Lake Turkana are highly variable throughout the mid-late
Holocene, ranging from 23 1C to 28.3 1C (Fig. 4). Lake Turkana
waters were coolest �5.7 ka, and then underwent steady warm-
ing of more than 3.5 1C for 8 centuries, culminating in the
warmest conditions of the entire record at about 5 ka. The lake
experienced subsequent cooling over the following millennium
by about 2 1C, and then cooled gradually another �0.7 1C over the
following 3 millennia, but with century-scale fluctuations of
�1 1C superimposed on this slow cooling trend. The north basin
temperatures recorded in core LT84-7P fluctuate between
�25.5 1C and 28.3 1C, and display a slight warming trend from
2.5 to 0.5 ka, but with even larger centennial scale fluctuations
than in core 2P overlying the longer-term trend (Fig. 4). North
basin temperatures are on average �1.5 1C warmer than the
south basin throughout this mid-late Holocene reconstruction.
This temperature difference between the basins is consistent with
the south-to-north temperature gradient observed in the lake
during the stratified conditions today (Fig. 2). This and two
additional observations lend credence to the use of TEX86 in core
2P as a temperature proxy in Lake Turkana. First, the amplitude of
seasonal variability in mean water column temperature is greater
in the north basin than in the south (Fig. 2), which may explain
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why there is higher amplitude centennial scale variability in core
7P than in 2P. Second, the lower amplitude of both seasonal and
centennial scale variability in temperature in the south basin of
the lake makes this the preferred location for recovering a long-
term record that is representative of regional temperature
change. The north basin temperature profile is not consistently
in phase with the south basin record, which likely reflects variable
intensity of the wind-driven circulation through time, as reflected
on a seasonal basis in Fig. 2. Intense southerly winds would more
effectively draw cool bottom water to the surface of the south
basin than would gentle winds and thereby create a greater
south–north temperature gradient.

Termination of the AHP in the Turkana basin is clearly
reflected by an abrupt increase in the abundance of endogenic
calcite in the south basin core at 5 ka (Halfman et al., 1994) and a
dramatic shift to more salt-tolerant diatom species at 4.2 ka
(Halfman et al., 1992) (Fig. 5). Eight piston cores from Lake
Turkana were analyzed by Halfman et al. (1994) for abundance
of calcite, which occurs primarily as euhedral crystals, 2–5 mm
long in the laminated silty muds of the offshore basins (Halfman
and Johnson, 1988). The abundance of endogenic calcite was
interpreted to have been high during arid times when river input
of silicate minerals was reduced and lake water salinity was
elevated (Halfman et al., 1994). The history of carbonate deposi-
tion in the southern basin of the lake was considered by Halfman
et al. (1994) to be the most reliable indicator of aridity in the
region. The abrupt rise in carbonate abundance at �5 ka nearly
coincides with the youngest radiocarbon age on a raised beach
terrace at the elevation of basin overflow to the Nile River and is
compelling evidence for a shift at that time from open- to closed-
basin conditions in the lake (Butzer, 1980; Owen et al., 1982). The
fossil diatom record in core 2P in the south basin further
documents the mid-Holocene shift to more arid conditions by
4.2 ka (Halfman et al., 1992). The diatom assemblage changes
from dominance by low alkalinity (�1–2 meq/l) and conductivity
(100–200 mS/cm) species, such as Aulacoseira nyassensis and
Stephanodiscus astraea, to those that prefer more brackish condi-
tions (alkalinity of �5–10 meq/l and conductivity of about 400–
2000 mS/cm), such as Thalassiosira rudolfii and Surirella engleri,
indicating that salinity had risen and lake level had dropped
substantially by this time (Gasse et al., 1983; Halfman et al., 1992)
(Fig. 5).

Comparison of the thermal history of the south basin with the
reconstructed history of aridity shows that the 8 centuries of
warming leading up to the 5 ka thermal maximum occurred
during the final millennium of the AHP (Fig. 5). The temperature
decreased significantly from 5 ka until about 4 ka, as aridity
became well established. Temperatures decreased gradually
thereafter with superimposed centennial-scale variability. While
this temperature reconstruction indicates that the thermal max-
imum occurred during the final millennium of the AHP, these
phenomena do not share a similar temporal framework or causal
mechanism, and as such, are not inherently related.

It is conceivable that when Lake Turkana was at a high stand
and overflowing to the Nile during the AHP that the Thaumarch-
aeota present in the lake were different from the current com-
munity, and that the lacustrine calibration of Powers et al. (2010)
might better capture LST at that time. If rising salinity caused a
change in the lake Thaumarchaeotal community, then the tem-
perature history for the lake might have been significantly
different from that presented in Fig. 4. Any salinity change would
not have occurred as soon as the lake level dropped from its outlet
level. Rather, Yuretich and Cerling (1983) estimated that Lake
Turkana salinity rose to its current value �1420 years after basin
closure, based on the chloride budget. If a shift in the Thaumarch-
aeota community happened �4.2 ka when the diatom commu-
nity changed abruptly, the 5 ka warming event would still stand
out as a major thermal excursion in need of explanation, but may
not represent the warmest part of the Holocene (Fig. 6). Alter-
natively, if the lack of anoxia in the deep water is the reason for
the marine-like Thaumarchaeota community as we previously
speculated, such a community shift at the time of falling lake level
is not supported, for there is no evidence for deep-water anoxia in
core 2P prior to 5 ka. There is no change in sedimentary structure
(e.g., the presence of varves) or in the abundance of organic
carbon across this boundary (Halfman, 2007). Consequently, we
contend that there was little change in the Thaumarchaeotal
community in Lake Turkana that would require a change in TEX86

calibration through this interval, though this shift cannot be fully
ruled out.

4.2. Regional climate perspective

While the duration of the temperature record from Lake
Turkana is only 6000 years, it calls attention to mid-Holocene
warming present in longer temperature histories from other sites
in tropical East Africa, suggesting a more regionally pervasive
warming than previously highlighted. TEX86 temperature records
from sediments of Lakes Malawi (Powers et al., 2005) and
Tanganyika (Tierney et al., 2008), as well as a high resolution
d18O record in an ice core from Mt. Kilimanjaro (Thompson et al.,
2002), show mid-Holocene trends similar to those of Turkana
(Fig. 7). Lake Malawi displays �1.6 1C warming from 6 ka to a
Holocene temperature maximum at 5 ka, followed by a cooling of
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3 1C over the subsequent 2000 years (Fig. 7). Lake Tanganyika
appears to have warmed by 1.3 1C over the millennium prior to a
prolonged thermal maximum centered at 5.5–5 ka (Tierney et al.,
2008). The lake then cooled gradually by about 2.5 1C over the
following 2000 years (Fig. 7). This millennium of warmth at
Tanganyika is also the warmest of the Holocene, with the
exception of a brief excursion to warmer conditions at �7 ka
(Tierney et al., 2008). The mid-Holocene warming trends in Lakes
Malawi and Tanganyika actually began at �7 ka, and amounted
to about 3.5 1C and 2.2 1C, respectively (Powers et al., 2005;
Tierney et al., 2008; Woltering et al., 2011), and the details of
the warming trends between 6 and 7 ka differ between the two
lakes. Unfortunately the Turkana record does not extend further
back than 6 ka, so we do not know if it, too, would have displayed
the warming trend to have begun at 7 ka. The Kilimanjaro d18O
record shows a positive shift of about 3% (Thompson et al., 2002)
that is consistent with a warming trend of about 2 1C from about
6.5 to 4.5 ka, briefly interrupted by a shift to a light value at
5.2 ka. While Gasse (2002) speculated that this isotopic record
was a reflection of precipitation amount and not temperature,
recent oxygen isotopic data from diatoms in a core from Lake
Challa, on the slope of Mt. Kilimanjaro, confirms the shift to have
been due primarily to temperature (Barker et al., 2011). This
isotopic enrichment is sustained for a few centuries, and is
followed by a trend to lighter values from �4.0 to 3.5 ka,
reflecting a cooling as in Turkana (Fig. 7). However, the mid-
Holocene Kilimanjaro isotope excursion is not unique; a �2%
shift to enriched values occurred earlier in the Holocene, between
9 and 7 ka (Thompson et al., 2002).

The 5 ka thermal excursion reported here is not expressed in a
TEX86 record from Lake Victoria (Berke et al., 2011). We do not
view this as evidence against the widespread warming at 5 ka
that we report at four other sites in East Africa, but rather as an
indication that there are exceptions to this trend, undoubtedly
due to a spatially heterogeneous response to a forcing mechanism
that is not yet well understood. Paleoclimate records from Lake
Victoria (Johnson et al., 1998; Beuning et al., 2002) indicate that it
also did not respond significantly to the Younger Dryas climate
event, in stark contrast to other lakes in East Africa that experi-
enced substantially drier and cooler conditions at that time
(Talbot et al., 2007).

While the temperature records of Lakes Tanganyika and
Malawi appear to be consistent with that of Turkana, the history
of hydroclimate varies among these sites. The Tanganyika basin
shows significant enrichment in dD of plant leaf waxes indicating
a rapid shift to arid conditions shortly after the 5 ka thermal
maximum at �4.7 ka (Tierney et al., 2008), just like the Turkana
basin. However, the Malawi basin, under Southern Hemisphere
insolation forcing, responded differently with a relatively dry
early Holocene (Finney et al., 1996) followed by wetter conditions
after 8 ka, which lasted until about 1 ka, well beyond the
termination of the AHP in the north (Castañeda et al., 2007).
Thus, the onset of more arid conditions in equatorial East Africa at
the end of the AHP was accompanied by significant cooling that
extended well south of the equator to the Malawi basin, where
there is no evidence for the existence of an early Holocene humid
period.

In records from West Africa, the hydrologic history recon-
structed using compound-specific dD from terrestrial leaf wax
lipids preserved in a marine sediment core recovered off the
mouth of the Congo River showed no significant change in
hydrology in the Congo Basin at �5 ka (Schefuß et al., 2005).
Similarly, an air temperature history for this region based on
tetraether compounds derived from soil bacteria preserved in the
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same marine sediment core also displayed no significant tem-
perature shift at 5 ka (Weijers et al., 2007).

4.3. The 5 ka thermal excursion in a modern climate context

To examine the long term TEX86 temperature record and 5 ka
maximum from the perspective of modern climate we generated
a high-resolution record of temperature in Lake Turkana spanning
the last �220 years from freeze-core LT94-14FC, taken from the
south basin about 15 km northwest of core site LT84-2P (Fig. 1).
The record displays decadal- to centennial-scale variability and
ranges between �24 1C and 27 1C (Fig. 8), an amplitude of change
that is substantial, yet is observed as well in the un-smoothed
temperature records of the two piston cores. Conditions appear
cooler, on average, in the first half of the freeze-core record,
corresponding to the so-called Little Ice Age, than after AD 1880.
The last 50 years have been warmer on average than the previous
170 years, perhaps due to anthropogenic warming; however, the
lake does not exhibit a simple, monotonic warming trend to the
present day as is observed in Lake Tanganyika (Tierney et al.,
2010a) and in Lake Malawi (Powers et al., 2011). Furthermore,
unlike these two larger lakes to the south, Lake Turkana has not
achieved temperatures in the past 50 years as warm as the
thermal maximum at 5 ka (Fig. 7).

4.4. Possible forcing mechanism for a temperature excursion at the

end of the AHP

The mid-Holocene experienced intermediate CO2 and low CH4

concentrations in the atmosphere, volcanic activity was relatively
low but not anomalously quiescent, and solar radiative output was
somewhat high but not exceptionally so (Mayewski et al., 2004).

Tierney et al. (2010b) noted the 5 ka warming of Lake
Tanganyika and Lake Malawi and speculated that it may have
resulted from the timing of peak local insolation. Lakes Tanga-
nyika and Malawi undergo maximum evaporative cooling in
June–August (JJA) under the influence of strong southerly winds
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when the ITCZ is at its northern position over East Africa (Colter
and Spigel, 1991). The winds subside as the ITCZ shifts south-
ward in September–November (SON), the lakes warm, and
thermal stratification is re-established (Eccles, 1974; Colter
and Spigel, 1991). The warmest air temperatures in the Tanga-
nyika and Malawi basins occur in September and November,
respectively, when these lakes acquire most of their annual heat
(Fig. 9). The timing of cooling and warming of Lake Turkana is
quite similar to that of Lakes Malawi and Tanganyika (Hopson,
1982). Annual air temperatures at Moshi, Tanzania (near Mt.
Kilimanjaro) and at Lodwar, Kenya (near Lake Turkana) peak in
February–March of each year, with a second seasonal peak
occurring in October–November (Lawrimore et al., 2011). Thus,
the intensity of SON insolation may play an important role in
the annual heat budgets of all four locations, and this peaked at
5 ka. By contrast, mean monthly temperature at Entebbe,
Uganda (near Lake Victoria) remains nearly constant through-
out the year, with an amplitude of seasonal air temperature
range similar to Lodwar, Kenya, but with more subdued fall
warming of less than 1 1C. This may be related to why insolation
is no more important in SON than during any other month for
Lake Victoria temperature, given its equatorial setting, and why
Lake Victoria did not experience a thermal maximum at 5 ka
(Berke et al., 2011).

If enhanced insolation in SON is offset by a comparable
reduction in insolation in March-April-May (MAM), would we
expect the mean annual temperature of the rift lakes to rise? The
most important season to mean annual temperature may be the
critical season of lake heating that follows the dry, windy months
of JJA when maximum evaporative cooling occurred and the lakes
are at their annual minimum temperature. The SON season is also
unique, at least documented for Lakes Malawi and Tanganyika, as
a time of major turbulence in the water column associated with
internal waves generated by relaxation of the JJA wind forcing
that tilted the thermocline downward from south to north (Eccles,
1974; Plisnier and Coenen, 2001). This redistribution of the
longitudinal thermal structure would effectively mix warm sur-
face water downward and enhance the net acquisition of heat by
the lake. These dynamics are greatly subdued in MAM. Addition-
ally, Verburg and Hecky (2003) demonstrated a strong correlation
between warm season lake surface temperature and mean annual
air temperature for Lake Tanganyika, for the period of record from
1963 to 1992, which suggests that the extent of warming during
SON plays a significant role in annual mean temperature near
these large East African lakes. At Mt. Kilimanjaro, the MAM long
rains contribute the most to present annual precipitation, which
has been attributed to interhemispheric differences in summer
insolation (Verschuren et al., 2009). If true, SON short rains would
have contributed more to the total annual precipitation at �5 ka
than today, and SON insolation would have had relatively more
impact on the d18O signal.

Factors other than mean annual temperature may also impact
TEX86 values, particularly those associated with the ecology of
Thaumarchaeota. For example, water column depth or time of
year that Thaumarchaeota are in greatest abundance may change
through time, creating a temperature history that is influenced
more by seasonality or habitat than by mean annual temperature.
Little is known about potential seasonal bias in production and
ultimately delivery of GDGTs to the sediments in these lakes,
though the global linear regression of lacustrine TEX86 developed
by Powers et al. (2010) shows the best statistical fit against mean
annual lake surface temperature and not any mean seasonal
temperatures, while studies of the global oceans have suggested
possible seasonal influence in GDGT production (Herfort et al.,
2006; Kim et al., 2010).

The timing and amplitude of the TEX86 shift that is indepen-
dently observed near 5 ka in all three lakes is consistent, which
suggests a common temperature history in the region rather than
simultaneous ecological shifts unrelated to climate in these
widely separated lakes. The intensity of upwelling may also affect
lake surface water temperature, but it is unlikely to explain our
observations. The range of temperature shift in Lake Turkana
exceeds the vertical distribution of temperature in the present-
day lake. Furthermore, upwelling is primarily developed at either
end of a long, narrow rift lake. Our record from Turkana comes
from the south end of the lake, the record from Malawi is from the
north basin, and the TEX86 record of Tanganyika is from a central
basin in the lake. No single shift in the regional wind field could
account for a uniform swing in temperature in all three lakes,
along with a comparable shift in isotopic composition of ice on
Mt. Kilimanjaro.

While the paleotemperature records from Lakes Turkana,
Malawi and Tanganyika all peak near 5 ka, the duration of this
warm period may have been substantially longer in Malawi and
Tanganyika than in Turkana (Fig. 6), and if so, the short duration
of the warming in Turkana may be difficult to explain in terms of
precession. Our record shows Turkana beginning to warm at just
�5.6 ka, when SON insolation was almost at maximum Holocene
amplitude. The Turkana record does not extend back far enough
to determine whether heating truly initiated so recently or
whether it, too, may have begun to warm at about 7 ka, as did
Tanganyika and Malawi. If this is not the case, we can only
speculate that other factors that influence the mean annual
temperature of Lake Turkana subdued the influence of SON
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insolation until a threshold was surpassed at �5.6 ka, allowing
the lake to respond finally to this critical seasonal forcing.
5. Conclusions

We report a significant temperature shift that accompanied
the end of the AHP in tropical East Africa. The maximum
temperatures achieved at 5 ka were nearly as warm as current
temperatures in Lakes Tanganyika and Malawi and exceeded the
temperature of modern Lake Turkana after a century of significant
warming possibly due to anthropogenic impact. We attribute this
temperature excursion to September–November insolation,
which peaked at 5 ka and is the season of near-maximum air
temperature throughout the region when the rift lakes warm
considerably. The profound change in temperature that accom-
panied the shift to widespread aridity undoubtedly contributed to
a migration of many species, including our human ancestors,
through tropical East Africa and the Sahara, retreating from
increasingly inhospitable conditions to more favorable land-
scapes. Further investigation of the ecological impact of this
mid-Holocene thermal excursion may provide insight into the
potential influence of future warming in the region, where a
rapidly expanding human population is particularly vulnerable to
the impact of climate on agriculture and fisheries.
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