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The climate of tropical Africa transitioned from an interval of pronounced, orbitally-paced megadroughts to
more humid and stable conditions approximately 70,000 years ago (Scholz et al., 2007). The regional atmo-
spheric circulation patterns that accompanied these climatic changes, however, are unclear due to a paucity
of continental paleoclimate records from tropical Africa extending into the last interglacial. We present a new
140-kyr record of the deuterium/hydrogen isotopic ratio of terrestrial leaf waxes (δDwax) from drill cores
from Lake Malawi, southeast Africa, that spans this important climatic transition. δDwax shifts from highly
variable and relatively D-depleted to more stable and D-enriched around 56 ka, contemporary with the
onset of more humid conditions in the region. Moisture source and transport history dominate the δDwax sig-
nal at Lake Malawi, with local rainfall amount playing a secondary role for much of the paleorecord. Analysis
of modern moisture sources for Lake Malawi suggests that D-depletion of waxes during the megadroughts
may have been caused by an enhanced contribution of the drier, D-depleted air mass currently located in cen-
tral southern Africa to the Lake Malawi catchment. This D-depleted air mass is associated with the descend-
ing limb of the Hadley cell, which implies significant changes in the Hadley circulation during the
megadroughts and related changes in the position of the Intertropical Convergence Zone over Africa. These
findings demonstrate the ability of δDwax to serve as an atmospheric tracer when used in conjunction with
additional proxy records for moisture balance, and elucidate potential mechanisms for pronounced hydrolog-
ical change in southeast Africa during the late Pleistocene.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Variations in the climate of East Africa likely influenced the migra-
tion of our hominin ancestor populations during the late Pleistocene
(Cohen et al., 2007), and threaten to impact highly vulnerable human
populations today. However, the causes of East African climate changes
and the relationship between African hydrologic change and global
temperature increases remain poorly understood. On millennial to
orbital timescales, droughts in many tropical regions correspond to
high latitude temperature patterns, insolation forcing, and associated
migrations of the Intertropical Convergence Zone (ITCZ) and its corre-
sponding tropical rain belt (Wang et al., 2006). Recent paleoclimate
records from Southeast Africa suggest that its climate exhibits more
complex behavior driven by interactions between the African and Indian
monsoon systems and zonal sea surface temperature (SST) patterns
+1 401 863 2058.
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(Barker and Gasse, 2003; Tierney et al., 2008). To further elucidate the
patterns of paleoclimate variations in the region, we present new
compound-specific stable isotope data from Lake Malawi, situated at
the southernmost extent of the ITCZ over East Africa and just east of
the Congo Air Boundary (CAB) that divides the Indian and Atlantic
Ocean monsoon systems.

Southeast Africa is a climatically complex sub-region of the conti-
nent. Studies of modern climate variability reveal that interannual
precipitation anomalies across Africa follow spatially diverse modes
(Nicholson, 1986). Southeast African precipitation anomalies can
either be in phase or out of phase with those of equatorial tropical
East Africa, including the rest of the Great Lakes region. The lateral
boundary between the positively and negatively correlated regions
of East Africa lies anywhere from 10° to 20°S—between Lakes Malawi
and Tanganyika, or even bisecting Lake Malawi itself (e.g. Nicholson,
1986; Ropelewski and Halpert, 1987). This has been referred to by
some authors as the “meteorological equator” or the “climatic hinge
zone” dividing tropical and subtropical East Africa (Barker et al.,
2002; Garcin et al., 2006).
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The spatial complexity observed in the instrumental record is also
reflected in the paleoclimatology of the region. Paleoclimate records
from Southeast Africa show significant disagreement over the nature
of hydrological change over the last ~60 kyr. For example, during the
Last Glacial Maximum (LGM) various records from Lake Malawi indi-
cate relative aridity (Castañeda et al., 2007; Johnson et al., 2002), yet
pollen assemblages yield little indication of difference between mod-
ern and LGM moisture balance (Beuning et al., 2011; DeBusk, 1998),
while paleolimnological records from sites to the north provide over-
whelming evidence for a dry LGM (Gasse et al., 2008, and references
therein). These complexities make it difficult to assess the controls on
long-term precipitation change in southeast Africa. Many paleolimno-
logical records from Lake Malawi such as CaCO3 precipitation and
benthic/epibenthic ostracod assemblages, show little change during
the LGM (Scholz et al., 2007). However, these proxies are sensitive
to intense aridity leading to closed basin conditions, but not to wet
or moderately dry conditions, highlighting the need for a proxy that
records the full range of climatic variations.

This study presents a 140,000-year record of leaf wax δD (δDwax)
from Lake Malawi (Fig. 1). δDwax measures the deuterium/hydrogen
isotopic ratio of terrestrial leaf waxes found in lake sediments,
and has been shown to record variations in the δD of precipitation
(δDprecip) through time in many systems (Hou et al., 2008; Huang
et al., 2004). Observational data and isotope-enabled climate models
indicate that δDprecip reflects the integrated atmospheric history of
a water parcel, including source region, transport history, and con-
vective, evaporative, and distillation processes (Dansgaard, 1964;
LeGrande and Schmidt, 2009; Vuille et al., 2005). Here we examine
the relative influence of these controls on δDwax in the region by
using the constraints of previous paleohydrological reconstructions,
thereby providing insight into the climatic reorganizations that have
taken place over the last 140 kyr. These results demonstrate the util-
ity of δDwax to delineate changes in atmospheric circulation patterns
in addition to hydrologic history.
Fig. 1. Location of Lake Malawi (black box) and other lakes within the Great Rift Lakes region
(after Scholz et al., 2007 and http://www.geomapapp.org). The dashed lines denote the appr
2011, and Bergonzini et al., 1997).
2. Methods

2.1. Sample preparation and analysis

The LakeMalawi Drilling Project recovered cores GLAD7-MAL05-2A
and GLAD7-MAL05-1C in 2005 from 361 m and 593 m water depth in
Lake Malawi's northern and central basins, respectively (MAL05-2A:
10°01.06′ S, 34°11.16′ E; MAL05-1C: 11°17.66 S, 34°26.15 E; Cohen et
al., 2007). A multi-centennial resolution record (average 320 years)
was constructed using the 76 kyr of nearly continuous sedimentation
from MAL05-2A (Scholz et al., 2007), and a multi-millennial resolution
δDwax record (average 2640 years) was constructed from core MAL05-
1C to examine longer-term δDwax trends since 140 ka.

Sediment samples were freeze-dried and homogenized, and lipids
were extracted from approximately 1 g dry sediment using a DIONEX
Accelerated Solvent Extractor with dichloromethane:methanol (9:1).
The lipid extract was separated into neutral and acid fractions using
dichloromethane:isopropanol (2:1) and ether:acetic acid (96:4)
over an aminopropyl silica gel column. Acid fractions were methylat-
ed using 5% acetyl chloride in methanol of a known isotopic composi-
tion, and fatty acid methyl esters (FAMEs) were further purified
via silica gel chromatography. The δD of the C28 n-alkanoic acid, the
dominant homologue in all samples, was measured using gas chro-
matography–pyrolysis-isotope ratio-mass spectrometry at Brown
University. Samples were run in duplicate or triplicate to achieve pre-
cision of less than 3‰ with a 1-σ error of 2.25‰ determined from
standards. δDwax values are reported relative to Vienna Standard
Mean Ocean Water, and have been corrected for the methyl group
added during methylation. δDwax is also corrected for ice volume
effects on the δD of seawater by assuming the ocean at the LGM
was 1‰ more enriched in δ18O than the present (Schrag et al.,
1996), and scaling this shift to patterns of ice volume changes repre-
sented in the LR04 benthic isotope stack (Lisiecki and Raymo, 2005)
using the D–O relationship of global meteoric water.
of East Africa discussed in the text, and location of drill sites MAL05-2A and MAL05-1C
oximate hydrological catchment areas of Lakes Malawi and Tanganyika (after Otu et al.,
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The δ13C of the C28 n-acid was measured on 11 randomly selected
samples via gas chromatography/isotope-ratio mass spectrometry at
the Large Lakes Observatory/University of Minnesota, Duluth. δ13C
values are reported relative to Vienna Pee Dee Belemnite (VPDB) and
have been corrected for the methyl group added during methylation.
2.2. Age model

The age model for MAL05-1C is based on 16 radiocarbon dates as
well as optically-stimulated luminescence and paleomagnetic ties
for sediments outside the radiocarbon dating range (Scholz et al.,
2007). The age model for MAL05-2A (Brown et al., 2007) is based
on 24 radiocarbon dates covering the past 50 kyr, and stratigraphic
tie points to core MAL05-1C in the central basin for older sediments.
We applied an updated mixed-effect regression age model to these
data in order to quantify age model uncertainty (Heegaard et al.,
2005), which is between 52 and 4799 years in MAL05-2A and
between 96 and 15,412 years in MAL05-1C (Fig. 2). The age model
is reasonably linear from 0 to 20 ka in MAL05-2A and 0–50 ka in
MAL05-1C, with lower sedimentation rates in older sediments due
to compaction. This age model differs slightly from previously pub-
lished polynomial age models; the largest difference is at the base
of core MAL05-1C, which is up to 3500 years younger than that of
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Fig. 2. Age models for (a) MAL05-2A and (b) MAL05-1C based on a mixed-effect regres-
sion (Heegaard et al., 2005). Age control points are taken from previously published age
model data in Brown et al., 2007 (MAL05-2A) and Scholz et al., 2007 (MAL05-1C). Gray
lines represent lower and upper age limits. Note that errors at the base of MAL05-1C are
underestimated due to a lack of error estimates on basal age control points.
Cohen et al., 2007. These differences, however, fall well within age
model uncertainties.

3. Results and discussion

3.1. Long-term trends in δDwax and the East African megadroughts

The δDwax records from both MAL05-2A and MAL05-1C show a
long-term trend toward D-enriched leaf waxes with decreasing age,
as well as a reduction in δDwax variance around the Marine Isotope
Stage (MIS) 4/3 boundary ~60 ka (Fig. 3). MAL05-1C δDwax varies
between −135.4‰ and −87.4‰, with variations of ~20–50‰
through MIS 4–5, and variations on the order of ~10–15‰ through
MIS 2–3. The higher resolution MAL05-2A δDwax record is marked
by high variability prior to 56 ka, with a mean δDwax of −118.6‰
(1σ=8.8‰) and millennial-scale excursions of ~15–40‰. From
56 ka to present Lake Malawi δDwax varies less, with quasi-periodic
shifts on the order of 10–20‰ and a mean δDwax of −109.9‰
(1σ=6.3‰). The decrease in the amplitude of variability after 56 ka
is accompanied by a shift toward more positive values. δDwax is mod-
erately D-depleted and less variable during MIS 2 approximately
30 ka–11.5 ka, with an average of −113.8‰ (1σ=2.6‰). δDwax dur-
ing the Holocene is significantly more enriched than majority of the
record, with an average of 102.8‰ (1σ=4.9‰).

The δDwax transition at 56 ka occurs amidst a well-documented
transition in tropical African climate from a series of pronounced,
orbital-scale megadroughts to a period of relative climate stability
(Cohen et al., 2007; Johnson et al., 2011; Lyons et al., 2011; Scholz
et al., 2007). This transition is attributed to a shift toward lower
eccentricity, which weakened precessional insolation forcing, result-
ing in a relatively stable hydrologic cycle compared to the high ampli-
tude variability from 145 ka to 60 ka. At Lake Malawi, evidence from
geophysical, geochemical, and paleoecological studies suggests that
the transition out of the megadroughts interval progressed in several
stages from ~75 ka to ~30 ka. Seismic stratigraphy and authigenic
calcite preservation delineate at least two initial, multi-millennial
shifts to higher lake levels and more hydrologically open conditions
at ~75 ka and ~65 ka, returning to more closed-basin conditions in
between (Brown et al., 2007; Scholz et al., 2007). The δDwax transition
occurs at 56 ka, after these fluctuations, and is followed by a pro-
nounced lake level rise to near-modern levels between 50 and 35 ka
based on seismic data (Scholz et al., 2007). The onset of increasingly
stable conditions took place around 31 ka, according to paleoecologi-
cal indicators (Stone et al., 2011). This sequence of events indicates
that the 56 ka δDwax transition records a climatic adjustment that
followed the initial onset of hydrologically open, but still highly variable,
conditions, but preceded and likely influenced the switch to more stable
and wet conditions. Increasing stability was likely due to decreasing
orbital eccentricity, which reached a minimum around 45 ka.

Interestingly, the dominant mode of the δDwax variability is mil-
lennial in scale, a trend that persists through the Holocene despite
comparatively low orbital eccentricity. The high amplitude of millen-
nial variations prior to 56 ka in the Malawi basin contrasts with isoto-
pic records from other monsoon regions that show high amplitude
millennial-scale variations during MIS 3 (30–60 ka; Wang et al.,
2001), and suggests that the orbital configuration that influenced
Southeast African climate instability produced climate instability at
a range of timescales.

Although our δDwax record thus supports and augments our un-
derstanding of this transition in southeast African climate, the modest
shift toward more D-enriched δDwax at 56 ka appears inconsistent
with numerous paleolimnological and paleoecological studies at
Lake Malawi showing that the average lake level rose over 300 m
after the termination of the East African megadroughts. Many tropical
studies interpret fluctuations in δDwax to primarily reflect local rain-
fall amount, based on seminal observations of the enormous influence
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of the amount effect on δDprecip at tropical rainfall stations (e.g.
Dansgaard, 1964). This process should yield D-enriched waxes during
arid periods and D-depleted waxes during rainy periods. Although
the exact timing of the transition from lowstand to moderate high-
stand at Lake Malawi during the late Pleistocene has not been con-
strained, the lake level rise itself has been robustly demonstrated
using seismic reflection profiles and sedimentological changes in
core MAL05-2A, which penetrates to the depth of an exposure surface
marked by nearshore sands deposited after a severe lowstand prior to
76 ka (Lyons et al., 2011). The long-term enrichment in δDwax with
the onset of wetter conditions indicates that the amount effect on
the δD of precipitation is likely to be a secondary influence on δDwax

at Lake Malawi, with other processes, most likely changes in moisture
transport history, being the dominant control on δDwax.

Though long δDwax records from Africa are scarce, comparison of
the Lake Malawi δDwax record to the few existing reconstructions in-
dicates significant differences in trend and amplitude among the
records. Records from Lake Tanganyika to the north of Lake Malawi,
Lake Challa on Mount Kilimanjaro, and the Congo Basin in central
Africa show D-enriched waxes during the LGM, D-depleted waxes in
the early Holocene, and D-enrichedwaxes in the late Holocene (Schefuβ
et al., 2005; Tierney et al., 2008, 2011), consistent with the dry glacial,
wet early Holocene, and dry late Holocene moisture history for tropical
Africa north of LakeMalawi (Gasse, 2000; Fig. 4). LakeMalawi δDwax dif-
fers considerably from this, with relatively little orbital-scale variability
andmoderately D-depleted waxes during the LGM compared to the Ho-
locene. Moreover, the amplitude of variability in Lake Malawi δDwax is
relatively low for the region (Fig. 4). In the last 60 kyr, δDwax at Lake
Malawi varies by approximately 30‰ while δDwax at Lake Tanganyika
varies by ~60‰ (Tierney et al., 2008). In the last 20 kyr, δDwax from the
Congo Basin and Lake Challa vary by approximately 30‰ and 40‰,
respectively (Schefuβ et al., 2005; Tierney et al., 2011), higher than
Lake Malawi's ~25‰ but much lower than the 60‰ at Lake Tanganyika
during the same time period. These data suggest regionally diverse
changes in, and likely controls on, δDprecip over the last 60 kyr, with
Lake Malawi and Lake Tanganyika representing very different isotopic
sensitivities to hydrological change. Absolute δDwax values for Lakes
Malawi, Tanganyika, and Challa – all measured on the C28 n-acid –

converge around 4.2 ka, indicating that δDprecip in the late Holocene is
more regionally homogeneous than during the late Pleistocene and
early Holocene (see Section 3.5).

3.2. Controls on δDwax at Lake Malawi

Our findings indicate that the long-chain fatty acids in Lake Malawi
sediments are derived from terrestrial plants, particularly the C28 n-acid
onwhich our D/H isotopicmeasurements are based. The average δ13C of
C28 n-acid from 11 randomly selected samples is −32.08‰ (ranging
−28.41‰ to −34.98‰), typical for fatty acids derived from terrestrial
plant material (Chikaraishi and Naraoka, 2007, and references therein).
The average chain length of long-chain n-acids (C24–C34 n-acid) in our
study ranges between 26.9 and 28.4, also typical for terrestrial plant
waxes (Eglinton and Hamilton, 1967) and similar to the range of ~26
to ~28.5 reported for C23–C33 plantwax n-alkanes inMalawi (Castañeda
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et al., 2009). These conclusions are in agreement with previous studies
that found that the δ13C of long-chain n-alkanes (δ13Calk) reflected
regional terrestrial vegetation shifts andmoisture balance at LakeMalawi
(Castañeda et al., 2007), and that δ13Calk was closely related to variations
in terrestrially derived lignin phenols and to bulk δ13C (Castañeda et al.,
2009), affirming the integrity of long-chain leaf wax compounds in this
system. Feakins et al. (2007) suggested a potential bacterial source for
the C28 n-acid in lake sediments from Lake Turkana, Kenya/Ethiopia, but
this source has yet to be confirmed in lacustrine sediments in East Africa
or in culture studies, and our results indicate little, if any, bacterial con-
tamination in Lake Malawi waxes. If present at Lake Malawi, bacterial
or other microbial sources would likely be minor compared to terrestrial
inputs from the large catchment (Volkman et al., 1998). The close rela-
tionship between n-alkane ACL and other terrestrial vegetation proxies
(Castañeda et al., 2009) also indicates that reworking of fossil waxes
from the landscape is not likely a major source of error on the millennial
to orbital timescales addressed in this study, as has been recently sug-
gested for marine sediments in the Cariaco and Santa Barbara basins
(Drenzek et al., 2009; Li et al., 2009, 2011).

Changes in ambient air temperature and biosynthetic processes
are not likely to significantly influence long-term trends or millennial
excursions in δDwax. The influence of temperature on δ18O and δD is
relatively weak at the high temperatures observed in the tropics
(Rozanski et al., 1993; Vuille et al., 2005), and temperature has been
shown to have only a minor impact on seasonal δ18O and δD in
low-latitude monsoon regions such as New Delhi (Rozanski et al.,
1993). Even during the glacial period, temperature fluctuations at
Lake Malawi were too small to significantly alter the precipitation
δD signal. For example, the largest change in TEX86 lake surface tem-
perature prior to the deglaciation is a 4 °C cooling from 64.6 to 60.8 ka
(Woltering et al., 2011); the effect of an equivalent change in air tem-
perature on the kinetic D/H fractionation factor is b6‰, too small to
explain the observed 20–40‰ δDwax fluctuations (Majoube, 1971).

We estimate the biosynthetic apparent fractionation ε between
precipitation and the C28 n-acid to be ~85‰. This estimate is based
on modern precipitation at northern Lake Malawi, which is approxi-
mately −17‰ according to an interpolation between isotopic mea-
surements of precipitation (Bowen and Revenaugh, 2003), and leaf
wax δD values from the uppermost sediment samples at Lake Malawi
of approximately −102‰. Little is known about the apparent frac-
tionation (ε) between precipitation and the C28 n-acid in African eco-
systems, but ~85‰ is comparable to εprecip-C28 estimates of ~99‰±
8‰ from arid and semi-arid regions of the southwestern U.S., with
slightly lower values corresponding to areas with lower relative hu-
midity (Hou et al., 2008), such as the modern semi-arid Malawi
basin. We cannot rule out an effect of changing vegetation on the
degree of D/H fractionation during fatty acid biosynthesis, as grass
pollen fluctuates throughout the record (Beuning et al., 2011). How-
ever, the recently documented ~40‰ difference in apparent fraction-
ation of fatty acids synthesized by trees and grasses, including both
C3 and C4 varieties (Gao et al., 2011; Hou et al., 2008), would neces-
sitate a total replacement of woody species with grasses—a shift not
supported by fossil pollen data (Beuning et al., 2011) except between
90.6 and 111.8 ka when leaf wax abundance was too low for isotopic
analysis. Moreover, the ACL of C24–C34 n-acids, which can indicate
changes in the type of vegetation producing long chain fatty acids in
leaf waxes, is not significantly correlated with δDwax in our record
(R2=0.028), indicating that changes in the type of vegetation pro-
ducing waxes are not the primary control on the δDwax.

Thus, the Lake Malawi δDwax likely reflects the δD of precipitation
and associated changes in precipitation and vapor transport, not bio-
synthetic or temperature effects. The few instances of discrepancies
in δDwax values between coring sites 2A and 1C likely reflect inter-
basinal variations in water balance or leaf wax sources due to the
complex topography around the north basin of Lake Malawi and the
central basin's sensitivity to strong southerly winds, which have
been shown in previous studies to affect inter-basinal variations in
pollen deposition (DeBusk, 1997).

3.3. Regional controls on the δD of precipitation at Lake Malawi

The most likely explanation for the more depleted δDprecip during
arid paleoclimatic conditions at Lake Malawi is a change in the source
area and transport history of moisture advected into the Malawi wa-
tershed. Recent studies with isotope-enabled general circulation
models have confirmed that changes in moisture source region can
be a significant component of δDprecip in Africa (Lewis et al., 2010;
Tierney et al., 2011). Sources of continental precipitation in tropical
and southeastern Africa are a complex mixture of Indian Ocean, At-
lantic Ocean, and recycled continental moisture (Gimeno et al.,
2010). Three main air masses converge over modern-day Southeast
Africa during the austral summer rains (November–February).
Vapor derived from the Northern Indian Ocean travels in a moderate-
ly humid air mass borne by the winter Indian monsoon. Southeasterly
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winds transport vapor from the southern IndianOcean, although this air
mass loses much of its moisture in the Madagascar highlands before
reaching the main African continent. Northwesterly winds carry
extremely humid and unstable air from the Atlantic and the Congo
basin, converging with Indian Ocean vapor at the CAB adjacent to Lake
Malawi during austral summer (McGregor and Nieuwolt, 1998; Fig. 5).

Modern H-isotopic composition of precipitation from these three
moisture sources differs considerably (data retrieved from http://
nds121.iaea.org/wiser/). Mean December–February (DJF) precipita-
tion at Dar-es-Salaam, Tanzania, approximately 650 km northeast of
Lake Malawi, has a δDprecip of −10 to −20‰, derived mostly from
the winter Indian monsoon. Modern mean DJF precipitation at
Ndola, Zambia, southwest of Lake Malawi's north basin, is derived
from a mixture of southeasterly and northwesterly sources and has
a δDprecip of −37 to −45‰. Although there are few measurements
of the isotopic composition of the Atlantic-sourced precipitation
recycled over the Congo, satellite-based studies of the δD of atmo-
spheric water vapor (δDvapor) indicate highly D-enriched vapor over
the Congo basin due to the weak net isotopic fractionation associated
with transpiration in humid tropical forests (Frankenberg et al., 2009;
Worden et al., 2007), delivering D-enriched precipitation to East Africa
(Levin et al., 2009; Rozanski et al., 1996). These patterns of δDvapor

track the isotopic composition of African rainfall both seasonally and
annually (Fig. 5), as discussed below, confirming that drier air masses/
D-depleted vapor/low precipitation and wetter air masses/D-enriched
vapor/high precipitation tend to co-occur on a regional scale.

As described above, the modern isotopic composition of precipita-
tion (approximately −17‰) should yield δDwax values around
−102‰ with an εprecip-C28 of ~85‰. Assuming that this apparent
-260
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Fig. 5. (a) Average 850 mb vector wind strength and direction during austral summer (D
observations of the δD of water vapor over the African continent (Nov.–Feb.; Frankenberg
in the lower troposphere, weighted by the concentration of water vapor within the column (
(d) As in (b) but for June–August. Customized datasets provided courtesy of Christian Fran
fractionation is constant through time, δDwax should generally fall
between −95‰ and −105‰ when tracking a winter Indian monsoon
signal, and between −122‰ and −130‰ when tracking a mixture of
southeasterly/northwesterly sources. If variations in Lake Malawi δD-
precip are largely driven by changes in the admixture of precipitation
from northeasterly and southeasterly/westerly moisture sources, then
δDprecip and δDwax variations should thus be on the order of ~17‰ to
35‰. The majority (1σ) of the Lake Malawi δDwax record falls between
−104‰ and−120‰ (Fig. 3), reflecting a predominantmoisture source
from the winter Indian monsoon as exists today. Variations in δDwax

range between ~15‰ and 30‰, with higher amplitude variations
strongly skewed toward depleted δDwax values (see Sections 3.4–3.6).
Complete replacement of the winter Indian monsoon source with a
southeasterly/northwesterly source would deplete δDwax by about
35‰, which is the amplitude of change observed between the mega-
droughts interval and theHolocene. These lines of evidence lend further
support to our interpretation of δDprecip, and thus δDwax, at LakeMalawi
as a recorder of changes in moisture source during the late Pleistocene
and most of the Holocene.

3.4. Atmospheric circulation during the African megadroughts 140–70 ka

The relative contribution of each of the three moisture sources to
Lake Malawi precipitation depends on the position of regional con-
vergence boundaries and the relative strength of the winter mon-
soons. During the African megadroughts, we argue that a northward
shift of the ITCZ and a weakening of the Indian winter monsoon
reduced the contribution of relatively D-enriched precipitation to
the Lake Malawi basin, resulting in an expansion of the D-depleted,
)
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et al., 2009). δD values represent an average of a 1–2 km vertical atmospheric column
Frankenberg et al., 2009, supporting online material). (c) As in (a) but for June–August.
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drier air mass that sits over much of southern Africa. A similar
dynamic exists in modern austral winter, when the dry, D-depleted
air mass over southwestern Africa expands north- and eastward
(Fig. 5). After the termination of the megadroughts the relative con-
tribution of this D-depleted air mass to Lake Malawi precipitation
weakened considerably, explaining the long-term subsequent rise in
δDwax values during the late Pleistocene and into the Holocene. The
~20–40‰ overall difference in δDwax between the megadrought in-
terval and the early Holocene reflects this weakened contribution of
the D-depleted air mass.

The latitudinal migration of the ITCZ and the expansion of the dry,
D-depleted air mass may point to a modified Hadley circulation
during the megadrought interval, as around 30° latitude in Africa,
dry, D-depleted air is a product of the descending limb of the Hadley
circulation (Worden et al., 2007). This would imply that Lake Malawi
was located south of the ITCZ during the megadrought interval,
influencing the δD of precipitation year-round. A northward migra-
tion of the southern Hadley cell would correspond to an expansion
of the dry subtropical steppes and deserts of southern Africa. Subse-
quent southward migration would enable the ITCZ to penetrate further
south into the African subtropics. This mechanism would explain
evidence for dry and wet intervals at the Tswaing crater in eastern
South Africa (~25°S) in-phase with the megadroughts recorded in the
rift lakes (Kristen et al., 2007). Evidence for concurrentwetter conditions
at paleolakeMakgadikgadi, the catchment of which spans 12° of latitude
northwest of Botswana (Burrough et al., 2009), may point to the influ-
ence of Atlantic-derived moisture over modern-day Angola during the
megadroughts. However, hiatuses and age model uncertainties in the
Makgadikgadi record preclude the interpretation of these behaviors as
in-phase or out of phase with the tropical African lakes.

3.5. Paleohydrological variations at Lake Malawi during MIS 2 and 3

During MIS 3, orbital-scale variations in Lake Malawi δDwax gener-
ally track those of Lake Tanganyika (Tierney et al., 2008), albeit with
reduced amplitude of variability and with generally more depleted
δDwax at Lake Malawi (Fig. 4). However, no significant perturbations
occur in Lake Malawi during the Heinrich events 4 and 5 (H4 and
H5), despite δDwax enrichments exhibited at Lake Tanganyika. Simi-
larly, a significant δDwax enrichment at Lake Malawi from 57.2 to
54.0 ka has no counterpart in the Lake Tanganyika record. This sug-
gests that multi-millennial scale climatic perturbations were different
between the two lakes, with North Atlantic cooling events having less
of an impact on Lake Malawi. After ~32 ka the two records diverge,
with Lake Tanganyika δDwax exhibiting more extreme δDwax enrich-
ment and variability reflecting, primarily, Northern Hemisphere
insolation forcing, while Lake Malawi δDwax remains more stable
throughout MIS 2. An abrupt, short-lived δDwax enrichment at
16.5 ka during the H1 cooling event in the North Atlantic occurs at
both sites (Fig. 6). Recent isotope-enabled general circulation model
experiments suggest that D-enrichments during Heinrich events in
East Africa may reflect an increase in the eastward propagation of
enriched Congo vapor into the region without major changes in pre-
cipitation (Lewis et al., 2010). D-enriched Congo source moisture
may also contribute to the extremely enriched δDwax signal at Lake
Tanganyika during MIS 2 and parts of MIS 3, relative to other records
from the region (Fig. 4); Lake Malawi's greater distance from
the Congo basin would make this influence more limited. The unique
character of Lake Malawi δDwax during MIS 2 and 3 suggests that
long-term controls on precipitation in the Lake Malawi region are dis-
tinct from those at sites to the north, in keeping with a climatic “hinge
zone” separating southeast and equatorial Africa.

Notably, no significant shift in δDwax occurs during the Last Glacial
Maximum (LGM, ~22 ka) at MAL05-2A. A small decrease in lake level
(75–100 m), a decrease in total Pollen Accumulation Rate (PAR), an
increase of benthic diatoms, and ~2.5‰ enrichment in the δ13C of
terrestrial n-alkanes indicate that cooler and slightly drier conditions
prevailed (Beuning et al., 2011; Castañeda et al., 2007; Johnson et al.,
2002; Scholz et al., 2007;Woltering et al., 2011), but these were unre-
markable compared to other droughts in the last 76 kyr, as evidenced
by the relatively minor change in lake level and a lack of carbonate
preservation (Brown et al., 2007; Stone et al., 2011; Fig. 3). δDwax

from the low-resolution central basin record is more D-enriched
than in the north basin during the same time period, but not signifi-
cantly more enriched than the rest of MIS 2 and 3 in the central
basin. This evidence, along with our δDwax data, indicates that mois-
ture balance and atmospheric circulation variations associated with
the LGM in Lake Malawi were relatively minor in the context of the
last 140 kyr.

Similarly, no significant δDwax excursion occurs at LakeMalawi dur-
ing the Younger Dryas (YD; 11.5–12.8 ka). This contrasts with several
proxy reconstructions showing paleoenvironmental change during
this period (Fig. 6). A 2‰ increase in δ13C of C29–C33 n-alkanes indicates
a change in plant community composition (Castañeda et al., 2007),
although this excursion is minor in the context of C3/C4 variations
recorded at other East African sites (e.g. Tierney et al., 2010). Paleoeco-
logical reconstructions show that lake level fluctuated within 100 m of
modern lake level (Stone et al., 2011). Northerly winds were strong,
as evidenced by an upwelling-induced increase in biogenic silica mass
accumulation rate (Johnson et al., 2002) and increased volcanic Zr
transported fromnorth of the lake (Brown et al., 2007). The lack of a sig-
nificant δDwax excursion during the YD suggests that while this cooling
event corresponded to changes in wind field at Lake Malawi, which
heavily affected lacustrine productivity, overall moisture balance did
not impact terrestrial plants as much as other droughts recorded at
the lake. In this context it should be noted that Lake Masoko, located
to the north of Lake Malawi, shows evidence for a wet Younger Dryas
(Garcin et al., 2006), although localized hydrology and age model
uncertainties limit the applicability of these results to the whole region.

3.6. The Holocene

Lake Malawi δDwax is approximately 10‰ more enriched during
the Holocene, on average, than the earlier parts of the record
(Fig. 2). Mean δDwax during the Holocene is 102.8‰ (1σ=4.9‰),
reflecting a primarily Indian winter monsoon signal (see Section 3.3),
but with four prominent shifts in δDwax suggesting significant
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fluctuations in the region's source moisture (Fig. 6). δDwax increases
by 17‰ at the beginning of the Holocene, while sites to the north
experience marked depletions in δDwax (Fig. 4), likely reflecting the
well-documented intensification of monsoon circulation experienced
north of the climatic “hinge zone” (deMenocal et al., 2000; Schefuβ
et al., 2005; Tierney et al., 2011). δDwax shifts tomore negative values
from 9.4 to 7.1 ka, followed by an abrupt 17‰ increase from 7.1 to
6.5 ka and an abrupt return to more negative values after 3.4 ka
through 1.2 ka. These distinct, multi-millennial fluctuations in
δDwax are consistent with the moderate range of climatic variability
suggested by other Holocene proxy records from Lake Malawi (Fig. 6).
Previous diatom-based estimates of the δ18O of lake water at Lake
Malawi also reveal little change from the early to the late Holocene
(Barker et al., 2007). Palynological data indicate three distinct zones,
with dry early Holocene conditions until 6.15 ka, wetter than present
conditions from 6.15 to 3.0 ka, followed by a transition to drier condi-
tions similar to modern at 3.0 ka (DeBusk, 1998). The δ13C of n-alkanes
also suggests a relatively wet mid-Holocene from 7.7 to 2.0 ka
(Castañeda et al., 2007; Fig. 6). However, these findings contrast with
previous suggestions for a gradually increasing moisture balance at
LakeMalawi from the early to the late Holocene resulting from increas-
ing southern hemisphere insolation and a southward shift of the ITCZ
(e.g. Finney et al., 1996; Gasse, 2000). Biogenic silicamass accumulation
(BSiMAR) and the related Si:Ti ratio fluctuate throughout theHolocene,
indicating that the strength and intensity of northerly winds were var-
iable (Fig. 6). The non-stationary relationship between Si:Ti and δDwax

suggests that significant changes in the east–west component of region-
al circulation must have also taken place concurrently.

Together, these multiple proxies for winds and moisture balance
suggest that the hydrological history of Lake Malawi during the Holo-
cene was distinct from that of sites to the north. Lake Malawi δDwax is
more D-enriched than that sites north of the climatic “hinge zone,”
especially during the early Holocene when the equatorial region
experienced more humid conditions and more D-depleted waxes
(Fig. 4). Changes in moisture balance at Lake Malawi were more mod-
erate than those experienced at some other East African rift lakes (e.g.
Lakes Edward and Rukwa; Barker et al., 2002; Beuning and Russell,
2004) and the climatic factors affecting these moderate changes in
moisture balance were more complex than a gradual increase in
austral summer insolation. The δDwax signal integrates the isotopic
imprints of these changes.

In the late Holocene the ITCZ attained its current southern mean
position (Haug et al., 2001), and an increase in the subtropical–tropical
SST and sea level pressure gradient in the southeast Atlantic Ocean
strengthened the trade winds off of southwestern Africa (Schefuβ
et al., 2005). This may have limited the extent of the D-depleted air
mass over southern Africa, explaining its current range today. In this
context, relatively depleted δDwax values at Lake Malawi from ~3.1 ka
to present likely reflect the modern hydrological controls on δDprecip,
with source changes constituting a more limited role than the amount
effect and overall intensity of the hydrological cycle. The absolute
δDwax values of Lakes Malawi and Tanganyika converge at this time,
supporting the hypothesis that while the mean ITCZ position plays a
major role in modern Southeast African precipitation, the controls on
hydrology were more complex prior to the late Holocene.

4. Conclusions

Our δDwax record from LakeMalawi indicates that a reorganization
of atmospheric circulation over southeast Africa may explain the
transition into relative climatological stability at Lake Malawi after
~56 ka. Changes in vapor transport history and source region domi-
nate the δDwax signal for the majority of the record, with local rainout
playing a secondary role. This is most obvious during the climatically
unstable period prior to 56 ka, when lake levels and δDwax exhibit a
strong positive relationship. D-depleted leaf waxes andmore extreme
δDwax variability at this time suggest that a weakening of the Indian
monsoon and/or a modification in the Hadley circulation may have
played critical roles in the late Pleistocene African megadroughts, an
idea that merits further investigation with additional long records.
Subsequently, from 56 ka through the deglaciation, a balance of
southwesterly, northeasterly, and northwesterly moisture helped
maintain higher lake levels while stabilizing the δDwax signal. This
balance may explain why proxies sensitive to northerly wind
strength (e.g. Zr:Ti, BSi MAR) exhibit great variability in MIS 2–3
while proxies more sensitive to hydrologic balance (e.g. fossil pollen,
CaCO3 preservation, and seismic reflection) indicate relatively stable
conditions. Heightened δDwax variability during the Holocene and a
mid-Holocene D-isotopic enrichment do not resemble other stable
isotopic patterns from elsewhere in East Africa, highlighting this
region's spatial complexity. Further work is needed to delineate
these circulation patterns, particularly the east–west component,
through novel proxy reconstructions of wind field and experiments
with general circulation models.

Acknowledgments

This research was funded by NSF-EAR Grant 0639474 to J. Russell,
the Geological Society of America's 2009 Charles A. and June R.P. Ross
Research Award to B. Konecky, by an NSF Graduate Research
Fellowship to B. Konecky, and by NSF Grants EAR-0602454 and
EAR-902714 to T. Johnson. Core storage and sampling assistance
were provided by the National Lacustrine Core Repository. Martijn
Woltering provided lipid extracts for several samples from MAL05-
2A. Customized SCIAMACHY datasets were provided by Christian
Frankenberg (NASA-JPL) and Remco Scheepmaker (SRON). We
thank two anonymous reviewers for helpful feedback on this manu-
script. We wish to acknowledge Candice Bousquet and Michaeline
Nelson for laboratory assistance, Rafael Tarozo for technical support,
and Lynn Carlson for assistance with spatial datasets.

Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.epsl.2011.10.020.

References

Barker, P., 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.

Barker, P., Telford, R., Gasse, F., Thevenon, F., 2002. Late Pleistocene and Holocene
palaeohydrology of Lake Rukwa, Tanzania, inferred from diatom analysis. Palaeo-
geogr. Palaeoclimatol. Palaeoecol. 187 295-205.

Barker, P.A., Leng, M.J., Gasse, F., Huang, Y.S., 2007. Century-to-millennial scale climatic
variability in Lake Malawi revealed by isotope records. Earth Planet. Sci. Lett. 261,
93–103.

Bergonzini, L., Chalié, F., Gasse, F., 1997. Paleoevaporation and paleoprecipitation in the
Tanganyika basin at 18,000 years B.P. inferred from hydrologic and vegetation
proxies. Quat. Res. 47, 295–305.

Beuning, K.R.M., Russell, J.M., 2004. Vegetation and sedimentation in the Lake Edward
Basin, Uganda–Congo during the late Pleistocene and early Holocene. J. Paleolim-
nol. 32, 1–18.

Beuning, K.R.M., Zimmerman, K.A., Ivory, S.J., Cohen, A.S., 2011. Vegetation response to
glacial–interglacial climate variability near Lake Malawi in the southern African
tropics. Palaeogeogr. Palaeoclimatol. Palaeoecol. 303 (1–4), 81–92.

Bowen, G.J., Revenaugh, J., 2003. Interpolating the isotopic composition of modern me-
teoric precipitation. Water Resour. Res. 39:10, 1299. doi:10.1029/2003WR002086.

Brown, E.T., Johnson, T.C., Scholz, T.A., Cohen, A.S., King, J.W., 2007. Abrupt change in
tropical African climate linked to the bipolar seesaw over the past 55,000 years.
Geophys. Res. Lett. 34, L20702.

Burrough, S.L., Thomas, D.S.G., Bailey, R.M., 2009. Mega-lake in the Kalahari: a late
Pleistocene record of the Palaeolake Makgadikgadi system. Quat. Sci. Rev. 28,
1392–1411.

Castañeda, I.S., Werne, J.P., Johnson, T.C., 2007. Wet and arid phases in the southeast Af-
rican tropics since the Last Glacial Maximum. Geology 35, 823–826.

Castañeda, I.S., Werne, J.P., Jonson, T.C., Filley, T.R., 2009. Late Quaternary vegetation
history of southeast Africa: the molecular isotopic record from Lake Malawi.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 275, 100–112.

http://dx.doi.org/10.1029/2003WR002086


326 B.L. Konecky et al. / Earth and Planetary Science Letters 312 (2011) 318–326
Chikaraishi, Y., Naraoka, H., 2007. δ13C and δD relationships among three n-alkyl com-
pound classes (n-alkanoic acid, n-alkane and n-alkanol) of terrestrial higher
plants. Org. Geochem. 38, 198–215.

Cohen, A.S., Stone, J.R., Beuning, K.R.M., Park, L.E., Reinthal, P.N., Dettman, D., Scholz,
C.A., Johnson, T.C., King, J.W., Talbot, M.R., Brown, E.T., Ivory, S.J., 2007. Ecological
consequences of early Late Pleistocene megadroughts in tropical Africa. Proc.
Natl. Acad. Sci. 104 (42), 16522–16527.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16 (4), 436–468.
DeBusk, G.H., 1997. The distribution of pollen in the surface of sediments of Lake Malawi,

Africa, and the transport of pollen in large lakes. Rev. Palaeobot. Palynol. 97, 123–153.
DeBusk, G.H., 1998. A 37,500-year pollen record from Lake Malawi and implications for

the biogeography of afromontane forests. J. Biogeogr. 25 (3), 479–500.
deMenocal, P., Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M., Baker, L., Yarusinsky, M.,

2000. Abrupt onset and termination of the African Humid Period: rapid climate
responses to gradual insolation forcing. Quat. Sci. Rev. 19, 347–361.

Drenzek, N.J., Hughen, K.A., Montluçon, D.B., Southon, J.R., dos Santos, G.M., Druffel,
E.R.M., Giosan, L., Eglinton, T.I., 2009. A new look at old carbon in active margin
sediments. Geol 37 (3), 239–242.

Eglinton, G., Hamilton, R.J., 1967. Leaf epicuticular waxes. Science 156, 1322–1335.
Feakins, S.J., Eglinton, T.I., deMenocal, P.B., 2007. A comparison of biomarker records of

northeast African vegetation from lacustrine and marine sediments (ca. 3.40 Ma).
Org. Geochem. 38, 1607–1624.

Finney, B.P., Scholz, C.A., Johnson, T.C., Trumbore, S., 1996. Late Quaternary lake-level
changes of Lake Malawi. In: Johnson, T.C., Odada, E.O. (Eds.), The Limnology, Clima-
tology and Paleoclimatology of the East African lakes. Gordon and Breach, London,
pp. 495–508.

Frankenberg, C., Yoshimura, K., Warneke, T., Aben, I., Butz, A., Deutscher, N., Griffith, D.,
Hase, F., Notholt, J., Schneider, M., Schrijver, H., Röckman, T., 2009. Dynamic pro-
cesses governing lower-tropospheric HDO/H2O ratios as observed from space
and ground. Science 325, 1374–1377.

Gao, L., Hou, J., Toney, J., MacDonald, D., Huang, Y., 2011. Mathematical modeling of the
aquatic macrophyte inputs of mid-chain n-alkyl lipids to lake sediments: implica-
tions for interpreting compound-specific hydrogen isotopic records. Geochim.
Cosmochim. Acta 75, 3781–3791.

Garcin, Y., Vincens, A., Williamson, D., Guiot, J., Buchet, G., 2006. Wet phases in tropical
southern Africa during the last glacial period. Geophys. Res. Lett. 33, L07703.
doi:10.1029/2005GL025531.

Gasse, F., 2000. Hydrological changes in the African tropics since the Last Glacial
Maximum. Quat. Sci. Rev. 19, 189–211.

Gasse, F., Chalié, F., Vincens, A., Williams, M.A.J., Williamson, D., 2008. Climatic patterns
in equatorial and southern Africa form 30,000 to 10,000 years ago reconstructed
from terrestrial and near-shore proxy data. Quat. Sci. Rev. 27, 2316–2340.

Gimeno, L., Drumond, A., Nieto, R., Trigo, R.M., Stohl, A., 2010. On the origin of conti-
nental precipitation. Geophys. Res. Lett. 37, L13804.

Haug, G.H., Hughen, K.A., Sigman, D.M., Peterson, L.C., Röhl, U., 2001. Southward migra-
tion of the Intertropical Convergence Zone through the Holocene. Science 293
(5533), 1304–1308.

Heegaard, E., Birks, H.J.B., Telford, R.J., 2005. Relationships between calibrated ages and
depth in stratigraphical sequences: an estimation procedure by mixed-effect
regression. Holocene 15 (4), 612–618.

Hemming, S., 2004. Heinrich events: massive late Pleistocene detritus layers of the
North Atlantic and their global climate imprint. Rev. Geophys. 42:1, RG1005.

Hou, J.H., D'Andrea, W.J., Huang, Y., 2008. Can sedimentary leaf waxes record D/H ratios
of continental precipitation? Field, model, and experimental assessments. Geo-
chim. Cosmochim. Acta 72, 3503–3517.

Huang, Y., Shuman, B., Wang, Y., Webb, T., 2004. Hydrogen isotope ratios of individual
lipids in lake sediments as novel tracers of climatic and environmental change: a
surface sediment test. J. Paleolimnol. 31, 363–375.

Huybers, P., Eisenman, I., 2006. Integrated summer insolation calculations. NOAA/NCDC
Paleoclimatology Program Data Contribution #2006-079. ftp://ftp.ncdc.noaa.gov/
pub/data/paleo/climate_forcing/orbital_variations/huybers2006insolation/2006.

Johnson, T.C., Brown, E.T., McManus, J., Barry, S., Barker, P., Gasse, F., 2002. A high-
resolution paleoclimate record spanning the past 25,000 years in southern East
Africa. Science 296, 113. doi:10.1126/science.1070057.

Johnson, T.C., Brown, E.T., Shi, J., 2011. Biogenic silica deposition in Lake Malawi, East
Africa over the past 150,000 years. Palaeogeogr. Palaeoclimatol. Palaeoecol. 303
(1–4), 103–109.

Kristen, I., Fuhrmann, A., Thorpe, J., Röhl, U., Wilkes, H., Oberhänsli, H., 2007. Hydrolog-
ical changes in southern Africa over the last 200 Ka as recorded in lake sediments
from the Tswaing impact crater. S. Afr. J. Geol. 110, 311–326.

LeGrande, A.N., Schmidt, G.A., 2009. Sources of Holocene variability of oxygen isotopes
in paleoclimate archives. Clim. Past 5, 441–445.

Levin, N.E., Zipser, E.J., Cerling, T.E., 2009. Isotopic composition of waters from Ethiopia
and Kenya: insights into moisture sources for eastern Africa. J. Geophys. Res. 114.
doi:10.1029/2009JD012166.

Lewis, S.C., LeGrande, A.N., Kelley, M., Schmidt, G.A., 2010. Water vapour source
impacts on oxygen isotope variability in tropical precipitation during Heinrich
events. Clim. Past Discuss. 6, 87–133.
Li, C., Sessions, A.L., Kinnaman, F.S., Valentine, D.L., 2009. Hydrogen-isotopic variability
in lipids from Santa Barbara Basin sediments. Geochim. Cosmochim. Acta 73,
4803–4823.

Li, C., Sessions, A.L., Valentine, D.L., Thiagarajan, N., 2011. D/H variations in terrestrial
lipids from Santa Barbara Basin over the past 1400 years: a preliminary assessment
of paleoclimatic relevance. Org. Geochem. 42, 15–24.

Lisiecki, L.E., Raymo, M.E., 2005. A Pliocene-Pleistocene stack of 57 globally distributed
benthic δ18O records. Paleoceanography 20, PA1003. doi:10.1029/2004PA001071.

Lyons, R.P., Scholz, C.A., Buoniconti, M.R., Martin, M.R., 2011. Late Quaternary strati-
graphic analysis of the Lake Malawi Rift, East Africa: an integration of drill-core
and seismic-reflection data. Palaeogeogr. Palaeoclimatol. Palaeoecol. 303 (1–4),
20–37.

Majoube, M., 1971. Fractionment en oxygene-18 et en deuterium entré l'eau at sa
vapeur. J. Chim. Phys. 10, 1423–1436.

McGregor, G.R., Nieuwolt, S., 1998. Tropical Climatology: An Introduction to the
Climates of the Low Latitudes, 2nd edition. John Wiley & Sons Inc. 339 pp.

Nicholson, S., 1986. The spatial coherence of African rainfall anomalies: interhemi-
spheric teleconnections. J. Clim. Appl. Meteorol. 25:10, 1365–1381.

Niedermeyer, E., Schefuß, E., Sessions, A.L., Mulitza, S., Mollenhauer, G., Schulz, M.,
Wefer, G., 2010. Orbital- and millennial-scale changes in the hydrologic cycle and
vegetation in the western African Sahel: insights from individual plant wax δD
and δ13C. Quat. Sci. Rev. 29, 2996–3005.

Otu, M., Ramlal, P., Wilkinson, P., Hall, R.I., Hecky, R.E., 2011. Paleolimnological
evidence of the effects of recent cultural eutrophication during the last 200 years
in Lake Malawi, East Africa. J. Great Lakes Res. 37 (Supp. 1), 61–74.

Powers, L.A., Johnson, T.C., Werne, J.P., Castañeda, I.S., 2005. Large temperature
variability in the southern African tropics since the Last Glacial Maximum.
Geophys. Res. Lett. 32, L08706. doi:10.1029/2004GL022014.

Ropelewski, C.F., Halpert, M.S., 1987. Global and regional scale precipitation patterns
associated with the El Niño/Southern Oscillation. Mon. Weather Rev. 115,
1606–1616.

Rozanski, K., Araguás-Araguás, L., Gonfiantini, R., 1993. Isotopic patterns in modern
global precipitation. In: Swart, P.K., Lohmann, K.C., McKenzie, J.A., Savin, S. (Eds.),
Climate Change in Continental Isotopic Records. : Geophysical Monograph, 78.
Am. Geophys. Union, Washington, D.C., pp. 1–36.

Rozanski, K., Araguas-Araguas, L., Gonfiantini, R., 1996. Isotope patterns of precipita-
tion in the East African region. In: Johnson, T.C., Odada, E.O. (Eds.), The Limnology,
Climatology, and Paleoclimatology of the East African Lakes. CRC Press, pp. 79–94.

Schefuβ, E., Schouten, S., Schneider, R.R., 2005. Climatic controls on central African
hydrology during the past 20,000 years. Nature 437, 1003–1006.

Scholz, C.A., Johnson, T.C., Cohen, A.S., King, J.W., Peck, J.A., Overpeck, J.T., Talbot, M.R.,
Brown, E.T., Kalindekafe, L., Amoako, P.Y.O., Lyons, R.P., Shanahan, T.M., Castañeda,
I.S., Heil, C.W., Forman, S.L., McHargue, L.R., Beuning, K.R.M., Gomez, J., Pierson, J.,
2007. East African megadroughts between 135 and 75 thousand years ago
and bearing on early-modern human origins. Proc. Natl. Acad. Sci. 104 (42),
16416–16421.

Schrag, D.P., Hampt, G., Murray, D.W., 1996. Pore fluid constraints on the temperature
and oxygen isotopic composition of the glacial ocean. Science 272, 1930–1932.

Stone, J.R., Westover, K.S., Cohen, A.S., 2011. Late Pleistocene paleohydrography and
diatom paleoecology of the central basin of Lake Malawi, Africa. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 303 (1–4), 51–70.

Tierney, J.E., Russell, J.M., Huang, Y., Sinninghe Damsté, J.S., Hopmans, E.C., Cohen, A.S.,
2008. Northern hemisphere controls on tropical southeast African climate during
the past 60,000 years. Science 322, 252–255.

Tierney, J.E., Russell, J.M., Huang, Y., 2010. A molecular perspective on late Quaternary
climate and vegetation change in the Lake Tanganyika basin, East Africa. Quat. Sci.
Rev. 29, 787–800.

Tierney, J.E., Russell, J.M., Sinninghe Damsté, J.S., Huang, Y., Verschuren, D., 2011. Late
Quaternary behavior of the East African monsoon and the importance of the
Congo Air Boundary. Quat. Sci. Rev. 30, 798–807.

Volkman, J.K., Barrett, S.M., Blackburn, S.I., Mansour, M.P., Sikes, E.L., Gelin, F., 1998.
Microalgal biomarkers: a review of recent research developments. Org. Geochem.
29 (5–7), 1163–1179.

Vuille, M., Werner, M., Bradley, R.S., Keimig, F., 2005. Stable isotopes in precipitation
in the Asian monsoon region. J. Geophys. Res. 110, D23108. doi:10.1029/
2005JD006022.

Wang, Y.J., Cheng, H., Edwards, R.L., An, Z.S., Wu, J.Y., Shen, C.-C., Dorale, J.A., 2001. A
high-resolution absolute-dated Late Pleistocene monsoon record from Hulu Cave,
China. Science 294 (5550), 2345–2348.

Wang, X., Auler, A.S., Edwards, L.R., Cheng, H., Ito, E., Solheid, M., 2006. Interhemi-
spheric anti-phasing of rainfall during the last glacial period. Quat. Sci. Rev.
3391–3403.

Woltering, M., Johnson, T.C., Werne, J.P., Schouten, S., Sinninghe Damsté, J., 2011. Late
Pleistocene temperature history of Southeast Africa: a TEX86 temperature record
from Lake Malawi. Palaeogeogr. Palaeoclimatol. Palaeoecol. 303 (1–4), 93–102.

Worden, J., Noone, D., Bowman, K., 2007. Tropospheric Emission Spectrometer science
team and data contributors, 2007. Importance of rain evaporation and continental
convection in the tropical water cycle. Nature 445, 528–532.

http://dx.doi.org/10.1029/2005GL025531
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/climate_forcing/orbital_variations/huybers2006insolation/
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/climate_forcing/orbital_variations/huybers2006insolation/
http://dx.doi.org/10.1126/science.1070057
http://dx.doi.org/10.1029/2009JD012166
http://dx.doi.org/10.1029/2004PA001071
http://dx.doi.org/10.1029/2004GL022014
http://dx.doi.org/10.1029/2005JD006022
http://dx.doi.org/10.1029/2005JD006022

	Atmospheric circulation patterns during late Pleistocene climate changes at Lake Malawi, Africa
	1. Introduction
	2. Methods
	2.1. Sample preparation and analysis
	2.2. Age model

	3. Results and discussion
	3.1. Long-term trends in δDwax and the East African megadroughts
	3.2. Controls on δDwax at Lake Malawi
	3.3. Regional controls on the δD of precipitation at Lake Malawi
	3.4. Atmospheric circulation during the African megadroughts 140–70ka
	3.5. Paleohydrological variations at Lake Malawi during MIS 2 and 3
	3.6. The Holocene

	4. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


