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Both North and East Africa experienced more humid conditions during the early and mid-Holocene epoch
(11,000-5000 yr BP; 11-5 ka) relative to today. The North African Humid Period has been a major focus of
paleoclimatic study, and represents a response of the hydrological cycle to the increase in boreal summer
insolation and associated ocean, atmosphere and land surface feedbacks. Meanwhile, the mechanisms that
caused the coeval East African Humid Period are poorly understood. Here, we use results from isotope-
enabled coupled climate modeling experiments to investigate the cause of the East African Humid Period. The
modeling results are interpreted alongside proxy records of both water balance and the isotopic composition
of rainfall. Our simulations show that the orbitally-induced increase in dry season precipitation and the
subsequent reduction in precipitation seasonality can explain the East African Humid Period, and this scenario
agrees well with regional lake level and pollen paleoclimate data. Changes in zonal moisture flux from both
the Atlantic and Indian Ocean account for the simulated increase in precipitation from June through
November. Isotopic paleoclimate data and simulated changes in moisture source demonstrate that the
western East African Rift Valley in particular experienced more humid conditions due to the influx of Atlantic
moisture and enhanced convergence along the Congo Air Boundary. Our study demonstrates that zonal
changes in moisture advection are an important determinant of climate variability in the East African region.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the early and mid-Holocene epoch (11-5 ka), paleohy-
drological data suggest that both North and East Africa experienced
more pluvial conditions relative to the present day (Gasse, 2000;
Peyron et al., 2000; Street and Grove, 1979). In North Africa, this
Holocene pluvial period is often referred to as the “African Humid
Period” (AHP, deMenocal et al., 2000), and the hydrological changes
were extreme; pollen evidence indicates that the Saharan desert was
transformed into an open grass savannah, dotted with shrub and tree
species that today grow hundreds of kilometers to the South (Jolly
et al., 1998; Kropelin et al., 2008; Ritchie et al., 1985). Though the
abruptness with which the AHP ended near 5 ka is still a matter of
debate (Adkins et al., 2006; deMenocal et al., 2000; Kropelin et al.,
2008; Liu et al., 2007; Renssen et al., 2006), the cause of the AHP is
fairly well understood: increased solar insolation in the North African
subtropics during the boreal summer season resulted in enhanced
transport of water vapor from the Atlantic ocean onto land (Kutzbach
and Otto-Bliesner, 1982), and changes in the meridional sea-surface
temperature gradient in the North Atlantic accompanied by wind-
evaporation feedbacks augmented this response (Kutzbach and Liu,
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1997; Liu et al.,, 2004; Zhao et al., 2007). Vegetation feedbacks may
have further fomented humid conditions (Peyron et al., 2006).

The extension of the AHP along the East African Rift - as far south
as 9°S - is not as well understood. In modeling simulations, the
reduction in early to mid-Holocene insolation during the southern
hemisphere rainy season (November-March) weakens the southern
tropical monsoons and promotes drier conditions (Liu et al., 2004).
However, lakes situated far south of the equator, such as Lake Rukwa
(8°S, Vincens et al, 2005) and Lake Cheshi (9°S, Stager, 1988)
experienced higher lake levels in the early and mid-Holocene than at
present. Isotopic proxy reconstructions from the Congo Basin
(Scheful8 et al., 2005) and Lake Tanganyika (Tierney et al., 2008)
also point towards more pluvial conditions in the southern African
tropics, and do not suggest that hydroclimate responded to the
meridional migration in the Intertropical Convergence Zone (ITCZ),
unlike other areas of the tropics (e.g. Haug et al., 2001).

Here, we adopt a combined model and proxy approach in order to
understand the cause of the enigmatic “East African Humid Period.”
We review the patterns of hydrological balance and reconstructed
changes in the isotopes of precipitation provided by the proxy data,
and then explore mechanisms behind the observed changes using
simulations conducted with the fully coupled, isotope-enabled NASA
Goddard Institute for Space Studies (GISS) ModelE-R. The stable
isotopes of water (HHO, HDO, and HH'®0; expressed in per mil
notation as 6D and 6'80) serve as tracers of the hydrological cycle, as


http://dx.doi.org/10.1016/j.epsl.2011.04.038
mailto:tierney@ldeo.columbia.edu
http://dx.doi.org/10.1016/j.epsl.2011.04.038
http://www.sciencedirect.com/science/journal/0012821X

104 J.E. Tierney et al. / Earth and Planetary Science Letters 307 (2011) 103-112

they preserve an integrated history of water and water vapor. The
model and proxy inferences of isotopic changes across the Holocene
complement the hydrological information provided by the lake level
proxies and simulated water balance, as they offer large-scale and
physically consistent insight into atmospheric processes such as the
transport of water vapor from ocean to land (LeGrande and Schmidt,
2009) and shifts in the source of precipitation (Lewis et al., 2010).

2. Overview of East African climatology

Two major convergence zones define precipitation climatology in
tropical and East Africa: the east-west-oriented ITCZ, and the
northeast-southwest-oriented Congo Air Boundary (CAB; Fig. 1).
The CAB marks the confluence of Atlantic Ocean-derived moisture
with Indian Ocean-derived moisture and its location is determined
partly by orographical constraints including the Ethiopian and Kenyan
Highlands. Convergent, unstable air within the CAB serves as an
important source of seasonal rainfall to Ethiopia (Levin et al., 2009) as
well as the western branch of the East African Rift Valley and most of
western Tanzania (Mapande and Reason, 2005). The Horn of Africa
and coastal East Africa are isolated orographically from convergence
along the CAB, and consequently these regions are more arid. The
aridity of easternmost Africa also reflects micro-orographical effects
such as leeward rain shadows east of Mt. Kenya and Mt. Kilimanjaro, and
the influence of divergent, dry lower-level winds that move parallel to
the East African shore from June-September and December-February
(Nicholson, 1996).

The migration of the ITCZ and CAB through the annual cycle skews
the seasonal distribution of precipitation in East Africa towards
October-May (Fig. 1). The majority of the region experiences a well-
pronounced dry season from June-August, followed by either two
rainy seasons for areas north of and close to the equator (with peak
rains in November and April) or an extended rainy season from
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Fig. 1. Seasonal precipitation and wind climatology for tropical Africa, including
precipitation rates (mm/month, in color; UEA CRU TS 2.1, Mitchell and Jones, 2005),
surface winds (Kalnay et al., 1996), and the approximate locations of the Intertropical
Convergence Zone (ITCZ, solid line) and Congo Air Boundary (CAB; dotted line).

October-May for areas farther south of the equator. On interannual
timescales, East African precipitation variability is sensitive to both
Atlantic Ocean and Indian Ocean climate dynamics. For areas
receiving precipitation from the CAB, interannual changes in Atlantic
Ocean sea surface temperatures (SSTs) and SST gradients can
modulate the strength of the trade winds and the advection of
moisture into equatorial Africa; a flattening of the meridional gradient
in Atlantic SSTs (e.g. warmer South Atlantic SSTs) typically results in
anomalously high precipitation rates (Camberlin et al,, 2001). In
easternmost tropical Africa, shifts in Walker circulation over the
Indian Ocean basin - particularly during the boreal fall after the
cessation of the summer Indian monsoon - cause large interannual
fluctuations in precipitation. A flattening of the zonal SST gradient in
the Indian Ocean and subsequent reversal of Walker circulation
typically causes anomalous convergence and rainfall in the western
Indian Ocean extending into easternmost Africa. Such shifts in zonal
circulation can be caused by anomalously warm SSTs in the western
Indian Ocean (Goddard and Graham, 1999; Ummenhofer et al., 2009),
positive Indian Ocean Dipole events (Saji et al., 1999), and the El Nifio-
Southern Oscillation (Camberlin et al., 2001; Nicholson and Kim,
1997).

3. Methods
3.1. Modeling approach

Simulations were conducted with the M20 version of the coupled
ocean-atmosphere NASA GISS ModelE-R, which has a horizontal
resolution of 4° x 5°, 20 vertical levels up to 0.1 hPa in the atmosphere
(Schmidt et al., 2006) and a 13-layer Russell ocean model (Hansen
et al., 2007). Atmospheric advection uses the quadratic upstream
scheme, with 9 moments advected in addition to mean quantities. The
ocean component is non-Boussinesq, mass conserving and uses
natural boundary conditions at the free surface. Water isotope tracers
(H2%0, HD'®0, and H180, expressed in per mil (%.) notation as 6D and
5180) are incorporated into the atmosphere, ocean, land surface and
sea ice and are tracked through all phases of the hydrological cycle,
with an appropriate fractionation applied at each phase change
(Schmidt et al., 2005, 2007).

We compare the pre-industrial control (0K) simulation with the
6000 yr BP (6K) simulation that was conducted as part of previously-
published Holocene “timeslice” experiments (LeGrande and Schmidt,
2009). For the 6K experiment, seasonal insolation was determined
according to orbital parameters (Berger and Loutre, 1991) and
greenhouse gas concentrations were prescribed based on ice core
reconstructions (Brook et al., 2000; Indermiihle et al., 1999; Sowers
et al., 2003). The experiment was run for 500 years, and we use the
average of the last 100 years of data as the basis of our results and
interpretations. 6K-0K differences were tested for significance using a
student's ¢ test.

This version of ModelE contains a simple variable lakes scheme,
which we use to calculate 6K-0K lake mass anomalies. Lakes contain
two layers; the first layer has a minimum depth of 1 m, and the
second, deeper layer is unlimited. Lakes are given pre-defined sill
depths based on topography. The mass of the lakes depends on
precipitation, evaporation, lake ice melt and freeze, river inflow from
upstream boxes and river outflow to downstream boxes. There is heat
diffusion at the interface of the two lake layers, and convective
overturning will occur if the temperature stratification is unstable.
The model can also “grow” new lakes in grid boxes that receive river
inflow from upstream boxes and have no outlet, or have a pre-defined
sill depth that is not exceeded.

To diagnose shifts in moisture sources to tropical Africa, we
utilized vapor source distribution (VSD) tracers (Lewis et al., 2010),
which are analogous to non-fractionating water isotope tracers and
are a generalization of the “painted water” approach (Koster et al.,
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1986). The precipitation source distribution (PSD) used in this study is
a subset of the VSD and is defined by where water vapor condenses
into liquid, thus specifically traces the origin of vapor that becomes
precipitation. Spherical harmonics are used as the VSD basis functions,
which are not anchored to geographical boundaries and require no
prior definition of regions. The 144 VSD tracers are resolved at T11
resolution, with an effective horizontal resolution of ca. 8°x 10°. These
tracers are computationally expensive and slow the model by a factor
of 10, so we conducted the VSD experiments with atmosphere-only
simulations at OK and 6K using prescribed SST and sea ice conditions
from the parallel coupled simulation. A OK coupled simulation with the
VSDs enabled was conducted to test the validity of the atmosphere-only
simulations, and only small differences in precipitation source distri-
butions were observed (Lewis et al,, 2010).

3.2. Proxy reconstructions
For continent-wide estimates of water balance, we refer to the

Oxford Lake-Level Database (OLLD; Street-Perrott et al, 1989). The
OLLD classifies relative lake levels into three categories: “low” = lake is

(A) Lake Level Status
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dry and/or at its most saline, and/or within 0-15% of its total altitudinal
range of fluctuation, “intermediate” = lake is within 15-70% of its
altitudinal range and/or ambiguously rising or falling, and “high” = lake
is within 70-100% of its altitudinal range and/or overflowing, and/or
at its deepest/freshest state. So as to include more recently-published
lake level or lake salinity reconstructions, we added data from Lake
Bosumtwi (6°30’N, 1°25’W, Shanahan et al., 2006), Lake Edward (0°,
29°30’E, Russell et al., 2003), Lake Malawi (9-14°S, 34-35°E Finney and
Johnson, 1991), Lake Victoria (1°S, 33°E Stager et al., 2003; Talbot and
Laerdal, 2000), and Lake Challa (3°19’S, 37°42’E, Verschuren et al., 2009)
using the same classification scheme (Fig. 2).

For past estimates of the isotopes of precipitation, we utilized
three continental sedimentary records of the deuterium/hydrogen
composition of leaf waxes (6Dyq) from the southern African tropics.
The first leaf wax record is from a marine sediment core near the
Congo River Delta (5°35.3’S, 11°13.30’E), which integrates plant
waxes from throughout the Congo basin (Schefuf et al., 2005). The
second and third records are from lake sediment cores from Lake
Tanganyika (6°42’S, 29°50’E, Tierney et al., 2008) and Lake Challa
(3°19’S, 37°42'E, Tierney et al., 2011, Fig. 2). Sedimentary transect
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Fig. 2. (A) Proxy lake level reconstructions from the Oxford Lake-Level Database (Street-Perrott et al., 1989), updated with more recent lake level reconstructions as mentioned in the
main text, serve as a reference point for Holocene changes in water balance. (B) Leaf wax isotopic proxy data reflect past changes in 6Dp at three locations across the African tropics:
1 = Schefu8 et al. (2005), 2 = Tierney et al. (2008), 3 = Tierney et al. (2011). Data shown here are converted from raw leaf wax 6D values to estimates of 6Dp as described in the main
text; error bars represent the 10 uncertainty associated with the 6Dp estimation. ‘Year BP’ indicates calendar years before AD 1950.



106 J.E. Tierney et al. / Earth and Planetary Science Letters 307 (2011) 103-112

studies show that 6D, linearly tracks the hydrogen isotopic
composition of precipitation (6Dp) with a relatively consistent
offset - i.e. ‘apparent fractionation (¢)’ - in most climates and
biomes (Hou et al., 2008; Polissar and Freeman, 2010; Sachse et al.,
2004), and thus acts as a proxy for 6Dp. Changes in vegetation type
(i.e., the mean source vegetation for the leaf waxes) as well as
relative humidity have potential to exert second-order effects of the
6Dp-6D,qx relationship (Hou et al., 2008; Smith and Freeman, 2006).
However, the empirical sensitivity of apparent ¢ to relative humidity
is low; compiled transect data suggest that a ca. 20% change in
relative humidity causes a ca. 10%. change in ¢ (Hou et al., 2008;
Tierney et al., 2010), and within some biomes there is no apparent
sensitivity of ¢ to relative humidity (Feakins and Sessions, 2010). The
relatively small impact of relative humidity on € may indicate that plants
use hydrogen from stem water or another stored source rather than
exclusively leaf water in synthesizing leaf waxes (Mclnerney et al.,
2011).

Vegetation changes also need to be large to impart bias in the
6Dqx Proxy, and this is likely not an issue at the Congo or Challa sites,
as carbon isotope data suggest that these areas have largely remained
stable ecosystems of rainforest and open grassland savanna, respec-
tively, over the past 10,000 years (Scheful3 et al., 2005; Sinninghe
Damsté et al, 2011). Pollen and carbon isotope data from Lake
Tanganyika do suggest a shift in biome between the Early and Late
Holocene, most likely from a relatively closed miombo woodland
forest to a more open grass savanna (Tierney et al.,, 2010; Vincens
et al., 1993a,b). Previous comparison of paired carbon and hydrogen
isotope data at Lake Tanganyika concluded that vegetation change
likely did not produce a direct effect on 6D, as the mean apparent &
for the dominant vegetation types near the lake (Cs trees and shrubs
vs. C4 grasses) is thought to be relatively similar (Tierney et al., 2010).
A change in the “openness” of the landscape as a consequence of the
biome shift may have amplified the early to mid-Holocene 6D,,qy
signal at Tanganyika by decreasing the amount of soil or leaf water
evaporation — i.e. via the “relative humidity effect” discussed above.
Based on empirical transect data (Hou et al., 2008), this effect could
account for approximately a third of the observed depletion in 6D,y if
we assume a somewhat improbably large change in relative humidity
(e.g. a 15-20% increase). Thus while secondary amplification of the
6Dqx Signal at Tanganyika cannot be discounted, the majority of the
variance in 6D,y at this site is likely due to large changes in 6Dp.

In some tropical plant species, wax production occurs only during
periods of leaf expansion (Neinhuis and Barthlott, 1997), which would
cause the 6D,y proxy to preferentially represent 6Dp whenever plant
growth begins. Indeed, in a study of European barley leaves Sachse et al.
(2010) determined that the leaf wax 6D signal is “locked in” early during
leaf development and thus can capture seasonal variation in 6Dp. Since
precipitation climatology in East Africa is highly seasonal, we speculate
that the 6D,yq proxy will be biased towards the onset of the rainy season
in October-November, when many plant species begin or resume
growing after limited or no growth during the dry season.

To facilitate comparison with model output as well comparison
between the proxy records, we converted the 6D, data to estimates of
paleo-6Dp by fitting the mean 6D, of the last 3500 years to the modern
instrumental value of 6Dp. For the Congo Basin record, we used weighted
mean 6Dp from the IAEA monitoring station in Kinshasa (4.37°S, 15.25°E),
which is — 25.2 + 8%.. Given a mean Late Holocene 6D, g of — 141 4 4%,
this corresponds to an apparent € of — 119 + 9%., which was then applied
to the time series to convert from 6D, to 6Dp. In the case of Lake
Tanganyika, no direct measurements of 6Dp are available so we used the
reported average 6D of Tanganyika tributaries, which is —1048%
(Craig et al.,, 1974). Given the Late Holocene 6D, mean of — 101 & 5%.
this yields an apparent & of —91 4 9%.. For the Lake Challa record, we
used the average 6D of river, stream and tap water samples between 2
and 4°S, 37-39°E, 300-1000 m elevation (n=9) that were collected as
part of a comprehensive study of the isotopic composition of East African

waters (Levin et al., 2009). This resulted in a mean 6Dp of —13 4 3%o.
With a Late Holocene mean of — 104 -+ 4%., apparent € is — 92 + 5%o.

The Congo Basin estimate of apparent ¢ is much lower than the
estimates for Lake Tanganyika and Lake Challa, but this is primarily a
reflection of the specific leaf wax compound that was analyzed. The
Congo Basin study analyzed 6D,,q on the C,9 n-alkane, whereas the
Tanganyika and Challa studies analyzed the C,g n-acid. Higher plant n-
alkanes and n-alkanoic acids are synthesized from the same molecular
precursor in plants and are both components of epicuticular leaf wax,
but the decarboxylation step involved in synthesizing the n-alkane
compounds appears to impart a systematically lower 6D value as
compared to its equivalent n-alkyl fatty acid, with €gxane — acia = 25%o
(Chikaraishi and Naraoka, 2007). In n-acid space, the apparent ¢ for
the Congo would be —97%.; close to the estimates for Tanganyika and
Challa.

The 10 uncertainty plotted with our inferred paleo-6Dp estimates
(Fig. 2) includes the compounded 10 analytical error (2%.) and the 10
error of the apparent & estimations (which in turn includes the
standard deviation of the Late Holocene means and the 1o errors in
the 6Dp estimates) and is 10%o, 10%., and 5%. for the Congo Basin, Lake
Tanganyika, and Lake Challa respectively.

4. Results and discussion
4.1. GISS ModelE-R performance in Africa

Prior to interpreting the simulated 6K-OK anomalies, we first
compare the mean of the last 100 years of the control simulation with
modern precipitation and isotope climatology for tropical Africa as an
assessment of GISS ModelE-R's ability to simulate African hydrology
(Fig. 3).In spite of its coarse resolution, the M20 version of GISS ModelE-R
generally simulates mean annual precipitation in tropical Africa well.
ModelE-R does overestimate precipitation rates in easternmost Africa;
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Fig. 3. (A) A comparison between instrumental (UEA CRU TS2.1 gridded precipitation;
Mitchell and Jones, 2005) and simulated annual precipitation rates in GISS ModelE-R in
the control (0OK) run. (B) A comparison between instrumental estimates of the
weighted mean annual hydrogen isotopic composition of precipitation (6Dp; interpo-
lated between the IAEA monitoring stations (IAEA/WMO, 2006) marked as circles) and
0K 6Dp simulated by GISS ModelE-R.
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this most likely reflects the inability of a 4° by 5° model to capture the
small orographical features contributing to aridity in this region (see
Section 2). GISS ModelE-R also underestimates the asymmetry between
the “short rains” season (October-December) and the “long rains” season
(March-May) in East Africa, but simulates the timing of seasonal changes
in precipitation correctly. Since these biases in East African precipitation
are largely related to the resolution of the model, they affect the 6K and
OK simulations similarly, and so we consider the precipitation anomaly
patterns robust.

The simulated weighted mean annual isotopes of precipitation in
GISS ModelE-R capture the large-scale structures evident in the
instrumental data (weighted mean annual IAEA station data, IAEA/
WMO, 2006) - including the enriched 6Dp over the Red Sea and Saudi
Arabia - but clearly overestimate the amount of depletion in 6Dp in the
Congo Basin and South Africa (Fig. 3). The subdued inland gradient
evident in the instrumental IAEA data suggests that transpiration of
water by the Congo rainforest — which proceeds with little effective
isotopic discrimination - limits the expression of the “continentality
effect” (e.g., the progressive rainout of heavy isotopes as a parcel of
water vapor travels farther into the interior of a continent) in tropical
Africa (Rozanski et al., 1993). The model does not capture this trend,
perhaps due to a limitation of the land-surface component of the model,
such as the parameterization of canopy interception of falling rain vis-a-
vis transpiration. As GISS ModelE-R does not include a dynamic
vegetation model, the excessive depletion of 6Dp affects both the 6K
and OK simulations similarly and we assume that anomalies in 6Dp
between the 6K and OK simulations are meaningful; nonetheless, this

(A) BK-0K A Precipitation-Evaporation (mm/day)
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inaccuracy suggests that tropical African 6Dp within GISS ModelE-R
should be interpreted with care.

4.2. On the cause of the East African Humid Period

At 6K, GISS ModelE-R simulates a coherent pattern of hydroclimatic
change across most of Africa relative to the OK control simulation,
indicating an increase in Precipitation-Evaporation (P-E) during June-
July-August (JJA) and September-October-November (SON), and a
decrease in P-E during December-January-February (DJF) and March-
April-May (MAM; Fig. 4). These results are consistent with the
expectation that changes in insolation in the mid-Holocene - a ca. 5%
increase in JJA and ca. 5% decrease in DJF - enhance the Northern
Hemisphere summer monsoons (i.e., JJA precipitation) but weaken the
southern hemisphere summer monsoons (i.e. DJF precipitation) due to
continental cooling and enhanced land-sea contrast (Liu et al., 2004).
Given that the rainy season in East Africa spans October-May, the 6K-0K
anomalies indicate that precipitation seasonality in East Africa was
reduced in the mid-Holocene: there was a wetter dry/transitional
season (June-November) and a drier wet season (December-May).

The simulated changes in 6Dp in East Africa at 6K follow the
changes in P-E, with more depleted rainfall occurring in JJA and
SON and more enriched rainfall in DJF and MAM (Fig. 4B). The
straightforward relationship between P-E and 6Dp suggests an
amount effect control on the isotopes of precipitation in East Africa,
and the seasonal changes in 6Dp scale linearly to changes in
precipitation rate in this region. However, the large isotopic depletion
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Fig. 4. (A) Simulated seasonal 6K-0K change in Precipitation-Evaporation in Africa and (B) Simulated seasonal 6K-0K change in 6Dp in Africa. Only differences significant at the 95%

confidence level are shown.
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simulated for North Africa at 6K does not scale to the changes in
precipitation in that region, and this anomaly - which extends to the
equator - may additionally influence the isotopic composition of rain
in the northernmost areas of East Africa. Notably, the proxy-inferred
changes in mean 6Dp in the Congo Basin (— 14%.) and at Lake Challa
(—8%.) are in better agreement with the simulated changes in 6Dp
from June-November for the Congo Basin region (8°N-12°S, 10-30°E;
—16%.) and East Africa (8°N-12°S, 30°E-45°E; —7%.) rather than the
simulated mean annual changes in 6Dp (— 8%o for the Congo Basin and
— 1% for East Africa). This may indicate that the 8D,,qx proxy has a
seasonal bias, as we assume (see Section 3.2). However, given the
limitations of GISS ModelE-R in simulating the isotopes of precipita-
tion over tropical Africa, it is also possible that the depletion at 6K
inferred from 6D, reflects a process beyond amount effect that is not
well-simulated by the model.

On a mean annual basis, there is a net increase in P-E near the Congo
Air Boundary, but for the majority of East Africa increased P-E from
June-November is offset by reduced P-E from December-May and the
annual P-E anomaly is near-zero or even negative (Fig. 5A). Similarly,
mean annual changes in 6Dp are close to zero for the East African region
(not shown). However, GISS ModelE-R simulates positive mean annual
lake mass anomalies in North Africa as well as throughout the East
African Rift (Fig. 5C), in general agreement with proxy lake level
reconstructions (Fig. 5D). Although precipitation changes are minimal
on the mean annual basis, and lake evaporation actually increases as
lake areas expands, increased ground runoff (above ground and
underground) drives the increase in lake mass in the 6K simulation.
Ground runoff, especially underground flow, slowly responds to
precipitation changes, and monthly or seasonal anomalies persist in
the following months and greatly impact the annual mean. Thus, the
simulated rise in lake levels at 6K indicates that the large relative
increase in P-E during the dry season has a major and lasting impact
on cumulative annual water balance via runoff, whereas the decrease in
P-E during the wet season (which is smaller on a relative basis) has less
of an impact. This leads to the establishment of higher lake levels in
spite of little change in mean annual P-E. Simulated soil moisture,
which like lake levels is an integrative measure of hydrological change,
also increases at 6K relative to present throughout the Rift Valley with
particularly strong anomalies in the Great Lakes region (Fig. 5B). We
expect that this increase in perennial soil moisture would have driven
shifts in the dominant vegetation in East Africa, and pollen data indicate
that this was indeed the case. Early and mid-Holocene pollen data from
equatorial East Africa show a dominance of humid semi-deciduous
taxa (Beuning and Russell, 2004; Jolly et al., 1997; Kendall, 1969) and
farther south, pollen data from Lake Tanganyika and Lake Rukwa
show an expansion of miombo woodland species (e.g. Celtis, Uapaca
and Brachystegia) at 6K in areas that today are dominated by grass
savanna (Vincens et al., 1993b, 2005). These ecosystem shifts require
greater water availability, but not necessarily an increase in mean
annual P-E. A recent modeling study using the biosphere model BIOME
3.5 demonstrates that by reducing the seasonality of precipitation - and
thus reducing the number of consecutive dry days — one can promote
an ecosystem shift from grass savanna to woodland miombo and
onto humid semi-deciduous taxa in tropical East Africa (Gritti et al.,
2010). Our simulations, which suggest an increase in dry season pre-
cipitation at 6K but little change in mean annual P-E, are thus fully
compatible with the pollen data from East Africa. The overall agreement
between the simulated changes in lake mass and soil moisture and the
available paleoclimate data suggests that a reduction in precipitation
seasonality — in other words, a wetter dry season - is a robust expla-
nation for the East African Humid Period.

4.3. Mechanisms contributing to a wetter dry season

What caused wetter conditions in East Africa from June-
November? Our model simulations suggest that a change in the
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Fig. 5. (A) Simulated annual 6K-0K change in Precipitation-Evaporation in Africa. (B)
Simulated 6K-0K change in annual soil moisture at 3 m in units of percent saturation.
(C) Simulated 6K-0K change in lake mass, expressed as a percentage of OK lake mass
such that a 100% increase indicates a doubling of lake mass. (D) 6K-0K change in lake
levels inferred from proxy data. For the simulated values, only differences significant at
the 95% confidence level are shown.

zonal advection of moisture from both the Atlantic and Indian Ocean
basins was the most important contributing factor. On the Atlantic
side, enhanced low pressure over North Africa during JJA at 6K in
combination with the development of a dipole SST anomaly in the
tropical Atlantic (Fig. 6A) leads to anomalously cyclonic conditions
and weaker trade winds (also cf. Kutzbach and Liu, 1997; Zhao et al,,
2007). As a result, there is an increase in westerly moisture flux into
North and tropical Africa (i.e., an intensified West African monsoon)
as well as enhanced convergence along the CAB (Fig. 6B). This
westerly flux of moisture near to and south of the equator intensifies
during SON (Fig. 6B), when anomalously low pressure over South
Africa enhances the land-sea pressure gradient (Fig. 6A). The low
develops in response to the heating of the southern half of the African
continent, which receives ca. 5% greater incident solar radiation from
June-November at 6K. By SON, the surface air temperature anomaly
over South Africa reaches 1-1.5 °C. Meanwhile, cool SSTs (ca. 0.5-1 °C
cooler than simulated OK SSTs; Fig. 6A) that developed in response to
reduced heating from December-May persist in the equatorial and
southern tropical Atlantic Ocean. The temperature difference feeds a
pressure differential (Fig. 6A), which further weakens the trade
winds. This delivers more precipitation to the western branch of the
East African Rift Valley, via enhanced convergence along the CAB
(Fig. 6B).

The proxy isotopic reconstructions (Fig. 2B) afford the possibility
to test this mechanism. Today, the isotopic composition of the Atlantic
Ocean-derived precipitation in the Congo Basin is more depleted (ca.
—25%.) than the composition of Indian Ocean-derived precipitation
falling at Lake Challa (ca. —10%.). Lake Tanganyika, situated in
between these two end-member sites, can receive precipitation from
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Fig. 6. (A) Simulated 6K-0K change in sea level pressure (SLP; line contours; mb) and
sea surface temperature (SST; colored contours; degrees C) (B) Simulated 6K-0K
change in 850 mb moisture flux (vectors; kgkg~™'ms~!) and moisture flux
convergence (colors; 103 kgkg~'s~ ). Only differences significant at the 95%
confidence level are shown.

either the Congo Basin or easternmost Africa. The proxy reconstruc-
tions show that throughout the Late Holocene, 6Dp at Lake Tanganyika
was very similar to that of Lake Challa, suggesting that the majority of
precipitation falling at Tanganyika originated from easternmost Africa
(Fig. 7A). In contrast, at 6K Lake Tanganyika 6Dp is far more depleted
(—27%o lighter than OK values) and closely resembles the inferred 6K
6Dp within the Congo Basin (Fig. 7A). This suggests that Congo Basin-
derived moisture predominantly contributed to increased precipita-
tion in the Lake Tanganyika Basin during the mid-Holocene, in
agreement with the simulated moisture flux anomalies. Our PSD
simulation results provide further support for this scenario, as they
show a clear shift in the precipitation source distribution from June-
November for the Tanganyika basin at 6K relative to OK (Fig. 7B). Both
model and proxy data indicate that the large depletion in the isotopic
composition of precipitation near Lake Tanganyika at 6K is diagnostic
of a change in precipitation source rather than exclusively a reflection
of increased rainfall amount as was previously argued (Tierney et al.,
2008). This interpretation is consistent with the suggestion of Lewis
et al. (2010) that changes in the isotopes of precipitation at Lake
Tanganyika during Heinrich Events also primarily reflect a shift in
moisture source.

In addition to changes in hydrology caused by zonal advection of
moisture from the Atlantic Ocean, there is an increase in convergence
and rainfall in the Horn of Africa and easternmost Africa at 6K far east
of the CAB (Fig. 6B), reflecting a contribution of excess moisture from
the Indian Ocean to these particular areas. During JJA, surface wind
speeds over the western Indian Ocean and the Bay of Bengal decrease
at 6K relative to present-day velocities, while wind speeds farther
north over the Arabian Peninsula slightly increase (Fig. 8A). These
wind anomalies represent a northward shift of the southwesterly
winds associated with the Indian Summer Monsoon. The decrease
in wind speed over the western Indian Ocean reduces evaporation
over this region and feeds the development of a warm SST anomaly,
beginning in JJA (Fig. 8B) but maturing — due to the thermal inertia of
the ocean - in SON (Fig. 8C). The warm SSTs in the west reduce the SST
gradient across the Indian Ocean, weaken Walker circulation and
cause a large increase in convergence and rainfall over the western
Indian Ocean and into East Africa (Fig. 8D). This mechanism is the
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Fig.7. (A) Proxy-inferred estimates of 6Dp at OK and 6K: data in Fig. 2B were binned
from 3K-0K (0K) and 7 K-5 K (6K). Congo = Congo Basin, Tang. = Lake Tanganyika,
Chal. = Lake Challa. All three sites show significant (p<0.01) depletion at 6K relative to
the OK bin (Student's t test). 6Dp at Lake Tanganyika (in yellow) shows a shift from a
composition similar to Challa at OK to a composition similar to the Congo Basin at 6K.
(B) Simulated 6K-0K precipitation source distribution (PSD) anomalies for the gridcell
nearest to Lake Tanganyika (—6°S, 27.5°E) suggest a greater contribution of Congo
moisture from June-November (in blue), in agreement with the proxy isotope data, and
less moisture advection from the Indian Ocean (in red). The precipitation source
distributions are unitless probability density functions normalized by the maximum
probability density.

primary way by which areas within easternmost coastal Africa and the
Horn of Africa - which are orographically isolated from the CAB -
receive more rainfall at 6K.

The majority of coupled climate models participating in the
Paleoclimate Model Intercomparison Project 2 (PMIP2) simulate a
similar east-west dipole anomaly pattern in Indian Ocean SST and
precipitation in the boreal fall at 6K (Zhao et al., 2005), indicating that
the GISS ModelE-R results described here are robust, and reflect a
fundamental impact of changing insolation on Indian Ocean monsoon
circulation. As Zhao et al. (2005) have observed, this dipole structure
at 6K is reminiscent of Indian Ocean Dipole (IOD) events in the
present-day. In GISS ModelE-R, the precipitation anomaly pattern in
particular is qualitatively similar to precipitation anomaly pattern
typical of a positive 10D event (Fig. 8D and F), although the SST
anomaly patterns are somewhat different (Fig. 8C and E); SSTs are
only mildly cooler in the eastern Indian Ocean. Most importantly, the
mechanism responsible for the mean seasonal change in Indian Ocean
configuration in the mid-Holocene is completely different from the
coupled ocean-atmosphere interactions responsible for individual
10D events, and thus the mean state in SON climatology does not
necessarily reflect more frequent IOD events. Abram et al. (2007)
postulated, based on fossil coral evidence from the eastern Indian
Ocean, that IOD events in the mid-Holocene were stronger and more
prolonged and that this was related to the mean state configuration of
the Indian Ocean. On the other hand, Zhao et al. (2005) observed that
in coupled models with the ability to simulate IOD-like variability,
interannual 10D intensity was actually reduced at 6K as a consequence
of the mean state change in boreal fall. GISS ModelE-R does not
accurately simulate 10D events (Saji et al., 2006), so we cannot
confidently assess within our results whether IOD event frequency or
duration changed in response to the mean seasonal changes.
However, from the perspective of hydrology in East Africa, the mean
state change appears sufficient to increase seasonal P-E.

5. Conclusions

Our simulations of African hydrology at 6K indicate that the East
African Humid Period was caused by a change in dry and “short rains”
season precipitation and the subsequent reduction in precipitation
seasonality. The simulated changes in lake mass and soil moisture
are consistent with both the pollen and lake level paleodata from
East Africa. The change in precipitation seasonality at 6K is a
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anomalies for three positive IOD years).

straightforward response of the climate system to changing seasonal
insolation, and therefore the EAHP is indeed consistent with orbital
expectations. However, unlike North Africa, where increased insola-
tion during the rainy season caused an intensification of the West
African monsoon, in East Africa dry season insolation had a greater
impact on hydroclimate than rainy season insolation.

The two primary mechanisms that account for the increase in mid-
Holocene East African precipitation from June-November are 1) an
increase in moisture transport into central Africa from the Atlantic
due to weakened trade winds and the development of low pressure
over South Africa, and 2) an increase in precipitation in the Horn
of Africa and easternmost Africa due to warmer SSTs in the western
Indian Ocean. The anomalies associated with these processes are
largest from September-November but are linked to dynamical
changes occurring during boreal summer (June-August). In the
Indian Ocean, the warm SST anomalies during the boreal fall are a
seasonally-lagged response to the change in boreal summer surface
winds associated with the Indian monsoon. In the Atlantic, the
intensified West African monsoon and heating of the southern half of
the African continent from June-August primes the system for the
development of westerly moisture flux anomalies from September-
November. These seasonally-lagged links between East African
hydroclimate and boreal summer insolation may explain why Late
Quaternary proxy records of hydrology in East Africa appear to be in-
phase with Northern Hemisphere summer insolation, even in the
southern tropics (Tierney et al., 2008).

The isotopic proxy data at Lake Tanganyika and the precipitation
source tracers support our assertion based on the simulated dynamical
changes that a deeper incursion of Atlantic moisture from September-
November caused increased precipitation in the western Rift Valley
during the mid-Holocene. Isotopic proxy data from the Congo Basin and
Lake Challa show excellent agreement with model-simulated changes in
6Dp from June-November, either suggesting a seasonal bias of the 6D,qx
proxy or that the model imperfectly captures changes in mean annual
6Dp. Both improvement in the simulation of the isotopes of precipitation
over tropical Africa and a better understanding of the seasonality of the
6D,y proxy in this region would be needed to ascertain which scenario
is more likely.

This study also emphasizes that movement in ITCZ position had
relatively little impact on Holocene East African hydrology for the
timescale considered here. In agreement with previous modeling
studies (Liu et al, 2004), our simulations suggest that reduced
precipitation from December-May in both East and South Africa was
caused by the cooling of the continent during the boreal winter and an
increase in offshore transfer of precipitation, not by a shift in the ITCZ
over land. Areas in Africa that are drier on a mean annual basis at 6K
are those that do not receive excess rainfall from June-November, e.g.
areas south of 10°S that have a more concentrated rainy season from
December-February. This is broadly consistent with proxy recon-
structions which have identified 10°S as the “hinge zone” in East
Africa across which hydrological anomalies in the early to mid-
Holocene change sign (Gasse, 2000). Thus, aridity south of the “hinge
zone” is not caused by a mean northwards shifts in the position of the
ITCZ, but is instead more likely due to the large reduction in
December-March precipitation caused by continental cooling. Our
study clearly shows that changes in zonal, not meridional, moisture
flux were primarily responsible for changes in East African Holocene
hydrology, highlighting the importance of considering mechanisms
beyond ITCZ movement in the interpretation of past changes in
terrestrial monsoonal climates.
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