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The timing and abruptness of the initiation and termination of the Early Holocene
African Humid Period are a subject of ongoing debate, with direct consequences for
our understanding of abrupt climate change, paleoenvironments, and early human
cultural development. Here we provide proxy evidence from the Horn of Africa
region that documents abrupt transitions into and out of the African Humid Period
in northeast Africa. Similar and generally synchronous abrupt transitions at other
East African sites suggest that rapid shifts in hydroclimate are a regionally coherent
feature. Our analysis suggests that the termination of the African Humid Period in

Aden (Fig. 1). The Gulf of Aden re-
ceives substantial amounts of terrestrial
material during the summer monsoon
season, when prevailing southwesterly
winds transport dust from the Horn
(Fig. 1 and fig. S1). Therefore, the ter-
restrial components (including organic
matter) in the sediments predominantly
reflect conditions in the Horn and Afar
regions (see Supplementary Material).
Twenty radiocarbon dates constrain the
chronology of P178-15P and indicate
an average sedimentation rate of 32
cm/ka (see Supplementary Material).
We employ the hydrogen isotopic
composition of leaf waxes (6D,,,,) as a
proxy for aridity, and more generally
speaking, hydroclimate, including pre-
cipitation/evaporation  balance and
changes in regional convection. 6D,,,,
has been widely used in African
paleoclimate and is an effective indica-

the Horn of Africa occurred within centuries, underscoring the non-linearity of the

region's hydroclimate.

During the Early Holocene epoch between roughly 11-5 ka BP, the pres-
ently hyperarid Saharan desert was dotted with large and small lakes,
savannah grasslands, and, in some regions, humid tropical forests and
shrubs (1, 2). This “African Humid Period (AHP)” was a unique hydro-
logical regime and has been a focal point of African paleoclimate stud-
ies, both for its climatological implications (3, 4) and its influence on the
emergence of pharaonic civilization along the Nile (5, 6). The funda-
mental cause of the AHP—dramatic increases in summer precipitation
triggered by orbital forcing of African monsoonal climate and amplified
by oceanic and terrestrial feedbacks—is well understood (7, 8). Howev-
er, the abruptness with which the AHP began and, most particularly,
ended is still debated. Dust proxy data from the west coast of Africa
indicate a rapid, century-scale termination of the AHP near 5 ka (9). In
contrast, isotopic proxies from central Africa (/0, /1) and pollen and
sedimentological data from a lake in the eastern Sahara (/2, 13) suggest
a more gradual reduction in rainfall during the mid-Holocene following
the orbital decline in boreal summer insolation. The discrepancy remains
unresolved. Previous studies have attributed the difference in climate
response to differing proxy sensitivities; e.g., dust may respond non-
linearly to a gradual drying of the Sahara (/4), and conversely, pollen
data may be smoothed due to mixed contributions from distal terrains
(2). Alternatively, there may be regional heterogeneity in both the timing
and duration of the AHP termination, reflecting the variable sensitivity
of different regions to certain feedback mechanisms (in particular, vege-
tation feedbacks) (3, 4, 6, 15, 16).

East Africa and the Arabian Peninsula also experienced humid con-
ditions during the Early Holocene (17, 18). Speleothem §'%0 data from
southern Oman (Qunf Cave) and dust strontium isotopes off of Somalia
suggest a gradual attenuation of humid conditions during the Holocene,
much like the eastern Saharan pollen data (79, 20). These observations
have led to the suggestion that the eastern Sahara and northeast Africa
experienced a gradual end to the AHP (3, 4, 12, 15, 21) and that abrupt
responses were therefore limited to the western Sahara.

Here, we revisit the timing and abruptness of transitions into and out
of the AHP in northeast Africa using a new record of hydroclimate from
a key, yet previously understudied, region: the Horn of Africa. This rec-
ord is derived from a marine core (P178-15P) located in the Gulf of

tor of changes in the isotopic composi-
tion of precipitation (8Dp) and aridity,
with enriched isotopic values corre-
sponding to drier conditions and deplet-
ed values to wetter conditions (10, 22).
More generally, tropical water isotopes are good tracers of large-scale
changes in atmospheric circulation (/8, 23) and therefore reflect region-
al, rather than local, shifts in the hydrological cycle. As Congo basin
moisture is effectively blocked by the Ethiopian highlands and the Horn
of Africa receives the majority of its rainfall from the Indian Ocean (24),
we interpret the 8D,,,, values to primarily represent changes in western
Indian Ocean hydroclimate.

The 8D, record from the Gulf of Aden indicates that Horn of Aftri-

ca hydroclimate has changed dramatically during the last 40,000 years
(Fig. 2). Following the arid conditions of the Last Glacial Maximum (26-
19 ka), the Horn region experienced a severe dry period coincident with
the North Atlantic cooling event, Heinrich Event 1 (H1) (Fig. 2), con-
sistent with previous proxy (25) and model (23) evidence from the Afro-
Asian monsoon domain. Following H1, there was a rapid transition to
intermediate conditions coincident with the Bolling-Allered (B/A) peri-
od and then a reversal into dry conditions during the Younger Dryas
(YD), another North Atlantic cold event (Fig. 2). Upon the termination
of the YD, the Horn of Africa rapidly moved into the most humid condi-
tions of the past 40 ka, coincident with the AHP (Fig. 2). These condi-
tions persisted until ca. 5 ka.
The 6D,,,, record from the Gulf of Aden is dominated by abrupt transi-
tions that occur more rapidly than would be predicted from orbital forc-
ing alone (Fig. 3). Two other dD,,,,, records from East Africa, from Lake
Tanganyika (22) and Lake Challa (26), show similar and generally coe-
val abrupt transitions at the end of HI1, the YD, and the AHP, even
though these sites sit ca. 2000 km to south of the Gulf of Aden (Figs. 1
and 3). The overall similarity between the three records attests to the
ability of water isotope proxies, specifically 6D,,,,, to record large-scale
hydroclimatic patterns in tropical Africa.

The perceived timing and abruptness of the transitions in each 8D,
record is subject to dating uncertainties as well as sedimentary proper-
ties. Therefore, we used a Monte Carlo method (27) to create empirical
probability distributions for the midpoint and duration of each identified
transition and more clearly assess the duration and synchronicity of these
key climate transitions. (see Supplementary Information). We use these
distributions to assess the timing of the transitions in a statistical fashion,
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by applying a 7-test for contemporaneity (28) to test against the null
hypothesis that the transitions are synchronous between two sites, or a
x’-test to test against the null hypothesis that the transitions at all three
sites derive from the same mean, and are therefore likely synchronous.
In both cases, we accept the null hypothesis if p > 0.05.

Several noteworthy findings emerge from this analysis. First, we
find that the termination of H1 and the YD are not likely synchronous at
all sites. All age model iterations indicate an older timing for the H1-B/A
transition at Lake Tanganyika than at the Gulf of Aden site (note that
Lake Challa does not have a detectable H1 termination; see Supplemen-
tary Information). The median date of the transition in the Gulf of Aden
record (14,680 yr BP) is close to the generally accepted timing of 14,700
yr BP (29) whereas the transition at Lake Tanganyika occurs nearly 1000
years earlier (median = 15,760 yr BP). For the Challa and Tanganyika
sites, the termination of the YD is likely synchronous (7-Test p = 0.99)
and the timing (median of both = 11,600 yr BP) is in good agreement
with the transition (11,570 yr BP) dated by tree ring chronologies (30),
but the transition in the Gulf of Aden record occurs later in all iterations
(median = 10,850 yr BP).

The observed offsets in the Tanganyika and Aden 6D,,,, data across
the H1 and YD terminations respectively could reflect meaningful local
climatic deviations; however, as these millennial-scale events are re-
motely forced by North Atlantic processes, it seems more likely that they
reflect unconstrained changes in site radiocarbon (**C) reservoirs. Lake
Tanganyika has a substantial 1*C reservoir today (ca. 1000 years) due to
its meromixis (22), and while the evolution of this reservoir is con-
strained by paired bulk organic matter and terrestrial plant macrofossil
dates from the LGM to present (22), no data are available for H1, during
which time the lake was stratified (37). Likewise, we lack sufficient
information to constrain how the Gulf of Aden "C reservoir has evolved
through time. Although our site sits outside of the upwelling zone, it is
still likely that the regional radiocarbon reservoir was modulated by the
intensity of Arabian Sea upwelling, especially during the deglaciation
when large changes are known to have occurred and, at least in the east-
ern Arabian Sea, shifted the '“C reservoir (32).

In contrast to the deglacial transitions, our analysis suggests that the
termination of the AHP is likely synchronous between all three sites (y*-
test p = 0.25). As the mid-Holocene is less likely to be affected by un-
known uncertainties in the *C reservoir (22, 32), we have more confi-
dence that the inferred synchronicity is meaningful. Employing Gaussian
error reduction, the average timing of the AHP termination from these
three East African sites is 4,960 + 70 year BP (20). This is similar to the
revised AHP termination estimate from west Africa of 4,900 + 400 (20)
and likely synchronous (7-test p = 0.77).

The observed durations of the identified transitions vary from centu-
ries to millennia (Fig. 4); however, sedimentary factors (sedimentation
rates and bioturbation) as well as the sampling rate of the proxy influ-
ence how the duration is expressed and attenuated in the time series. As
evidence of this, we observe a strong relationship between the duration
of the transition and proxy sampling interval (AT; » = 0.95, p = 0.0005)
(fig. S2). Normalizing the duration distributions by this sedimentation
effect, we arrive at “theoretical” durations representing the most proba-
ble duration given a hypothetical infinite sampling rate (Fig. 4). We find
that the calculated theoretical durations are short - occurring within cen-
turies - and broadly similar between sites (Fig. 4). The theoretical dura-
tion of the termination of the AHP in our Gulf of Aden record ranges
from 280 to 490 years. This duration is in accord with a recent analysis
of lake level changes in Lake Turkana in northern Kenya: detailed radio-
carbon dating of exposed paleoshoreline horizons revealed that the water
level in Lake Turkana dropped permanently by about 50 m within a few
centuries at 5270 + 300 yr BP (33) (also synchronous with our analyzed
timing; 7-test p = 0.46). Taken together with our new data from the Gulf
of Aden, this suggests that the termination of the AHP was abrupt across

a relatively large sector of northeast Africa.

We recognize, however, that there is heterogeneity in terms of the
timing and abruptness of the AHP termination across Africa according to
the currently available proxy data. Although low-resolution (N = 29;
mean AT = 470 years), a dD,,,, record from Lake Victoria has been in-
terpreted as reflecting a gradual termination of the AHP (34). Farther to
the west, a dD,,,, record that integrates the Congo drainage basin also
shows a gradual termination (0), as does a record of the oxygen isotopic
composition of seawater from the Gulf of Guinea (/7). Likewise, to the
north of our study site, 8'*0 data measured on a Oman stalagmite from
Qunf Cave (Fig. 1) suggests a gradual reduction in precipitation across
the Arabian Peninsula (79). Collectively, these data suggest that abrupt
behavior is not a universal feature across Africa, and may be restricted to
the western Sahara and East Africa.

If this is so, then the feedback mechanisms leading to the observed
abrupt shifts may be relatively specific to these regions. In the Sahara
and Sahel region, the non-linear change in rainfall associated with the
termination of the AHP likely involves vegetation feedbacks, which
enhance the orbitally-driven response by changing surface albedo and
soil moisture (35, 36). In contrast, vegetation feedbacks are not likely to
have occurred within the humid central African zone, where proxy data
suggest that vegetation has not shifted substantially (/0). This may ex-
plain the lack of abrupt response in that region. Vegetation feedbacks are
also hypothesized to be weaker in the eastern Saharan region due to
regional differences in vegetation and soil moisture (3, 4, 15). In the
extreme case, the Arabian Peninsula may not have acquired enough veg-
etation in the Early Holocene to promote a feedback in spite of more
pluvial conditions; limited pollen data suggest a predominance of steppe
and grassland but no development of shrubland or dry woodland (/, 37).
It is not clear whether vegetation feedbacks universally contributed to
the abrupt shifts in East African hydroclimate. Carbon isotopes meas-
ured on the same leaf waxes at the sites analyzed here suggest that a
vegetation feedback is plausible at Lake Tanganyika, which experienced
a dramatic shift from a mixed humid woodland to a more open shrubland
(fig. S3). However, there was relatively little shift in the vegetation near
Lake Challa and in the Horn of Africa (fig. S3), suggesting that, as with
the Arabian Peninsula, a vegetation-driven feedback is unlikely in arid
East Africa.

Alternatively, we hypothesize that non-linear behavior in East Afri-
can rainfall, including the termination of the AHP, reflects convection
feedbacks associated with Indian Ocean sea-surface temperatures
(SSTs). This mechanism may explain the difference between the north-
east African region and southern Oman. SSTs in the western Indian
Ocean hover near the lower bound of the threshold for deep convection
(26-28°C) and their relationship with deep convection is non-linear (38).
Therefore, very small changes in western Indian Ocean SSTs - such as
those that occur during Indian Ocean Dipole or El Nifio events as well as
oscillations on the multidecadal timescale - can alter the Walker Circula-
tion in the Indian Ocean and induce anomalous deep convection and
heavy rainfall in East Africa (39, 40). Rainfall over the southern Arabian
Peninsula, though susceptible to such variability (41), primarily falls
from July through August in association with the Indian summer mon-
soon and the influence of the latter likely dominates on orbital timescales
(19, 21). Therefore, whereas the gradual trend in the Qunf Cave
speleothem record represents the direct response of Arabian
hydroclimate to the orbitally-driven waning of the boreal summer Indian
monsoon, the abrupt shift in East Africa conceivably reflects a convec-
tive feedback with a different seasonal dimension. Model simulations
suggest that, during the Early Holocene, the northward migration of the
summer monsoon winds in response to orbital forcing decreased latent
heat flux out of the western Indian Ocean, leading to warmer SSTs dur-
ing the following September-November (“short”) rainy season, a re-
duced east-west SST gradient, and enhanced convection and rainfall

Sciencexpress/ http://www.sciencemag.org/content/early/recent / 10 October 2013 / Page 2/ 10.1126/science.1240411




over East Africa (18, 42). As the winds migrated south during the Holo-
cene in response to orbital forcing, a critical SST threshold may have
been crossed, causing an abrupt cessation of deep convection during the
short rainy season and regional aridity. Existing proxy data from the
Arabian Sea indicate that Early Holocene SSTs were similar to, or per-
haps slightly warmer than, present-day SSTs (43, 44). Meanwhile, east-
ern Indian Ocean temperatures were slightly cooler (45) suggesting a
reduced east-west temperature gradient that may have facilitated en-
hanced convection over East Africa, in agreement with the modeling
results. It is unclear, however, whether these proxy data are reflecting a
change in SSTs during a particular season.

While further research is needed to investigate the role of Indian
Ocean SSTs, the 6D, data presented here suggest that the hydroclimate
of East Aftrica can rapidly shift from dry and wet conditions. More gen-
erally, the Gulf of Aden 8D, record provides a new benchmark of
hydroclimatic history for the understudied Horn of Africa region. This
study revises our understanding of Holocene climate change in northeast
Africa, providing firm evidence that the abrupt termination of the AHP
is not limited to the western Sahara. Although the forcings driving the
abrupt shifts seen in the paleorecord since the LGM are large and not
directly analogous to climate changes experienced today, the possibility
of rapid changes in rainfall on human-relevant timescales (centuries)
deserves further attention. Paleoclimate data from the last millennium
suggest that easternmost Africa was much wetter than present only 300
years ago (40), attesting to the dynamic nature of the hydrological cycle
in this region. Identifying the mechanisms driving these dramatic and
rapid shifts in East African hydroclimate would greatly improve our
understanding of the region's climatology, as well as future predictions
of food and water security.
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Fig. 2. 8Dwax data (\permil vs. VSMOW) from
Gulf of Aden core P178-15P. Black line
denotes median values, with the effect of
changing ice volume on the isotopic values
removed to isolate the regional hydroclimatic
component (see Supplementary Information).
Gray line shows the dDwax data uncorrected
for ice volume changes. Shadings indicate
empirical 68% and 95% uncertainty bounds
(including both analytical- and time-
uncertainty) calculated via a Monte Carlo
method (27). Red ftriangles denote the
stratigraphic locations of radiocarbon dates.
H1 = Heinrich Event 1, B/A = Bolling-Allergd
period, YD = Younger Dryas, AHP = African
Humid Period.

GULF OF ADEN 3D

Fig. 1. A map of East Africa, including
topography, wind climatology for June-July-
August (46), the location of the study site (Gulf
of Aden P178-15P; 11° 57.3' N, 44° 18' E, 869
m water depth) and other sites mentioned in the
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-125¢ Fig. 3. June-July-August (JJA) insolation (W/m?) at 15°N,
-120} ODwax data (\permil vs. VSMOW) from three sites in East
Africa, and the timing of their abrupt transitions. The effect of
-115 changing ice volume on the isotopic values has been
~110} removed to isolate the regional hydroclimatic component
1-130 (see Supplementary Information). Black markers denote
-105 median values, shadings indicate empirical 68% and 95%
1-120 uncertainty bounds (including both analytical- and time-

uncertainty) calculated via a Monte Carlo method (27). Black
line indicates the 2000-yr Gaussian smoothed timeseries for
each site, with the identified transitions highlighted in red.
Probability distributions (at bottom) represent the timing of
1-100 each highlighted transition given the dating uncertainties.
Note that Lake Challa 8Dwax does not indicate a large drying
associated with Heinrich Event 1 and therefore lacks a H1-
B/A transition (see Supplementary Information).
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Fig. 4. Observed and theoretical (corrected for the sampling
interval effect; see Supplementary Information) probability
distributions for the duration of the Heinrich 1 (H1), Younger
Dryas (YD) and African Humid Period (AHP) terminations at
each East African site.
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