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1. Introduction

ABSTRACT

Millennial-scale dry events in the Northern Hemisphere monsoon regions during the last Glacial period
are commonly attributed to southward shifts of the Intertropical Convergence Zone (ITCZ) associated
with an intensification of the northeasterly (NE) trade wind system during intervals of reduced Atlantic
meridional overturning circulation (AMOC). Through the use of high-resolution last deglaciation pollen
records from the continental slope off Senegal, our data show that one of the longest and most extreme
droughts in the western Sahel history, which occurred during the North Atlantic Heinrich Stadial 1 (HS1),
displayed a succession of three major phases. These phases progressed from an interval of maximum
pollen representation of Saharan elements between ~ 19 and 17.4 kyr BP indicating the onset of aridity
and intensified NE trade winds, followed by a millennial interlude of reduced input of Saharan pollen and
increased input of Sahelian pollen, to a final phase between ~16.2 and 15 kyr BP that was characterized
by a second maximum of Saharan pollen abundances. This change in the pollen assemblage indicates
a mid-HS1 interlude of NE trade wind relaxation, occurring between two distinct trade wind maxima,
along with an intensified mid-tropospheric African Easterly Jet (AE]) indicating a substantial change in
West African atmospheric processes. The pollen data thus suggest that although the NE trades have
weakened, the Sahel drought remained severe during this time interval. Therefore, a simple strength-
ening of trade winds and a southward shift of the West African monsoon trough alone cannot fully
explain millennial-scale Sahel droughts during periods of AMOC weakening. Instead, we suggest that an
intensification of the AEJ is needed to explain the persistence of the drought during HS1. Simulations
with the Community Climate System Model indicate that an intensified AE] during periods of reduced
AMOC affected the North African climate by enhancing moisture divergence over the West African realm,
thereby extending the Sahel drought for about 4000 years.

© 2012 Elsevier Ltd. All rights reserved.

1990; Gasse, 2000; Jullien et al., 2007; Mulitza et al., 2008;
Romero et al., 2008; Itambi et al., 2009). Recent reconstructions of

Located at an important climatic transition zone between the
hyper-arid Sahara desert in the north and the comparatively humid
savanna in the south, the western Sahel is an ideal location to
conduct late Quaternary paleoecological and paleoclimatic studies
and to understand the interaction between low-latitude African
monsoon regions and high-latitude climate change. On millennial
timescales, the western Sahel region has experienced severe
droughts in response to Northern Hemisphere high-latitude cool-
ing during the last Glacial period (e.g. Street-Perrott and Perrott,
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the western Sahel climate indicate that a particularly arid interval
of ~4000 years had occurred during HS1 in response to severe
North Atlantic cold conditions (Mulitza et al., 2008; Niedermeyer
et al., 2009) that, in turn, were induced by a slowdown of the
AMOC (McManus et al., 2004). Such severe droughts have been
associated with a southward shift of the ITCZ and its associated
tropical rainbelt in conjunction with a strengthening of the NE
trade winds that are also referred to as the “Harmattan” over North
Africa (Dahl et al., 2005; Stouffer et al., 2006; Tjallingii et al., 2008;
Itambi et al., 2009). Using a coupled climate model, Mulitza et al.
(2008) explain the drying in West Africa with an additional
mechanism involving intensification and southward expansion of
the AE] in combination with strengthened NE trades and
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a southward shift of the West African monsoon trough. However,
the lack of proxy data with sufficient temporal resolution as well as
the use of proxies unable to indicate source area changes did not
allow the appropriate evaluation of the modeled hypothesis. Here
we address this issue with a high-resolution palynological analysis
from the continental slope off Northern Senegal to investigate
shifts in vegetation and hydrological variability related to abrupt
climate changes as well as changes in operating transport agents
(wind and river). We conducted simulations with the Community
Climate System Model to assess our palynological results in
a physically consistent way. Both our pollen data and the numerical
climate model experiment suggest a key role for the AE] in stabi-
lizing the western Sahel drought during HS1.

2. Regional setting and background
2.1. Continental climate

The climate of the Sahel is characterized by a strong hydrologic
seasonality controlled mainly by the West African monsoon system
with high rainfall during the boreal summer and arid conditions
during winter (Nicholson, 2009) as a result of the latitudinal and
seasonal migration of the ITCZ and its associated tropical rainbelt
(Hsu and Wallace, 1976). Two main wind systems control the
modern atmospheric circulation pattern over West Africa and thus
are main transport agents of dust and terrestrial palynomorphs
(Hooghiemstra and Agwu, 1986; Dupont, 1993). During boreal
summer, when the ITCZ has migrated to its northernmost position,
monsoonal flow is generated over NW Africa producing most of the
rainfall (Nicholson and Grist, 2003). During that time, dust layers of
Saharan particles are transported within the Saharan Air Layer from
an easterly source westward toward the Atlantic Ocean by the AE].
The mid-tropospheric AE] reaches maximum wind speeds between
700 and 500 hPa in summer (Sarnthein and Koopmann, 1980;
Prospero and Carlson, 1981; Prospero and Nees, 1986; Prospero,
1990; Prospero et al., 2002; Colarco et al., 2003; Stuut et al., 2005;
Afiesimama, 2007) (Fig. 1). In comparison, the southern position of
the ITCZ during the dry season in boreal winter results in the
strengthening of the low-level NE trade winds blowing almost
parallel to the coast (Sarnthein et al., 1981) delivering aeolian
material from the dry northern areas (e.g., Mauritania, Sahara).

2.2. Modern vegetation patterns and pollen transport

Vegetation in West Africa gradually changes from desert to
dense tropical rainforest reflecting the north-south mean annual
precipitation gradient (Fig. 1). Five major floristic regions can be
delineated (White, 1983): 1) Desert vegetation is mainly repre-
sented by pollen of Chenopodiaceae—Amaranthaceae (Cheno-Am)
originating from the sparse vegetation in the Sahara and its fringes
(Hooghiemstra and Agwu, 1986; Dupont and Agwu, 1991), 2) the
semi-desert grassland and shrubland of Sahelian vegetation (dry
savannah) made up by non-arboreal plants, particularly grasses
that produce high amounts of pollen and thus dominate other
pollen taxa from the savanna, and by woody species of the regional
wooded grassland, such as Boscia senegalensis and Acacia raddiana,
and herbs such as Mitracarpus scaber (Lézine, 1989), 3) the Suda-
nian savanna zone occurring in the southern part of the Sahel, 4)
the tropical rainforest along the Gulf of Guinea, and 5) mangroves
mainly in estuaries and near river mouths with distribution
depending, inter alia, on salinity, river run-off and humidity
(Hooghiemstra and Agwu, 1986; Dupont and Agwu, 1991; Lézine
et al.,, 1995; Lézine, 1996).

In the NW African region, aeolian transport of pollen is mainly
dependent on the low-level NE trade winds, but numerous studies
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Fig. 1. Bathymetric map of the study area showing the location of marine core
GeoB9508-5 and simplified phytogeography and modern vegetation distribution (after
White, 1983). Arrows indicate predominant wind directions of northeasterly trade
winds and the African Easterly Jet (AE], summer position) (after Sarnthein et al., 1982).

also document pollen and spore transport at the 600 hPa level by
the mid-tropospheric AEJ (Hooghiemstra and Agwu, 1986;
Hooghiemstra et al., 1987; Hooghiemstra, 1988; Dupont and
Hooghiemstra, 1989; Dupont and Agwu, 1991; Dupont, 1999). The
Senegal River, on the other hand, with its ~1790 km length and
~419,650 km? basin surface (World Resources Institute, 2003) is an
important fluvial source of pollen and other terrestrial particles in
the study area. Hooghiemstra et al. (2006) argue that the distri-
bution of pollen over the ocean surface offshore NW Africa is re-
flected in the marine sediments without substantial displacement
by marine currents.

3. Materials and methods

To trace the past wind system variability and assess source areas
and dominant transport agents during HS1, we use the pollen
content of core GeoB9508-5 (15°29.90'N, 17°56.88'W, ~2384 m
water depth) retrieved from the continental slope off Northern
Senegal westward of the Senegal River mouth (Mulitza et al., 2006)
(Fig. 1). The total core length is ~956 cm composed of dark olive
green mud. In this work, we present results for the section between
~314 and 134 cm covering the time interval ~20—12 cal kyr BP. The
sediment colour in the studied interval is predominantly green with
a short brown interval between 252 and 294 cm (Mulitza et al,,
2006). The age model of the core, described in detail by Mulitza
et al. (2008), is based on 12 AMS radiocarbon dates measured on
samples of planktonic foraminifera and seven additional age control
points derived by correlation of the benthic 80 record of our core
GeoB9508-5 with that of core MD95-2042 (Shackleton et al., 2004).
The HS1 was delimited in the studied core between ~19 and 15 kyr
BP based on variations in the composition of the terrigenous
material measured by XRF scanning (Mulitza et al., 2008) especially
the iron-potassium (Fe/K) ratios suggested to vary with changes in
humidity and monsoonal precipitation. The Fe/K ratios exhibit
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millennial-scale variations coinciding with Heinrich stadials. Times
of strong-AMOC weakening (HS6-HS1) are generally characterized
by low Fe/K ratios, indicative of dry conditions over West Africa
(Mulitza et al., 2008). The HS1 is also determined during the same
time interval based on variations of Cibicidoides wuellerstorfi (also
named Planulina wuellerstorfi) and alkenone sea surface tempera-
ture estimates (Niedermeyer et al., 2009).

3.1. Terrestrial proxy analysis

Pollen samples were taken every 5 cm for the time interval
~20—12 kyr BP resulting in an average temporal resolution of
~200 years. Samples (2 cm?®) were prepared for palynological
processing using standard laboratory procedures (Faegri and
Iversen, 1989) including decalcification with 10% hydrochloric
acid (HCI) and removal of the siliceous fraction with 40% hydro-
fluoric acid (HF). One tablet of exotic Lycopodium spores
(18,583 £ 1708 spores/tablet) was added to the samples during the
decalcification process in order to calculate palynomorph concen-
trations and accumulation rates (see details in Bouimetarhan et al.,
2009). After chemical treatments, samples were sieved through
a 5 um nylon mesh screen using an ultrasonic bath
(maximum ~ 60 s) to disintegrate lumps of organic matter. A 40—
60 pl aliquot was mounted on a permanent slide using glycerine
jelly. One to four slides per sample were counted under a light
microscope at 400x and 1000x magnification. Pollen grains were
identified following Bonnefille and Riollet (1980) and Vincens
et al. (2007) and the reference collection of the Department of
Palynology and Climate Dynamics of the University of Gottingen.
Pollen taxa are listed in Table 1 and total counts per sample
(including herbs, shrubs, trees, and aquatics) are specified in the
Supplementary Table. Other microfossils such as fresh water algae
(Botryococcus, Cosmarium, Pediastrum, Scenedesmus and Stauras-
trum) were also counted but not included in the sum on which the
pollen percentage calculations are based.

3.2. Design of the numerical climate model experiment

A numerical freshwater-hosing experiment with a readjusted
version of the “paleo release” of the NCAR (National Center for
Atmospheric Research) Community Climate System Model
CCSM2.0.1 referred to as CCSM2/T31x3a (Prange, 2008) was per-
formed as described by Mulitza et al. (2008). The global climate
model is composed of four components representing atmosphere,
ocean, land, and sea ice. The resolution of the atmospheric compo-
nent is given by T31 (3.75° transform grid) spectral truncation for 26
layers, while the ocean has a mean resolution of 3.6° by 1.6° with 25
levels. The latitudinal resolution of the oceanic model grid is vari-
able, with finer meridional resolution near the equator (0.9°). In this
experiment, the present-day control run of CCSM2/T31x3a (Prange,
2008) was perturbed by a freshwater flux of 0.1 Sverdrup
(1 Sv=10% m®s~1) into high northern seas (i.e. Labrador Sea, Nordic
Seas, Arctic Ocean, Hudson Bay, and Baffin Bay). The freshwater
forcing caused a substantial weakening of the AMOC which, in turn,
induced a southward shift of the West African monsoon trough
associated with a strengthening of the low-level NE trades over
North Africa, an intensification of the mid-tropospheric AEJ and,
hence, a dramatic reduction of rainfall in the Sahel region (Mulitza
et al., 2008). The continuously perturbed model was integrated for
~450 years so that the climate system could largely adjust to the
freshwater forcing anomaly. In this study, we are interested in the
temporal evolution of the trade winds and the AE] during a climatic
transition from a weak-AMOC state to a stronger-AMOC state. We
therefore extended the numerical experiment by an additional 400-
year integration phase in which the anomalous freshwater forcing

Table 1
List of identified pollen taxa in marine core GeoB 9508-5. Taxa are grouped
according to their phytogeographical assignment.

Vegetation (Family) Genus/species Life form

Poaceae Genus indet. (25 pm) Herb
Genus indet.

Cyperaceae Various species Herb

Mangrove

Rhizophoraceae Rhizophora Tree

Rivers and swamps

Typhaceae Typha Herb

Desert

Amaranthaceae/ Various species Herb

Chenopodiaceae
(Cheno-Am)

Semi-desert

Asteraceae Various Asteroideae species Herb

Asteraceae Artemisia Herb, shrub

Ephedraceae Ephedra distachya -type Shrub

Grasslands, woodlands, wooded grasslands of Sahel zone

Rhamnaceae Ziziphus-type Shrub, tree

Capparaceae Boscia-type Shrub

Mimosaceae Mimosa-type Shrub
Acacia Shrub, tree

Rubiaceae Mitracarpus Herb

Sudanian and Guinean savanna

Rubiaceae Borreria (=Spermacoce) Shrub

Asteraceae Vernonia-type Shrub

Ulmaceae Celtis Tree

Guinean forest

Phyllanthaceae Uapaca Tree

Rubiaceae Psydrax type subcordata Tree

Rubiaceae Galium Herb

Other elements

Euphorbiaceae Various species Tree, herb, shrub
Oleaceae Olea Tree

Pinaceae Pinus Tree

was removed such that the AMOC could slowly recover. Given the
use of present-day rather than deglacial boundary conditions and
the highly idealized character of the freshwater perturbation, our
model experiment should be considered as a sensitivity study. The
goal of this numerical experiment is not to simulate the HS1
monsoonal system over Africa as accurate as possible, but rather to
study the response of the West African wind system to changes in
AMOC strength and, in particular, to examine the relationship
between mid-level AEJ and low-level trade wind variations.

4. Results and interpretations
4.1. Palynological reconstructions

4.1.1. Description of the pollen assemblages

The pollen record from sediment core GeoB9508-5 over the last
deglaciation (~20—12 kyr BP) shows large and abrupt changes in
pollen concentrations and relative abundances as well as the
dominance of the main taxa (Fig. 2). A total of 22 pollen taxa
were identified (Table 1) with an average pollen count of 200 grains
per sample ranging from 52 to 688. The quantitative pollen analysis
shows an average concentration of ~19 x 10% grains/cm? and an
average accumulation rate of ~65 grains/cm?/yr. Varying between
~4 x 10% and ~60 x 10% grains/cm® on the studied sedimentary
record, pollen concentrations reach maximum values at the latter
part of HS1 (Fig. 2).

From the beginning to the end of the sequence, assemblages are
dominated by Cyperaceae pollen reaching up to ~55% at the end of
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the sequence and Poaceae (grasses) pollen reaching a maximum of
18% at the bottom parts (Fig. 3). Cheno-Am pollen dominate the
middle part of the diagram which coincides with HS1 accounting
for up to 70% of the total pollen sum and reaching the highest
accumulation rates with ~ 160 grains/cm?/yr (Fig. 4). This interval
also shows low values of fresh water algae concentrations and
accumulation rates. Additionally, Rhizophora pollen percentages
decrease from ~8 to 1.3% while Typha pollen shows an average
abundance of ~ 1% (Fig. 2).

Cheno-Am pollen percentages rapidly increase from ~20 up to
62% at the onset of HS1 and reach their first maximum in the pollen
record at ~18.4 kyr BP when grass pollen decline to 1% (Figs. 2 and
3). Cheno-Am pollen percentages subsequently decrease to 30%
(17.4 kyr BP), allowing Cyperaceae pollen to become dominant
(~50%), but then increase again up to 70% toward the end of HS1
(maximum at ~15.6 kyr BP). Sahelian savanna elements such as
Boscia and Mitracarpus have higher relative pollen abundances
between ~17.4 and 16.2 kyr BP together with a slight increase in
their accumulation rates (Fig. 4c). After the HS1 at ~15 kyr BP,
Cyperaceae pollen dominate the pollen assemblage while Cheno-
Am pollen percentages show their lowest values (~17—-30%).
Hygrophilous taxa such as Typha pollen increase to 6% accompa-
nied with higher input of Sahelian elements (e.g., Boscia, Mim-
osaceae and Mitracarpus pollen) which comprise ~9% of the total
pollen sum along with other pollen taxa such as Euphorbiaceae,
Mimosaceae, Asteroideae. Similarly, Rhizophora pollen percentages
increase to ~12% (Fig. 2).

4.1.2. Interpretation of the pollen record

In the studied sequence, Cheno-Am pollen percentages started
to increase under the extremely arid conditions of HS1 (Fig. 3e).
This interval of dominating Saharan pollen percentages corre-
sponds to a period generally characterized by lower §'3C values of

tests of C. wuellerstorfi recorded in the same sediment core by
Niedermeyer et al. (2009) (Fig. 3b) indicating reduced deepwater
ventilation due to AMOC weakening (Duplessy and Shackleton,
1985; Duplessy et al, 1988). Coincident with this timing,
231pa230Th ratios recorded in Bermuda Rise sediment core GGC5
(McManus et al., 2004) (Fig. 4g) as well as in other sediment cores
of the Atlantic Ocean (Gherardi et al., 2005, 2009; Lippold et al.,
2012) suggest substantial AMOC weakening providing a connec-
tion regarding the strength of the AMOC to the severe aridity of
HS1.

Chenopodiaceae and Amaranthaceae are today the plant fami-
lies that host the most common representatives of desert vegeta-
tion in the Sahara and its fringes (Hooghiemstra and Agwu, 1986)
and produce large amounts of pollen grains, which overwhelm the
production of other taxa present in the Sahara. The main season of
pollen release in the northern fringe of the Sahara is during the
winter when the NE trade winds are strong (Hooghiemstra and
Agwu, 1986; Hooghiemstra, 1988). Thus, the conditions for
Cheno-Am pollen transport to the continental slope off Senegal by
the NE trade winds are optimal (Dupont and Agwu, 1991). There-
fore, the expansion of Saharan vegetation during the extremely dry
HS1 is associated with NE trade wind intensification over the
western Sahel during intervals of reduced AMOC. This pattern is
consistent with the sharply reduced monsoonal precipitation as
indicated by low Fe/K values within sediment core GeoB9508-5
that correspond to decreased fluvial input and enhanced dust
supply (Mulitza et al., 2008) (Fig. 4f). A similar trend has also been
inferred further north at the Mauritanian margin and off Morocco
where the maximum dust supply occurred during HS1 (Jullien
et al., 2007; Penaud et al., 2010).

The important feature within HS1 in the western Sahel is that
the Cheno-Am pollen values rise sharply (>40%) and abruptly
(within ~200 years) to peak values in the first phase from ~19 to
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17.4 kyr BP (peak at ~18.4 kyr BP) and to even greater values in the
later part from ~16.2 to 15 kyr BP (peak at ~15.6 kyr BP), which
sandwich an interval of reduced input of Saharan pollen between
~17.4 and 16.2 kyr (Fig. 3e) showing that HS1 is a complex period
consisting of three distinct phases.

Our results corroborate the findings of previous published
records showing that HS1 displays an internal complexity con-
sisting of a multi-step structure reported from the European
margin, NE Brazil and the western USA (Bard et al., 2000; Grousset
et al., 2001; Zaragosi et al., 2001; Peck et al., 2006; Eynaud et al.,
2007; Naughton et al., 2007; Broecker et al., 2009; Naughton
et al., 2009; Dupont et al., 2010; Stanford et al., 2011). However,
the most striking feature of the HS1 in our record is the millennial
interlude (~17.4—16.2 kyr BP) that is characterized by somewhat
lower Saharan pollen content. This interval is aligned with
a period of increased abundance of Mitracarpus pollen originating
from the boundary between the Sahelian and Sudanian
vegetation zones (Lézine and Hooghiemstra, 1990; Hooghiemstra
et al,, 2006) and Boscia pollen (Fig. 3d), which is common for the
present-day Sahel vegetation and the northern part of the savannah
woodland and wooded grasslands (Dupont and Agwu, 1991;
Vincens et al., 2007) (Fig. 1). Both pollen types are mainly trans-
ported by the mid-level AE] wind system (Dupont and Agwu, 1991).

On the basis of only relative abundances, one could argue that
pollen taxa variations during HS1 could be simply due to the
decrease/increase in inputs of other pollen rather than a signal of
a changed climate regime. However, the relative abundances
compare well with the pollen accumulation rates. Fig. 4d and e
shows that Cheno-Am accumulation rates display similar trends
with a small but clear increase at the onset of HS1 and maximum
values at the end of HS1, constraining a mid-HS1 interlude of
reduced input (see also the Supplementary Material). This interlude
is marked by high values of both relative abundance and accumu-
lation rates of Sahelian elements. Without considering any addi-
tional information, one might interpret the higher Sahelian pollen
abundances as the result of a change in vegetation cover due to less
severe aridity. Because, however, no significant increase in both
pollen from hygrophilous vegetation (Typha, Fig. 3c) nor fresh
water algae (Fig. 2) requiring wetter conditions and perennial
freshwater is observed during the interlude, the change in pollen
assemblage does not indicate an enhanced freshwater input by
increased precipitation during the mid-HS1. The Fe/K record of
GeoB9508-5 (Fig. 4f; Mulitza et al., 2008) as well as geomorpho-
logical studies by Michel (1973) provide another line of evidence
that no reactivation of the Senegal River occurred and that
humidity in the western Sahel remained very low, including the
interlude between ~174 and 16.2 kyr BP. During the period
between ~19 and 15 kyr BP, the development of the Ogolian dunes
covering much of Senegal indicates a much drier climate in the
western Sahel (Michel, 1973). Therefore, instead of an indication of
more humid conditions, the Sahelian pollen maxima rather suggest
a change in source area to more southern latitudes during the mid-
HS1 interlude, thereby capturing pollen from a less arid region.
Such a change would involve a shift in the predominant wind
direction from northeasterly to easterly and imply a dominance of
the AE] over the NE trade winds.

After HS1, the observed increase of Rhizophora pollen percent-
ages might reflect either the expansion of mangrove vegetation
along the Senegal River delta or erosion of mangrove peat during
sea-level rise. The latter interpretation, however, is less likely
because the maximum pollen representation of Rhizophora occurs
almost a millennium prior to the global sea-level rise associated
with meltwater pulse 1A at ~ 14 ka BP (Fairbanks, 1989; Bard et al.,
1990). The expansion of mangroves could be explained by reduced
freshwater flow and a subsequent increase in marine influence that

would have allowed mangroves to considerably extend within
estuaries (Lézine and Casanova, 1989) and would also imply dry
climatic conditions. An alternative explanation would be associated
with the efficient transport by the Senegal River (Dupont and
Agwu, 1991; Lézine et al., 1995; Lézine, 1996) and would instead
require locally wetter conditions and a continuous input of fresh-
water, which would also fit the high values of Typha pollen and high
accumulation rate values of fresh water algae during this time
interval (Fig. 2). Thus, we suggest a return to more humid condi-
tions with high fluvial activity and more moist continental condi-
tions coinciding with the onset of the Bglling—Allerad warm period
at high northern latitudes.

4.2. Results of the numerical experiment

The results of our freshwater-hosing experiment reveal that the
strong reduction of the AMOC (due to freshwater input into the
high-latitude northern seas) is associated with enhanced NE trades
and a strong and southward expanded AE] over the tropical North
Atlantic/West African realm (Fig. 5a and b). After removal of the
freshwater perturbation, the AMOC fully recovers after ~400 years.
Likewise, Sahel precipitation, trade wind strength over West Africa,
and the speed of the AE] approach the values of the unperturbed
control run (i.e. the strong-AMOC state) (Fig. 6). The key result of
the numerical experiment is, however, that the two wind systems
develop independently from each other rather than synchronously
(Fig. 6¢ and d).

After removal of the freshwater perturbation and when the
AMOC partly recovers, the trade winds relax very quickly and are
adjusted after ~150 years (Figs. 5¢ and 6¢) while rainfall in the
Sahel is still strongly reduced (Figs. 6b and 7). Although Fig. 6¢
shows annual-mean trade wind strength, we note that this
temporal behavior is also simulated for the winter season when the
trades are strongest and the ITCZ is at its southernmost position
(not shown). By contrast, only minor trends can be observed in the
AE] during this phase. As a result, an interval associated with an
intermediate AMOC strength, which serves as our analogue for the
mid-HS1 interlude observed in the pollen data, emerges during
which the NE trades are almost as weak as in the strong-AMOC
state, while the mid-troposphere still experiences a strong AE]
(Fig. 5d) (grey box in Fig. 6). A strong AE] diverges moisture from
continental Africa toward the Atlantic Ocean (e.g. Rowell et al.,
1992; Cook, 1999; Rowell, 2003; Cook and Vizy, 2006; Patricola
and Cook, 2007, 2008; Mulitza et al., 2008), thus maintaining dry
conditions over West Africa during the intermediate-strength
AMOC state (Fig. 7). It is only when the AE] relaxes that drought
conditions in West Africa abate.

Modern observational data show that changes in AE] strength
between extremely wet (1958—61) and dry (1982—1985) phases
are about 2 m/s (e.g. Grist and Nicholson, 2001). Rowell (2003) has
further shown that the AE] is about 0.5—2 m/s weaker-than-normal
during extremely wet Sahel years. Changes in our model experi-
ment are of the same order of magnitude. However, the anomaly of
HS1 lasted for several millennia rather than for only a few years,
thus leaving a strong imprint on the pollen record.

5. Discussion
5.1. The HS1 as a “complex” episode including three major phases

The results of our numerical modeling experiment and paly-
nological reconstructions corroborate the extremely dry conditions
in western Sahel during HS1 suggested by previous studies from
the Sahel/Sahara region (Lézine et al., 1995; Gasse, 2000; Mulitza
et al., 2008; Romero et al., 2008; Itambi et al., 2009; Niedermeyer
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Fig. 5. Simulated wind anomalies (m/s) from a water-hosing sensitivity experiment with the Community Climate System Model, version CCSM2/T31x3a. (a, b): Wind anomalies
associated with a strong (i.e. by 65%) reduction of the AMOC, (c, d): wind anomalies associated with an intermediate (i.e. by 30%) reduction of the AMOC. Near-surface wind
anomalies represent annual means (a, c¢). Since the mid-tropospheric AEJ over West Africa is only a summer feature (Afiesimama, 2007), the plotted wind anomalies at 600 hPa
represent the July—September season (b, d). All wind anomalies are based on 50-year averages taken from the transient climate model experiment as depicted in Fig. 6. Stippling
indicates statistical significance of the meridional (a, c) and zonal (b, d) wind components at the 0.05 level based on a t-test (Fisher, 1925).

etal., 2009). Moreover, our results indicate that this 4000-year-long
period (Mulitza et al., 2008) was not as uniform as previously
thought and clearly shows a succession of three major phases.

The first phase of HS1 is dominated by Cheno-Am (Saharan)
pollen and is correlated with an interval of strong NE trade winds
and a southward expanded AE] during initial AMOC weakening due
to meltwater pulses in the North Atlantic that started around ~ 19
kyr BP (Clark et al., 1996). As a result, monsoonal rainfall retreated
from the western Sahel leading to arid conditions and desert
expansion. In contrast, a mid-HS1 millennial interlude (between
~17.4 and 16.2 kyr BP) showed minimum representation of Cheno-
Am in the pollen record and increased input of Sahelian pollen is
identified. This is interpreted as an interval of relaxed NE trade
winds but still intense AEJ.

According to the model experiment, these variations can be
explained by reduced cooling in the North Atlantic owing to
a partial recovery of the AMOC. Indeed, the surface temperature
record of GeoB9508-5 based on Mg/Ca of Globigerinoides ruber
(pink) (315—400 um) (Zarriess et al., 2011) supports the notion of
milder North Atlantic temperatures during the mid-HS1 interlude
(Fig. 3f), as does the 380 record from the North Greenland ice core
(Fig. 3a, NGRIP members, 2004). However, to our knowledge, no
paleoceanographic evidence has yet clearly documented such
a partial recovery state of the AMOC during that period (Fig. 4g;
McManus et al., 2004), even though the 3'3C record of tests of
C. wuellerstorfi from GeoB9508-5 (Fig. 3b; Niedermeyer et al., 2009)
shows a small rise during the mid-HS1 interlude, which might be
interpreted to represent a partial recovery of glacial North Atlantic
Deep Water (NADW) formation (Niedermeyer et al., 2009). While in
our idealized model experiment North Atlantic temperature
changes are simply controlled by AMOC variations, additional
processes may also have influenced North Atlantic surface
temperatures in reality. The mid-HS1 interlude identified in our

pollen record coincides approximately with the phase of maximum
input of ice-rafted debris (IRD) from the Laurentide ice-sheet into
the mid-latitude North Atlantic (e.g. Jullien et al., 2006), i.e. the
Heinrich event sensu stricto (Stanford et al., 2011). We hypothesize
that the massive melting of icebergs created a shallow freshwater
lens over the North Atlantic IRD belt. The increased stratification
would have amplified the seasonal surface temperature contrast
(cf. Haug et al., 2005) resulting in enhanced North Atlantic summer
surface temperatures that may provide an alternative explanation
for the mid-HS1 interlude during the West African monsoon
season. On the other hand, surface temperature variations at site
GeoB9508-5 (Fig. 3f) may be interpreted as a response to trade
wind-induced changes in upwelling. Coastal upwelling might have
influenced the core site during HS1, when the sea-level was lower
than today (about 110—120 m (Lambeck and Chappell, 2001)) and,
hence, the core location closer to the shoreline. The coldest
temperatures during phases of trade wind maxima (Fig. 3f) would
then be associated with enhanced upwelling of cold water, while
the milder phase during the mid-HS1 interlude would be consistent
with trade wind relaxation and less upwelling.

5.2. Intensified atmospheric circulation during HS 1

Both the data and model simulation suggest that the atmo-
spheric and oceanographic systems were strongly coupled during
the HS1 as a whole and particularly during the mid-HS1 interlude
phase. It should be noted that the Sahel drought during this interval
is still severe (the intermediate AMOC-strength interval exhibits
only ~50% recovery of rainfall in the model experiment; see also
Fig. 7), although the NE trades which transport dry Saharan air to the
Sahel region, being a potentially important factor in driving the
Sahel drought, have already weakened. The strong AE], however,
still exported large amounts of moisture from the African continent
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Fig. 6. Temporal evolution of relevant metrics after removal of the freshwater
perturbation in a water-hosing experiment with CCSM2/T31x3a. (a): Maximum of the
Atlantic meridional overturning streamfunction at 30°N below 800 m water depth. (b):
Annual-mean precipitation averaged over the western Sahel (15°W—10°E, 10—20°N).
(c): Annual-mean meridional near-surface wind velocity at 15°N averaged over 15°W—
10°E as an index for the low-level trade wind strength in West Africa. (d): Summer-
mean (July—September) zonal 600-hPa wind velocity averaged over the western
Sahel (15°W—10°E, 10—20°N) as an index for the strength of the mid-tropospheric AE].
All timeseries are smoothed by a 50-year boxcar average and start from the weak-
AMOC state produced by the water-hosing. The grey box marks the 50-year interval
over which the anomalous (against the strong-AMOC control run) fields shown in
Fig. 5¢c and d are averaged and which is characterized by an AMOC of intermediate-
strength. The anomalous fields shown in Fig. 5a and b are based on the first 50
years of the experiment (weak-AMOC) versus the control run. The grey bars indicate
minimum differences between two 50-year (n = 50) averages taken from a timeseries
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Fig. 7. Annual-mean precipitation anomaly (cm/a) of the intermediate-strength AMOC
state. Shown is the average over model years 150—200 (grey box in Fig. 6) minus the

long-term mean from the control run (strong-AMOC state). Stippling indicates statis-
tical significance at the 0.05 level based on a t-test.

to the Atlantic Ocean, thus reducing continental rainfall in the
western Sahel. This model outcome agrees with a number of studies
demonstrating that the AE] plays a key role in controlling sub-
Saharan precipitation by transporting moisture off the continent
below the level of condensation, thus increasing moisture diver-
gence over North Africa (e.g. Rowell et al., 1992; Cook, 1999; Rowell,
2003; Cook and Vizy, 2006; Patricola and Cook, 2007; Mulitza et al.,
2008; Patricola and Cook, 2008). In addition, Grist and Nicholson
(2001) highlight the importance of the AEJ in governing dynamic
instability mechanisms and hence convective activity over the West
African Sahel. Provided that the state of strong AE] is maintained
long enough (e.g. due to a persistent North Atlantic meltwater input
of moderate magnitude), it would contribute to the extended dry
conditions over the western Sahel and explain the pollen distribu-
tion in core GeoB9508-5. The records presented in this study show
that HS1 was one of the most severe and extensive dry periods
lasting for over 4000 years. We discuss a succession of three phases
during HS1 derived from both palynological data and model simu-
lation. Phase 1 (~19—17.4 kyr BP) represents the onset of NE trade
wind strengthening and dryness over the western Sahel, while
phase 2 (~17.4—16.2 kyr BP) represents the millennial mid-HS1
interlude marked by relaxation of NE trade winds though aridity
in the region is still severe. Phase 3 ( ~ 16.2—15 kyr BP) covers the last
and extremely dry part of HS1 when NE trade winds were strongest.
The total duration of the HS1 episode detected in the Sahel agrees
(within age model uncertainties) with the temporal boundaries of
Heinrich event sensu lato established by Stanford et al. (2011)
which spans the entire period of the NADW collapse and includes
three 8'80 phases that affected bottom waters.

Particularly, the extreme dryness during the later part of HS1
agrees with increased aridity observed further north in western
Iberia during the latest phase of HS1 as revealed by a clear
minimum in Mediterranean forest pollen (Sanchez Goiii et al.,
2008) and the expansion of semi-desert plants (Naughton et al.,
2009) indicating lower precipitation toward the end of HS1; as
well as with increased dust fluxes off Mauritania suggesting
extreme arid conditions and intensification of NE trade winds
(Jullien et al., 2007). In contrast, on the western side of the Atlantic,
the final phase of HS1 has (within age model uncertainties)
a pronounced wet counterpart in NE Brazil where humid forest
vegetation expanded in an otherwise semi-desert region between
~16.5 and 15 kyr BP that is suggestive of regional increases in
precipitation (Dupont et al., 2010) (Fig. 4a). The development of wet

that are statistically significant (calculation based on the annual data using a t-test
with & = 0.05 significance level and assuming invariant standard deviation).
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conditions in NE Brazil and also in the tropical Andes and parts of
Amazonia (Peterson et al., 2000; Denton et al., 2010) suggests that
the proposed sharp rainfall reduction over the western Sahel did
not occur in South America. Since the modeled mid-tropospheric
circulation anomaly extends over the entire tropical North
Atlantic (Fig. 5b), the observed humid conditions probably reflect
the consequence of an intensified AE]J, which affected the western
Sahel climate by enhancing moisture export from the African realm.
We hypothesize that it represents a large-scale rather than
a regional change in the tropical atmospheric circulation, thus
providing a link between West Africa and central/South America
and may further explain the relationships between climate changes
recorded on both sides of the Atlantic. However, to confirm this
hypothesis there is a clear need for more high-resolution land—
ocean correlation studies on both sides of the Atlantic in order to
understand the impact of mid-level moisture transport over the
tropical Atlantic which, so far, has gained little attention in paleo-
hydroclimatological studies of the tropics.

6. Conclusions

The records presented in this study allow us to recognize three
major phases within HS1 and to suggest potential forcing mecha-
nisms for each. The general trend of extremely dry conditions
associated with an intensification of the NE trade winds during HS1
is interrupted by an interval (between ~17.4 and 16.2 kyr BP) of
reduced input of Saharan pollen and increased input of Sahelian
pollen, which is interpreted as a period of NE trade wind relaxation
associated with an intensification and a southward expansion of the
AE]J. Occurring between two distinct NE trade wind maxima during
the first and the latter part, this mid-HS1 interlude implies the
dominance of the mid-tropospheric AEJ over low-level NE trade
winds while dry conditions remained severe. The proposed scenario
is supported by the results of a numerical modeling experiment
indicating that the dynamics of the AEJ may largely be independent
from the NE trade wind system. It shows that an intensified AE] plays
a key role in diverging moisture from the African realm to the
Atlantic Ocean, thus reducing continental rainfall and extending
aridity throughout the western Sahel during HS1.

Our results offer an important complement to recently pub-
lished paleorecords from the region. They show that HS1 was one of
the longest and most severe arid periods of the western Sahel and
that the persistence of this millennial-scale Sahel drought must
have involved an intensified and southward expanded AE] in
addition to a southward shift of the ITCZ. Whatever its exact cause,
such a mechanism would have a considerable effect on low-latitude
African climate and may provide a link between climate changes in
West Africa and South America. A better understanding of the AE]
dynamics is pivotal to predict its fate and that of the Sahel during
upcoming climate changes.
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