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The evolution of the northwest African hydrological balance
throughout the Pleistocene epoch influenced the migration
of prehistoric humans'. The hydrological balance is also
thought to be important to global teleconnection mechanisms
during Dansgaard—Oeschger and Heinrich events’. However,
most high-resolution African climate records do not span the
millennial-scale climate changes of the last glacial-interglacial
cycle"®, or lack an accurate chronology®. Here, we use
grain-size analyses of siliciclastic marine sediments from off
the coast of Mauritania to reconstruct changes in northwest
African humidity over the past 120,000 years. We compare this
reconstruction to simulations of palaeo-humidity from a coupled
atmosphere—ocean—vegetation model. These records are in good
agreement, and indicate the reoccurrence of precession-forced
humid periods during the last interglacial period similar
to the Holocene African Humid Period. We suggest that
millennial-scale arid events are associated with a reduction of
the North Atlantic meridional overturning circulation and that
millennial-scale humid events are linked to a regional increase of
winter rainfall over the coastal regions of northwest Africa.
Long-term humidity variations in tropical and subtropical
regions influenced by the African monsoon are related to
precession-forced changes in low-latitude summer insolation™.
In the Sahara and Sahel regions, orbital-forced variation of the
monsoonal strength resulted in extreme environmental variations
from extensive annual grasslands with numerous lakes during the
early Holocene African Humid Period (AHP), to the present-day
arid desert conditions>>*'°. Despite the rather gradual orbital-scale
forcing, model studies suggest that nonlinear biogeophysical
feedbacks between precipitation and vegetation cover might
cause an abrupt transition from a largely vegetated Sahara to
a hyper-arid Sahara desert, such as the termination of the
AHP around ~5.5kyrBp (refs 9,11-13). On the other hand,
abrupt millennial-scale dry events that co-occur with cold North
Atlantic sea surface temperatures (SSTs) during Heinrich ice surge
events have been explained by a southward migration of the
intertropical convergence zone (ITCZ) and its associated rainfall
belt>*®!*1> Therefore, northwest Africa is a key location to study
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the interaction between low-latitude African monsoon systems and
high-latitude millennial-scale climate change.

Marine sediment core GeoB7920 (20° 45,09 N-18°34,90' W,
2,278 m water depth) is ideally situated to record variations of
the northwest African hydrological balance and vegetation cover
owing to its position directly under the major African dust track>'s
(Fig. 1). Off northwest Africa, aeolian-transported dust can be
distinguished by the grain-size distribution of the siliciclastic
fraction in marine sediments'"®. Although grain-size variations of
aeolian-transported dust have been explained by changes in wind
strength, transport distance and source area's™®, variations of the
total aeolian dust contribution are predominantly related to the
continental vegetation cover and subsequent subaerial erosion®"
(see Supplementary Information). We measured the grain-size
distribution of the siliciclastic sediment fraction of GeoB7920-2,
and expressed these as proportions of three statistically relevant
endmembers by endmember modelling®® (see Supplementary
Information). On the basis of the regional distribution of
endmembers retrieved from surface sediments of the northwest
African margin, the three endmembers of core GeoB7920-2
are interpreted as coarse aeolian dust (EM1), fine aeolian dust
(EM2) and hemi-pelagic mud (EM3) that can be related to fluvial
transport (see Supplementary Information). The proportions of
aeolian endmembers EM1 and EM2 are related to the subaerial
erosion and subsequently to the continental vegetation cover>",
whereas the proportions of EM3 are rather a measure of river
runoff”® (see Supplementary Information). We use the log ratio of
the non-aeolian endmember EM3, and the aeolian endmembers
EM1 and EM2 (log[EM3/(EM1 + EM2)]) to indicate relative
changes of the continental humidity and vegetation cover. In
addition, the §"C record of the benthic foraminifera Cibicidoides
wuellerstorfi is used to indicate changes of the deep-water
ventilation and the North Atlantic meridional overturning?.

Low contributions of the aeolian endmembers EM1 and EM2
and high contributions of fluvial end member EM3 indicate highly
positive humidity values (Fig. 2e). Pronounced humid periods
occur during periods of maximum low-latitude summer insolation
during Marine Isotope Stage (MIS) 5 and the early Holocene
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Figure 1 Average precipitation rates, surface wind direction and strength over the northeastern Atlantic for boreal winter and summer. The map shows the position
of sediment core GeoB7920-2 (yellow star) and MD95 2042 (red circle), the North Greenland Ice core Project (NGRIP) ice core (white circle) and the two grid boxes of the
CLIMBER-2 model used in this study. The North Atlantic eastern boundary current (blue arrow) and the position of the ITCZ (black dotted line) are indicated as well. The
average precipitation rates, surface wind direction and strength are calculated for the period 19842003 by the International Research Institute for Climatic Prediction

(http://iri.Ideo.colombia.edu).

epoch (Fig. 2). The strongly enhanced humidity occurring during
the early Holocene coincides with the AHP, during which the
Sahara was largely covered by grasslands®>>'*>. Humid conditions
similar to the AHP occur during MIS5a and MIS5¢ and indicate
reoccurrence of AHPs (Fig. 2). Continuously arid conditions occur
during the maximum glacial conditions of MIS4 and MIS2, whereas
MIS3 is characterized by abrupt millennial-scale alternations of
arid and humid events (Fig. 2). Millennial-scale dry events coincide
with abrupt decreases in Greenland air temperatures (Fig. 2a) and
eastern boundary current SSTs (Fig. 2b), and lower benthic §°C
values of GeoB7920-2 (Fig.2d), all of which indicate strongly
reduced North Atlantic meridional overturning®'. These dry events
can be related to Greenland stadial events 25, 24, 22, 21 and 20 of
MIS5, and Heinrich events H6, H5, H4 and H1 and the Younger
Dryas (Fig. 2), which have been related to North Atlantic freshwater
pulses®**?. Dry events associated with H3 and H2 occur during
conditions of stronger glaciation and are less well expressed or even
absent in the humidity record (Fig. 2e), but clearly visible in the
8"C record of GeoB7920-2 (Fig. 2d). The millennial-scale humid
events of MIS3 occur during relatively mild Northern Hemisphere
interstadial conditions and seem to be independent of low-latitude
insolation variations (Fig. 2).

Two model simulations were analysed to investigate the
response of the North African precipitation and vegetation
cover to low-latitude insolation variations and high-latitude
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Heinrich events. The simulations were carried out with the
CLIMBER-2 model, which is a global atmosphere—ocean—
vegetation (AOV) model of intermediate complexity (see
Supplementary Information). The rather coarse geographic
resolution of CLIMBER-2 covers northern Africa by three grid
boxes corresponding to the Sahara, the Sahel and tropical northern
Africa. As marine sediment core GeoB7920 is located at the
border of the Saharan and Sahelian grid box (Fig. 1), climate and
vegetation changes will be considered in both of these grid boxes.

The AOV-IC simulation describes the long-term climate
variations over multiple precessional cycles by using external
forcing of orbital-induced insolation, prescribed variations
in atmospheric CO, concentrations and prescribed inland
ice variations derived from global sea level variations®.
The AOV-IC-f simulation describes millennial-scale climate
variations between 60 and 20kyrBp. In contrast to AOV-IC,
AOV-IC-f includes an additional freshwater forcing in the
North Atlantic to simulate Heinrich events (triggered every
7.5kyr) and Dansgaard—Oeschger events® (see Supplementary
Information). As the timing of these simulated Heinrich
events was prescribed, but not predicted, these events
are not synchronous with real Heinrich events. Moreover,
owing to the geographic coarseness of CLIMBER-2, these
simulations are considered more a test of concept rather than a
detailed prediction.
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Figure 2 Palaeoenvironmental records of the NGRIP ice core, MD95 2042 and GeoB7920 for the last 120 kyr BP. a, Variations of the air temperature over Greenland
indicated by the 530 record of the NGRIP ice core and the numbered interstadial events®. b, Alkenone-based SST reconstruction of core MD95 2042 (ref. 23). ¢,d, 50 (c)
and 8"3C (d) record of benthic foraminifera Cibicidoides wuellerstorfi of core GeoB7920-2. e, Continental humidity index of core GeoB7920-2 as indicated by

log[EM3/ EM1 + EM2)]. f, Age—depth relationship of GeoB7920-2 (see Supplementary Information). g, Average summer insolation at 30° N. The grey bars indicate

North Atlantic ice rafted debris events??,

The AOV-IC simulation of the precipitation shows dominantly
precession-forced variations in both the Saharan and the
Sahel regions (Fig.3a,b), which are related to an increase of
the monsoonal strength and a northward migration of the
ITCZ during precession maxima®''. In the Sahara region,
these precession-forced variations are accompanied by a
large-scale and, relative to orbital forcing, abrupt northward
expansion of the Saharan grassland (Fig.3a) due to nonlinear
biogeophysical feedback™''* (see Supplementary Information).
These precession-forced humid periods corroborate the humid
periods during MIS5 and the Holocene in core GeoB7920 (Fig. 3).
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Both the AOV-IC simulation and the proxy data indicate that
the expansion and retreat of Saharan vegetation occurs much
faster than changes in orbital forcing, which is in agreement
with what was found for the Holocene AHP (refs 5,8). Hence,
all humid periods can be considered as a test of the nonlinear
climate and vegetation response. During the last glacial period,
pronounced precession-forced humid periods are absent in the
AOV-IC simulation of the Sahara (Fig.3a). Expansion of the
Northern Hemisphere ice caps in combination with weaker
precessional forcing during the last glacial prevented the African
monsoonal system from influencing the Sahara, creating a colder
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Figure 3 Model-data comparison of the northern Africa humidity and vegetation cover during the last 120 kyr BP. a,b, AOV-IC model simulation of the vegetation cover
and the annual mean daily precipitation (mmd~") (black dashed ling) in the Sahara grid box (20°=30° N) (a) and the Sahel grid box (10°—20° N) (b). ¢, Temporal variation of

the continental humidity index of core GeoB7920.

and drier climate. In the humidity record of GeoB7920, similar dry
conditions are shown only during the maximum glacial conditions
of MIS4 and MIS2 (Fig. 3).

Both the proxy data and the AOV-IC-f simulation (Fig. 4)
indicate millennial-scale dry events in response to freshwater pulses
in the North Atlantic. Although the Heinrich event-like freshwater
perturbations of the AOV-IC-f simulation were prescribed every
7.5kyr, the corresponding dry events in the Sahel region are
strikingly similar to the dry events seen during H6, H5 and H1, and
to a lesser extent H4 and H3 in the humidity record of GeoB 7920-2
(Fig. 4). This suggests that millennial-scale dry events in GeoB
7920-2 can be interpreted as a response to freshwater pulses into the
North Atlantic. The abrupt millennial-scale humid events during
MIS3 indicated in GeoB7920 (Fig. 3¢) do not occur in the AOV-IC
nor the AOV-IC-f simulation.

Proxy data and the model simulations indicate that
orbital-forced strengthening of the African monsoon during
MIS5 resulted in an expansion of the Saharan vegetation cover
comparable to the Holocene AHP. These long-term variations
are in agreement with the tropical western African hydrological
balance, which seemingly depends on moisture transport from
the eastern equatorial Atlantic”®. In the modelling simulations,
moisture transport from the tropical and subtropical Atlantic
is the dominant process. However, North African pollen and
plant macrofossil data' and the aeolian dust record in the
northern Red Sea region® suggest that moisture transport from the
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North Atlantic and Mediterranean Sea into Africa’s Mediterranean
regions cannot be neglected. Unfortunately, the extent to which
moisture transport from the Mediterranean affects North African
climate cannot be assessed by the CLIMBER-2 simulations.

Proxy data and the AOV-IC-f simulation convincingly show
that the millennial-scale dry events on the northern African
continent are forced by high-latitude Heinrich events, which
supports the results of previous studies>**'*'>. However, generally
dry conditions over the North African continent during periods
of stronger glaciation probably resulted in a weaker expression
of H3 and H4, and the absence of H2 in the humidity record
of GeoB7620-2. In the model, the Heinrich event forcing is
transmitted through large-scale changes in the North Atlantic
overturning circulation® (see Supplementary Information), which
is supported by the §"C record of GeoB7920-2 (Fig.2d).
Alternatively, transmission of cold North Atlantic SST to
lower latitudes by the eastern boundary current has been
suggested*®'>?>%. Nevertheless, the millennial-scale dry events in
both the proxy data and the model simulation strongly suggest
a decoupling of northern high-latitude millennial-scale climate
change and the precessional-forced low-latitude African monsoon,
which supports humidity reconstructions of the northwest African
subtropics®*'*1>. However, regarding the differences between
West African tropical humidity records®, there seems to be
no consensus on the occurrence of millennial-scale climate
variations in the African tropics. This might be related to
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the response of each distinct humidity proxy to different
regional influences.

The millennial-scale humid events shown in the humidity
record of GeoB7920-2 during MIS3 are remarkably similar
to millennial-scale humid events recorded in the western
Mediterranean”*°. These humid events have been explained by
a southward movement of the mid-latitude wind systems and
an increased influence of North Atlantic winter precipitation® 2,
Although the coarse scale of the CLIMBER-2 model does not
reproduce these humid events in the AOV-IC-f simulation, such a
scenario is in agreement with and further supports a decoupling
of northern high-latitude millennial-scale climate change and the
low-latitude African monsoon during MIS3 (refs 3,4,8,14).

To summarize, here we present for the first time proxy data
and model simulations that consistently reveal vegetation and
climate change due to climatic precession in the North African
subtropical regions during the last glacial-interglacial cycle. The
model prediction of a largely vegetated Sahara, as well as an abrupt
expansion and retreat of Saharan grassland vegetation during
isotope stages 5a and 5c, is corroborated by proxy data. Moreover,
model and proxy data indicate that high-latitude Heinrich events
cause millennial-scale dry spells in North Africa. However, the
millennial-scale humid events indicated in GeoB7920-2 during
MIS3 cannot be assessed by the CLIMBER-2 simulations.
High-resolution model simulations are required to assess the
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geographical extent of dry events in North Africa, the role of the
eastern boundary current and the influence of winter precipitation
on North African climate and vegetation dynamics.

METHODS

The siliciclastic sediment fraction was isolated by dissolving carbonate, organic
matter and biogenic opal from ~0.5 ml bulk sediment in HCl, H,O, and NaOH
respectively. Random microscope observations were carried out to confirm the
removal of all biogenic constituents. Each sample was briefly heated with about
300 mg of Na,P,07-10H, 0 directly before measuring to avoid the formation
of aggregates in the fine-grained fraction. The grain-size distribution of each
sample (N = 315) was analysed with a Coulter LS200 laser particle sizer that
measures particles in the range of 0.4-2, 000 pm in 92 size classes.

The endmember modelling algorithm?® approximates a theoretical
grain-size distribution from the total set of grain-size measurements (N = 315).
The model estimates the minimum number of endmembers required for a
satisfactory approximation of the data (see Supplementary Information). The
measured grain-size distributions of core GeoB7920 can now be expressed
as relative proportions of the constant-sum of the three endmembers
(EM1+EM2+EM3 =1).

Stable isotope analysis (§">C and §'0) measurements were recorded
on the benthic foraminifera Cibicidoides wuellerstorfi (>250 um) every 5cm
(N =322). Analyses were carried out on a Finnigan MAT 252 micro-mass
spectrometer coupled to an automated carbonate preparation device. The
precision of this system is within 0.05%o and 0.07%, (Vienna PeeDee Belemnite)
with respect to an internal standard for §'*C and §'#O, respectively.
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The model simulations were carried out with the global AOV CLIMBER-2
model of intermediate complexity for the period 120-0kyr B (AOV-IC)
and 60-20 kyr Bp (AOV-IC-f). Details on the simulations are given in the
Supplementary Information.
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