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Abstract

Reconstructions of aeolian dust flux to West African margin sediments can be used to explore changing atmospheric circulation
and hydroclimate over North Africa on millennial to orbital timescales. Here, we extend West African margin dust flux records
back to 35 ka in a transect of core sites from 19°N to 27°N, and back to 67 ka at Ocean Drilling Program (ODP) Hole 658C, in
order to explore the interplay of orbital and high-latitude forcings on North African climate and make quantitative estimates of
dust flux during the core of the Last Glacial Maximum (LGM). The ODP 658C record shows a “Green Sahara” interval from
60 to 50 ka during a time of high Northern Hemisphere summer insolation, with dust fluxes similar to levels during the early
Holocene African Humid Period, and an abrupt peak in flux during Heinrich event 5a (H5a). Dust fluxes increase from 60 to 35
ka while the high-latitude Northern Hemisphere cools, with peaks in dust flux associated with North Atlantic cool events. From
35 ka through the LGM dust deposition decreases in all cores, and little response is observed to low-latitude insolation changes.
Dust fluxes at sites north of 20°N were near late Holocene levels during the LGM time slice, suggesting a more muted LGM
response than observed in mid-latitude dust sources. Records along the northwest African margin suggest important differences
in wind responses during different stadials, with maximum dust flux anomalies centered south of 20°N during H1 and north of

20°N during the Younger Dryas.
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Key Points:
e Coherent dust flux changes along the NW African margin and in the central North
Atlantic over the last 67 ka
e Abrupt dust flux variations on millennial timescales similar to N Atlantic stadials related
to high latitude forcing of African climate
e Green Sahara interval (60-50 ka) recorded by low dust fluxes to ODP 658C showing an

orbitally-forced strengthening of monsoon during MIS 3
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Abstract

Reconstructions of aeolian dust flux to West African margin sediments can be used to explore
changing atmospheric circulation and hydroclimate over North Africa on millennial to orbital
timescales. Here, we extend West African margin dust flux records back to 35 ka in a transect of
core sites from 19°N to 27°N, and back to 67 ka at Ocean Drilling Program (ODP) Hole 658C, in
order to explore the interplay of orbital and high-latitude forcings on North African climate and
make quantitative estimates of dust flux during the core of the Last Glacial Maximum (LGM).
The ODP 658C record shows a “Green Sahara” interval from 60 to 50 ka during a time of high
Northern Hemisphere summer insolation, with dust fluxes similar to levels during the early
Holocene African Humid Period, and an abrupt peak in flux during Heinrich event 5a (H5a).
Dust fluxes increase from 60 to 35 ka while the high-latitude Northern Hemisphere cools, with
peaks in dust flux associated with North Atlantic cool events. From 35 ka through the LGM dust
deposition decreases in all cores, and little response is observed to low-latitude insolation
changes. Dust fluxes at sites north of 20°N were near late Holocene levels during the LGM time
slice, suggesting a more muted LGM response than observed in mid-latitude dust sources.
Records along the northwest African margin suggest important differences in wind responses
during different stadials, with maximum dust flux anomalies centered south of 20°N during H1
and north of 20°N during the Younger Dryas.

1 Introduction

Records of mineral dust emissions from the Sahara Desert are essential for understanding
past changes in North African climate, and are tightly linked to the strength of the West African
monsoon (deMenocal, 1995; deMenocal, et al., 2000; Skonieczny et al., 2019; Wang, et al.,
2015). Wind speed and aridity variations are expressed as fluctuations in the amount of dust
exported from the North African continent to the Atlantic Ocean, meaning that downcore
measurement of dust flux to North Atlantic sediments allows an integrated reconstruction of how
winds and aridity respond to climate changes.

In the present day, North African dust outbreak events transport dust over the northwest
African continental margin and Atlantic Ocean throughout the year. Observational records from
marine sediment traps and atmospheric dust samplers suggest that maximum dust deposition

along the northwest African margin occurs in winter and spring (Bory & Newton, 2000;
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Chiapello et al., 1995; Ratmeyer et al., 1999; Skonieczny et al., 2013). Combining air parcel
back trajectory modeling with dust provenance (Friese et al., 2017; Skonieczny et al., 2013) and
grain size measurements (van der Does et al., 2016) suggests that winter dust is transported in
low-level trade winds from relatively proximal locations, including the coastal region of Western
Sahara and western Mauritania (see Scheuvens et al., 2013 for a compilation of PSA locations).
Interannual peaks in winter dust emissions are attributed to southward movement of the ITCZ
and increased surface winds over North African dust source regions, with a minor role of
reduced Sahel rainfall (Doherty et al., 2012).

During summer, dust is transported from source regions closer to the center of the
continent (e.g., Libya) and uplifted at the coast by a cool marine inversion layer and transported
by the upper level (~1.5-4.5 km) Saharan Air Layer (Carlson & Prospero, 1972). Satellite
observations of atmospheric dust loading and fluxes show peak dust transport across the Atlantic
in summer (Ridley et al., 2012; Yu et al., 2015); however, relatively little of this dust appears to
be deposited on the northwest African margin (Skonieczny et al., 2013). As a result, our records
are likely to be biased toward winter dust emissions from the western Sahara Desert. To address
this potential seasonal and spatial bias in our interpretations, in section 4.1 we compare data from
our African margin sites with data from a distal core site that represents predominantly summer
dust deposition from interior African source regions (Middleton et al., 2018).

Paleoclimate proxy records and geochemical tools have been used to extend the record of
variability of dust transport to the margin beyond the observational record, which exists only
from the mid-1960s (Prospero & Lamb, 2003). Records of the last 20 ka (ka: thousand years
before present) were developed using sediments from Ocean Drilling Program (ODP) Hole 658C
by deMenocal et al. (2000) and Adkins et al. (2006). Later work demonstrated that the variations
in this core were coherent along the northwest African margin between 19°N and 27°N (McGee
et al., 2013) and were observed across the Atlantic Basin in the Bahamas and central Atlantic as
well (Williams et al., 2016). These reconstructions show an abrupt transition from a time of high
dust accumulation during the deglaciation to a sustained period of low dust accumulation
between 12 and 5 ka. This low-dust period is known as the African Humid Period (AHP) and is
marked by an abrupt onset and termination, followed by a more gradual increase of dust
accumulation toward the present. Comparison of these dust records with other climate proxy

records of North African climate shows that the AHP marks a “Green Sahara”, when the Sahara
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Desert received high rainfall supporting diverse and widespread vegetation, permanent lakes, and
human populations (McGee & deMenocal, 2017, and references therein), with accompanying
continental runoff (Drake et al., 2010; Skonieczny et al., 2015; Weldeab et al., 2014). The AHP
occurred when Northern Hemisphere summer insolation was increased relative to the present due
to precessional variation, which has been shown through modeling efforts to increase the extent
and intensity of the monsoon system (Battisti etal., 2014; Braconnot et al., 2012; Kutzbach,
1981; Tjallingii et al., 2008). There is also evidence that trade wind strength was decreased over
the West African margin during the AHP, as evidenced by decreased upwelling-related biogenic
fluxes to margin sediments and increased sea surface temperatures (SSTs) along the margin
(Adkins et al., 2006; Bradtmiller et al., 2016). These findings over the AHP highlight two of the
controls on changes to dust flux from North Africa, aridity and wind strength, and the
importance of considering the interplay between the two.

These studies also began to elucidate dramatic intervals of rapid and high-amplitude
changes to climate and dust transport in this region over far shorter timescales, punctuating the
orbitally-forced record at a millennial scale. During abrupt Northern Hemisphere cooling events
such as Heinrich event 1 (H1) (~18.0 to 15 ka), and the Younger Dryas (YD) episode (12.8 to
11.7 ka; Rasmussen et al., 2006) abrupt increases in dust flux have been recorded at multiple
sites over the margin, with fluxes reaching the highest values of their respective records during
these events (Adkins et al., 2006; McGee et al., 2013; Mulitza et al., 2008).

Multiple studies have linked North Atlantic cooling to increases in northeasterly winds
over North Africa (deMenocal et al., 1993; McGee et al., 2018; Meyer et al., 2013; Mulitza et al.,
2008; Tjallingii et al., 2008). Cooling of winter SSTs and expansion of sea ice in the North
Atlantic shift the Atlantic ITCZ to the south, weakening the monsoon and increasing trade wind
strength, leading to an increase of dust export (Liu et al., 2014; Murphy et al., 2014). Consistent
with this finding from models, northwest African margin sediments record increases in the
accumulation of biogenic opal and organic carbon during these cold events, suggesting increased
wind-driven upwelling (Adkins et al., 2006; Bradtmiller et al., 2016; Romero et al., 2008). A
weakening of monsoon rainfall during North Atlantic cooling events also shifts the Sahel-Sahara
boundary south (Collins et al., 2013), potentially opening up new dust source areas and further
contributing to the increase in dust emissions during these events. These high-resolution studies

provide evidence for a North Atlantic high-latitude control causing abrupt changes to
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atmospheric circulation and North African climate on millennial timescales, in addition to the
low-latitude orbital regulation of African monsoonal climate.

Recent efforts by Skonieczny et al. (2019) have shown a high correlation of Saharan dust
flux, calculated using ?*°Th normalization, with summer insolation over the last 240 ka,
confirming low-latitude pacing of northwest African dust fluxes at 18°N spanning at least the
last two glacial cycles for sediment core MD03-2705. Low sedimentation rates for core MDO03-
2705, which is adjacent to ODP Hole 658C, precluded detailed study of potential millennial scale
controls on North African climate over this longer time frame. Here we present northwest
African margin dust flux records from core sites with higher sedimentation rates (5-10 cm kyr™)
to explore the combined effects of high-latitude and orbital forcing of African climate extending
back to 67 ka. Probing this time period allows us to examine over multiple precessional cycles
the impact of high-latitude and summer insolation forcing on dust export, and to provide
quantitative estimates of dust flux during the core of the LGM time slice. We also explore how
millennial-scale increases in dust emission varied along a north-south transect of cores,
providing insight into the spatial distribution of wind and aridity changes during these events.
Drawing on the mechanistic links between regional climate and dust export, we aim to deepen

understanding of changing climate of the North Africa region over the past 67 ka.

2 Methods and Core Sites

2.1 Core Locations

A meridional transect of 4 core sites between 27°N and 19°N were used in this study
(Figure 1). These sites have been used to monitor past variations in northwest African climate
(Bradtmiller et al., 2016; McGee et al., 2013; Williams et al., 2016), as they represent North
African dust emissions to the tropical North Atlantic. The southernmost core lies on the northern
edge of the modern day winter dust plume (e.g., Mulitza et al., 2008; Skonieczny et al., 2019; Yu
et al., 2015) meaning the sites are sensitive to latitudinal variations in dust export. The three
gravity cores GC37, GC49, and GC68, were taken by the R/V Oceanus during the 2007
Changing Holocene Environments of the Eastern Tropical Atlantic (CHEETA) cruise (OC437-
7). The sediments from Ocean Drilling Program Hole 658C off Cap Blanc, Mauritania were
cored during ODP Leg 108 (Ruddiman et al., 1988).
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156 Figure 1. Map showing studied core sites (white circles) and referenced core sites (black

157 circles), JFM SSTs from the WOA18 (black contours; Locarnini et al., 2019), and ERA5 10m
158  JFM winds (grey arrows; C3S, 2017). Studied core locations and water depths as follows: GC37
159  (26°48.96°N, 15°7.06°W, 2771 m), GC49 (23°12.37°N, 17°51.25’W, 2303 m), ODP 658C

160  (20°44.95°N, 18°34.85°W, 2263.6 m), GC68 (19°21.78’N, 17°16.94’W, 1396 m).

161

162 2.2 Age Models

163 The chronologies for the OC437-7 cores were developed from AMS radiocarbon ages on
164  planktonic foraminifera (see Supplementary Information Figure S1). Radiocarbon ages younger
165  than 20 ka in GC37 and GC68 and ages as old as 31.5 ka in GC49 were taken from McGee et al.
166 (2013). Seven new radiocarbon ages were measured for this study (see Supplementary

167  Information S1). The ages for this study were determined on specimens of Globigerina

168  bulloides; radiocarbon measurements were performed at the Center for Accelerator Mass

169  Spectrometry at Lawrence Livermore National Laboratory. Radiocarbon ages were converted to
170  calendar ages using Marinel3 (Reimer et al., 2013), with an additional reservoir correction (AR)
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of 130 £ 50 yr (20) based upon local modern reservoir ages (Mulitza et al., 2010; Ndeye, 2008;
Pittauerov et al., 2009). We do not attempt to estimate past changes in reservoir age, though
these most certainly accompanied the dramatic changes in upwelling observed in African margin
records (Bradtmiller et al., 2016; Romero et al., 2008). Age models were interpolated between
1€ tie points using the P_Sequence routine in OxCal 4.2 (Bronk Ramsey, 2008). This routine
provides Bayesian age-depth modeling and treats sediment deposition as a series of discrete
“events” following a Poisson distribution with a user-specified step size. A step size (k) of 0.75
cm™* provided sufficient flexibility in the age-depth relationship to fit our **C ages.

The chronology for the ODP 658C core is based on AMS radiocarbon ages and
correlation to a geochemical record from a nearby core with existing age model (see
Supplementary Information Figure S2). From 20 ka to the coretop radiocarbon ages from
deMenocal et al. (2000) are utilized, and two new radiocarbon ages determined on specimens of
Globigerina bulloides were measured for this study to constrain the chronology from 38.5 to 30
ka. Radiocarbon ages were calibrated using Marinel3 and a constant AR of 130 years. Between
67 ka and 25 ka the chronology is based on matching CaCO3weight percent in ODP 658C to
calibrated XRF CaCO3 weight percent in neighboring core GeoB7920-2 (see Supplementary
Information Figure S3). The age model for this part of GeoB7920-2 is based on visual
correlation of the benthic (Cibicidoides wuellerstorfi) 520 record with that of marine sediment
core MD95-2042, with the §'%0 stratigraphy of MD95-2042 on the GRIP ss09sea age scale
(Tjallingii et al., 2008).

2.3 Determination of Biogenic Components and Aeolian Fraction of Sediments

The detrital percentage of the samples was calculated as the residual after subtracting the
carbonate, opal and organic carbon percentages measured at Macalester College. Percent
carbonate and percent total carbon were determined through coulometry. Percent organic carbon
was calculated as the difference between total carbon and carbonate carbon. Percent biogenic
opal was determined using alkaline extraction and molybdate blue spectrophotometry after the
method of Mortlock & Froelich (1989).

The aeolian fraction of the sediments was calculated by measuring grain size and
utilizing endmember modeling of grain size distributions to sum the two coarsest endmembers,

which are taken to represent the aeolian fraction of the detrital material, as determined above.
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This approach derives from multiple studies showing that the grain size distributions of
northwest African margin can be approximated well by three endmembers (Holz et al., 2004,
2007; McGee et al., 2013; Mulitza et al., 2008; Tjallingii et al., 2008); that the two coarser
endmembers are similar in grain size to modern-day dust collected by dust traps (Stuut et al.,
2005); and that the finest endmember peaks in abundance near river mouths (Holz et al., 2004)
and varies in flux independently from the other two endmembers (McGee et al., 2013). Prior to
grain size measurement the non-detrital fraction of the sediment was removed in a stepwise
leaching procedure. Organic matter and calcium carbonate were removed in a glass beaker using
excess 10% hydrogen peroxide and 0.1 M hydrochloric acid, respectively. Opal was removed by
transferring the samples to centrifuge tubes, adding excess 2 M sodium carbonate, and heating
the samples in an 80°C hot bath for 5 hours. Grain size measurements were made on a Beckman
Coulter LS 13320 Laser Diffraction Particle Size Analyzer at the Royal Netherlands Institute for
Sea Research.

The grain size distribution below 250 pm was used for grain size endmember modelling
in order to separate aeolian from hemipelagic inputs. The grain size data for each core was fit
using Weibull distributions, which are unimodal, asymmetric distributions that closely
approximate measured grain size distributions of airborne dust and loess (Sun, 2004; Zobeck et
al., 1999). Three endmembers per core were used to model the grain size distributions, with the
two coarsest endmembers identified as aeolian dust, following the work of McGee et al. (2013).
The proportion of the grain size distribution that is accounted for by the two coarsest
endmembers was taken as the fraction of the detrital material that is aeolian, and this value was
multiplied by the detrital percentage to obtain the aeolian fraction of the bulk sediments.

The same endmember distributions that McGee et al., (2013) calculated for cores GC37,
GC49, and GC68 were utilized to estimate aeolian fractions for new sediment samples in this
study for those sites. For core ODP 658C best fit endmember distributions were calculated from
grain size distribution data on all samples analyzed in this study (from 67 to 18.8 ka), and used to
estimate the aeolian fraction of the bulk sediments (see Supplementary Information S3 and
Figure S4).
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231 2.4 U, Th Isotope Measurements

232 Aeolian fluxes were calculated by multiplying the aeolian fraction of the sediments by
233 the vertical sediment flux. Sediment fluxes were calculated using ***Th,s-normalization (Bacon,
234 1984; Suman & Bacon, 1989), which utilizes the fact that the instantaneous ratio of water

235 column scavenged *°Th flux to the total sediment flux must be equal to the concentration of
236 2*°Th in the underlying sediment:

237
normalized aeolian flux = [23(;[;—2,605] F
238
239 (Equation 1)
240
241 where 4 is the production rate of 2°Th from #**U in the water column (0.0268 dpm m3yr

242 ' McGee et al., 2010), z is the water column depth (m), [Z*°Th,] is the concentration of the

243 component of the total 2°Theas that is not derived from detrital material or supported by ***U
244 decay within the sediments (in dpm/g), and has been corrected for decay since it was deposited,
245  and F is the fraction of aeolian material. The water column depth was adjusted for changing sea
246 level (Waelbroeck et al., 2002) as this affects the production rate of 2°Th in the water column.

247 20Th,2is calculated using the following equation:
248
230Th25 — ezt x [ 230Thmeas _ 230Thdet _ 230Thauth ]
249
250 (Equation 2)
251
252 The correction for decay was made using the age model of the core to assign an age to

253 each sample and account for the decay of initial excess 2°Thys since the time of deposition. The
254 detrital 2*°Th was calculated by assuming the 2**Th content of the sample was entirely sourced
255 from the detrital component, and calculating the activity of the 22U associated with this detrital
256 component using an estimated detrital “**U/%*2Th activity ratio of 0.7 + 0.05 (1) for this area
257 (Adkins et al., 2006). The detrital *°Th is assumed to be in secular equilibrium with this

258 uranium, so it can be subtracted from the >**Thyess. Authigenic uranium is taken to be that which
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remains after accounting for the detrital uranium. Authigenic 2°Th is therefore calculated by
assuming that the formation of authigenic minerals/coatings occurs at the time of sediment
deposition and incorporates **U/?*8U at a constant seawater activity ratio of 1.1468 (Andersen et
al., 2010).

In preparation for isotopic measurements samples were weighed, doped with a mixed
spike of ?°Th and %°U, and fully dissolved with hydrogen peroxide, nitric acid, hydrochloric
acid and hydrofluoric acid. An iron coprecipitation step allowed removal of much of the matrix
of the dissolved sediments and thus improved yields of Th and U. Samples then underwent anion
exchange chromatography using Dowex Bio-Rad AG1-X8 100-200 mesh anion exchange resin
to separate Th and U so that the two elements could be measured separately. 2°Th, ?*?Th, and
2381 isotope measurements were made using a multi-collector inductively coupled plasma source
mass spectrometer (MC-1CP-MS). The majority of isotopic measurements were made using a
ThermoScientific Neptune Plus MC-ICP-MS at Brown University; more recent measurements
were made on a Nu Plasma II-ES MC-ICP-MS at MIT.

Uncertainties in the final aeolian fluxes reported reflect confidence limits associated with
mass spectrometric measurements, the detrital U/Th ratio, and the aeolian fraction of the
sediments. The uncertainties in aeolian fluxes do not incorporate uncertainties in the assumption
that the supply of scavenged *°Th to the sediment is equivalent to the production rate of °Th in
the overlying water column. Our core sites lie in an exceptionally productive region of upwelling
which can lead to boundary scavenging of ?°Th: there is strong year round upwelling from 20 to
26°N along the West African margin, with weaker year round upwelling north of 26°N, and
seasonal upwelling south of 20°N (Gomez-Letona et al., 2017). Currently, boundary scavenging
of 2°Th has been constrained to 40 + 10% of its water column production off northwest Africa
(Hayes et al., 2015), helping to quantify this additional uncertainty associated with >°Th-
normalized sediment fluxes in our study region. This scavenging would increase 2°Th deposition
in sediments at our core sites, biasing our accumulation rates low. It is assumed that changes in
anomalous “Th deposition due to changes in boundary scavenging are much smaller than the
factor of >3 changes in aeolian flux seen in our records, meaning that relative changes in flux are

likely to be robust even if the mean flux is biased low.
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3 Results

The meridional sediment core transect along the northwest African margin reveals
latitudinal differences in the relative expressions of low-latitude (orbital monsoon) and high-
latitude (glacial and stadial event) forcing on regional dust fluxes and coastal upwelling (Figure
2). Dust, opal, and organic carbon fluxes for the 20 ka to coretop portions of GC37, GC49 and
GC68 were previously published in McGee et al., (2013) and Bradtmiller et al., (2016),
respectively. Carbonate, opal, and detrital fluxes for the 20 ka to coretop portion of ODP 658C
were previously published in Adkins et al., (2006).

3.1 GC37 (27°N)

Dust fluxes in core GC37 exhibit a maximum from 36 to 31 ka during late marine isotope
stage (MIS) 3 (~0.5 g cm™ kyr'), with a millennial-scale peak coincident with H3 (31.3 ka)
(S&nchez Gofii & Harrison, 2010). Fluxes gradually fall during MIS 2 to moderately low values
(0.26 g cm? kyr™) in the late LGM (~20 ka), with a small dust peak associated with H2 (24 ka).
Dust fluxes rise to millennial-scale peaks during H1 (0.37 g cm™ kyr™) and the YD (0.47 g cm™
kyr™), with the YD showing a 20% higher peak flux of dust than H1. Fluxes abruptly fall during
the onset of the AHP at ~12 ka, and continue to fall to the lowest recorded value at ~6 ka (0.09 g
cm™ kyr). Dust fluxes then increase into the Late Holocene (~1 ka) to a value of ~0.2 g cm™
kyr?.

Both opal and organic carbon fluxes are highly correlated with dust fluxes in core GC37
(r*= 0.69; p-value < 0.05 and r?= 0.43; p-value < 0.05, respectively). Similar to dust, both opal
and organic carbon are at maximum levels at ~36 ka, the base of the core. Biogenic fluxes
decrease into the LGM, with opal more closely tracking dust and organic carbon dropping
rapidly after 30 ka. Opal fluxes rise to high levels during both H1 and the YD, while organic
carbon fluxes peak only in H1. Fluxes of both opal and organic carbon fall to low levels

throughout the AHP before rising during the late Holocene.

3.2 GC49 (23°N)

Dust fluxes in core GC49 decrease steadily from a late MIS 3 maximum at 36 ka (0.74 ¢
cm™ kyr) to moderately low values during the late LGM at ~21 ka (0.52 g cm™ kyr™), with a
small peak coincident with H2 (24 ka). Dust fluxes then rise to peaks during H1 (0.65 g cm™ kyr’



319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349

manuscript submitted to Paleoceanography and Paleoclimatology

1) and the YD (0.84 g cm™ kyr™), before decreasing to a minimum during the AHP (0.076-0.11 g
cm™ kyr). Similar to the GC37 record, the dust flux peak associated with the YD is larger — by
~30% — than the H1 peak, showing a stronger dust response during the YD in the northern core
sites. Dust fluxes then increase into the Late Holocene to a value of 0.52 g cm™ kyr™.

Both opal and organic carbon fluxes are highly correlated with dust fluxes in core GC49
(r* = 0.45; p-value < 0.05 and r? = 0.39; p-value < 0.05, respectively). Opal and organic carbon
fluxes are at high levels during late MIS 3 at ~36 ka, the end of the core, and both decrease into
the LGM. Opal fluxes more closely track dust fluxes, also showing a peak coincident with H2
(24 ka), while the organic carbon fluxes drop rapidly after 30 ka and are highly variable during
the early part of the LGM. Opal fluxes rise to high levels during H1 and the YD, while organic
carbon fluxes peak only in H1 and show an earlier peak from 21-18 ka at the end of the LGM.
Fluxes of both opal and organic carbon fall to low levels throughout the AHP before rising

during the late Holocene.

3.3 GC68 (19°N)

Core GC68 provides the highest resolution dust fluxes in this study due to the high
sediment accumulation rates at this site, which is the closest site in the transect to the core of the
Saharan dust plume. The highest sedimentation rates are in the older portion of the core, from 26
to 13 ka, at a time when the dust fraction of the material averages 80 to 90 %, meaning that we
can dismiss other inputs, such as nearby paleorivers, as a major component of material at this site
(Drake et al., 2010; Skonieczny et al., 2015). From 26 ka to the end of the LGM, dust fluxes
show a slight decrease punctuated by abrupt rises and falls between values of ~4.5 to ~2 g cm™
kyr™, including a small peak coincident with H2 (24 ka) and a prominent peak at ~21 ka. Dust
fluxes then rise to peaks during H1 (~6 g cm™ kyr™) and the YD (~4.2 g cm™ kyr™), before
decreasing to a minimum during the AHP (0.39-0.49 g cm™ kyr™). In contrast to cores GC37 and
GC49, the H1 peak dust flux is larger than the YD peak dust flux (by ~50%), showing a stronger
dust response during H1 at this southern core site. Dust fluxes then increase into the Late
Holocene (~2 ka) to a value of 1.64 g cm™ kyr™.

Opal fluxes are highly correlated with dust fluxes in core GC68 (r’= 0.44; p-value <
0.05), while organic carbon fluxes show very low correlation (r*= 0.02; p-value > 0.05). From

26 ka, the end of the core, to the end of the LGM opal fluxes show a slight decrease punctuated
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by abrupt rises and falls similar to the dust record, also recording peaks coincident with H2 and
at ~21 ka. Organic carbon fluxes show a substantial difference from dust fluxes from 26 ka to the
end of the LGM with no noticeable trend and high variability. Biogenic fluxes rise to high levels
during both H1 and the YD, with the YD peak slightly larger than the H1 peak in both opal and
organic carbon fluxes. Fluxes of both opal and organic carbon fall to low levels throughout the
AHP before rising during the late Holocene.

3.4 ODP 658C (21°N)

The ODP 658C core provides a longer archive than the CHEETA cores and allows
continued high-resolution study of dust accumulation rates to the margin. Here we extend the
record back to 67 ka. The early portion of the record at the latter stages of MIS 4 shows moderate
dust fluxes to the margin followed by an abrupt peak (2.4 g cm™ kyr™) coincident with H6 (62.5
ka). This is followed by a decline in dust flux over 3 ka to an interval from 60-50 ka when the
lowest dust fluxes (0.18 g cm™ kyr™) observed in the record for this site are recorded. This low
dust interval is interrupted by an abrupt (millennial-scale) dust increase to the highest fluxes (2.5
g cm? kyr™) observed in the whole record centered at H5a (55 ka). A trend of increasing
dustiness is then observed after the end of the 60-50 ka low dust interval, reaching a maximum
(~2.1 g cm™? kyr™) at 35 to 33 ka. Millennial-scale variability is superimposed on this broad
trend, including a peak in flux (1.8 g cm kyr) coincident with H5 (48 ka). Dust fluxes decrease
from the late MIS 3 maximum to ~1 g cm™ kyr™ at the end of the LGM (20 ka), with millennial-
scale abrupt peaks in flux of 2 g cm™ kyr*and 2.26 g cm™ kyr™, coincident with H3 (31.3 ka)
and H2 (24 ka) respectively. Following the LGM, the remainder of the dust record from this site
is a detrital flux record (Adkins et al., 2006), as grain size-based estimates of the aeolian fraction
of detrital sediments are not available. Detrital fluxes rise to millennial-scale peaks during HI
(1.94 g cm™? kyr™) and the YD (2.12 g cm™ kyr™) before decreasing to sustained low values
(0.75-1 g cm kyr™) during the AHP; a hiatus occurs during H1, so the peak of H1 fluxes is
missing in this record. Detrital fluxes increase abruptly at 5 ka and continue to rise steadily into
the Late Holocene to a value of ~2 g cm™? kyr™.

Both opal and organic carbon fluxes are positively correlated with dust fluxes in core
ODP 658C (r*= 0.46; p-value < 0.05 and r*= 0.32; p-value < 0.05, respectively). Both opal and

organic carbon fluxes increase from moderate values at the end of MIS 4 to two peaks coincident
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with H6 and H5a separated by an interval of lower fluxes, with the organic carbon showing
higher amplitude rises and falls during the interval of lower fluxes. Biogenic fluxes variably rise
and fall from H5a until ~45 ka when both opal and organic carbon fluxes gradually increase to a
maximum at 38 to 34 ka. Both opal and organic carbon fluxes drop sharply at 33 ka and remain
low throughout MIS 2 and the LGM, with small peaks at H3 and H2. The opal flux record shows
peaks during H1 and the YD, falls to low levels throughout the AHP, and rises during the late
Holocene. From the end of the LGM to the Holocene organic carbon concentrations have not

been measured.
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Figure 2. Opal (blue line, open diamonds), Corq (red line, open squares), dust (black line, open
circles), and detrital (grey line, open circles) flux records arranged from north to south as labeled.
Data <20 ka in GC37, GC49, and GC68 from Bradtmiller et al., (2016); data <20 ka in ODP
658C from Adkins et al., (2006).

4 Discussion

4.1 Coherence of African Margin and Mid-Atlantic Dust Flux Records

This work has extended the CHEETA dust flux records to the bottom of cored material
reaching back to 37 ka in GC37, 36.5 ka in GC49, and 26.5 ka in GC68, and produced a dust
flux record from 67 to 19 ka for the core from ODP Hole 658C (Figure 3). The extended portions
of the ODP 658C, GC37, and GC49 records overlap from 37 ka to 20 ka and demonstrate
coherent variation on both orbital and millennial timescales. In ODP 658C, Heinrich events 2
and 3 are recorded as increases in dust flux superimposed on a decreasing trend of dustiness
through the end of the LGM. The GC68 record also shows H2 recorded as a time of increased
dust flux, and a decreasing trend of dustiness through the end of the LGM, while also showing
higher frequency variability from 26 to 20 ka with multiple abrupt peaks in dust flux. In the
northern core sites (ODP 658C through GC37, 21°-27°N), peak dust fluxes in early MIS 2 (27 to
23 ka) are similar to modern, and only in the southernmost core site (GC68, 19°N) are early MIS
2 fluxes higher than modern (by ~50%). In all cores, dust fluxes drop from early MIS 2 to the
LGM (23 to 19 ka) by 20-40%. The strong agreement between dust records from 37 to 19 ka
gives us confidence that the extended ODP 658C record from 67 to 37 ka is faithfully recording
the export of dust to the margin.

The ODP 658C record shows remarkable similarity to the dust flux record covering the
last 70 ka from the Mid-Atlantic at 25°N (Middleton et al., 2018), both in overall trends and
millennial-scale variability (Figure 4). Both records exhibit a background increase in dustiness
throughout MIS 3, a large decrease during the AHP, and peaks in dust flux during Greenland
stadials. There are two distinct times of disagreement between the records, namely during the
AHP through the late Holocene, and from 60 to 50 ka. In the Mid-Atlantic record, the AHP has a
more gradual onset and ends 2 ka later than in the ODP 658C record. From 60 to 50 ka the ODP
658C record exhibits much higher variability with fluxes reaching both their maximum and

minimum levels of the whole 67 ka record. These disagreements are likely a consequence of low
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sedimentation rates at the Mid-Atlantic site (averaging 2 cm/kyr), whereas the ODP 658C site
has an average sedimentation rate of 16 cm/kyr. The high amplitude and abrupt changes in dust
flux during the AHP and the 60 to 50 ka humid period are well resolved due to the high
sedimentation rates at the ODP 658C site (Figure 4), whereas the amplitude of these abrupt
changes may have been smoothed due to the much lower sedimentation rate and thus greater
influence of mixing by bioturbation at the Mid-Atlantic site.

The agreement with the Mid-Atlantic dust record, which lies thousands of miles
downwind of African dust sources, is important in that the site is likely to be biased toward
summer rather than winter dust emissions, and it presumably reflects dust from a wider region of
North Africa than the margin sites. Consistent with previous work (Williams et al., 2016), this
comparison suggests that the summer and winter dust plumes, and dust deposition at both
proximal and distal sites, have largely varied in sync over the late Pleistocene. The agreement
also builds confidence that the variations in sea-level (and thus in the distance to dust source
areas) has not had a substantial influence on dust deposition at the margin sites. Therefore, the
ODP 658C dust record appears to be representative of an integrated signal of African dust export
to the North Atlantic over the past 67 ka.
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438  Figure 3. Dust (black line, open circles) and detrital (grey line, open circles) flux records

439  arranged from north to south as labeled with 1o uncertainties shown. Data <20 ka in GC37,
440  GC49, and GC68 from McGee et al., (2013), data <20 ka in ODP 658C from Adkins et al.,
441 (2006). C tie points and 1o uncertainties shown as black triangles, CaCOs tie points for ODP
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443  Figure 4. ODP 658C dust and detrital flux records (black and grey lines, respectively) and
444  KN207-2-GGC6 dust flux record from the mid-Atlantic (Middleton et al., 2018) (pink line). Data
445 <20 ka in ODP 658C from Adkins et al., (2006). “W-shape” structure of the dust flux record as

446  referred to in main text is illustrated by a transparent grey w-shape from ~60 to 50 ka.

447
448 4.2 Major Features of Dust Flux Records from 67 to 20 ka (MIS 4 through 2)
449 We begin by describing the broader-scale features of the records before turning to

450  millennial-scale variability. At the onset of MIS 3 (~60 ka) Northern Hemisphere temperatures
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increase, and during this time dust fluxes in ODP 658C drop to values comparable to those
during the AHP (a direct comparison of dust fluxes is not possible because Adkins et al. (2006)
reported total detrital fluxes, providing only an upper bound on dust fluxes). Over the next 30 ka,
Northern Hemisphere high-latitude temperatures reflected in Greenland ice core records decrease
gradually to minimum values between 30 and 25 ka, with multiple millennial-scale stadials
superimposed on the background decrease (Figure 5; colder temperatures are oriented upwards)
(Seierstad et al., 2014). Dust fluxes over this interval show a gradual increase to sustained high
values during the end of MIS 3 and early MIS 2, with millennial-scale pulses of high dust flux
superimposed on the background increase.

During MIS 2, Northern Hemisphere high-latitude temperatures gradually increase after
24 ka leading into the LGM time slice commonly targeted for data-model comparisons (23 to 19
ka) (e.g., Waelbroeck et al., 2009). Dust fluxes over this interval decrease from the high values
observed at 30 to 25 ka; as a result, in all but the southernmost core (GC68, 19°N) the LGM is
characterized by dust deposition rates that are similar to late Holocene fluxes. The broad scale
features of the dust records from the end of MIS 4 through the end of MIS 2 show a strong
correspondence over this interval between high latitude temperatures and dust fluxes to the
margin, with lower temperatures associated with higher fluxes to the margin and higher

temperatures associated with lower fluxes to the margin.
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Figure 5. NGRIP 50 from Seierstad et al., (2014) (blue line), ODP 658C dust and detrital flux
records (black and grey lines, respectively), and MD01-2443,4 SST record from Martrat et al.,
(2007) (orange line). Data <20 ka in ODP 658C from Adkins et al., (2006).
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The high sedimentation rates and well-resolved radiocarbon-based age model for GC68
allows a more detailed comparison between dust flux variability and millennial-scale high
latitude climate records over the last 26 ka. The millennial-scale features in the GC68 dust flux
record associated with high-latitude climate fluctuations during H1, the Bglling-Allergd warm
period, and the YD, previously described by McGee et al., (2013), show strong coherence
between North Atlantic stadials and high fluxes of dust to the West African margin. Comparison
of the earlier highly-resolved 26.5 to 20 ka portion of the GC68 flux record (Figure 6) with a
proxy record of North Atlantic SSTs (Cacho et al., 1999) reveals that the three cold events at 25
ka, 24 ka (H2) and 21 ka are all associated with increases of dust flux to the margin. The
amplitudes of dust flux over this interval do not have a clear correspondence with amplitude of
SST (i.e. the largest dust flux peak does not occur at the time of coldest SST), which could be

caused by variable bioturbation and smoothing of the peaks in the two records.
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Figure 6. GC68 dust flux record (black line) and MD95-2043 SST record from Cacho et al.,
(1999) (blue line). Data <20 ka in GC68 from McGee et al., (2013).

While the GC68 cored material ends at 26.5 ka, the older material from CHEETA cores
GC37 and GC49 and ODP Core 658C shows peaks of dust flux likely associated with earlier
millennial-scale North Atlantic stadial events. At 62.5 ka there is a pronounced stadial (including

Heinrich event 6) in the North Atlantic with an accompanying millennial-scale peak in which
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dust fluxes at ODP 658C more than double. This signal of increased dust during stadials with
associated Heinrich events is a robust response, with dust increases seen at H5a, H5, H3, and H2.
The exception to this is H4 which occurs at a time in ODP 658C where dust is at a minimum; we
suggest that this mismatch is due to age model error (see Supplementary Information S1), and
that the subsequent dust flux peak is a response to H4. A similar mismatch is evident in the mid-
Atlantic record of Middleton et al. (2018). There are also stadial events (without accompanying
H events) with pronounced dust flux peaks at 42 ka and 37 ka, showing that increased export of
dust is observed during stadials both with and without H events. There are multiple instances in
which stadials are observed in the SST record without discernible increases in dust flux (67 ka,
47 ka, 30 ka), perhaps due to aforementioned age model error, or increased smoothing by
bioturbation during times of lower sedimentation rates (see Supplementary Information S2).

Based upon the strong coherence between millennial-scale peaks in dust flux in our most
robust record (GC68) with stadials in the North Atlantic, we suggest that the millennial-scale
peaks in the longer dust flux records (ODP 658C, GC49, GC37) correspond to the millennial-
scale stadial events in the North Atlantic SST records, and that any mismatches are likely due to
issues with smoothing and age control. This conclusion, which could be strengthened by
additional records with consistently high accumulation rates as in CHEETA core GC68, suggests
that the impact of Heinrich events on West African climate was largely stable across varying
orbital configurations and ice sheet extents during MIS 2, 3, and 4.

4.3 Implications for Wind and Precipitation Changes over North Africa During North
Atlantic Cooling Events

These new data, in combination with previously published records, provide a clear
picture of climate changes in stadial times in North Africa. First, it is clear that stadials are
marked by both precipitation decreases and strengthening of northeasterly winds over North
Africa. Stadials are marked by reduced precipitation in the Sahel and a southward shift of the
Sahel/Sahara boundary (Collins et al., 2013; Weldeab et al., 2007). In the Sahara, leaf wax 6D
data from the CHEETA cores spanning the last 25 ka also document dry conditions in northwest
Africa during stadial events (Tierney et al., 2017). However, northwest African margin 6D
values are no more positive during stadials than in the late Holocene (Figure 7), perhaps because

precipitation cannot decrease much more than its current levels in the Sahara.
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Figure 7. Dust flux records (black line) and dDwax-inferred hydrogen isotopic composition of
precipitation records (3Dp) (blue line; Tierney et al., 2017) at CHEETA sites GC27, GC37,
GC49, and GC68 as labeled (black lines). Data <20 ka in GC27, GC37, GC49, and GC68 from
McGee et al., (2013).

For the Saharan dust sources relevant for the northwest African margin and central
Atlantic cores, increased aridity is thus unlikely to explain dust fluxes roughly double late
Holocene values during stadials. Instead, Murphy et al. (2014) suggest that in areas that are
already dry and dust producing like the Sahara, the only way to increase dust export is through
an increase in wind speed; this conclusion is supported by studies supporting the dominant role
of winds in modern decadal variability in Saharan dust emissions (Ridley et al., 2014; Wang et
al., 2015). Consistent with this conclusion, our records show strong covariation of opal and
organic carbon fluxes with dust fluxes throughout most of our records (Figure 7), providing firm
evidence for intensification of northeasterly winds as a driver of increases in both coastal

upwelling and dust deposition during stadials (Bradtmiller et al., 2016; McGee et al., 2018).
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Another potential mechanism which could explain the covariation is ballasting of organic
material by dust particles. This has been shown to occur off Mauritania with Saharan dust
ballasting organic matter (van der Jagt et al., 2018), potentially increasing export by an order of
magnitude, however this mechanism is unlikely to explain the covariation of opal fluxes with
dust export.

A modeling study by Liu et al. (2014) highlights the importance of these wind anomalies
in communicating stadial conditions to the West African monsoon, demonstrating that
anomalous northeasterly winds resulting from high-latitude cooling advect cold, dry air into
North Africa, weakening the west African monsoonal circulation and drying the Sahel. This cold
air advection is amplified by water vapor feedbacks, which further cool the Sahara and raise
surface pressures, increasing northeasterly winds even more (Liu et al., 2014). Our dust and
biogenic flux records thus provide support for Liu et al.’s ventilation mechanism as a driver of
the reductions in Sahel rainfall suggested by proxy data during stadials (e.g., Weldeab et al.,
2007). In stadials, as in modern decadal-scale variability (Wang et al., 2015), reduced Sahel
precipitation occurs in association with strengthened northeasterly winds over the Sahara.

Combining West African margin dust flux and dust percentage data to form a north-south
transect (Figure 8a), we also observe important latitudinal differences in the wind anomalies
associated with different stadial events. These differences are most robust during H1 and the YD,
periods for which dating uncertainties are relatively small and the most records exist. In records
south of 20°N, dust increases during H1 are especially prominent, while dust changes during the
YD relatively muted. The opposite is true north of 20°N, as the YD dust flux peak is
substantially greater than the H1 peak at 23°N and 27°N. Figure 8b shows a consistent increase
in the YD:H1 dust flux ratio with increasing latitude.
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568  Younger Dryas to Heinrich event 1 dust response versus latitude. All records were interpolated
569  to aresolution of 0.1 kyr, and a ratio of YD to H1 dust response was calculated using the
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This observation suggests that northeasterly wind anomalies over North Africa peaked
south of 20°N in H1, and north of 20°N in the YD. This different atmospheric response may
reflect changing boundary conditions, and in particular smaller ice sheets in North America and
Europe, between H1 and the YD; alternatively, it may reflect differences in sea ice responses in
the two events. This difference in wind response in turn implies differences in the wind-driven

ocean circulation in the subtropical North Atlantic during the YD and H1.

4.4 Relationship Between Summer Insolation and NW African Climate During MIS 4
through 2

In the new extended ODP 658C dust record extremely low dust fluxes are observed
during the insolation maximum centered on 55 ka (Figure 9; low insolation values are oriented
upwards). The values seen in terms of detrital flux are even lower than those recorded during the
Green Sahara interval at 11 to 5 ka, where diverse proxy evidence indicates much higher rainfall
supporting divers vegetation, permanent lakes, and human populations (Gasse, 2000; Jolly et al.,
1998; Kuper & Kropelin, 2006; McGee & deMenocal, 2017; Tierney et al., 2017). Just as in the
AHP, opal fluxes are low, suggesting reduced northwesterly wind strength during this wet
period. The expression of the 60 to 50 ka low dust event differs from the AHP, however, in that
it is punctuated by an abrupt millennial-scale increase in dust at 55 ka associated with H5a. Dust
fluxes begin high at 60 ka (1.5 g cm™ kyr'), decrease by a factor of three at 58 ka (0.5 g cm™
kyr?), increase dramatically at 55 ka (2.5 g cm™ kyr™), and decrease to minimum values again at
52 ka (0.5 g cm™ kyr™), before increasing gradually throughout the next 15 ka. This high dust
flux event indicates that high-latitude climate can exert a strong influence on African climate

even during a time of high summer insolation and a strong West African monsoon.
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Figure 9. June 21 insolation at 20°N and cross-equatorial insolation gradient (calculated as the
difference in June 21 insolation between 23.5°N and 23.5°S) from Laskar et al., (2004) (dark
grey solid and dark grey dashed lines, respectively), ODP 658C dust and detrital flux records
(black and light grey lines with open circles, respectively), MD03-2707 sea surface salinity
(SSS) record, taken to reflect freshwater input from the Sanaga and Niger rivers to the eastern
Gulf of Guinea, from Weldeab et al., (2007) (purple line), and GeoB7920-2 Humidity Index
record from Tjallingii et al., (2008) (brown line). Data <20 ka in ODP 658C from Adkins et al.,
(2006).

Comparison of the dust flux record at 60 to 50 ka with other paleoclimate archives of
North African climate allows further probing of the structure of the Green Sahara event and how
the interplay of high-latitude climate forcing with high summer insolation affects North African
hydroclimate. The “W-shape” structure observed in the ODP 658C dust record is also observed
in sea surface salinity (SSS) reconstructions in the eastern Gulf of Guinea, taken to reflect
freshwater input from the Sanaga and Niger rivers, (Weldeab et al., 2007) and grain size-based
continental humidity reconstructions off Cape Blanc (Tjallingii et al., 2008) suggesting a wetter
tropical and subtropical North Africa. Wet conditions are also suggested by a low-resolution leaf
wax record from ODP 659, which shows quite depleted 8D values at ~50 ka (Kuechler et al.,
2013).

The “W-shape” structure in the river discharge and humidity records differ somewhat
from the dust record, as they show wetter conditions following the 55 ka stadial event, while the
dust record shows equal magnitude dust flux minima preceding and following the stadial.
Further, the salinity and grain size records both suggest that the 60 to 50 ka wet period was
substantially drier than the Holocene AHP, while the detrital flux record of ODP 658C shows
values during the 60 to 50 ka time slice comparable to that of the 12 to 5 ka interval. Future work
will be required to explore the variable expression of this MIS 3 Green Sahara period in different
regions of North Africa using different proxies, and the reason for the extreme expression of the
AHP in many proxy records compared to earlier Green Sahara intervals. Potential avenues of
exploration include effects of bioturbation, smoothing due to higher frequency climatic events in
some intervals, and compaction of material downcore of the AHP leading to a bias in its

expression compared to other wet periods.
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Dust export to ODP 658C during the local summer insolation maximum from 35 to 28 ka
has no discernible minimum in flux, as dust flux remains relatively high throughout this time,
unlike the dust minima seen during the previous insolation maximum/Green Sahara interval from
60 to 50 ka, and the following insolation maximum/Green Sahara interval from 12 to 5 ka. The
expression of this interval of insolation maximum (35 to 28 ka) in other records of North African
hydroclimate is also as a time of aridity, with very high sea surface salinity (interpreted as low
freshwater runoff from North Africa) in the Gulf of Guinea (Weldeab et al., 2007) and very low
humidity index (interpreted as a high ratio of aeolian to fluvial sediments) in sediments near
ODP 658C (Tjallingii et al., 2008). “Skipped beats” of insolation are similarly evident in the last
two glacial periods in a dust flux record from the northwest African margin (Skonieczny et al.,
2019) and a leaf wax 8D records from East Africa (Tierney et al., 2017). In contrast, fluxes of
Corg and opal decrease by a factor of ~2 over this time interval (Figure 9), but do not reach the
minima observed in the Holocene and early MIS 3 Green Sahara intervals. This discrepancy,
with dust fluxes staying relatively high throughout the insolation maximum while biogenic
proxies decrease, may reflect a decrease in wind strength without a substantial decrease in
aridity. Alternatively, the reduced biogenic fluxes may result from changes in the nutrient
content of upwelled waters or effects on upwelling and productivity from changing shelf
morphology due to sea-level lowering.

The latter part of this arid interval is coincident with the coldest high latitude
temperatures during the past 70 ka as measured in Greenland ice, and the coldest North Atlantic
SSTs. The precessional beat of maximum local summer insolation at 35 to 28 ka thus occurs
during a colder interval with higher ice volume than the preceding and subsequent Green Sahara
intervals, suggesting that high latitude forcing during a time of high ice volume and cold
temperatures may override the impact of increased summer heating of North Africa on the
monsoon, keeping North Africa arid.

Alternatively, the lack of response to high local summer insolation at 35 to 28 ka could
be due to the fact that the precessional extreme occurs in association with low obliquity. As a
result, high latitude NH summer insolation and the cross-equatorial insolation gradient
(calculated as the difference in June 21 insolation between 23.5°N and 23.5°S) remain low
despite the maximum in 20°N summer insolation. We note that while much monsoon literature

has focused on 65°N summer insolation, recent modeling experiments suggest that the cross-
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equatorial insolation gradient (which varies in phase with 65°N insolation) is more directly
related to North African monsoon strength (Bosmans et al., 2015; Mantsis et al., 2014).
Modeling by Singarayer et al., (2017) appears to support the first suggestion. In their
simulations, the summer rain belt over North Africa reaches similar latitudes during the summer
insolation maxima at ~35 ka and ~55 ka when only orbital parameters and greenhouse gases are
changed, but the rain belt is substantially farther south at 35 ka when ice sheets are included in

the simulation.

5 Conclusions

Extended dust flux records from 19°N to 27°N along the West African margin show a
coherent signal of dust export during overlapping intervals, from 37 ka to present in cores GC37,
GC49, and ODP 658C, and additionally in core GC68 from 26 ka to present. These records show
a peak in dust at 35 to 33 ka, with fluxes decreasing throughout MIS 2; these multi-millennial
trends appear to correlate with high-latitude temperature changes indicated by Greenland ice
cores, with dust peaking during the coldest conditions. Due to the decline in dust fluxes in MIS
2, the LGM time slice commonly targeted in modeling experiments is marked by relatively
moderate dust fluxes. The existence of dust deposition similar to Late Holocene levels in most
cores despite the presence of large ice sheets and much steeper pole-to-equator surface
temperature gradients is worthy of further investigation.

There is also coherent millennial-scale variability throughout our records. In core GC68,
which has the highest accumulation rates and best-constrained age model in MIS 2, millennial-
scale dust peaks correspond with reductions in North Atlantic SSTs. At other sites, most stadial
events—including H2, H3, H5, H5a, and H6—correspond to periods of high dust fluxes. Due to
this strong coherence, we suggest that the few intervals in which high dust fluxes are not
observed at the same time as low SSTs result from age model errors and/or bioturbation.
Covariation of dust fluxes with fluxes of opal and organic carbon, taken here to represent coastal
upwelling intensity, suggests that dust flux peaks during stadials and are likely driven by
increases in northeasterly wind strength. This finding provides support for the role of
northeasterly winds in ventilating the West African monsoon during stadial events, leading to the
observed decreases in Sahel precipitation. Examining a broad suite of dust records along the

northwest African margin, we also find differences in wind anomalies associated with different
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stadials, with wind anomalies peaking south of 20°N during H1 and north of 20°N during the
YD, perhaps due to changing ice sheet topography.

The longer dust flux record from ODP 658C reveals a “Green Sahara” interval at 60 to 50
ka marked by low dust fluxes. This period corresponds to a time of high NH summer insolation
and relatively warm North Atlantic SSTs, suggesting a strong West African monsoon even in the
presence of extended ice sheets and moderate atmospheric CO, concentrations. This interval
differs from the AHP (12 to 5 ka), as there is a millennial-scale peak in dust flux during the
interval that appears to correspond to H5a. The low latitude summer insolation maximum at 35
ka is a “skipped beat”, in that there is no record of a strengthening of the west African monsoon
and decrease in dust flux during this time, potentially due either to a reduced cross-equatorial
insolation gradient during this time of low obliquity, or to the influence of cold North Atlantic
temperatures and large ice sheets in counteracting the local insolation forcing on North African

climate.
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