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Abstract During abrupt climate changes of the last glacial period paleorecords show large amplitude
changes in the dust cycle. We use Earth System model simulations to evaluate processes operating across these
events. Idealized Heinrich stadial-like simulations show a southwards migration of tropical rainfall that dries
the Sahel and reduces wet deposition causing a widespread enhancement of tropical dust loading. However,
several discrepancies with marine core dust deposition reconstructions are evident. Simulations with a more
limited freshwater forcing (0.4 Sv instead of 1.0 Sv) and weaker cooling over the North Atlantic (less than
3°C) show a switch in sign of the stadial dust deposition anomaly in several regions, improving agreement with
paleorecords. The simulated dust cycle therefore displays in places a non-linear response to abrupt change. The
global-mean stadial dust radiative forcing in the more realistic simulations is around —0.2 to —0.6 W m~2 and
so could represent an amplifying feedback during these events.

Plain Language Summary Mineral dust in the atmosphere is mostly sourced from arid regions

like the Sahara desert. The amount and geographical spread of this dust in the atmosphere is sensitive to
environmental conditions such as drought. Paleoclimate records show that rapid cooling events centered on the
North Atlantic during the last ice-age also saw large increases in the rate of dust deposited over the ocean. Earth
System models are a computational tool that can be used to understand the links between climate and the dust
cycle. Using a series of such simulations we found that abrupt cooling events in the North Atlantic can lead to a
massive increase in dust over the equatorial (tropical) regions. However, the model's response is in many places
non-linear, meaning that the change in dust is very sensitive to the magnitude of the climate changes occurring.
This non-linearity is mostly due to interactions between changes in the water cycle and the dust. We show that
a less severe cooling produces a more realistic dust response when evaluated against paleo-dust records. Since
dust scatters incoming sunlight, increased atmospheric dust during these events may have amplified and even
extended the cold phases.

1. Introduction

Abrupt climate change events of the last glacial period are among the most striking climate events in the geolog-
ical record. Much focus has been on Greenland (Dansgaard et al., 1993), where recurrent warming events
called Dansgaard-Oeschger (D-O) events of around 5°C-16.5°C occurred in a few decades or less (Kindler
et al., 2014) and all major chemical records including dust show approximately synchronous abrupt changes
(Wolff et al., 2010). The abrupt D-O warming phases are followed by a gradual cooling with a return to stadial
conditions. Paleoclimate records from across the northern hemisphere show coincident abrupt events (Deplazes
et al., 2013; Gibson & Peterson, 2014; Peterson et al., 2000; Y. Wang et al., 2001; X. Wang et al., 2017). Some
of the stadials are characterized by the occurrence of massive ice-rafted debris layers in high- to mid-latitude
Atlantic sediment. These are called Heinrich stadials (HS). Particularly large re-organizations of the hydrological
cycle are associated with HS phases (Stager et al., 2011) including southward shifts in the tropical rainbelts (e.g.,
Deplazes et al., 2013; Peck et al., 2004; Schulz et al., 1998; Shanahan et al., 2015; Tierney & de Menocal, 2013;
Y. Wang et al., 2001; X. Wang et al., 2017).

The iconic record of rapid dust fluctuations over Greenland shows variations of several orders of magnitude
during D-O events (Fischer et al., 2007) but less so during HS. In the tropics dust deposited during the late-glacial
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also varied abruptly as recorded in marine sediment cores (e.g., J. Collins et al., 2013; Kienast et al., 2013;
Kinsley et al., 2022; Loveley et al., 2017; Marcantonio et al., 2020; McGee et al., 2013; Middleton et al., 2018;
Safaierad et al., 2020)—presumably in response to these rapid climate fluctuations. Although it is difficult to
reconstruct dust fluxes this far back in time at sufficient temporal resolution to analyze abrupt changes, marine
sediment records do show a relatively coherent signal of a dustier tropical Atlantic (Kinsley et al., 2022; McGee
et al., 2013; Middleton et al., 2018), with up to doubling of dust deposition rates during HS 1 but with much
smaller signals during D-O warming events (Kinsley et al., 2022; McGee et al., 2013). Elsewhere there are
abrupt changes in the Eastern Pacific (Loveley et al., 2017; Marcantonio et al., 2020), the middle-East (Safaierad
et al., 2020) and the Arabian Sea (Pourmand et al., 2007) associated with HS.

While some previous model simulations have focused on understanding the abrupt dust variations over Green-
land (Tegen & Rind, 2000) or Europe (Sima et al., 2009, 2013), few modeling studies have examined the dust
response to these events over the tropics (Murphy et al., 2014). Here we investigate the role of mineral dust
aerosols in HS climate phases using a suite of Earth System (ES) model simulations. We focus on the tropics and
North Africa because the Sahara is today the largest single source of atmospheric aerosols (e.g., Knippertz &
Todd, 2012) and because it is known that the desert expanded significantly during glacial times and stadials (J.
Collins et al., 2013). The Sahara is also adjacent to the Atlantic Ocean which is a critical region for understanding
abrupt climate change (Clement & Peterson, 2008; Roberts & Hopcroft, 2020). We evaluate whether the model
can reconstruct the processes that caused these rapid changes with a new compilation of HS1 dust deposition
records. We also quantify dust radiative forcing (RF) and hence the potential for dust to act as a feedback.

2. Methods

We use an ES model to simulate the response of the mineral dust cycle during abrupt reductions in the Atlantic
Meridional Overturning Circulation (AMOC) under a last glacial maximum (LGM) climate state (e.g., Kageyama
et al., 2013). We focus on the onset of HS 1, a period of ice-rafted debris which occurred just after the LGM
at 18.0 kyr BP (18 thousand years before present) and which is thought to have been characterized by a strong
weakening to almost shutdown of the AMOC caused by an abrupt influx of meltwater to the North Atlantic
Ocean (Clement & Peterson, 2008; Lynch-Stieglitz, 2017). We also present a compilation of marine sediment
core records and compare them with the suite of model simulations to assess their quality.

2.1. Earth System Model Simulations

To simulate the global dust cycle we use the HadGEM2-ES model (W. Collins et al., 2011; HadGEM2 Devel-
opment Team, 2011) in an atmosphere-only formulation. The atmosphere/land component of HadGEM2-ES has
a resolution of 1.875° x 1.25° (longitude-latitude) with 38 unequally spaced levels vertically in the atmosphere
(HadGEM2 Development Team, 2011). HadGEM2-ES has been widely used for simulating past (Hopcroft &
Valdes, 2019; Tindall & Haywood, 2020), historical (Booth et al., 2012) and future climate (Caesar et al., 2013).
In HadGEM2-ES the mineral dust cycle is coupled with the atmosphere and interactive vegetation (Bellouin
et al., 2011; Woodward, 2011). Emissions are calculated as a function of dynamically determined bare soil area,
soil moisture and wind speed. Emissions and atmospheric transport are calculated for six size bins which have
radii of 0.0316-31.6 pm, with bin boundaries at 0.1, 0.316, 1.0, 3.16, and 10.0 pm. Dry and wet deposition are
considered separately but direct dust-cloud interactions are not represented. Both pre-industrial and present-day
simulations of mineral dust with HadGEM2-ES have been evaluated in previous studies (Bellouin et al., 2011;
Fiedler et al., 2016; Hopcroft et al., 2015).

The LGM simulation with HadGEM2-ES has been described before (Hopcroft et al., 2015, 2017). The boundary
conditions appropriate for 21 kyr BP are ice-sheet area, topography and sea-level from ICE-5G (Peltier, 2004),
greenhouse gas concentrations from ice-core records (Loulergue et al., 2008; Petit et al., 1999; Spahni et al., 2005)
and Earth's orbital parameters as calculated by Berger (1978). The Coupled Model Intercomparison Project
Phase 5 version of HadGEM2-ES produced an unrealistic dust-bowl climate state for LGM conditions. There-
fore, here the model parameters in the land-surface are the tuned set that produces stable climate states for
both the pre-industrial and the LGM (Hopcroft & Valdes, 2015). In this atmosphere-only configuration monthly
sea-surface temperatures and sea-ice distribution are prescribed from atmosphere-ocean model simulations of the
LGM performed using the older Hadley Centre model HadCM3 (Singarayer & Valdes, 2010; Valdes et al., 2017).
The LGM simulation is 50 years long with the last 30 used to calculate climatologies.
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Table 1
Summary of HadGEM2-ES Dust-Climate Simulations

Freshwater AdRFglob
Simulation duration X flux Hosing region®  ASST,, [K] Aemiglab [Tg year~']1 (%) [W m™2]

LGM - - - - -
LGMglac - - - - -
LGM + fwl (strong) 100 yr x 1.0 Sv 50-70 N =33 1,498 (+13.6%) -0.8

LGMglac + fwl

LGM + fw0.4a (strong)

LGM + fw0.4b
LGM + fw0.4c

100 yr X 1.0 Sv
300 yr x 0.4 Sv
300 yr x 0.4 Sv
100 yr X 0.4 Sv

50-70N

60-80 N
50-70 N:-W

50-70N

=313
-2.8
=2.1
-1.1

2,619 (+15.4%)
971 (+8.8%)
1,755 (+15.9%)
1,042 (+9.4%)

-1.1
-0.7
—1.1
-0.5

LGM + fw0.4d (weak)
LGM + fw0.4e (weak)

100 yr x 0.4 Sv 50-70 N:-W -0.8
100 yr x 0.4 Sv 60-80 N -1.0

692 (+6.3%) -0.2
1,045 (+9.5%) -0.6

Note. ASST,: North Atlantic sea surface temperature anomaly averaged from 0 to 40°N. Aemiy,: total dust emission
anomaly averaged globally. AdRF,,,: globally-averaged net (short-wave plus long-wave) instantaneous dust top-of-the-
atmosphere radiative forcing anomaly (strong/weak) indicates that the simulation is selected for the strong/weak stadial
composites shown in Figures 2 and 3, Figures S3 and S4 in Supporting Information S1. LGM, last glacial maximum.

*Where marked with “:W” the freshwater is only applied west of 30°W.

The LGM HadGEM2-ES simulation was branched from year 25 and run for another 50 years with the inclusion
of glaciogenic dust sources following the work of Mahowald et al. (2006) and Albani et al. (2014) as described in
Figure S1, Table S1, and Text S1 in Supporting Information S1. This simulation is labeled LGMglac in Table 1
and includes seven additional source regions that represent areas where significant glacial erosion is thought to
have generated fine-grained material that could be entrained into the atmosphere (see Mahowald et al., 2006,
and references therein). The seven source regions are tuned so that the LGM glaciogenic simulation reproduces
reconstructed fluxes of dust at a suite of marine, terrestrial and ice-core locations (Albani et al., 2014; Kohfeld
et al., 2013) in a similar approach as Albani et al. (2014).

The LGM simulation was branched into a 50-year stadial simulation with HadGEM2-ES. HadGEM2-ES is forced
with SSTs and sea-ice from the end of a 100 year simulation with HadCM3 in which 1.0 Sv (1 Sv =1 x 10°m?®s~1)
of freshwater was continuously added to the North Atlantic (between 50 and 70°N) (summarized in Table 1 as
LGM+fw1 simulation). The unperturbed LGM AMOC in the HadCM3 simulations was 24 Sv but essentially
collapses in response to the 1 Sv freshwater input (Singarayer & Valdes, 2010). This HadGEM2-ES run was then
continued for 30 years in double-call mode (as used by Hopcroft et al., 2015) to calculate the instantaneous direct
dust RF. This setup was then repeated but starting from the LGMglac setup described above to produce a stadial
simulation that includes both glaciogenic dust sources and freshwater input which is labeled as LGMglac + fwl
(see Table 1).

In order to better understand the dust response we ran five additional stadial simulations with HadGEM2-ES
(not including glaciogenic sources). The SSTs and sea-ice used are selected from an ensemble of 36 differ-
ent freshwater hosing simulations performed with the coupled model HadCM3 under glacial model boundary
conditions. This hosing ensemble samples the background conditions that are close in time to the LGM (i.e.,
with a similar configuration of ice-sheets) and the freshwater input location, flux and duration over the North
Atlantic. Each HadCM3 simulation was initialized from the end of a 550 years simulation with appropriate back-
ground conditions (orbit, greenhouse gas levels and ice-sheets) described by Singarayer and Valdes (2010). Five
contrasting members of this “hosing” ensemble were selected to provide SST and sea-ice boundary conditions
for additional stadial simulations with HadGEM2-ES which were run for 30 years in each case and were then
extended by 10 years for the RF diagnostics. These simulations all have a freshwater input of 0.4 Sv and are
labeled LGM + fw0.4a-e.

2.2. Compilation of Marine Sediment Core Dust Flux Records

In marine sediment cores, the dust flux is mainly reconstructed using >*°Th normalized >**Th flux, hereafter
referred to as 23?Th-norm flux (Costa et al., 2020). °Th normalization is a constant vertical flux proxy which
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allows a correction for post-deposition sediment redistribution, that is, focusing or winnowing (see review by
Costa et al., 2020, for details). 2*?Th is highly enriched in continental crust compared to ocean basalts (Kienast
et al., 2016) and so is mainly delivered to the oceans from the land areas. It is assumed that, far from the conti-
nents 2*?Th is mainly brought by mineral dust aerosols. Alternatively, *He can also be used as constant vertical
flux proxy and “He,, , as dust proxy (e.g., Middleton et al., 2018). We compiled the dust depositional fluxes from
15 published records covering the three tropical ocean basins (Table S2 in Supporting Information S1). Missiaen
et al. (2018) have shown that the choice of the value of the (>**Th/?*®*U) detrital activity ratio (hereafter called R)
used to calculate the 2°Th  could influence the relative amplitude of the flux between two time intervals (see
Costa et al., 2020; Missiaen et al., 2018). For consistency in the comparison of dust flux variations in between
the different locations within a given ocean basin we re-calculated the fluxes using a common R value for each
ocean basin and employed the same value for the rate of production of 23°Th in the water column by decay of 2*U
(usually referred to as f,,) (details of individual calculations are given in Text S2 in Supporting Information S1).

3. Results
3.1. Dust Response to Stadial Conditions

The most robust feature of the dust cycle response to stadial conditions is a large increase in dust emission in
the Sahel region (Figure 1 left and right panels), in agreement with the reconstructed southward shift of the
Sahel-Sahara boundary (J. Collins et al., 2013) during this time. Reduced rainfall as shown in Figure S2 in
Supporting Information S1 supports an increase in dust whereas the windspeed is decreased over the Sahel in
both JJA and DIJF seasons. The dust deposition rates are the only way to validate the paleodust simulations. In
both the LGM + fw1 and LGMglac + fw1 simulations there is an increase in deposition rates in stadial condi-
tions. This is broadly driven by increased emissions. Over Greenland deposition increases by 50% which is
smaller than the 80% increase measured during HS1 in the NGRIP ice-core, as calculated from the 500-year
running mean of the record after splining to 20-year resolution (Ruth et al., 2007). The most prominent feature
is an increase in dust in the southern tropical Atlantic, where a southward migration of the intertropical conver-
gence zone (ITCZ) causes larger wet deposition fluxes. An increase in dust emissions from the Sahel is the
dominant cause, and this can explain the increased dust deposition over northern South America and further
afield. The dust aerosol optical depth (AOD) and top of the atmosphere (TOA) total direct RF show large changes
centered on the equatorial Atlantic. In the stadial state relative to the LGM, the global-mean TOA RF is —0.8 and
—1.1 W m~2 in the standard LGM and glaciogenic LGM setups respectively. Focusing on the Atlantic west of
the Sahara, both the LGM + fw1 and LGMglac + fw1 stadial simulations show a similar reduced dust deposition
flux (Figures 1g and 1h), in contradiction with several reconstructions from marine cores (McGee et al., 2013;
Middleton et al., 2018).

The main difference with the inclusion of the glaciogenic sources (Figure 1, right panels) is an intensification
of the dust cycle response in the Northern extra-tropics as would be expected with the additional source regions
mostly being at high northern latitudes. Over Greenland the stadial anomaly is now +81% which is in excellent
agreement with the NGRIP record demonstrating the importance of the glaciogenic sources at high latitudes. As
in the LGM stadial anomaly (Figure 1, left panels) both the dust AOD and direct RF are elevated. This is caused
by a larger loading of the finer particles, mostly emitted from the Sahel which have relatively little impact on the
total depositional flux in the region off the west coast of North Africa. Murphy et al. (2014) have suggested that
the model-data discrepancy for total deposition may be caused by the differences in particle size in the sediment
core records and the model, where the records mostly consist of particles larger than simulated. However, McGee
et al. (2013) reconstructed particle sizes in the range of 8-25 pm and HadGEM2-ES’ largest bin covers similarly
sized particles with a radius of 10-33 pm, yet this bin shows a very similar signal as the total across all size bins.
Therefore other mechanisms should be explored.

3.2. Sensitivity to the Magnitude of Stadial Climate Anomalies

To further understand the model response, we examine the suite of five simulations performed with different
stadial states (LGM + fw0.4a-e) in comparison with the LGM simulation. We selected the four simulations
from LGM + fwl and LGM + fw0.4a-e with the largest and smallest changes over North Africa. From these
we calculated the averages of the strongest pair and the weakest pair to produce one strong and one weak stadial

HOPCROFT ET AL.

40f13

85U8017 SUOWIWIOD dA 1D 3(cedt dde ayy Aq peusenob aJe ssjole O ‘88N J0 Se|nJ 10} AReiq18UlUO A1 UO (SUONIPUOD-PUR-SWLBI W00 A3 | 1M AReIq 1 Ul UO//Sciy) SUORIPUOD pue SWLB | 8y} 88S *[£202/E0/ET] U0 Akeiqi auljuO AB|IM ‘Wes | Sfelies puy ssonosai weybuiwig JO AiseAiun Aq Z6TTOT 192202/620T 0T/10p/woo" A im Areiqpuljuosandnfey/sdny wouy pepeojumod ‘T ‘€20 ‘2008V76T



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2022GL101197

LGM+fw1 - LGM

ann ADust emissions (g/m?/yr)

LGMglac+fw1 - LGMglac
ADust emissions (g/m?/yr)

ann

180

-500 -350 -200 -100

ann ADust AOD

-50

ann

180

-05 -03 -0.2 -0.15 -0.1

ann ADust RF (W/mz)

-0.05

0.05 0.1

ann

0.15 02 03 05

ADust RF (W/m?)

120E 180

ann

[ 1

-200 -100 -75 -50 -30 -20

-10

10 20 30 50 75

100 200

120E 180

Figure 1. Dust cycle response to stadial conditions showing dust emissions, aerosol optical depth (AOD at 0.55 um), radiative forcing (RF) and dust deposition (top to
bottom). Left panels show the stadial simulation versus last glacial maximum (LGM) conditions and the right panels show the equivalent anomalies for the simulations

that include glaciogenic dust source terms, that is, with respect to LGMglac.
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Figure 2. Stadial event dust cycle responses relative to the last glacial maximum (LGM) for the strong pair average (left) and the weak pair average (right), see text and
Table 1 for details. Dust emissions, aerosol optical depth (AOD at 0.55 pm), radiative forcing (RF) and dust deposition.

composite. These are shown in Figure 2, left and right panels respectively. The simulations selected for these two
composites are indicated in Table 1. In the tropical Atlantic and up to around 40°N, similar to the LGM stadial
run (with 1 Sv freshwater), the strong stadial pair also predicts a decrease in dust flux, whereas the weak stadial
simulations show a more realistic 29%-50% increase (Figure 2). This can be explained by examining the climate
variables and the soil moisture changes in the Western Sahara. Figure S3 in Supporting Information S1 shows
the annual mean climate anomalies for the strong and weak stadial-interstadial simulation pairs. Overall the
results agree with previous modeling studies on the impacts of freshwater input on glacial climates (Armstrong
et al., 2019; Hopcroft et al., 2014; Kageyama et al., 2013; Murphy et al., 2014), such as northern hemisphere
cooling and decreased rainfall close to the Equator and across the Amazon basin (Deplazes et al., 2013).

Soil moisture changes reflect changes in rainfall and evaporation. The enhanced cooling in the strong stadial
simulation reduces evaporation rates in North Africa, increasing soil moisture in some regions and so inhibiting
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Figure 3. Simulated versus reconstructed changes in dust deposition (%) during Heinrich stadial 1 compared to the last
glacial maximum (LGM). (a) Marine sediment core locations. Stippling shows regions where the simulated deposition
anomaly (stadial minus LGM) changes sign from a decrease to an increase when reducing the magnitude of the stadial
climate forcing from the strong to weak stadial. Hatching shows the regions with the opposite response (i.e., a change from
an increase to a decrease). Regions without stippling of hatching show the same sign of change in the weak and strong stadial
anomalies. Scatter plots comparing (b) strong stadial pair average, (c) strong stadial with glaciogenic dust (single simulation),
and (d) weak stadial pair average compared with the reconstructions. The scatter plots show the 1:1 line with an arbitrary
+25% error. The dust deposition records are summarized in Table S2 in Supporting Information S1.

dust emissions. Conversely, in the weak stadial simulations there is a similar rainfall reduction in the western
Sahara, but there is a much more muted cooling signal, and hence less of an impact on evaporation and soil mois-
ture. The interplay between temperature and hydrological change are therefore crucial for understanding the dust
cycle response in Sahara-Sahel.

Thus, contrary to the strong or the LGMglac + fw1 stadial simulations, the weak stadial shows increased dust
deposition compared to the LGM in the 15-30°N band in the Atlantic. Apart from close to the Atlantic coast of
North Africa, there is an increase in dust deposition during HS, which is in closer agreement with marine sedi-
ment records (Kinsley et al., 2022; McGee et al., 2013; Middleton et al., 2018). The smaller cooling of 2°C-3°C
(see Figure S3 in Supporting Information S1) over the Atlantic in the weak stadial pair is also in better agreement
with reconstructed sea surface temperature anomalies during HS1 (Kinsley et al., 2022).

3.3. Model-Data Comparison for Stadial Dust Changes

We further evaluate the simulated stadial minus LGM changes in dust deposition with a new compilation of dust
deposition fluxes anomalies during HS1 which we have assembled from available high-resolution marine sedi-
ment cores. The data sources are listed in Table S2 in Supporting Information S1 with a full description of our
compilation procedure in Text S2 in Supporting Information S1. This comparison is shown in Figure 3 for the
relative change and the absolute fluxes are shown in Figure S4 in Supporting Information S1.

For the strong stadial minus LGM three major discrepancies are evident in Figure 3b. As already discussed there
is a simulated reduction in dust deposition over most of the northern tropical Atlantic, where the records show an
increase (McGee et al., 2013; Middleton et al., 2018). At two of three sites in the Eastern Equatorial Pacific (EEP)
the model simulates a decreased flux whereas records show the opposite. Over the Southern tropical Atlantic the
model overestimates changes and a simulated increase in dust over the Arabian Sea again contradicts the data.
The inclusion of glaciogenic sources does not appreciably alter the comparison (Figure 3c).
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The model-data comparison shows a systematic improvement across three ocean basins in the weak stadial simu-
lations compared to the strong stadial or LGM simulations (Figure 3d). This improvement is not evident in the
comparison of absolute dust fluxes shown in Figure S4 in Supporting Information S1 probably because the
comparison in Figure S4 in Supporting Information S1 spans several orders of magnitude. The improvement in
Figure 3 in several regions is caused by a switch in sign of the simulated dust deposition (i.e., from an increase to
a decrease or vice-versa) when considering the weak or strong stadial anomaly with respect to the LGM. This is
shown in Figure 3 by the stippling where the strong simulation shows a decrease but the weak simulations shows
an increase, and hatching for the reverse situation. Areas with neither stippling or hatching show the same sign
of change in response to both weak and strong stadials (e.g., both increase or both decrease). The switch in the
sign of the response in the modeled dust cycle therefore shows potentially important non-linearity in response to
abrupt climate change forcing.

In the weak stadial simulations, 8 of 15 sites are within the 25% bounds around the reconstructions, compared to
2 or 1 of 15 for the strong or LGMglac + fw1 runs, respectively. Whilst soil moisture change is important over
North Africa, over the EEP the changes are caused by a much weaker wet-deposition signal because in the weak
stadial simulation the precipitation anomalies are much more muted (Figure S3d in Supporting Information S1).
The more muted precipitation anomalies also improve the model comparison at sites in the equatorial Atlantic,
again because wet-deposition anomalies are not so strong and because of a smaller latitudinal shift in the rain-
belts. A similar picture emerges over the Arabian Sea where the model is again much closer to the reconstructed
signal.

3.4. Radiative Forcing Changes

A dust-climate feedback during past abrupt changes has been studied before but with conflicting findings (Murphy
et al., 2017; Overpeck et al., 1996). The global mean RF values in our HadGEM2-ES simulations are given in
Table 1. The mean RF in the strong events is —0.9 W m~2, versus —0.4 W m~2 for the weak stadial pair. Even the
smaller forcing represents a potentially significant perturbation to the tropical energy balance whereby additional
dust loading further cools the cold stadial states and thereby acts as an amplifying feedback that could also extend
the duration of these events. Dust feedbacks could conceivably have had a major impact but this requires further
coupled model simulations for a robust evaluation of the potential impacts on the evolution of abrupt events.

4. Discussion

Overall we find that the weaker stadial simulations with a smaller ocean circulation perturbation (0.4 Sv instead
of 1 Sv) provide a better, though still imperfect, simulation of HS1 dust change. Possible reasons for this are
because the simulation does not include changes in ice-sheet topography which are important for stadial simu-
lations (Roberts et al., 2014b), and because the prescribed sea-surface conditions mean that the ocean does not
respond to the dust radiative effects described above. At three different sites, the tropical north Atlantic, the
East Equatorial Pacific and to a lesser extent the Arabian Sea, the weak stadial simulations shows the opposite
sign of change in dust flux compared to the strong stadial simulation (see Figure 3a). This is explained either by
changes in land surface and soil moisture (North Africa) or through differences in wet deposition (elsewhere).
If this is applicable to other models, it strongly suggests that the 1 Sv type model simulations for HS are unreal-
istic and much smaller perturbations should be used, consistent with climate-ice-sheet modeling (e.g., Roberts
et al., 2014a). Observational constraints on the freshwater input during these events are subject to wide uncertain-
ties (Carlson & Clark, 2012) and so do not provide strong constraints on the fluxes.

Although we evaluated the effects of adding glaciogenic dust sources, we chose not to focus on these because the
additional high-latitude sources do not fundamentally alter the model-data comparison at marine sediment core
locations, that is, within the intertropical area. They are important at mid- to high latitudes and future work could
re-examine the glaciogenic aspect in more detail.

The sensitivity of dust deposition to the strength of the stadial suggests that the equatorial dust response during
Heinrich events is very variable. This is consistent with Middleton et al. (2018) who see varying magnitude of
changes during the last 70 kyr, and little change in dust flux during HS events 5 and 6. The results also suggest
that other locations in the Atlantic basin would be likely to have experienced stronger dust deposition changes,
for example, in the Gulf of Guinea and the south west equatorial Atlantic. In those regions the simulated rainfall
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changes are a dominant control on the dust flux because of large changes in wet deposition. It would be helpful
to validate this model prediction with new dust and/or salinity reconstructions.

The model-data comparison highlights discrepancies between the model and records (see Figure 3). There
is some uncertainty in these records because fluvial inputs cannot be distinguished from the dust only
using 2*Th-normalized ?*?Th flux. One way to circumvent the problem is to conduct grain-size analyses (e.g.,
McGee et al., 2013). For example, HadGEM2-ES overestimates the abrupt change in dust flux over the western
tropical north Atlantic (see Figure 3). For core OCE205-2-103GGC in the Bahamas, the smaller increase in dust
flux can be explained by the effect of bioturbation. A model of the resultant smoothing effect on the dust flux
record (Williams et al., 2016) shows that during HS1 the dust change may have been twice as high. Correcting for
bioturbation would put the model-data comparison near the 1:1 line (Figure 3).

Core GeoB16202-2 lies at the transition between LGM-stadial increased and decreased precipitation areas in
the simulation (Figure S3 in Supporting Information S1) with the area of increased precipitation located slightly
more to the south in the LGM-weak stadial simulation. 6D measured in plant wax n-alkanes in this core show
a greater tree-cover during HS1 than during the LGM (Mulitza et al., 2017). This was interpreted as reflecting
increased rainfall which would be in better agreement with the LGM-strong stadial simulations for which the
data-model agreement is better. This subtle difference shows the sensitivity of the dust cycle to the modeled
distribution of positive and negative precipitation anomalies which are likely resolution- and model-dependent.

There are also model-data discrepancies along the north African margin for cores GeoB9508 and OC437-7GC68
for which the simulations underestimate the dust flux. The high amplitude dust flux increase for core
0C437-7GC68 has been ascribed to gustier conditions (McGee et al., 2013) which the model may fail to resolve
(Garcia-Carreras et al., 2021). For core GeoB9508 the HS1 flux increase was attributed to Sahel mega-drought
and increased dust in the Sahara Air Layer (Mulitza et al., 2008). In our simulations the Bodélé depression
receives more precipitation during HS1 than during the LGM. As one of the main dust emitters in North Africa,
fueling dust to the Saharan Air Layer (Flamant et al., 2009), a simulated wetter Bodélé depression may explain
why the model fails to reconstruct the increased HS1 dust flux recorded in core GeoB9508.

Finally, the discrepancies in dust flux variations observed in the EEP can be explained by the latitudinal positions
of the cores. The simulations overestimate the LGM-fw1 dust flux variation compared to data for the southern-
most one MV1014-02-17JC. The ITCZ behavior over the EEP is known to be complex and difficult to reproduce
in models (Rincén-Martinez et al., 2010; Schneider et al., 2014). It is thus possible that over the area where the
three cores are located, the actual southward shift of the ITCZ is smaller than modeled. Hence, MV1014-02-17JC
would mostly receive dust from the southern hemisphere where dust load variations are smaller than that of the
northern hemisphere as recorded in the two other EEP cores.

The ocean conditions in this study are prescribed from HadCM3. The LGM HadCM3 simulation captures the
main features of the LGM climate but remains too warm over Greenland (Singarayer & Valdes, 2010). It seems
likely that additional cooling due to vegetation feedbacks (Davies-Barnard et al., 2017) and possibly from dust
(Hopcroft et al., 2015) could resolve this. HadGEM2-ES, the model used here to simulate dust, is also colder at
the LGM than HadCM3 and is thus closer to these reconstructions. Paleoceanographic evidence suggests a shal-
lower AMOC (Lippold et al., 2012; Skinner et al., 2017) but HadCM3 does not reproduce this. It is unclear how
this may impact the simulated dust response. This, and the actual timing of HS1 at 3 kyr after the LGM should
be evaluated in future work.

Some coupled climate models integrated under glacial conditions have shown spontaneous oscillations that
resemble D-O events (Peltier & Vettoretti, 2014). However, HS events probably involve additional interactions
with dynamic ice-sheets. Questions remain because if as commonly assumed, both D-O and HS events hinge on
abrupt variations in the strength of the AMOC it is unclear why Greenland ice-core records show small signals
during HS events but very large changes during D-O events. Roberts and Hopcroft (2020) showed that D-O
events must be associated with large changes in Atlantic sea-ice area rather than in the AMOC. It is unclear how
this would engender such large changes in dust over Greenland. A European source region that accounts for the
dustier stadials seems a promising explanation (Rousseau et al., 2017, 2021; ij vari et al., 2015). Future work with
longer climate-dust simulations may help address these interrelated questions.

The representation of dust aerosols in ES Models is subject to caveats. The generation of intense dust storms
in convective downdraughts (Garcia-Carreras et al., 2021) is not represented in many models, including
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HadGEM2-ES. Additionally, it is still not fully understood how coarse aerosol particles are transported so far
from source regions (Ryder et al., 2018) and these particles are therefore not well simulated (Evan et al., 2014).
Changing dust source regions such as due to dried lake beds—which are known to be important dust contributors
(e.g., Goudie, 2018) are also not fully accounted for in paleoclimate simulations including with HadGEM2-ES.
Dust particles are also an important source of ice nuclei in mixed phase clouds (e.g., Nenes et al., 2014; Sagoo &
Storelvmo, 2017) but this is also not included in HadGEM2-ES.

5. Conclusions

We present ES model simulations of abrupt climate change and dust for the last glacial. Colder, dryer conditions
across much of the tropics but especially equatorial Africa contribute to a surge in atmospheric dust and increased
depositional fluxes in agreement with paleoclimate records. However, simulations with more extreme cooling
show decreased dust fluxes over the Atlantic in contradiction with reconstructions. The simulated change in dust
switches sign in when the cooling over the tropical Atlantic (and Africa) is more limited at around 2°C-3°C or
less. This non-linear dust response may explain why other model simulations also simulate an incorrect signal
(Murphy et al., 2014). The more realistic simulations with less pronounced cooling have a smaller RF from dust.
Nevertheless, this smaller forcing of —0.2 to —0.6 W m~2 still represents a potentially important perturbation that
should be included in future modeling of abrupt climate change. In future studies of abrupt change, the inclusion
of other tracers such as methane (Rhodes et al., 2015; Ringeval et al., 2013) and nitrous oxide (Joos et al., 2020;
Schmittner & Galbraith, 2008) may bring complementary constraints on the mechanisms at play, as could a more
detailed representation of the dust cycle.

Data Availability Statement

All HadGEM2-ES model output is available for further analysis from https://www.paleo.bristol.ac.uk/ummodel/
scripts/papers or directly from www.paleo.bristol.ac.uk/ummodel/users/Hopcroft_et_al_2022/new?2.
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