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Abstract Increased ice discharge in the North Atlantic is thought to cause a weakening, or collapse, of the
Atlantic meridional overturning circulation (AMOC) during Heinrich events. Paleoclimate records indicate
that these periods were marked by severe tropical aridity and dustiness. Although the driver of these events
is still under debate, large freshwater input is necessary for climate models to simulate the magnitude,
geographical extent, and abruptness of these events, indicating that they may be missing feedbacks. We
hypothesize that the dust-climate feedback is one such feedback that has not been previously considered.
Here we analyze the role of dust-climate feedbacks on the AMOC by parameterizing the dust radiative effects
in an intermediate complexity model and consider uncertainties due to wind stress forcing and the
magnitude of both atmospheric dust loading and freshwater hosing. We simulate both stable and unstable
AMOC regimes by changing the prescribed wind stress forcing. In the unstable regime, additional dust
loading during Heinrich events cools and freshens the North Atlantic and abruptly reduces the AMOC by 20%
relative to a control simulation. In the stable regime, however, additional dust forcing alone does not alter the
AMOC strength. Including both freshwater and dust forcing results in a cooling of the subtropical North
Atlantic more comparable to proxy records than with freshwater forcing alone. We conclude that
dust-climate feedbacks may provide ampliﬁcation to Heinrich cooling by further weakening AMOC and
increasing North Atlantic sea ice coverage.

1. Introduction
Proxy-based reconstructions from the most recent Heinrich stadial (HS1, ~17.5 ka) show that the Atlantic
meridional overturning circulation (AMOC) was almost completely shutdown (McManus et al., 2004). In addition, the northern hemisphere tropics became drier (Peterson et al., 2000; Peterson & Haug, 2006; Stager et al.,
2011; Wang et al., 2001), while the southern hemisphere tropics became wetter (Schefuß et al., 2005, 2011;
Wang et al., 2004, 2006). Proxy records show strong concurrent cooling in the middle-to-high latitude
North Atlantic (McManus et al., 2004), Iberian margin (Bard et al., 2000; Voelker et al., 2009), and in the subtropical central (Sachs & Lehman, 1999) and western Atlantic (Arienzo et al., 2015) during Heinrich stadials.
To date climate model simulations of Heinrich events have been unable to replicate the broad geographic
range of drying evident in paleoproxy data (Baker et al., 2001; Stager et al., 2011), and they impose large,
and potentially unrealistic, amounts of freshwater input to signiﬁcantly alter the AMOC (Calov et al., 2002;
Kageyama et al., 2010; Roche et al., 2014; Zhang & Delworth, 2005). This suggests that models may be missing
feedbacks necessary to trigger these events (Clement & Peterson, 2008). Recently, it was proposed that
iceberg discharge may not be a cause of these events, but rather a consequence of ocean cooling (Barker
et al., 2015).
Modern observations indicate that at times when the North Atlantic is anomalously cold, the tropical rainbelt
shifts south, causing drying in the Sahel (Folland, Palmer, & Parker, 1986; Street-Perrott & Perrott, 1990; Wang
et al., 2012). Tropical records from sediment cores in the eastern Atlantic show considerable variations in aridity and dust ﬂuxes associated with cold periods in the North Atlantic (Jullien et al., 2007; Mulitza et al., 2008;
McGee et al., 2013; Niedermeyer et al., 2009; Tjallingii et al., 2008). McGee et al. (2013) estimated that HS1 dust
ﬂuxes were a factor of ~2.6 higher than the late Holocene dust ﬂux, while the Last Glacial Maximum (LGM)
was only slightly dustier than the late Holocene. Increases in dust emissions further cool the North Atlantic
by scattering solar radiation, thus leading to a positive feedback (Evan et al., 2011; Wang et al., 2012). Solar
attenuation by dust aerosols not only cools SSTs but can also change the depth of the ocean mixed layer
(Lau & Kim, 2007; Martinez Avellaneda et al., 2010). Moreover, Serra, Avellaneda, and Stammer (2014)
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found that the propagation of dust-induced buoyancy anomalies caused small but statistically signiﬁcant
changes in AMOC in the 20th century. Climate simulations fall silent on the role of dust and its climate
feedbacks because few paleoclimate simulations include interactive dust modeling. Recent efforts are
improving the gap in this knowledge. For example, dust feedbacks during a Heinrich event were shown to
cool the tropical north Atlantic in a simulation using an atmospheric model coupled to a slab ocean model
(Murphy et al., 2014). In that study, changes in surface winds (not precipitation or soil moisture changes) were
the dominant factor for driving enhanced dust emissions. It is plausible that regional wind changes, rather
than ocean circulation changes, may have driven the large increase in Saharan dust during past Heinrich
events. In fact, recent studies using both observations (Evan et al., 2016; Wang et al., 2015) and climate model
experiments (Ridley, Heald, & Prospero, 2014) show that modern Saharan dust variability is largely controlled
by wind speed changes over dust source regions and not changes in Sahel rainfall. Given the extreme
magnitude of dust loading during HS1, and the uncertainty regarding the trigger for Heinrich events
(Barker et al., 2015), the impact of dust could have a signiﬁcant impact on ocean circulation at that time.
Here we parameterize dust radiative effects in an ocean model to demonstrate for the ﬁrst time the impacts
of HS1 dust loading on AMOC.
The abrupt climate events of the last glacial and deglacial periods have been tied to the stability of the AMOC,
where abrupt changes in freshwater input can cause transitions in the AMOC between stable “on” and “off”
states (Bryan, 1986; Manabe & Stouffer, 1988; Rahmstorf et al., 2005; Stommel, 1961). As the AMOC weakens,
less salt is transported northward, resulting in a further reduction in AMOC. This salt advection feedback
(Stommel, 1961) is necessary for the AMOC to exist in multiple states (Rahmstorf, 1996) and is measured
by calculating the freshwater transport at the southern boundary of the Atlantic (De Vries & Weber, 2005;
Dijkstra, 2007; Drijfhout, Weber, & Swaluw, 2011; Hawkins et al., 2011; Huisman, den Toom, & Dijkstra,
2010; Rahmstorf, 1996; Weber et al., 2007). A negative freshwater transport at the southern boundary
indicates a net import of salt and a bistable AMOC regime, whereas a positive freshwater transport at the
southern boundary indicates an AMOC regime with only one stable state (Rahmstorf, 1996). In this study,
we explore the impact of different prescribed wind stress on the stability of AMOC and analyze the freshwater
content anomalies in response to freshwater forcing and Heinrich dust forcing under the two different
AMOC states.

2. Methods
We utilize the University of Victoria (UVic) Earth system model, which consists of a three-dimensional ocean
general circulation model, a dynamic thermodynamic sea ice model, a simple one-layer energy-moisture
balance model of the atmosphere, and land-surface and dynamic terrestrial vegetation components
(Weaver et al., 2001). The atmosphere calculates surface heat and freshwater ﬂuxes without ﬂux correction.
UVic version 2.9 includes a variable latitudinal atmospheric diffusion of heat, which results in a much better
ﬁt to high-latitude LGM temperature proxies (Fyke & Eby, 2012). The ocean model is based on the
Geophysical Fluid Dynamics Laboratory Modular Ocean Model 2.2 (Pacanowski, 1995) with a global resolution of 1.8° (meridional) by 3.6° (zonal) and has 19 layers in the vertical. The ocean vertical diffusivity is parameterized using the Bryan and Lewis (1979) vertical distribution. The sea ice component incorporates an
elastic-viscous-plastic rheology to represent sea ice dynamics and sea ice thermodynamics and thickness
distribution (Bitz et al., 2001).
We apply a simple parameterization of the dust effects on both shortwave and longwave radiations in UVic,
based on a Heinrich simulation performed with the slab-ocean model version of Community Climate System
Model version 4 (CCSM4) that was coupled to an interactive dust model (Murphy et al., 2014). Unlike CCSM4,
UVic is very computationally efﬁcient, which allows us to run multiple simulations to examine the sensitivity
of the AMOC to the strength of the prescribed wind-stress forcing (section 2.1), the amount of dust forcing
(section 2.2), and the amount of freshwater forcing (section 2.3). Table 1 summarizes the experiments
performed for this study. All simulations are forced with LGM boundary conditions, including orbital forcing,
trace gases, and ice sheets, as deﬁned by the Paleoclimate Modelling Intercomparison Project phase 3
(PMIP3; Braconnot et al., 2011), and are spun-up from a 3,000 year long control LGM run. After the spin-up
period, the two control simulations and all forced simulations are integrated for 1,000 years. Outputs are
saved each decade.
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Table 1
The Name of the Experiment (Column 1), the Length of Each Model Simulation (Column 2), the Prescribed Background Climatological Winds (Column 3), the Dust Forcing
(Column 4), and the Freshwater Forcing (Column 5)
Name
UVic LGM control
CAM LGM control
UVic H1
UVic H1.5
UVic H2
CAM H1
CAM H2
UVic FW
CAM FW
UVic FW + H1
CAM FW + H1

Length

Winds

Dust

Freshwater (FW)

3,000 year spin-up +1,000 years
3,000 year spin-up +1,000 years
1,000 years
1,000 years
1,000 years
1,000 years
1,000 years
1,000 years
1,000 years
1,000 years
1,000 years

UVic
CAM
UVic
UVic
UVic
CAM
CAM
UVic
CAM
UVic
CAM

None
None
H1.0 (LGM)
H1.5 (LGM)
H2.0 (LGM)
H1.0 (LGM)
H2.0 (LGM)
None
None
H1.0 (LGM)
H1.0 (LGM)

None
None
None
None
None
None
None
(0.01, 0.02, 0.03, 0.04, 0.05) Sv
(0.1, 0.2, 0.3) Sv
(0.01, 0.02, 0.03, 0.04, 0.05) Sv
(0.1, 0.2, 0.3) Sv

2.1. Wind-Stress Forcing
UVic is forced with prescribed climatological winds from the National Centers for Environmental Research
(NCEP; Kalnay et al., 1996) and uses a dynamical wind feedback scheme, in which winds are allowed to
change using a geostrophic/diffusive approximation in response to sea level pressure anomalies (Fanning
& Weaver, 1997; Weaver et al., 2001). To account for the uncertainty in the climate response to the wind forcing, we run simulations using (i) standard “UVic” winds, in which surface pressure anomalies are calculated
from surface temperature differences between our LGM control simulation and a long present-day control
simulation, and then added as a perturbation to the prescribed mean wind/wind stress ﬁelds and
(ii) “CAM” winds, in which the anomalous sea level pressures that are ﬁrst subject to the UVic dynamical wind
feedback are from differences between 100 year climatologies from the CCSM4 Last Glacial Maximum (LGM)
and preindustrial (PI) simulations. The CCSM4 LGM and PI runs were part of the Paleoclimate Modelling
Intercomparison Project phase 3 (PMIP3) and Coupled Model Intercomparison Project phase 5 (CMIP5)
(Brady et al., 2013; Otto-Bliesner & Brady, 2010). After the spin-up, the resulting “CAM” wind climatology
and mean surface temperature are used with the free wind feedback. Using this method, which is described
in Goes, Wainer, and Signorelli (2014), avoids problems related to the different continental boundaries in the
two models.
2.2. Dust Forcing
Anomalous dust aerosol optical depth (with respect to the LGM) from idealized Heinrich simulations in
CCSM4 (Murphy et al., 2014) is used to parameterize the dust loading in UVic (Figure S1 in the supporting
information). Dust both absorbs and scatters incoming solar radiation and outgoing planetary radiation,
thereby modifying the radiative balance of the atmosphere. CCSM4 is used to quantify the effect of dust
on the energetic balance of the atmosphere. The dust radiative forcing is calculated as the difference
between the radiative forcing in a simulation that includes all aerosol species and a simulation including
all aerosols except dust. The horizontal maps of shortwave and longwave dust radiation per unit optical
depth of total LGM dust loading (not the HS1 anomalous dust loading) are used to tune UVic.
Previous studies have introduced the dust radiative effect in UVic by prescribing, at the top of the atmosphere, the shortwave and outgoing longwave anomalies simulated in a dust climate model (Schmittner
et al., 2011). Here we follow a different approach, where we parameterize the effect of dust in UVic as a
spatially resolved anomalous surface albedo forcing. The effect of dust on radiation in UVic is simulated
as follows. The shortwave ﬂuxes due to dust are parameterized as a perturbation of the local surface
albedo (αs):
Δαs ¼ Hβs τ ð1  αs Þ2 cos ðZ eff Þ;

(1)

which is dependent on an upward scattering parameter (βs), the aerosol optical depth (τ), the surface albedo
(αs), and the diurnally averaged effective solar zenith angle (cos (Zeff)). Here τ is the anomalous Heinrich
(Heinrich-LGM) dust aerosol optical depth from CCSM4 in the tropical North Atlantic (100°W–30°E,
0°–30°N). We apply scaling factors on the dust shortwave effect to parameterize the dust longwave
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radiation effects (i.e., top of the atmosphere outgoing (outlwr) and net surface (uplwr) longwave ﬂuxes).
Therefore:
outlwr ¼ outlwr maxð0; ð1:0  βO  Δαs ÞÞÞ;
(2a)
and
uplwr ¼ uplwr maxð0; ð1:0  βL  Δαs ÞÞ:
(2b)
The scattering parameter beta and the scaling parameters βO and βL are calibrated to best match the simulated radiative forcing response in CCSM4, accounting for the effects of dust on the absorption and reemission of terrestrial radiation. For this, we perform several 1 year long sensitivity runs changing these three
parameter values and compare their output with CCSM4. The choice of these short sensitivity runs is to avoid
measurable changes in ocean circulation, and the parameter calibration is performed for each parameter
separately, ﬁrst for shortwave (βs), using a range of βs = 0.20 to 0.27, and then for surface upwelling longwave
(βL = 0.8 to 1.7) and top of atmosphere outgoing longwave (βO = 0.1, 0.2). The optimal parameters that give
the best match between the CCSM4 and UVic dust radiative response are βs = 0.23, βO = 0.1, and βL = 1.4. The
net dust radiative forcing due to LGM dust loading is shown in Figure S1 for the CCSM4 simulation (top) and
in the tuned UVic simulation (bottom). The CCSM4 LGM dust optical depth that was used to tune UVic is overlaid as black contours in Figure S1. Over the North Atlantic dust belt (0°–30°N, 60°W–20°W), the reduction in
net radiative forcing at the surface shows excellent agreement between both models with an average annual
value of 2.20 W m2 in CCSM4 and 2.22 W m2 in UVic.
To investigate the sensitivity of the model to the dust, we deﬁne parameter H in equation (1) as the strength
of the dust forcing. Parameter H can assume different values. We set H = 1, 1.5, and 2, where H = 1 represents
the magnitude of anomalous dust optical depth forcing during the last Heinrich stadial (H1) (with respect to
LGM) as simulated in CCSM4 (Figure 4; black contours), H = 1.5 is 1.5 times the anomalous dust optical depth,
and H = 2 is 2 times the anomalous dust optical depth. The impact of increased Heinrich dust loading on top
of the glacial (LGM) background state is deﬁned as the difference between our anomalous dust forcing simulations (H1, H1.5, and H2) and the control (no dust).
2.3. Freshwater Forcing
We run additional simulations with various magnitudes of imposed freshwater forcing in the North Atlantic.
Freshwater forcing is simulated as a virtual salt ﬂux applied between 45°N and 65°N in the North Atlantic,
which is approximately the latitudes of glacial ice debris referred as the Ruddiman belt (Ruddiman, 1977).
We perform ﬁve experiments using a range of 0.01 to 0.05 Sv of FW forcing under UVic-wind forcing and
three experiments using a range of 0.1 to 0.3 Sv of FW under CAM-wind forcing in the same region. The
different amounts of freshwater forcing are chosen to allow a complete AMOC collapse under both
prescribed UVic- and CAM-winds, given their differences in the strength and stability of the AMOC (described
in section 3.2). Freshwater forcing is imposed for 200 years and is then turned off, which is within the range of
duration of previous Heinrich climate model simulations (Kageyama et al., 2010; Roche et al., 2014). The
cumulative amount of FW added to the North Atlantic ranges from 6 × 104 km3 (FW = 0.01) to 3 × 105 km3
(FW = 0.05) in the UVic-wind simulations, which is much smaller than the cumulative amount of FW added
to the CAM-wind simulations (between 6 × 105 and 2 × 106 km3). Each simulation is then run for an additional
800 years with no freshwater forcing to analyze the ability of AMOC to recover at the termination of H1. As in
Kageyama et al. (2010) we do not apply a compensating salt ﬂux. Stocker et al. (2007) showed that this
compensation can cause unintended effects on Southern Hemisphere temperatures. The values of FW
forcing under prescribed CAM-wind forcing are within the uncertainty range calculated in Roche et al. (2014).
2.4. Freshwater Budget
The Atlantic freshwater budget consists of the balance between the transport of freshwater by the ocean
circulation and the water loss due to net evaporation. Thus, the net freshwater content anomaly (FWCA)
(Wu & Wood, 2008) of the Atlantic basin (integrated from 34°S to the Bering Strait) is equal to the sum of
the ocean freshwater transport, the surface freshwater ﬂux, and a residual:
0

FWCA ¼

1 ∂S
¼ Mov þ Maz þ NET þ Res;
S0 ∂t

(3)

where S0 is the difference between a reference salinity and the ocean salinity (S0  S) with S0 = 34.76 psu. The
freshwater transport by the ocean is decomposed into its main components: Mov, which is the meridional
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overturning component that is calculated using the total velocities,
and Maz, which is the azimuthal component that encompasses the
horizontal barotropic gyre circulation, and are deﬁned as in
Rahmstorf (1996) and Weijer et al. (1999). The net surface freshwater
budget (NET) is the net surface precipitation, evaporation, runoff, ice
melt, and brine rejection (Precip-Evap + Runoff + Ice) integrated from
a southern boundary to the Bering Strait. Res is a residual term, which
may arise from diffusion and mixing processes (Weber et al., 2007),
nonstationary effects (Malanotte-Rizzoli et al., 2000), and computational errors along continental boundaries among others associated
with the ofﬂine calculation of time-averaged ﬂuxes. In UVic, the
Bering Strait is closed; therefore, transport through the northern
boundary is disregarded in (3). All ocean terms are integrated zonally
and with depth across the Atlantic Ocean.

2

Figure 1. Annual mean zonal wind stress (Taux in N m ) averaged zonally over
the Atlantic basin for NCEP present-day climatology (black), the LGM control
with Uvic-winds (red), and the LGM control with CAM-winds (blue).

3. Results
3.1. The Inﬂuence of Wind Forcing on the Mean LGM State

The annual mean zonal wind stress of the control UVic-wind simulation shows a weakening of the westerlies relative to the NCEP climatology (Figure 1). CAM-winds, however, show stronger westerlies than NCEP. Although changes in the ITCZ
are negligible using this approach, these changes in the mean wind state have strong implications for the
AMOC strength and stability.

The LGM mean state for the simulation with UVic-winds is characterized by higher surface salinity in the
tropics and lower surface salinity in the subpolar north Atlantic and at deep levels (1,000–3,000 m)
(Figures 2a and 2b). The lower salinity at deep levels is due to a weaker southward advection by the
NADW and a weaker and shallower AMOC (deﬁned as the maximum value of the stream function in the north
Atlantic) under UVic-winds (Figure 2e) compared to the CAM-winds control simulation (Figure 2f). This also
makes the abyssal ocean less stratiﬁed and more homogenized under UVic-winds, a feature observed in
previous model studies (Wainer et al., 2012). The UVic-wind control LGM simulation results in a much weaker
AMOC (13 Sv, where 1 Sv = 106 m3 s1) compared to the control present-day AMOC in UVic (~16 Sv) (Figure 2f).
In the CAM-wind control LGM simulation, the AMOC strengthens to 22 Sv and expands northward (Figure 2e).
The differences in AMOC strength agree with the large changes in the wind stress forcing in the subpolar
North Atlantic and over the Southern Ocean (Figure 1). Models that participated in the Paleoclimate Model
Intercomparison Project phase 3 (PMIP3) show that in the LGM, the presence of the Laurentide ice sheet
causes a southward shift and strengthening of the westerlies, which leads to a more vigorous AMOC in these
models (Brady et al., 2013; Muglia & Schmittner, 2015). In contrast, paleoclimatic proxy data suggest a weaker
oceanic circulation during the LGM (McManus et al., 2004).
The location of North Atlantic ventilation also changes under the two wind regimes (Figures 2g and 2h). In the
UVic-wind case, North Atlantic Deep Water (NADW) formation occurs just west of the British Isles, which is a
common feature in coarse resolution ocean models (Cottet-Puinel et al., 2004). In the CAM-wind case, ventilation occurs just west of the British Isles and also in the Labrador Sea. In our control UVic-wind run, the sea ice
edge extends further south and eastward than in the CAM-wind control simulation, and therefore, deep
convection regions are displaced further east (black lines in Figures 2g and 2h). Current observational studies
show that NADW occurs in the Nordic Seas and the Labrador Sea (Dickson & Brown, 1994), while proxy
records suggest that NADW formed at more southern locations during the LGM than today (Labeyrie
et al., 1992).
Studies have shown that advection of density anomalies from low to high latitudes in the North Atlantic can
alter the AMOC (Vellinga & Wu, 2008), and changes in the freshwater content have been shown to play a
dominant role on ocean circulation in the past (Schmittner et al., 2002). The mean surface freshwater budget
of the Atlantic is very sensitive to the different climatological wind ﬁelds (Figure 3). In the control LGM mean
climate, the freshwater content anomaly (FWCA) (equation (3)) can be neglected because transient effects are
small. Thus, the surface freshwater ﬂux (NET) is balanced by the ocean transports (Mov and Maz) plus a
MURPHY ET AL.
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Figure 2. (a and b) Mean salinity, (c and d) temperature, and (e and f) AMOC stream function and (g and h) ventilation depth in the control LGM simulations using
(left) UVic-winds and (right) CAM-winds. In Figures 2a–2d, the mean isopycnal depths are overlaid in black. In Figures 2g and 2h, the sea ice edge is overlaid in black.

residual. The net surface freshwater ﬂux (NET) (blue lines in Figure 3) integrated north of 34°S is negative, with
values of 250 mSv under CAM-winds and 150 mSv under UVic-winds, consistent with the idea that there is
a net loss of freshwater at the surface to the atmosphere in the Atlantic Ocean. Under CAM-winds, the loss of
freshwater at the surface in the Atlantic is compensated almost equally by the import of freshwater (positive)
into the basin through the horizontal gyre (Maz) and overturning (Mov) circulations (~110 mSv for each
component at 34.5°S). Conversely, under weaker westerlies (UVic-winds), the Mov across 34°S is negative
and much weaker (15 mSv); therefore, the loss of freshwater driven by surface freshwater ﬂuxes (NET)
and through oceanic overturning (Mov) is balanced almost solely by the transport of freshwater through
the southern boundary via the gyre circulation (Maz = 150 mSv at 34°S). Interestingly, the mean transport
by the gyre circulation at the southern boundary is fairly insensitive to changes in the mean overturning,
so that Maz is similar under both wind forcing simulations. Intermediate complexity models have shown
that a bistable regime occurs when the Mov is near or equal to zero (Weber et al., 2007). According to the
sign of the Mov, the model can only simulate a stable “off” AMOC under UVic-wind forcing and is monostable
(i.e., it only exists in one stable state) under CAM-wind forcing. This has large implications on the impact of
Heinrich dust forcing on the AMOC, which is discussed in the next section.
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Figure 3. Mean freshwater budget in the Atlantic Ocean for the LGM control simulations under (a) UVic-winds and (b) CAM-winds. Mov: overturning component;
Maz: gyre component; NET: surface forcing; RES: residual (NET-Mov-Maz).

3.2. Impact of Heinrich Dust on Climate
In this section, we test the sensitivity of the AMOC to H1 dust forcing alone in the absence of FW forcing.
Figure 4 shows the anomalous (with respect to the LGM) H1 annual mean dust aerosol optical depth
(DAOD) (contoured). The DAOD anomaly ranges from 0.02 to 0.18 over the Tropical North Atlantic. The
enhanced dust loading reduces the net radiation at the surface from 0.5 to 6 W m2 over the tropical
North Atlantic (from 0° to 25°N) (shading Figure 4), with the largest reduction found closest to the African
coast where the DAOD anomaly is largest. Albani et al. (2014) showed similar decreases in net surface radiation due to present-day dust loading over the North Atlantic (0–30°N).
The reduction of incoming radiation at the surface cools SSTs and weakens evaporation (Figures 5a and 5c).
At the end of the ﬁrst decade, the strongest cooling is located under the anomalous DAOD. Under H1 (H2)
dust forcing the initial (averaged over the ﬁrst decade) cooling in the Tropical North Atlantic is 0.17°C
(0.32°C) under UVic-winds and 0.18°C (0.35°C) under CAM winds. In comparison, Evan et al. (2011) used an
ocean general circulation model to estimate an anomalous cooling in the Tropical North Atlantic of up to
0.3°C between the ﬁve most dusty and least dusty years over the 20th century. Reduced surface freshwater
ﬂuxes (evaporation minus precipitation and river runoff) over the eastern subtropical North and South
Atlantic result in a reduction in the near surface salinity (Figures 5b and 5d). The anomalously freshwater
becomes trapped within the shallow subtropical cells, which connect the subtropics to the equatorial
Atlantic (not shown), while the Caribbean Sea and western subtropical North Atlantic show increased salinity.
The initial cooling and freshening due to the H1 dust forcing show highly similar magnitudes and spatial patterns regardless of the prescribed wind forcing.

Figure 4. The anomalous (H1-control) dust aerosol optical depth (DAOD;
contours) prescribed in UVic and the associated reduction in net surface
radiation (shading) due to the anomalous DAOD calculated as the difference
in net shortwave minus net longwave at the surface averaged over 1 year of
simulation.

MURPHY ET AL.

Under CAM-wind stress forcing, H1 dust forcing results in no signiﬁcant
AMOC change relative to control (Figure 6b). In contrast, under
UVic-wind stress forcing, H1 dust forcing results in an abrupt 20%
(2.8 Sv) reduction in AMOC after roughly 600 years of model integration
(Figure 6a). Sensitivity experiments with increased strength of the dust
forcing (H1.5 and H2.0) show no impact on the magnitude of the AMOC
changes, only impacts on the timing of the AMOC slowdown, with larger
dust forcing resulting in a faster AMOC reduction (~200 years for H1.5
and ~60 years for H2.0 dust, compared to 410 years for H1.0 dust). A
weaker AMOC in our UVic-wind control simulation results in less northward oceanic heat transport (OHT) compared to our CAM-wind control
simulation (0.6 PW and 0.9 PW, respectively; black lines in Figures 6c and
6d). We compare the OHT in the UVic and CAM-wind control simulations
to the simulations with H1 dust forcing at model year 500. The 20% reduction in AMOC under UVic-winds results in a nearly 0.1 PW reduction in OHT
(Figure 6c, green line) compared to the control (Figure 6c, black line), while
under prescribed CAM-winds H1 dust forcing alone does not change the
magnitude of OHT (Figure 6d, green line). Eddy heat transport (dashed
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Figure 5. H1-LGM anomalies for the (a and b) UVic wind experiments and (c and d) CAM-wind experiments of near-surface ocean potential temperature (shaded; °C)
1
and evaporation (contours; mm d ) (Figures 5a and 5c) and H1-LGM anomalies of near-surface ocean salinity (shaded; psu) and surface freshwater ﬂux (evapora1
tion-precipitation-runoff; mm d ) anomalies (Figures 5b and 5d). All variables were averaged over the ﬁrst decade (years 0–10).

black lines in Figures 6c and 6d), which are parameterized using the Gent and Mcwilliams (1990) scheme,
show strong resemblance with the estimates from higher resolution models (Tréguier et al., 2012;
Valdivieso et al., 2014) but remain unchanged in the anomalous dust simulations.
Initially, changes in the surface heat ﬂuxes are conﬁned to the subtropics where the H1 dust forcing is applied
and are similar under both UVic and CAM-winds (Figures 7a and 7b). The decrease in shortwave radiation at
the surface due to dust loading is partly balanced by enhanced latent heat ﬂux and longwave radiation. In
contrast, at the end of the simulations, differences in the surface heat ﬂux arise between the CAM-wind
and UVic-wind experiments due to changes in the AMOC. Less northward OHT in the UVic-wind simulations
with H1 dust results in a large increase in the net total heat ﬂux in the subpolar north Atlantic over the last
century (Figure 7d). However, minimal changes occur in the CAM-wind simulations with H1 dust (Figure 7c).
In the UVic-wind experiments, anomalous H1 dust leads to a cooling of up to 1.9°C in the last decade of
model simulation, and the largest cooling is found in the high latitudes between 40 and 60°N (Figure 8a).
In addition, the high latitude North Atlantic is fresher while the rest of the Atlantic is saltier (Figure 8b). A
10–40% increase in sea ice occurs in the North Atlantic, and sea ice extends further south (Figure 8d). The
largest increase in sea ice is found just west of the British Isles where there is a concurrent decrease in
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Figure 6. (a and b) AMOC strength for LGM control run (black) and for the dust experiments with dust forcing equal to H = 1.0 (blue), H = 1.5 (red), and H = 2.0 (green).
(c and d) Atlantic meridional heat transport (MHT in PW) averaged over the last century (model years 900–1,000) for the LGM control run (black), H1 dust
(H = 1.0; green), and for the eddy velocities only (dashed black). Results for the UVic-wind experiments are on the left (Figures 6a and 6c) and for the CAM-wind
experiments are on the right (Figures 6b and 6d).

Figure 7. Shortwave (SW), longwave (LW), sensible (Sens), latent (Lat) and total heat ﬂux components integrated at every grid point and zonally averaged over the
(a and b) ﬁrst century (model years 0–100) and the (c and d) last century (model years 900–1,000) for (left) UVic-winds and (right) CAM-winds. Fluxes are deﬁned
2
as positive downward and are given in units of 10 Petawatt (PW).
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1

Figure 8. (a) UVic-wind H1-LGM anomalies of near-surface ocean potential temperature (shaded; °C) and evaporation (contours; mm d ), (b) near-surface ocean
1
salinity (shaded; psu) and surface freshwater ﬂux (evaporation-precipitation-runoff; mm d ), (c) ventilation depth (shaded; m), and (d) sea ice fraction (shaded;
in %) with the ice edge in the control simulation overlaid with black contour line. All variables were averaged over the last decade (years 990–1,000).

ventilation depth (Figure 8c). The zonally averaged heat budget shows that the decrease in shortwave
radiation, in part due to the expansion of sea ice, is compensated by an increase in turbulent heat ﬂuxes
and longwave radiation (deﬁned as positive downward) (Figure 7c).
The sensitivity of AMOC response (Figures 6a and 6b) is likely driven by ocean circulation and ice feedbacks to
the adjustment of the freshwater budget. To examine this assumption, we examine the impact of H1 dust
forcing on the Atlantic freshwater budget. The changes in the freshwater content terms are calculated as
the difference between the H1 dust and the control LGM simulations. We decompose the surface freshwater
ﬂux (NET) anomalies (H1-control) into its main components: precipitation (Precip), evaporation (Evap), river
discharge (Runoff), the change in northern hemisphere sea ice volume (ice), and total (NET) (Figures 9a
and 9b). In both simulations (Figures 9a and 9b), the cooling effect of dust reduces evaporation and is only
partly compensated by the decrease in river runoff and precipitation, thus freshening the North Atlantic.
Therefore, there is an initial increase in NET of about 2–3 mSv (Figures 9c and 9d). The enhanced NET causes
an equal increase in the freshwater content (FWCA) by ~2–3 mSv before any changes in total oceanic freshwater transport (OcT; Figures 9c and 9d). In the CAM-wind simulation, OcT increases by ~3 mSv in the year
100, driven mostly by an increase in freshwater transport by the overturning circulation (Mov; ~6 mSv),
and partially compensated by a reduction in freshwater transport by the gyre circulation (Maz; ~3 mSv).
This initial increase in Mov is a response to a small increase in the AMOC (Figure 6b), most likely due to the
initial cooling of the North Atlantic basin. After year 100 in the CAM-wind simulation, Mov decreases and
drives most of the anomalous OcT divergence later on. The anomalous divergence of oceanic freshwater
transport compensates the increased NET in the end of the CAM-wind run (Figure 9d).
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Figure 9. Time evolution of the Atlantic freshwater budget anomalies (H1-LGM control) integrated north of 32.5°S for the simulations using (left) UVic-winds and
(right) CAM-winds. (a and b) The surface freshwater ﬂux components: runoff (green), precipitation (red), evaporation (blue), ice (orange), and the combined net
freshwater ﬂux (black). Note that evaporation was multiplied by negative 1 to denote a negative freshwater anomaly. (c and d) the total freshwater content anomaly
(FWCA), surface (blue), ocean (red), and ice (orange); (e and f) the ocean freshwater transport (OcT) and its Mov (blue) and Maz (red) contributions.

In the Uvic-wind simulation the scenario is more complex due to stronger sensitivity of ocean circulation
to the heat and freshwater changes. The initial OcT changes are negligible because of a strong compensation between an increased Mov and a decreased Maz before model year 350 (Figure 9e). At approximately
year 350, a sharp increase in the North Atlantic sea ice results in an abrupt reduction in NET and FWCA via
brine rejection (Figure 9c), and an increased Mov of ~8 mSv, that is partially compensated by reduced
Maz, which results in an oceanic freshwater convergence of ~4 mSv. There is an additional cooling and
NET increase in the North Atlantic due to the impact of ice changes on the surface ﬂuxes (Figure 7c).
When the ice growth diminishes, the large-scale freshening dominates the OcT variability, and there is a
strong decrease in the overturning circulation (Mov) reducing the oceanic import of freshwater into the
basin. A ﬁnal balance is then reestablished between the anomalous NET and OcT (Figure 9e). It is important to notice that the Mov and Maz anomalies given in Figure 10 are not strong enough to change their
signs; therefore, Mov still exports freshwater in the Uvic-wind experiments and imports freshwater in the
CAM-wind experiments.
We analyze the difference in surface freshwater ﬂux changes under different amounts of dust loading in the
UVic-wind experiments (H1, H1.5, and H2). The NET freshwater anomalies forced by dust north of 34°S after
1,000 years are 4 mSv (H1; Figure 9c), 5 mSv (H1.5), and 6 mSv (H2). The different amounts of surface freshwater ﬂux trigger a faster FWCA response, which explains the time difference in triggering the AMOC slowdown between the experiments (Figure 6a). The total reduction in the strength of the AMOC (~20%) is
insensitive to the different amounts of dust forcing in our simulations, even though the surface NET response
is larger under stronger dust radiative forcing. As a balance between OcT and NET is expected to be reestablished at the end of all dust simulations, we conclude that it is not the velocity adjustment (v0 ) but the salinity
(S0 ) distribution along 34.5°S that changes under different dust forcing.
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Figure 10. (a and b) AMOC strength and (c and d) Mov time series for the experiments with FW (dashed lines) and FW + H1 dust (solid lines) using (left) UVic-winds
and (right) CAM-winds. The colors represent the different FW amounts added to the Ruddiman Belt (45° to 65°N).

3.3. Impact of Dust and Freshwater Forcing on AMOC
Next, we examine the combined impact of H1 dust and freshwater (FW) forcing during Heinrich stadials.
Freshwater is imposed for 200 years and then turned off. Figures 10a and 10b show the AMOC time series
under different FW forcing scenarios both with (solid lines) and without (dashed lines) H1 dust forcing.
Both FW and H1 dust forcing result in a slowdown of the AMOC and a reversal in the north Atlantic OHT under
both CAM and UVic-wind forcing (not shown), but differences arise when freshwater forcing is terminated.
Under prescribed CAM-winds, the mean Mov term is positive (Figure 3b), and the AMOC is monostable. In this
case the AMOC shuts down when the magnitude of hosing is FW = 0.2 Sv and FW = 0.3 Sv, but the AMOC
recovers after FW ceases under all H1 + FW and FW only cases (Figure 10b). Under CAM-winds, with the
exception of a short lag in the recovery, H1 dust does not signiﬁcantly alter the time history of the AMOC
(Figure 10b). This is consistent with the sign of the Mov term, which becomes negative (freshwater export)
during the recovery period under the two larger FW forcing experiments (FW = 0.2 and 0.3 Sv), and transitions
back to positive after the AMOC recovery near the end of the simulations (Figure 10d).
However, under prescribed UVic-winds, the Mov term is slightly negative (Figure 3a), AMOC is bistable, and
thus the recovery depends on the magnitude of FW forcing (Figure 10a). Under UVic-winds, the two smaller
freshwater forcing cases (FW = 0.01 and 0.02 Sv) result in a reduction in AMOC of 23 and 31%, respectively,
and the AMOC gradually recovers after freshwater forcing ceases. In both cases, the simulation with H1 dust
forcing causes a more abrupt AMOC reduction in the ﬁrst 150 years (by ~1 Sv) and the recovery after FW
ceases is slightly delayed. Under the largest freshwater forcing case (FW = 0.05 Sv), the AMOC shuts down
to 2 Sv after 600 years and transitions to a stable off state. Thus, under prescribed UVic-winds, there is a
threshold for AMOC collapse between 0.02 and 0.05 Sv, which is between 1 × 105 and 3 × 105 km3 of cumulative FW at the end of 200 years. Under a more moderate amount of FW forcing (FW = 0.03 Sv), the system is
closer to a threshold, and H1 dust leads to a bifurcation in the AMOC response (Figure 10a, red lines). This
threshold is dependent on the duration of FW forcing. This same behavior, that dust triggers a bifurcation
when the system is close to a threshold, is observed in additional sensitivity experiments with longer but
weaker FW forcing (see the supporting information). As shown in the time series of MOV for the FW + H1 dust
scenarios, the Mov term is negative in all simulations that show an AMOC recovery (Figure 10c). Mov becomes
positive when the AMOC weakens in the largest FW cases (FW = 0.04 and 0.05 Sv) and in the case of
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FW = 0.03 Sv with H1 dust. Therefore, Mov acts as a positive feedback
to the AMOC collapse in the UVic-wind scenarios, importing freshwater for a reduced AMOC.
3.4. Comparison to Proxy SST Records

Figure 11. The black lines show the median HS1-LGM temperature anomaly
(solid) and conﬁdence interval (dashed; CI = 1st and 99th percentiles) at the
GeoB9508-5 core. The temperature anomaly is calculated using the temperature
over the HS1 interval (18–15 ka) minus the temperature over the LGM interval
(21 ka + 2 ka). The arrows (dots) show the CI (median) of the individual alkenone
(orange) and Mg/Ca (light blue) proxies. The box and whisker plots are the
probability density functions (PDFs) based on the range of values of temperature
difference between our FW experiments with and without H1 dust and the
control LGM experiment. The boxes show the 25th to 75th percentiles with the
median at the center; the whiskers give the 5th and 95th percentiles, and the dots
give the 1st and 99th percentiles based on the derived PDFs.

Zarriess et al. (2011) analyzed Mg/Ca-based SST records from two
cores in the eastern tropical Atlantic GeoB9508-5 at 15°N and
GeoB9526-5 at 12°N off the northwestern coast of Africa and ﬁnd that
while earlier Heinrich stadials show opposing SST anomalies with
cooling at the northern site and warming at the southern site, the
most recent Heinrich stadials (HS1 and HS2) showed cooling in both
locations. Figures S2 and S3 show the temperature anomalies with
respect to the LGM averaged over the last century (years 900–1,000)
in the UVic-wind experiments (Figure S2) and over model years
200–300 in the CAM-wind experiments (Figure S3), which is the
period when the AMOC is weakest (Figures 10a and 10b). The bipolar
see-saw response, with cooling in the North Atlantic and warming in
the South Atlantic, is evident only in the larger FW forcing experiments when the largest reduction in AMOC occurs. Additionally, H1
dust forcing results in an additional cooling in the subtropical and
tropical North Atlantic that shifts the anomalous warming further into
the southern hemisphere, consistent with Zarriess et al. (2011).

We compare the recorded temperature change off the northwestern coast of Africa at gravity core GeoB95085 (Niedermeyer et al., 2009; Zarriess et al., 2011) to the temperature change in our FW and FW + H1 dust experiments with different prescribed wind ﬁelds (Figure 11). We utilize both the alkenone derived proxy record,
which is obtained through alkenone paleothermometry and represents the yearly average of the mixed layer
temperature (Niedermeyer et al., 2009), as well as the Mg/Ca based temperature reconstructions based on the
planktic foraminiferal species Globigerinoides ruber (Zarriess et al., 2011). To derive the recorded temperature
anomaly between HS1 and the LGM, we subtract the temperature records during HS1 (18–15 ka) from the
temperature records during the LGM (21 ka ± 2 ka). The uncertainty in the proxy record is then calculated
by bootstrapping these temperature difference values from each reconstruction separately and calculating
their joint median value (solid black line) and conﬁdence interval (CI = 1st and 99th percentiles) (dashed black
lines). The median (CI) temperature anomaly (HS1-LGM) based on alkenones is 1.6 (1.3, 2.0) °C, while the
Mg/Ca-based temperature anomaly is much smaller at 0.53 (.40, 0.64) °C (light orange and blue arrows,
respectively). The temperature anomaly (H1-LGM) in our experiments is deﬁned as difference in the temperature minima in all FW and FW + H1 dust experiments and the LGM control temperature. Probability density
functions are calculated based on the ﬁve UVic-wind FW experiments, which range from 0.01 to 0.05 Sv, both
with and without H1 dust, and the three CAM-wind FW experiments, which range from 0.1 to 0.3 Sv, both with
and without H1 dust. Figure 11 shows the box and whisker plots for the UVic-wind FW + H1 dust, CAM-wind
FW + H1 dust, UVic-wind FW, and CAM-wind FW experiments. Under FW forcing only, the UVic and CAM-wind
experiments show a mean cooling of 0.3°C and 0.7°C, respectively. Although there is strong discrepancy
between the two proxy data, the UVic FW distribution is mostly too weak and outside the paleoproxy range.
Our UVic-wind FW + H1 dust experiments show a larger magnitude of cooling but still underestimate the
cooling indicated by the alkenone-based SST anomaly. The CAM-wind experiments with both FW + H1 dust
show cooling that is most comparable to mean of the joint proxy data (0.93°C), whereas only the CAM-wind
FW + H1 distribution falls within the range from the alkenone-based SST anomaly.
We perform a similar analysis as shown in Figure 11 against two proxy records in the western and central
North Atlantic (Figures S4 and S5). Sachs and Lehman (1999) analyzed sediments from the Bermuda Rise
and found a 3 to 5° cooling (1 error bar = 0.17°C) associated with Heinrich stadials 4 and 5. Arienzo et al.
(2015) used ﬂuid inclusion analysis on a stalagmite from Abaco Island, Bahamas, and found an average
4.3 ± 2.7°C cooling for Heinrich stadials 1, 2, and 3. The degrees of cooling in our FW and FW + H1 dust simulations are well below these proxy records with less than 1°C cooling in the Bahamas and up to 2°C cooling at the
Bermuda Rise. The amount of cooling again is largest in our FW + H1 dust simulation with CAM-wind forcing.
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4. Discussion
Historically, freshwater forcing is viewed as the driver of the AMOC shut down during Heinrich events, and
climate model simulations have shown a robust cooling of the North Atlantic and southward shift in the
tropical rainbelt in response to FW input. Drying over North Africa is thought to drive the large increase in
dust deposition in the eastern subtropical North Atlantic during these periods (Mulitza et al., 2008; McGee
et al., 2013; Williams et al., 2016). However, there are large uncertainties in both the magnitude and duration
of freshwater hosing during Heinrich events (Roche et al., 2014), and recently, Barker et al. (2015) questioned
whether freshwater forcing was the driver or a consequence of North Atlantic cooling during Heinrich
stadials. Additionally, modern observations show that atmospheric circulation changes (i.e., surface winds),
and not precipitation changes, over North African dust source regions are the dominant driver of dust emissions (Evan et al., 2016). We hypothesized that enhanced Saharan dust can accelerate the climate changes
associated with the Heinrich events. To test this hypothesis, we implemented a simple parameterization
for the dust effects on shortwave and longwave radiations in UVic, using a Heinrich simulation performed
with CCSM4. We tested the sensitivity of the dust-AMOC response to different amounts of dust loading in this
intermediate complexity climate framework both with and without freshwater forcing. All of our simulations
impose glacial boundary conditions, orbital parameters, and greenhouse gases forcing. Although the seasonality of the dust load is not implemented, and certain atmospheric feedbacks are not well represented in the
simplistic one-layer atmospheric model of UVic, the E-P response to the additional dust loading is similar to
the response found in a more sophisticated climate model with interactive dust forcing (CCSM4 in Murphy
et al., 2014).
Wind stress forcing is prescribed in UVic and thus does not respond to the dust and FW forcings we impose.
Since the strength of the glacial AMOC is not well constrained, we tested the impact of changing the
prescribed wind ﬁeld and implemented the dynamical wind feedback described in Weaver et al. (2001).
We found that the strength of the AMOC under CAM-winds is much stronger (22 Sv) compared to the
UVic-wind simulations (13 Sv). The strength of the AMOC may be tied to the rate of NADW formation and
the strength of the Southern Ocean (SO) winds, both associated with a “pump” and “valve” system
(Samelson, 2004), and they are linked to the AMOC stability in the adiabatic limit (e.g., Gnanadesikan &
Toggweiler, 1999; Keeling, 2002; Nof et al., 2007). Indeed, increased SO winds under the CAM-wind forcing
produce a monostable AMOC regime, whereas under the weaker UVic-wind forcing, a bistable regime is
simulated. Observational studies suggest that the AMOC is bistable with stable “on” and “off” modes
(Garzoli et al., 2012; Hofmann & Rahmstorf, 2009; Huisman et al., 2010; Liu et al., 2017), similar to our UVicwind forcing experiments. In contrast, climate models typically show a monostable AMOC (Stouffer et al.,
2006). A negative freshwater transport by the AMOC at the southern boundary indicates a net import of salt
and a bistable AMOC regime, whereas a positive freshwater transport at the southern boundary indicates a
AMOC regime with only one stable state (Hu et al., 2008; Weber et al., 2007; Weber & Drijfhout, 2007), similar
to our CAM-wind forcing experiments.
Anomalous H1 dust forcing cools, extends sea ice coverage, and shifts the oceanic ventilation region
southward in the North Atlantic. This is consistent with the theory that increased winter sea ice coverage
can amplify Heinrich climate impacts (Broecker, 2006; Barker et al., 2015; Denton et al., 2005). Under UVicwind forcing, although the time of triggering differs, all sensitivity experiments with different amounts of
dust loading result in an abrupt reduction in AMOC by 20%, which is on the same order of the reduction predicted by climate change in year 2100 (Goes et al., 2010). This can be explained by the amount of freshwater
added to the North Atlantic, which is related to the amount of dust loading. Initially, the cooler waters
become trapped within the shallow subtropical cells and spread throughout the north and south Atlantic.
Less evaporitic loss results in roughly 4 mSv of net freshwater convergence in the North Atlantic. This
mechanism is less efﬁcient in our simulations with prescribed CAM-winds where we ﬁnd a <1 Sv reduction
in AMOC after model year 500 (Figure 6b). The impact of changes in surface freshwater ﬂuxes on AMOC
has also been found to play a signiﬁcant role on AMOC over the 20th century in CMIP5 models (Cheng
et al., 2013). This suggests that additional dust loading over the North Atlantic can act as a potential trigger
in slowing down the AMOC.
Including both freshwater and H1 dust results in a larger AMOC reduction that depends on the magnitude of
FW forcing. Under small freshwater forcing H1 dust forcing initially causes a more abrupt decrease in the
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AMOC, while under a more moderate amount of FW (FW = 0.03 Sv + H1 dust), the presence of H1 dust forcing
can result in an AMOC collapse even after FW forcing ceases (under UVic-winds). Under CAM-wind forcing, H1
dust forcing does not signiﬁcantly alter the AMOC response when FW forcing is applied. We performed additional sensitivity studies varying the duration and magnitude of FW forcing (supporting information). Even
though dust did not contribute to AMOC changes in the CAM wind simulations, we do not discard that under
longer or more progressive FW forcing dust can trigger bifurcations in the AMOC recovery, as suggested by
those sensitivity experiments (Figure S6). Therefore, the interplay between the wind and hosing is crucial in
determining the role of dust on triggering AMOC bifurcations.
We compare the magnitude of temperature change in our simulations to SST reconstructions in the North
Atlantic. There is large uncertainty in the magnitude of cooling in the eastern subtropical Atlantic in the proxy
data. In general, our CAM-wind simulations result in more cooling than the UVic-wind simulations throughout
the North Atlantic. Including both FW + H1 dust forcing provides greater cooling in the eastern subtropical
Atlantic, and the amount of cooling is within the range of proxy data. However, our simulations fail to reproduce the cooling estimated from Bahamian speleothems (Arienzo et al., 2015) and the Bermuda Rise marine
sediment core (Sachs & Lehman, 1999), which suggests that we may be missing other important feedbacks,
possibly clouds. Additionally, North American glacial dust sources (i.e., Peoria loess) may have provided an
additional dust supply to the western North Atlantic during the glacial climate (Muhs et al., 2007) that we
did not account for here.

5. Concluding Remarks
In conclusion, our results show that dust-climate feedbacks can provide an ampliﬁcation to Heinrich cooling.
Enhanced Saharan dust loading during H1 can extend the geographical range of cooling by locally inﬂuencing the radiative balance, increasing sea ice, and also through ocean dynamical feedbacks by destabilizing
the AMOC. Anthropogenic warming is expected to increase meltwater discharge into the North Atlantic,
which may have large implications on Sahel rainfall (Defrance et al., 2017). Our study suggests increased
North African dust emissions, whether driven by AMOC changes or atmospheric circulation changes, could
amplify the risk of an AMOC collapse. Therefore, it is important to include dust as an interactive component
of the climate system.
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