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Abstract The Younger Dryas climate event occurred during the middle of the last deglacial cycle and is
marked by an abrupt shift in the North Atlantic polar front almost to its former glacial position, trending
east to west. Using high-precision and high-accuracy U-Th-dated Barbados reef crest coral, Acropora palmata,
we generate a detailed sea level record from 13.9 to 9000 years before present (kyr B.P.) and reconstruct
the ice volume response to the Younger Dryas cooling. From the mid-Allerad (13.9 kyr B.P.) to the end of the
Younger Dryas (11.65 kyr B.P.), rates of sea level rise decreased smoothly from 20mmyr~" to 4mmyr~"',
culminating in a 400 year “slow stand” before accelerating into meltwater pulse 1B (MWP-1B). The MWP-1B
event at Barbados is better constrained as beginning by 11.45 kyr B.P. and ending at 11.1 kyr B.P. during
which time sea level rose 14 + 2 m and rates of sea level rise reached 40 mmyr~'. We propose that MWP-1B
is the direct albeit lagged response of the Northern Hemisphere ice sheets to the rapid warming marking
the end of the Younger Dryas coinciding with rapid warming in the circum-North Atlantic region and the
polar front shift from its zonal to meridional position 11.65 kyr B.P. As predicted by glaciological models, the
ice sheet response to rapid North Atlantic warming was lagged by 400 years due to the thermal inertia of
large ice sheets. The regional circum-North Atlantic Younger Dryas climate event is elevated to a global
response through sea level changes, starting with the global slowdown in sea level rise during the Younger
Dryas and culminating with MWP-1B. No meltwater pulses are evident at the initiation of the Younger Dryas
climate event as is often speculated.

1. Introduction

Milankovitch [1941] correctly deduced that changes in incoming solar radiation to the higher northern latitudes,
controlled by subtle variations in the Earth’s orbit, paced the growth and decay of continental ice sheets. Direct
support for orbital forcing of climate comes from deep-sea cores [Hays et al., 1976] and dated uplifted coral reef
terraces on Barbados [Broecker et al., 1968; Mesolella et al., 1969]. For more than a century, botanists, glaciolo-
gists, and geologists have documented a curious pause midway through the last deglaciation that was marked
by an abrupt return to glacial-like conditions in the circum-North Atlantic region. Known as the Younger Dryas
Chronozone, this cold period was originally assigned to the time interval between 11,000 and 10,000 radiocarbon
years before present (B.P.) [Mangerud et al., 1974] which, when calibrated, corresponds in time to 13,000-11,700
calendar years before present (kyr B.P.) [Fairbanks, 1990]. More precise and accurate dating and annual layer
counting in the North Greenland Ice Core Project (NGRIP) ice cores constrain a local atmospheric temperature
or air mass shift, as expressed in the 60 of ice, from 12.85 to 11.65 kyr B.P. [Rasmussen et al., 2006], corresponding
to the Younger Dryas stadial. Although widely accepted as the type example of Younger Dryas Chronozone, it
remains a local Greenland chronology.

The Younger Dryas is one of the most studied intervals of Earth’s climate history for several reasons. First, it is
perhaps the best example of large-scale climate instability on millennial time scales. Second, it can be radiome-
trically dated to high precision and high accuracy by several dating methods. Third, abundant proxy records
contain evidence of this event throughout the circum-North Atlantic in the ocean, on land and lakes, and
in the Greenland ice sheet. Fourth, understanding the causes of this climate event may lead to a better under-
standing of the amplifiers of climate change or at least identify the regions and systems most sensitive to
climate instabilities in the past and possibly in the future.

There is evidence that during the Younger Dryas North Atlantic polar surface waters and sea ice boundaries
extended further south spreading eastward in less than a century [Ruddiman and Mcintyre, 1981], reflecting a
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shift from more meridional (southwest to northeast) to more latitudinal (east to west) atmospheric and
surface ocean circulation in the North Atlantic. These circulation changes coincided with regional cooling
in the circum-North Atlantic southward to lower temperate latitudes (34°N to 45°N), identified in deep-sea
sediment core records by sharp increases in % N.pachyderma (sinistral) and ice-rafted debris [Ruddiman
and Mclntyre, 1981; Keigwin and Lehman, 1994], North American and European pollen records [Watts, 1980;
Peteet, 1995], European lake sediments [Bjérck et al., 1996; Brauer et al., 1999], and climate change marker
species [Lemdahl, 1991; Ponel et al., 2007]. Younger Dryas-age glacial landforms chronicle a cessation of ice
sheet retreat and in some regions a readvance of alpine glaciers and ice fronts across already deglaciated
areas of the maritime Fennoscandian region (Norway, Sweden, and Finland) [Andersen et al., 1995; Rainio
et al.,, 1995; Kleman et al., 1997; Boulton et al., 2001]. Synchronous with Fennoscandian ice sheet resurgence
were less pronounced glacier readvances in areas of the Laurentide ice sheet proximal to the North American
Great Lakes [Lowell et al., 1999] in regions of the eastern Canadian Arctic such as Baffin Island and Lake
Champlain [Miller, 1980; Lasalle and Shilts, 1993], Scotland [Sutherland et al., 1993] and along some margins
of the Greenland ice sheet [Simpson et al., 2009].

In advancing a triggering mechanism for the Younger Dryas, paleoceanographers have argued for changes in
sea ice distribution [Ruddiman and Mcintyre, 1981] and/or reduction in North Atlantic Deep Water (NADW)
export thereby reducing the northward flow of warm tropical waters via the Gulf Stream [Weyl, 1968;
Rooth, 1982; Broecker and Denton, 1989], while atmospheric scientists have argued that changing ice sheet
geometries created temporary splits or shifts in the North American Jet Stream [e.g., Manabe and Broccoli,
1985], amplified by highly zoned winds promoting a deeply mixed surface ocean, as more plausible explanations
[Seager et al., 2002; Wunsch, 2002].

The transition into the Younger Dryas is often described as “abrupt,” and multiple atmospheric climate proxies
within the Greenland ice core layers indicate that the onset occurred over decades in several steps [Alley, 2000;
Rasmussen et al., 2006] consistent with the “flickering” associated with atmospherically driven perturba-
tions [Taylor et al., 1993]. The 6'80 records of Greenland ice cores indicate that the decrease began around
12.85kyrB.P. and reached a temperature minimum around 12.7 kyr B.P. [Rasmussen et al., 2006] when
Greenland surface temperatures had cooled by 5 to 10°C [Cuffey and Clow, 1997; Severinghaus et al., 1998].
5'80 shifts in Greenland ice cores are commonly interpreted solely as a temperature indicator [Jouze! et al.,
1987; Dansgaard et al.,, 1993]; however, Charles et al. [1994] note that 6'20 shifts also reflect changes in air mass
sources and their water vapor mixing histories. A varved lake sediment record from western Germany supports
the multidecadal climate decline into the Younger Dryas, with the final shift into full stadial mode identified at
that location at 12.68 kyr B.P. [Brauer et al., 2008]. The termination of the Younger Dryas in Greenland is more
abrupt than the inception and is identified by an ~5 to 10°C increase in surface temperatures [Taylor et al.,
1997; Severinghaus et al., 1998; Alley, 2000] or an air mass shift [Charles et al., 1994] and abrupt disappearance
of sea ice south of Newfoundland (~47°N latitude) by 11.6 kyr B.P. [Pearce et al., 2014].

Ironically, the Younger Dryas cold interval occurred during Northern Hemisphere radiation maximum and in
the middle of the most recent deglaciation. These large swings in circum-North Atlantic climate associated
with the initiation and termination of the Younger Dryas stand in sharp contrast to slowly changing deglacial
forcing, such as increasing Northern Hemisphere summer insolation [Berger and Loutre, 1991], vigorous North
Atlantic overturning [McManus et al., 2004], and possibly the impact of rising atmospheric CO, [Monnin et al.,
20011, CH,4 [Brook et al., 2000; Marcott et al., 2014], and sea level [Fairbanks, 1989]. Although considerable
debate surrounds speculation that the Younger Dryas was a global event (see extensive reviews by Peteet
[1995] and Bjérck [2007]), the conundrum created by the apparent decoupling of circum-North Atlantic proxy
records documenting the Younger Dryas cooling versus evidence for a warming and deglaciating planet has
led some to advocate for regional catastrophic triggers. A sudden release of meltwater from the Laurentide
ice sheet, triggered by either a natural breach of proglacial Lake Agassiz's ice dam [Broecker et al., 1989] or a
destabilization and demise of the Laurentide ice sheet triggered by an extraterrestrial impact [Firestone et al.,
20071, are two such catastrophic mechanisms proposed to have initiated Younger Dryas cooling.

The “flood or meltwater hypothesis” posits that the Younger Dryas stadial was caused by a sudden discharge
of a large volume of glacial meltwater that freshened and stratified the North Atlantic, disrupted NADW for-
mation, and reduced or shutdown the Atlantic Meridional Overturning Circulation (AMOC) [Broecker et al.,
1985, 1989]. Supporting evidence for the “flood hypothesis” from surface ocean studies is lacking; however,
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several deep water proxy records from North Atlantic cores indicate possible disruption of NADW production
[McManus et al., 2004; Piotrowski et al., 2005; Elmore and Wright, 2011]. The retreat of the North American ice
sheet past the continental divide [Teller, 1995], coupled with isostatic adjustments associated with deglacia-
tion, are proposed to have led to the rerouting of meltwater from the Gulf of Mexico via the Mississippi River
eastward into the mid-Atlantic via the St. Lawrence River [Broecker et al., 1989].

Meltwater additions to the surface ocean are most commonly identified, traced, and reconstructed using
5'80 records generated from planktonic foraminifera in marine deep-sea cores and dated using the radiocar-
bon chronometer [e.g., Fairbanks et al., 1992; Keigwin and Lehman, 1994; Flower et al., 2004]. Planktonic fora-
miniferal oxygen isotope records obtained from deep-sea cores taken in the mid-Atlantic region [Keigwin and
Lehman, 1994] and in the Gulf of Mexico [Flower and Kennett, 1990] were cited in support of changing outflow
pathways, with meltwater discharge-driven minima in 580 values correlated to the mid-Atlantic and Gulf of
Mexico approximately synchronous Heinrich 1 Event [Bond et al., 1992] and the initiation of the Younger
Dryas, respectively. Stratigraphic and structural field evidence for this levee breach, however, is lacking
[Lowell et al., 2005], and revised paleotopographic reconstructions of the Lake Agassiz region no longer sup-
port a mid-Atlantic meltwater discharge coincident with the onset Younger Dryas [Teller et al., 2005].

Condron and Winsor [2012] revisited the feasibility of meltwater released into the mid-Atlantic via the St.
Lawrence River catastrophically impacting NADW formation in the circum-North Atlantic. In their experiments,
5 sverdrup (Sv) (10° m>/s) (~160,000 km?yr~") of meltwater released into the St. Lawrence River over the course
of a year was quickly deflected southward by North American coastal currents, entrained into the Gulf Stream,
and mixed into the Atlantic subtropical gyre as predicted by Khatiwala et al. [1999]. Applying freshwater forcing
of similar magnitude but instead, rerouting discharge into the Arctic Ocean via the Mackenzie River as proposed
by Tarasov and Peltier [2005], resulted in a 30% reduction in the AMOC [Condron and Winsor, 2012]. However,
a freshwater flux 25 times the modern annual average discharged from the Arctic Ocean catchment area
(3300 km>yr " or ~1/10 of a sverdrup) [Aagaard and Carmack, 1989] was required to achieve this reduction,
further weakening support for this mechanism. Still, the discovery of erosional features on the Mackenzie River
delta (~13 kyr B.P.) is consistent with a pre-Younger Dryas flood [Murton et al., 2010] and keeps the possibility of
the “Arctic Gateway” alive. Admittedly, much of the support for an ocean-based driver of the Younger Dryas
climate event, as surmised by de Vernal et al. [1996], continues to hinge on a circum-North Atlantic that is much
more sensitive to site specific meltwater input than is predicted by conceptual models. Importantly, deep water
formation can occur rapidly in small regions anywhere over the wide North Atlantic and northern seas [Yashayaev
and Clarke, 2008] and not just in modern source regions of the North Greenland and Labrador Seas.

Fairbanks [1989] showed that there were two discrete MWPs (MWP-1A and MWP-1B) bracketing the Younger
Dryas that have been misinterpreted as meltwater rerouting events. Evidence for surface water freshening at
the start of the Younger Dryas cannot be explained by either MWP-1A or MWP-1B, which precede and post-
date the Younger Dryas climate event, respectively, by hundreds of years. Moreover, no AMOC reduction is
observed during either of these two massive and well-documented circum-North Atlantic meltwater pulses
[McManus et al., 2004; Piotrowski et al., 2005], suggesting that NADW formation remained robust in the face of
even the largest documented meltwater pulses.

The phasing of meltwater pulses, potential disruptions to NADW formation, and changes in Greenland surface
air temperature or air mass mixing ratios linked to Younger Dryas cooling require precise and accurate dating
of multiple proxy records. Fairbanks [1989] demonstrated that the global sea level record contained in
Barbados corals offered a direct measure of meltwater added to the ocean and, when dated using the U-series
chronometer [Bard et al., 1990; Fairbanks, 1990; Peltier and Fairbanks, 2006], provided the precision and accuracy
needed to detect relationships between freshwater discharge and the onset of the Younger Dryas. A record of
sea level at Barbados based on U-Th-dated reef crest coral Acropora palmata (A. palmata) suggests sustained
deglacial sea level rise through the Younger Dryas [Fairbanks, 1989, 1990; Bard et al., 1990], but sample resolu-
tion precluded resolving structure in the record within and bracketing the Younger Dryas. In this study, we have
increased the number of Barbados A. palmata samples spanning the mid-Allergd to the early Holocene nearly
fivefold to generate a relative sea level record with an average resolution of 60 years. Equipped with this high-
resolution, deglacial sea level record, we first revisit the evidence for a freshwater trigger as an initiator of the
Younger Dryas, then document the sea level response to ice sheet regeneration and demise associated with
Younger Dryas cooling, and reconstruct the timing and magnitude of the second deglacial meltwater event
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MWP-1B that follows the Younger Dryas climate event. Finally, we investigate the phasing between atmospheric
frontal shifts, abrupt millennial-scale atmospheric oscillations (inferred from Greenland ice core records) and
changes in global ice volume.

2, Study Area
2.1. Barbados Historical Perspective and Assessing Glacial Isostatic Adjustments

Located in the southern West Indies (13.17°N, 59.55°W), Barbados sits on the accretionary prism formed by
the subduction of the Atlantic plate beneath the Caribbean plate. As a result, Barbados is being uplifted
at a mean rate of 0.34mmyr~" [Broecker et al., 1968; Matthews, 1973; Bender et al.,, 1979; Fairbanks, 1989].
Since Barbados is located distal to any growing or decaying ice sheets it is generally accepted to be only neg-
ligibly impacted by glacioisostatic adjustment or ocean basin sloshing largely driven by dynamic Northern
Hemisphere ice sheets [Peltier and Fairbanks, 2006]. The uplifted coral reef terraces on Barbados have provided
ideal opportunities to study Pleistocene sea level variability [e.g., Matthews, 1972, 1973; Gallup et al., 1994, 2002;
Cutler et al., 2003; Thompson et al., 2003]. Fairbanks [1989] further demonstrated that informed drilling of bathy-
metric highs on the submerged fossil coral reef terraces made it possible to resolve a detailed record of glacial
to interglacial sea level change. Fairbanks [1989] constrained sea level at 20 kyrB.P. to 120 m below present,
shallower, but consistent with the consensus CLIMAP minimum estimate of —127 m below sea level (bsl)
[CLIMAP Project Members, 1981]. A criticism of the “dipstick method” for determining past global sea level lies
in the assumption that local glacial meltwater discharge would result in an evenly distributed rise in global sea
level since it is known that slow postglacial viscoelastic mantle adjustments [Peltier, 1974] and the instanta-
neous gravitational attraction (retraction) of the ocean to growing (shrinking) ice sheets [Walcott, 1972; Clark
et al., 1978] can influence relative sea level at nearby and to a lesser extent, far field sites.

An analysis of relative sea level records from other far field sites such as Australia [Yokoyama et al., 2001] has
suggested an older [Clark et al., 2009] or deeper [e.g., Nakada and Lambeck, 1988; Yokoyama et al., 2000] last
glacial eustatic lowstand. The deviation of both the timing and the magnitude of change in eustatic sea level
from the conventional —120 m at 20 kyr B.P. originally proposed by [Fairbanks, 1989] has led some to argue
that Barbados is not immune to glacial isostatic distortions [e.g., Yokoyama et al., 2000; Clark et al., 2002]. A sea
level correction of 10 m to relative sea level at Barbados for the Last Glacial Maximum (LGM) is now predicted
based on glacial isostatic adjustment (GIA) modeling which incorporates the influence of a mantle viscosity
on a downward thrusting slab simulating local deformation Austermann et al. [2013].

Understandably, a 10 m model correction to relative sea level at Barbados as proposed by Austermann et al.
[2013] is time, ice volume, and model parameterization dependent and expected to be much smaller when
applied to sea level estimates made midway through the deglaciation over a span of 4000 years. According to
Steffen et al. [2013], GIA model sensitivity to ice-loading parameterization is significantly reduced after
13 kyr B.P., and for the time interval presented in this study (13.9 to 9 kyrB.P.), coupled ice and Earth model
predictions suggest that relative sea level at Barbados exhibited little departure from eustasy [Peltier and
Fairbanks, 2006; Milne and Mitrovica, 2008] and all but converges on the predicted ice-equivalent sea level
estimate as illustrated in Carlson and Clark [2012] by 13 kyr B.P. Furthermore, isostatic adjustments associated
with deglaciation occur on much longer time scales (5 to 7 kyr postglacial decay times [Mitrovica et al., 2000])
and cannot generate the magnitude or rapidity in the centennial-scale accelerations in the Barbados sea level
record, presented and examined here.

For the reasons outlined above, no isostatic corrections were applied to the Barbados sea level data. However,
care should be taken when comparing this relative sea level record with sea level records generated elsewhere
as isostatic and gravitational effects will differ depending on location and modeling parameterization, including
assumptions as to the source of meltwater to the ocean. We note most GIA models predict relative sea level at
Barbados to lie slightly below the eustatic estimate for the time interval discussed [Bassett et al., 2005; Milne and
Mitrovica, 2008].

2.1.1. Barbados Coral Reef Ecology

The low-diversity coral reefs at Barbados exhibit clearly defined depth-dependent coral zonations with
the prevailing species in each zone being morphologically adapted to dominating that specific ecological
niche [Mesolella, 1967]. The breaker zone (reef crest) is almost exclusively dominated by the constructional
reef building coral Acropora palmata. Moving seaward from the shallow water reef crest A. palmata facies
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(<5 m water depth), the fore reef slope zone is dominated by Acropora cervicornis (5 to 15 m water depth),
followed by the coral head zone (>15m) so named for the increasing abundance of stony massive corals
such as Montastrea annularis and Faviidae spp [Mesolella, 1967]. The fidelity of this depth-moderated species
succession is confirmed in modern reefs [Goreau and Wells, 1967] and in numerous roadcut exposures of the
uplifted fossil reef terraces [Mesolella, 1967], and is similarly validated in the Barbados offshore drill cores
(Figure S1 in the supporting information).

The A. palmata reef crest facies is ecologically restricted to the wave-impacted upper 5 m of the water column
[Goreau, 1959; Mesolella, 1967] and has proven to be an excellent archive of sea level variability [Fairbanks,
1989; Peltier and Fairbanks, 2006]. Reef crest A. palmata are reliably distinguished by their infilled corallites.
It is this morphological adaptation to living in the surf zone that bolsters the reef crest against wave action
and fortuitously, for geochemical studies, reduces postmortem diagenesis of the fossil coral [Gladfelter,
1982]. Although individual A.palmata specimens exhibits growth rates ranging from 47 to 99 mmyr™"
[Gladfelter et al., 1978], the coral reef as an ecosystem is maintained by the balance of biological, physical,
and chemical erosion verses carbonate production known as reef accretion. Constructional reefs, such as
those at Barbados, have modeled accretion rates ranging from 14 to 16 mmyr™' [Hubbard, 2009]. High accre-
tion rates, backfilled corallites, and an ecologically restricted depth habitat make the reef crest A. palmata
arguably the best Pleistocene indicator of sea level, when sampled from the reef crest facies [Lighty et al.,
1982; Fairbanks, 1989].

Surveys conducted on Jamaican coral reefs confirmed the optimum depth range of 1 to 5 m for the reef crest
A.palmata [Goreau and Wells, 19671, and while isolated A.palmata individuals were reported at depths up
to 17 m, they should not be confused with the reef crest framework building morphotype. Importantly,
occurrences of deeper dwelling A.palmata are rare, and the interlocking framework, diagnostic of the
high-density, shallow water, reef crest facies is absent [Lighty et al., 1982] nor are they commonly found occu-
pying the fore reef zone or coral head zone in numerous road cuts on Barbados [Mesolella, 1967]. The thick
successions of A.palmata recovered from drill cores and exploited in this and previous Barbados sea level
studies [Mesolella, 1967; Fairbanks, 1989] provide support that coral samples in this study unambiguously
represent the shallow water interlocking framework of the reef crest facies (Figure S1). Hence, our a priori
strategy to target the drowned reef crest A.palmata for sea level reconstruction is based on arguably the
finest sea level indicator species.

3. Results
3.1. The Updated A. palmata Sea Level Record 13.9 to 9 kyr B.P.

The Barbados relative sea level reconstruction presented herein consists of 90 individually U-Th-dated A. palmata
samples (see Text S1) obtained from six offshore drill cores and spans the interval from the mid-Allergd to the
earliest Holocene (13.9 kyr to 9 kyr B.P.) (Figure 1a and Table S2). Although 14 A. palmata age reversals can be
identified within drill cores, after accounting for combined dating uncertainties, depth of A. palmata reef crest
habitat (+5 m), and drill depth uncertainties (+1 m), all samples can be placed in stratigraphic order (Figure 1a
and Table S2). Importantly, throughout the record A. palmata samples of similar age plot within 1 to 5m of
each other, strongly supporting that drilling successfully captured the shallow reef crest facies (Figure 1a).
This is, perhaps, the most convincing evidence to date to confirm the restricted depth habitat of the A. palmata
reef crest facies.

3.2. The Barbados Relative Sea Level Curve

In fitting the sea level curve, the shallowest A. palmata were assumed to be living closer to the sea surface
than those plotting deeper and are used as guide points to generate a “best fit” curve. This takes advantage
of the benefits of multiple overlapping cores from multiple expeditions from multiple locations on the south
west coast of Barbados. When considering the placement of the best fit curve, we kept within the assumed
maximum depth habitat of the A. palmata reef crest facies (5 m) without excluding any samples. To better
estimate the uncertainty in the placement of our sea level curve relative to the A.palmata data and using
the simple principle of exclusion, we generated three hypothetical envelopes of uncertainty at +2, +4, and
+6 m relative to the Barbados sea level curve (Figure 2). Adding 6 m to the sea level curve unreasonably
excludes 91% of the data from living within the prescribed reef crest depth habitat. Adding an uncertainty
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Figure 1. Barbados sea level reconstruction (13.9 to 9 kyr B.P.). (a) Barbados U-Th-dated Acropora palmata sea level
reconstruction from the mid-Allergd to the early Holocene (13.9 to 9 kyr B.P.). Samples are coded by drill core locations
—RGF 7: Blue triangles; RGF 8: Purple circles; RGF 12: Red crosses; RGF 16: Green stars; BBDS 9: Magenta squares; and
BBDS 10: Orange diamonds (Figure S1). Ages are reported in thousands of years before present (kyr B.P. relative to
1950). Horizontal error bars in kyr B.P. are age uncertainties reported to 1 sigma (typically smaller than the size of the
data point). Depths are reported in meters below present day sea level (mbsl) and are corrected for Barbados’ tectonic
uplift of 0.34 mm per year (mm yr_1). Vertical lines are + 5 m for A. palmata’s depth of habitat uncertainty and +1m
for drill depth uncertainty. The cyan line is our estimate of sea level fitted through the A. palmata data. The rate of
sea level rise curve (black line) in mm yr71 calculated from the Barbados sea level curve (right axis). The stippled
rectangle highlights the Younger Dryas Chronozone (12.85 to 11.65 kyr B.P.). All coral data are listed in Table S2.
(b) North Greenland Ice Core Project (NGRIP) 5'%0 (the blue line) plotted on the GICCO5 time scale [Rasmussen et al., 2006]
(left axis). The solid orange line represents Summer Insolation at 60°N reported in Wm™?2 [Berger and Loutre, 1991]
(right axis). (c) West Antarctica Ice Sheet Divide ice core atmospheric CH,4 concentrations (black line) in ppb [Marcott et al.,
2014] (left axis) and snow accumulation rates (brown line) in mice yF] [Alley, 2000] (right axis).
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Figure 2. Comparison of Barbados and Tahiti relative sea level reconstructions 13.9-9 kyr B.P. Barbados U-Th-dated
Acropora palmata sea level reconstruction from the mid-Allerad to the early Holocene (13.9 to 9 kyr B.P.). Samples, age,
and depth uncertainties as in Figure 1. The Barbados rate of sea level rise (black line) as in Figure 1. Dashed grey lines
(parallel to blue Barbados sea level curve) at +4 and +6 m to the Barbados relative sea level curve represent the uncertainty
estimates associated with the reconstruction (see text). Sold black line (parallel to sea level) represents the +2 m best
estimate of uncertainty in this study. Also shown are coralgal data used to construct the Tahiti sea level record [Bard et al.,
2010]. Plotted data consist of the shallow water coralgal assemblages representing Acropora danai, A. gpe robusta/danai,
Acropora sp., Montastrea annuligera, and P. cf verrucosa with Pocillopora sp. (open grey circles) assumed to have a depth
restriction of about +6 m (errors not shown).

of +4 m to the sea level curve suggests that 59% of the A. palmata were in violation of the 5 m depth restriction.
Adding an uncertainty of + 2 m to the Barbados relative sea level curve accommodates 100% of the data
suggesting that our hand-drawn curve constrained by an uncertainty of + 2 m provides a reasonable estimate
of uncertainty about the Barbados sea level curve. The rate of sea level rise curve was generated by calculating
the first derivative (i.e, rate of change) of the sea level curve at 50 year intervals and applying a five-point boxcar
average (Figures 1 and 2).

From the mid-Allerad (13.9 kyr B.P.) to the base of MWP-1B (~11.45 kyr B.P.), Barbados A. palmata corals record a
total sea level rise of ~ 22 m. During this interval, the rate of rise decreased smoothly from about 20 mmyr~"
to4mmyr~" (Figure 1a). In Fairbanks [1989], the Younger Dryas was constrained with four radiocarbon-dated
A.palmata samples, all contained in a single core. The Younger Dryas interval presented here is now
constrained with 19 U-Th-dated A.palmata samples from three cores that record 6 m of sea level rise
(65 to 59 m below sea level; mbsl) (Figures 1a and 1b). Our computation of the meltwater discharge curve
suggests that at the onset of the Younger Dryas, sea level rose at a rate of ~7 mmyr~' but had decreased
into a “slow stand,” by the end of the Younger Dryas with rates of < 4mmyr~". Rates of sea level rise rapidly
accelerated after 11.45 kyr B.P. producing MWP-1B (Figures 1a and 2). Following the termination of MWP-1B,
an A.palmata reef crest was reestablished shoreward on a newly flooded carbonate shelf at 11.1 kyr B.P.
as indicated by the return of abundant Holocene A.palmata samples contained in RGF 7 and 8 samples
(Figures 1 and S1). From 11.1 to 9kyrB.P., A.palmata recorded an additional 20 m of sea level rise (47 to
25mbsl) with rates decreasing from ~15mmyr~" immediately following MWP-1B to ~8 mmyr~' by the
end of the record presented herein (9 kyr B.P.).
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3.3. MWP-1B—Evidence From Barbados Core Lithology for Timing and Amplitude

Two deglacial MWPs were identified at Barbados [Fairbanks, 1989]. Whereas MWP-1A was identified at Sunda
Shelf [Hanebuth et al., 2000] and Tahiti [Deschamps et al., 2012], MWP-1B was not captured in Tahiti bore hole
cores [e.g., Bard et al., 2010], leading to controversy over its authenticity as a feature of the post-Younger
Dryas global sea level record [Lambeck et al., 2014]. MWP-1B was first identified and defined as a 15 m jump
in the Barbados sea level curve centered at 9500 '*C yrB.P. (11.3 kyr B.P.), based on dated corals from two
cores [Fairbanks, 1989, 1990]. U-Th-dated A. palmata data in six cores now confirm and better constrain the
amplitude and timing of MWP-1B as a 14+ 2 m jump (Figure S2), occurring between 11.45 and 11.1 kyr B.P.
with maximum rates of sea level rise approaching 40 mmyr~" (Figure 1a).

4, Discussion
4.1. MWP-1B and Tectonics at Barbados—Uniform Versus Variable Uplift Rates

Sea level records constructed with corals from uplifted reef terraces such as Papua New Guinea [Edwards
et al, 1993] and Vanuatu [Cabioch et al., 2003] have insufficient sample resolution to identify the sea level
jump associated with MWP-1B at Barbados. Tahiti provides a higher-resolution relative sea level reconstruc-
tion for the time period in question; however, the absence of MWP-1B in that record has led Bard et al. [2010]
to conclude that MWP-1B is an artifact, attributable to accelerated uplift rates at Barbados between the shal-
low core locations that define the top of MWP-1B (RGF 7 and RGF 8) compared to the deeper core locations
defining the base (RGF 12 and RGF 16). In their argument, Bard et al. [2010] referred to an onshore SE trending
fault absent in outcrop but identified by “offsets in otherwise continuous reef terraces and by abrupt variations
in the thickness of the coral cap that are encountered in drill holes” [Taylor and Mann, 1991] and suggests that
it extends to the shallow offshore drill sites, thus placing the post-MWP-1B core locations in different tectonic
environments relative to the deeper core locations that define the base of MWP-1B.

The average uplift rate for the south coast of Barbados and applied to samples in this study is 0.34 mmyr~"

based on the elevation of the last interglacial highstand reef [Broecker et al., 1968; Matthews, 1973; Bender
et al., 1979; Fairbanks, 1989]; thus, the difference in uplift correction between 13.9 and 9yr~' BP age samples
is ~ 1.7 m, or negligible. Even a doubling or halving of the average uplift rate would have little impact on our
conclusions. For comparison, Tahiti's subsidence rate is estimated to be between 0.39 mmyr~' [Thomas et al.,
2012] and 0.15 mmyr™" [Pirazzoli and Montaggioni, 1988].

Neither topographic mapping nor multibeam bathymetry provides evidence of an offshore extension of
an onshore fault or episodic vertical movement that is restricted to location of the shallow core sites as
proposed by Bard et al. [2010]. First High Cliff (the last interglacial highstand coral terrace ~ 125 kyr B.P.) runs
approximately parallel to the Barbados coastline and varies in elevation between 37 and 41 m in the vicinity
of Oisten’s Bay and the location of all drill sites. This section of coastline exhibits neither remarkable evidence
of displacement, warping, nor a fault zone to mark the location of episodic deformation as argued by
Schellmann and Radtke [2004].

Stratigraphically, MWP-1B is bracketed by A. palmata in deeper and shallower cores and with the termination
captured by A. palmata overlaying an unconformity representing a lowstand relic Marine Isotope Stage 4 reef
(Figure S2). Two samples, RGF 7-27-6 and RGF 8-25-2, immediately below the Holocene A. palmata succession
were dated at 57.74+0.04 and 64.21+0.42kyrB.P. (1 sigma), respectively, and have 6***Ujniai close to
modern values suggesting “closed-system” behavior (Figure S2 and Table S2). We note that MWP-1A similarly
represents a break in the Barbados sea level curve, bracketed by deeper and shallower cores with the post-
MWP-1A A. palmata reestablished on an unconformity consisting of a lowstand ~ 30 kyr relic reef [Fairbanks,
1989; Peltier and Fairbanks, 2006].

At the base of MWP-1B and at the top of the A palmata facies beginning at 53 to 55 mbsl (uncorrected) there
is a transition to an 8 to 10 m depth interval of assorted coral rubble primarily consisting of altered fragments
of A.cervicornis and occasional encrusted and bioeroded fragments of M.annularis, M. cavernosa, Diploria
spp., and branching Porites spp., fused with carbonate sands, calcareous algae, and reef gravel by calcite
cements. This interval is void of the A.palmata successions that dominated the mid-Allered and Younger
Dryas. The absence of A.palmata reef crest facies within the drill depth interval corresponding to MWP-1B
and its succession post-MWP-1B is a consequence of the restricted depth range of the A. palmata reef crest
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facies and its response to accelerations in the rate of sea level rise. Episodes of sea level rise exceeding the
maximum accretion rate of the A. palmata reef crest facies cannot be captured in a single core as the inability
of the A. palmata reef crest to buffer against accelerations in the rate of sea level rise necessitates reestablishment
of the facies to shallower waters as observed with MWP-1A [Fairbanks, 1989].

4.2. Tahiti Coralgal Assemblages and Their Response to Meltwater Pulses

The Pacific Ocean has no analog for the Atlantic Ocean'’s reef crest A. palmata and sea level estimates are made
using the local multispecies coralgal assemblages with variable depth ranges. This deviation from a monospecies
sea level reconstruction violates the primary canon on which the Barbados sea level reconstruction is based. As
described by Deschamps et al. [2012], coralgal assemblages consists of branching and massive corals, encrusting
coralline algae, and microbialite communities defined as “organosedimentary deposits” [Burne and Moore, 1987].
These microbial communities (up to 80% volume) bind and assimilate detrital material into a carbonate crust
[Heindel et al,, 2009], are capable of thriving at depths from the sea surface to 25 m, significantly contribute
to overall reef accretion [Pringault et al., 2004], and potentially buffers against “reef drowning” during periods
of accelerated sea level rise. Barbados' reefs are not devoid of microbialite communities; however, they are most
prolific in calmer, deeper waters with reduced turbulence and illumination (10 to 20 mbsl) and on dead coral
substrates [Martindale, 1992]. These environments are far removed from the shallow high-energy reef crest
facies where interlocking A. palmata finds its niche.

Bard et al. [2010] present a relative sea level reconstruction for the interval 14 to 9 kyr B.P. using the Pacific
Ocean coralgal assemblages of Tahiti with an assigned depth uncertainty of 6 m. It should be noted at Tahiti's
neighboring Moorea Island that these “shallow water assemblages” are found thriving on both the barrier reef
flat as well as on the outer reef slope in waters 0 to 10 m [Bouchon, 1985]. In fitting a line to the Tahiti data, Bard
et al. [2010] subdivided the Allerad through preboreal climate intervals into three periods of sea level rise to
describe average change of rise prior to, during, and following the Younger Dryas. Only five samples from
the shallow water assemblage constrain sea level at Tahiti during the 1300year the Younger Dryas interval
(Figure 2). We argue that this section of the Tahiti reconstruction lacks the resolution and their shallow water
reef assemblage lack the restricted depth of necessary to constrain nonlinearity in the sea level record modu-
lated by the relationships between climate change and ice sheet dynamics [Lambeck et al., 2002; Stanford et al.,
2006; McNeall et al., 2011; Lenton et al., 2012]. By contrast, the water depth restriction of the Barbados A. palmata
reef crest facies makes it a less ambiguous sea level indicator, and the higher-resolution Barbados A. palmata
sea level record illustrates the systematic response of sea level to the Younger Dryas climate reversal, the read-
vance of glaciers, and their rapid demise coincident with the insolation maximum at 60°N.

It is significant that we identified a slow stand in the latter half of the Younger Dryas that persisted until
~11.45kyr B.P. This deceleration and subsequent acceleration in ice sheet melting during MWP-1B are
entirely consistent with terrestrial data of climate and ice sheet changes and suggest that the sawtooth
characteristics of large ice sheets (growing slower than they melt) as determined by Broecker and van Donk
[1970] and Hays et al. [1976] can prevail on time scales much shorter than the orbital cycles

The imposition of the Younger Dryas stadial onto the deglaciation altered the relationship between glacial melt-
ing and insolation forcing creating a state of disequilibrium that persisted for ~ 1300 years. By the end of the
Younger Dryas, the forcing(s) that produced and maintained glacial-like conditions in the circum-North Atlantic
quickly abated at a time when Northern Hemisphere insolation was near its peak, requiring a rapid readjustment
in the Northern Hemisphere ice sheets. Newly regenerated and thermally unstable ice sheets, particularly when
formed in lower latitude temperate regions (40°N to 45°N), are more responsive to insolation forcing [Abe-Ouchi
et al., 2013]. The acceleration in the rate of sea level rise associated with MWP-1B and the rapid recovery of any
sea level deficit created by the Younger Dryas sea level slow stand served to place ice sheets and hence sea
level back into equilibrium with insolation forcing. In essence, the occurrence of the Younger Dryas sea level
slow stand tied to the North Atlantic regional climate reversal predicts and requires that a MWP follow.

4.3. The Barbados Sea Level Record and the Younger Dryas Cold Snap in Context

The Barbados sea level record chronicles 6 m of sea level rise with rates of rise that slowed in the mid-Allerad
and through the Younger Dryas and thus excludes a jump in sea level to trigger the Younger Dryas. In the
discussion to follow, we distance ourselves from catastrophic oceanic triggers and revisit Younger Dryas
cooling in terms of shifting air masses and variable wind strengths responding to the changing geometries
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of a deglaciating North American landscape that was closely coupled to the atmosphere [Manabe and Broccoli,
1985; Boulton and Clark, 1990; Wunsch, 1998; Ullman et al., 2014].

General circulation models show that the §'0 of Greenland ice is not only correlated with temperature
but is controlled by the relative contributions of Atlantic versus Pacific sourced water vapor [Craig, 1961;
Charles et al., 1994]. Furthermore, Liu et al. [2012] contend that the changing ice sheet topography reconfi-
gured atmospheric circulation during the Younger Dryas, thereby altering the 6'80—temperature air mass
mixing relationship. These studies demonstrate that 6'20 variations and accumulation patterns in
Greenland ice cores respond to changes in atmospheric fronts, regional air masses, and sea ice dynamics;
therefore, “abrupt” shifts associated with the Younger Dryas need not be interpreted solely in terms of low
to high-latitude energy balance changes but can simply reflect local changes over Greenland in response
to changing air mass mixing ratios.

At the LGM the Laurentide ice sheet is modeled to have sequestered 25 to 35 million km? of ice [Denton and
Hughes, 1981], or equivalent to a 72 to 100 m lowering in sea level [Ruddiman, 2001 1. Its highest ice dome(s)
added 3000 m of elevation to the northeastern sectors of the North American continent altering atmospheric
circulation patterns over North America, Europe, and Greenland [Manabe and Broccoli, 1985]. Models simulate
a bifurcated North American Jet Stream that flowed around Laurentide’s perimeter and a North Atlantic
polar front located south of 45°N [Ruddiman and Mcintyre, 1981; Rind et al., 1986; Cooperative Holocene
Mapping Project, 1988; Keigwin and Lehman, 1994] that confined comparatively warmer and wetter con-
ditions to the south and west of the ice sheet and cooler dryer conditions to the north. Paleoclimate recon-
structions infer extensive permanent North Atlantic winter sea ice cover that compressed the storm track
between the southernmost sea ice margin and the northernmost boundary of the Laurentide ice sheet,
starving much of the interior of the Laurentide, Arctic, and Fennoscandian ice sheets of winter precipitation
[Ruddiman and Mcintyre, 1981].

By the onset of the Younger Dryas and approaching the midpoint of deglaciation, sea level had risen by
~ 50 m [Fairbanks, 1989; Peltier and Fairbanks, 2006]. The reduction in the overall size and change in topogra-
phy of the North American ice sheets undoubtedly influenced the steering of the jet stream, the strength of
the westerlies, and the delivery of moisture to the North Atlantic and Europe. A readvance in the North
Atlantic Polar Front and sea ice boundaries [Ruddiman and Mcintyre, 1981; de Vernal and Hillaire-Marcel,
2000] as recorded by peak abundances of subpolar planktonic foraminifera morphotypes [Ruddiman and
Mclntyre, 1981; Bond et al., 1997] and sea ice regeneration in the Arctic and northern Norway all suggest a
much cooler North Atlantic [Stein and Fahl, 2012; Cabedo-Sanz et al., 2013]. The role of sea ice is particularly
important to density-driven circulation [Dyke, 2004] and albedo-based cooling (positive feedbacks associated
with an amplification of seasonality [Denton et al., 2005] and insulation of the ocean’s heat from the atmo-
sphere [Lenton et al., 2008]), which negatively impacts the atmosphere’s ability to hold and deliver moisture
to continental ice sheets [Alley et al., 1993] while simultaneously changing atmospheric circulation patterns
and displacing conventional pathways of moisture delivery.

We suggest focused moisture delivery by the North American Jet Stream promoted ice sheet resurgence in
the Fennoscandian region during the Younger Dryas [Winguth et al., 2005; Cuffey and Paterson, 2010] as
recorded in lower equilibrium line altitudes in Norway [Larsen and Stalsberg, 2004] and early cessation of
retreat and ice sheet readvances in some areas of Fennoscandinavia [Andersen et al., 1995]. The Younger
Dryas sea level response, observed as a slowdown, matches the expected global ice volume response to
an advancement of the Fennoscandian ice sheet in combination with reduced melting of the Laurentide
and Greenland ice sheets.

While no single record provides irrefutable evidence for a large-scale readvance in the Fennoscandian ice
sheet during the Younger Dryas, the volumetric change in ice necessary to generate the sea level response
(Figure 1a) need not eliminate it from consideration. The Fennoscandian ice sheet at its LGM maximum is esti-
mated to have contained ~7.3 million km?® of ice [Denton and Hughes, 1981]. Had the rate of sea level rise at
Barbados increased uniformly at the rates observed from 13.9 to 13 kyr B.P., sea level would be predicted to
have been higher by about 8 m by the end of the Younger Dryas (i.e., 50 rather than 58 mbsl). Therefore,
reconciliation of an ~8m “sea level deficit” (2.9 million km? ice volume equivalent) can be achieved by the
focused regeneration of the Fennoscandian ice sheet [e.g., Winguth et al., 2005] in conjunction with reduced
Laurentide and Greenland melting.
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By the latter part of the Younger Dryas, the progressive thinning and retreat of the Laurentide ice sheet
potentially allowed a repositioning of the North American Jet Stream to the north [Manabe and Broccoli,
1985] which was accompanied by a northward retreat of the polar front, increased variability of the sea ice
boundaries [Ruddiman and Mcintyre, 1981; Pearce et al., 2014] and possibly the gradual recovery of the
NADW overturning [McManus et al., 2004]. Moisture transport shifted toward Greenland, via conventional
North American and North Atlantic routes and sources including potentially ice-free Norwegian and
Greenland Seas [Charles et al., 1994; Cabedo-Sanz et al., 2013], marked by increased snow accumulation rates
[Alley et al., 1993] and recorded imprinted on the Greenland ice core records (Figure 1c). In contrast, the
Fennoscandian ice sheet, now removed from the storm track, may have become starved for moisture.
Westerly winds blowing over a repositioned Gulf Stream and North Atlantic Drift channeled warm air toward
the Fennoscandian region [Seager et al., 2002], ablation exceeded snow accumulation, and deglaciation of
the Northern Hemisphere ice sheets resumed in earnest. Surface hydrofracturing [e.g., Scambos et al.,
2009] and resumption of rapid sea level rise, as recorded at Barbados beginning around 11.45 kyr B.P., may
also have provided positive feedback accelerating the destabilization of ice shelves and promoting calving
and undermining of grounded glaciers.

Although we have attributed the resumption of sea level rise following the termination of the Younger Dryas
to melting of Northern Hemisphere ice sheets, we cannot completely discount an Antarctic contribution
to MWP-1B and the post-MWP-1B Barbados sea level record. After nearly 50years of study the history of
deglaciation at Antarctica remains unresolved, and the complexities of GIA models and their predictions
for fingerprinting MWPs are still being refined [Hay et al., 2014]. Modelers and glaciologists [Peltier, 2004;
Mackintosh et al., 2011] continue to revisit an Antarctic contribution to MWP-1B although geological evidence
for deglaciation is sparse, localized, poorly constrained chronologically [Okuno and Miura, 2013], and geogra-
phically restricted along individual ice streams and mass conservative with ice flowing from east to west
Antarctica and little evidence of a net loss [Bentley et al., 2014]. If a Southern Hemisphere source contributed
significantly to MWP-1A as argued by Clark et al. [2002], Weaver et al. [2003], and Deschamps et al. [2012],
the AIS likely had insufficient ice volume at the end of the Younger Dryas to have contributed more than a
few meters to the amplitude of MWP-1B.

5. Conclusions

The rate of sea level rise following MWP-1A decreased smoothly through the Allergd culminating in the
“Younger Dryas slow stand” before reaccelerating into MWP-1B beginning at 11.45 kyr B.P. The Barbados sea
level reconstruction excludes a measurable meltwater pulse as a trigger for the Younger Dryas and records a
rise of 6 m decreasing in rate from 7 mmyr ™' at the start to a slow stand of 4mmyr~" by the end. The decrease
in the rate of sea level rise is quite possibly a fingerprint for the advancement of the Fennoscandian Ice Sheet.
We interpret the main pulse of melting defining MWP-1B (centered at 11.3 kyr B.P.) as the delayed response of
Northern Hemisphere ice sheets to the northward retreat of the polar front and marking the termination of the
climatic imprint made by the Younger Dryas Chronozone. MWP-1B lagged the end of the Younger Dryas and
the increase in 6'%0 and snow accumulation rates measured in the NGRIP ice core record by about 400 years
and is entirely consistent with the ice sheet response, and hence sea level, to abrupt atmospheric shifts based
on glacial equilibrium models. Maximum Northern Hemisphere summer insolation coupled with a reintensifica-
tion of North Atlantic overturning fueled ice sheet disintegration, culminating in MWP-1B here confirmed as a
14+ 2m sea level jump at Barbados with rates approaching 40 mmyr~' (Figure 1a). Rapid melting may have
been amplified by greenhouse gas warming from elevated atmospheric CO, and CH, (Figure 1c) although
the magnitude of CO, and CH,4 change is less than one third of the change in these gases in the past century
[e.g., Intergovernmental Panel on Climate Change, 2013]. Following the termination of MWP-1B (11.1 kyr B.P.), the
rate of Holocene sea level rise decreased smoothly in a manner similar to post-MWP-1A.

The balance between insolation forcing and ice sheet melting during deglaciation can be disrupted by various
mechanisms. When the ice sheet is out of equilibrium with climate forcing, the rate of melting must adjust and
is measured by the rate of sea level rise. The significant decrease in global ice sheet melting during the Younger
Dryas requires a more rapid rate of melting once the Younger Dryas forcing is removed. Thus, a MWP following
the Younger Dryas is predicted and required because the ice sheets at the end of the Younger Dryas were out
of equilibrium.
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Atmospheric modeling studies in the 1970’s and 1980’s concluded that the cause(s) of the Younger Dryas
climate event centered on atmospheric forcing driven by changing geometries of the Northern Hemisphere
ice sheet lobes. Subsequent ice core results from Greenland found evidence that the onset and termination
of the Younger Dryas climate event took place over several decades adding strong support for an atmo-
spheric mechanism. This work was followed by more than two decades of intense research by the marine
paleoceanography community that pursued evidence for the catastrophic shutdown of NADW initiating
the Younger Dryas event. Neither evidence for a shutdown of NADW nor a catastrophic MWP to trigger a
shutdown has been found, and proponents of the original flood hypothesis have themselves stepped back
from originally proposed catastrophic origins for the Younger Dryas cold snap [Broecker et al., 2010]. Rather
than catastrophic triggers, it is the complex interaction between oceanic and atmospheric coupling along
with insolation forcing that may determine the occurrence of Younger Dryas—Bglling Allered warm-cold
oscillations during deglaciations [Cheng et al., 2006; Carlson, 2008; Renssen et al., 2015]. Our sea level data tilt
the balance of evidence back to the original atmospheric models and the role of changing Jet Stream geo-
metries combined with sea ice distribution as the most probable cause of the Younger Dryas climate event
and suggest that any reductions in the AMOC, interpreted in deep-sea core records during the Younger
Dryas, were a response to shifting atmospheric fronts, sea ice distribution, and wind patterns and intensities.
Therefore, the Younger Dryas abrupt cold event may not be relevant to the future global warming scenarios
that frequently cite the dire consequences of a meltwater-induced shutdown in NADW formation.
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