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Sea ice decline in the North Atlantic and Nordic Seas has been proposed to contribute to
the repeated abrupt atmospheric warmings recorded in Greenland ice cores during the
last glacial period, known as Dansgaard-Oeschger (D-O) events. However, the under-
standing of how sea ice changes were coupled with abrupt climate changes during D-O
events has remained incomplete due to a lack of suitable high-resolution sea ice proxy
records from northwestern North Atlantic regions. Here, we present a subdecadal-scale
bromine enrichment (Br,,,) record from the NEEM ice core (Northwest Greenland) and
sediment core biomarker records to reconstruct the variability of seasonal sea ice in the
Baffin Bay and Labrador Sea over a suite of D-O events between 34 and 42 ka. Our
results reveal repeated shifts between stable, multiyear sea ice (MYSI) conditions during
cold stadials and unstable, seasonal sea ice conditions during warmer interstadials. The
shift from stadial to interstadial sea ice conditions occurred rapidly and synchronously
with the atmospheric warming over Greenland, while the amplitude of high-frequency
sea ice fluctuations increased through interstadials. Our findings suggest that the rapid
replacement of widespread MYSI with seasonal sea ice amplified the abrupt climate
warming over the course of D-O events and highlight the role of feedbacks associated
with late-interstadial seasonal sea ice expansion in driving the North Adantic
ocean—climate system back to stadial conditions.

sea ice reconstruction | Baffin Bay | Labrador Sea | abrupt climate changes |
Dansgaard-Oeschger events

The Dansgaard-Oeschger (D-O) cycles imprinted in Greenland ice core records are
millennial-scale climate fluctuations between cold Greenland stadial (GS) periods and
warmer Greenland interstadial (GI) periods, that occurred at least 25 times during the last
glacial cycle (1-3). Each D-O event is characterized by an abrupt atmospheric warming
over Greenland by up to ~15°C within a few decades, followed by a gradual cooling
lasting for 1-2 ka and a final temperature drop that marks the beginning of a new GS
period (3-7). Although various climate proxy records from both hemispheres document
fluctuations of the Earth’s glacial climate (8), the ultimate triggers and mechanisms of the
millennial-scale D-O climate changes are still not fully understood. Hypotheses explaining
the abrupt D-O climate transitions in the Northern Hemisphere often include a rapid sea
ice decline in the North Atlantic Ocean and the Nordic Seas (9—11). Sea ice decline, in
turn, may have triggered critical climate feedbacks that amplified the regional-to-
hemispheric atmospheric warming, analogous to what is observed today in some Arctic
regions (12, 13). Before the so-called satellite-era, however, our understanding of past
Arctic sea ice regimes is very limited and relies on a few semiquantitative proxy reconstruc-
tions from sediment and ice core records (14-16). The former are based on the assemblage
of sea ice-associated organisms and their organic biomarkers in marine sediments (17-20),
while, among the sea ice markers from ice core archives, the bromine-to-sodium ratio
(referred to as bromine enrichment; Br.,,) is commonly associated with seasonal sea ice
conditions in the aerosol entrainment area (21).

To reconstruct the glacial sea ice variability in the Nordic Seas, previous studies have
combined biomarker data from sediment cores retrieved in the Norwegian Sea with Br,,
data from the East Greenland RECAP (Renland Ice Cap Project) ice core (9, 10, 22). The
combined sea ice records suggest a millennial-scale variability over the glacial D-O cycles
with an extensive seasonal sea ice cover (or first-year sea ice; FYSI) during colder GS and
more pronounced open-ocean conditions during warmer GI (9, 10, 22, 23). Extensive and
rapid sea ice reduction in the Nordic Seas may have happened within 250 y or less,
concomitant with reinvigoration of deep convection and the abrupt warming transitions

in Greenland (9, 10). On the other hand, the Br,, record from the NEEM
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Dansgaard-Oeschger (D-O) events
are abrupt atmospheric warming
events in Greenland that occurred
repeatedly during the last glacial
period. Combining proxy records
from an ice core and a sediment
core, we reconstruct sea ice
conditions in the Baffin Bay and
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(North Greenland Eemian Ice Drilling) ice core has been used to
reconstruct the sea ice evolution in the Canadian Arctic and Baffin
Bay over the last glacial cycle (130 ka to present) (24). Specifically,
lower Bre,, values observed in the NEEM ice core during GS
have been interpreted with a widespread multiyear sea ice (MYSI)
cover, while higher Br.,, values during GI have been associated
with enhanced FYSI conditions (24). The temporal resolution of
the previously published glacial NEEM record (~60-120 y), how-
ever, did not allow any detailed investigation of sea ice changes
during the D-O climate cycles or its temporal relationship with
the atmospheric warming.

Here we present a subdecadal record of NEEM Br.,, to
reconstruct the sea ice variability in the Baffin Bay during D-O
events 7—10 that occurred between 34 and 42 ka (b2k = before
2000 CE). To enhance the interpretation and spatial coverage
of our sea ice reconstruction, we compare the NEEM Br,,, sea
ice record with an independent marine biomarker sea ice record
from the Eirik Drift off South Greenland that reflects sea ice
changes in the northern Labrador Sea. This study provides
unprecedentedly detailed insights into millennial-scale and
shorter-term sea ice fluctuations in regions west and south of
Greenland during times of abrupt climate changes.

Results

Core Sites, Chronology, and Sea Ice Proxies. The 2,540 m-long
NEEM ice core retrieved in North West Greenland between 2008
and 2012 (77°45’ N, 51°07” W, 2,479 m as.l; Fig. 1) preserves a
comprehensive record of the Greenland climate since the last inter-
glacial, the Eemian (130 ka) (). At present, the mean annual tem-
perature at the ice core site is —29 °C and the accumulation rate is
0.22 m ice equivalent/year (25). The dating of the NEEM ice core
was done according to the GICC05modelext-NEEM-1 age scale
(26). The source region of marine acrosols and bromine deposited
at the NEEM site encompasses the Canadian Archipelago, the
Hudson Bay, and the Baffin Bay (24, 27), regions that are today
mostly covered by seasonal sea ice (28). However, empirical and
modeling evidence (29-32) suggest that the Laurentide Ice Sheet
over North America also extended over the Canadian Archipelago
and the Hudson Bay during the last glacial maximum (~24 ka).
On the contrary, the Baffin Bay was probably covered by perennial
sea ice but not by an ice sheet (33). We therefore assume that the
glacial NEEM Br,,, profile might largely reflect sea ice changes in
the Baffin Bay area.

To discriminate between perennial vs. seasonal sea ice regimes
and to evaluate the overall temporal sea ice response to glacial
D-O events, we employ subdecadal records of bromine and
sodium alongside stable oxygen isotopes data [6'50 (34)] (Figs. 2
and 3). Both records are obtained from the subsampling of the
NEEM ice core between 1,711 and 1,793 m depth that corre-
sponds to a time interval between 34 and 42 ka. This period
encompasses four D-O cycles (D-O 7-10), including Heinrich
event 4 (HE4) (35).

The NEEM high-resolution discrete samples (2-3 cm) were
collected only in proximity of each D-O transitions (S/ Appendix,
Materials and Methods). We filled the measurement gaps for Br
and Na records with low-resolution (110 cm) data from a previ-
ous study (24). NEEM 8'80 and accumulation rate data were
obtained through Continuous Flow Analysis (34, 36).

The Br.,, sea ice proxy is calculated from the bromine-to-
sodium mass ratio measured in the ice samples normalized to
that of bulk seawater (where [Br]/[Na]awaer = 0.0062 (37)).
The primary mechanism that leads to increased Br,,, values in
polar ice is the auto-catalytic release of bromine species from
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sea ice saline substrates into the polar boundary layer during
springtime, which eventually results in bromine-enriched snow
deposited at the ice core site (21, 38-40). Increased levels of
Br.,, are hence associated with seasonal, or first-year, sea ice
conditions in the ice core source region of aerosol (11, 21, 22,
40-45) (SI Appendix, Materials and Methods), while the 8180
record is commonly used as an indicator of local atmospheric
temperatures (5, 34, 46, 47).

We complement our Br,,, sea ice record with a biomarker-
based sea ice proxy record from the Eirik Drift core GS16-
204-23CC (58°13" N, 45°42° W, Fig. 1), which allows us to
constrain shifts of the glacial sea ice edge south of Greenland
during the D-O cycles. Biomarkers were analyzed in samples
from the interval between 341 and 560 cm core depth, corre-
sponding to the time interval between 31 and 42 ka. The sea
ice biomarker IP,s, a highly branched isoprenoid (HBI) mono-
ene, is used to trace the occurrence of seasonal sea ice (17),
brassicasterol as a tracer for open water conditions (18), and
the HBI triene (HBI-III) to identify the retreating sea ice edge
or marginal ice zone (19, 20). The age model for the section
investigated in core GS16-204-23CC is based on stratigraphic
alignment of its magnetic susceptibility record to that of nearby
core JPC15, and tuning of the relative paleointensity record of
JPC15 to that of the well-dated core PS2644, whose age model
is based on a tuning to the GICCO5 chronology but is inde-
pendently supported by numerous foraminiferal '*C ages and
tephra layers (48). The age model and the temporal resolution
of our biomarker records of core GS16-204-23CC sufficiently
constrain and resolve the sea ice conditions during stadial and
interstadial periods between GS-7 and GS-9, allowing for a
comparison to and supporting the NEEM ice core records at
least on a millennial time scale. The sediment core chronology
and methodology are detailed in the SI Appendix, Materials
and Method.

Baffin Bay Sea Ice Conditions during Abrupt Glacial Climate
Changes. Between 34 and 42 ka, both NEEM sodium and bro-
mine concentrations display a millennial-scale variability strictly
in anti-phase with the NEEM 8'®0 temperature proxy profile
and with about a 3-fold increase during GS compared to
warmer GI (Fig. 2 A4, D, and E). Sodium stadial/interstadial
variability has been primarily explained by a change in accumu-
lation and/or in wind strength (36) (Fig. 2B).

Similarly, although bromine concentrations are generally higher
during GS, we note increased levels over the course and/or in the
final phase of GI (Fig. 2E). This may be associated with a change
in the seasonality of precipitation (49, 50), and/or more extended
seasonal sea ice in the Baffin Bay, the latter leading to an extra
source of inorganic bromine deposited at NEEM (24, 42). As pre-
viously mentioned, it is important to remark that each D-O
climate cycle involved substantial changes both in atmospheric
temperature (4, 26) and wind patterns (6, 36), as well as precipita-
tion with almost doubled snow accumulation rate during the GI
compared to the GS periods (Fig. 2B) (26, 51). Nevertheless, we
observe that also the calculated sodium and bromine deposition
fluxes do not show any substantial differences with respect to the
trends in elemental concentrations (SI Appendix, Fig. S2).

In line with the previous long-term Br.,, reconstruction
(24), each GS-GI transitions is marked by an increase of Bry,
mean-value concomitant with the 8'%0 shifts, suggesting a
close link between the rapid atmospheric warmings over Green-
land and increased seasonal sea ice conditions in the Baffin Bay
(24) (Fig. 3 A and B and Table 1). In particular, the highest

Br.,, mean values occur during the long-lasting and more
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Fig. 1. Overview of the location sites of ice and marine sediment cores used in this study. Red stars indicate the NEEM and RECAP ice cores locations.
Yellow star indicates the marine sediment core GS16-204-23CC. Black lines mark the median sea ice edge position during March (solid), April (dashed), May
(dotted) averaged over the period 1981-2010 (https://nsidc.org) (65). The map was produced with QGIS (v3.70.70).

pronounced interstadials such as GI-8 [Br.,, = 3.52 + 4.29
(16); duration = 1,640 y (51)], GI-10 [Bre, = 2.91 + 2.87
(16); duration = 660 y (51)], and GI-7 [Br.,, = 2.75 + 3.80
(16); duration = 740 y (51)], when the reconstructed tempera-
ture increase (AT) at the NEEM site was between 7 and 9°C
(4) (Table 1). In contrast, a smaller increase in Br,,, mean value
is observed during the shortest and less intense event GI-9
[Brey, = 2.28+ 2.07 (16); duration = 260 y (51); AT= ~6°C
(4)], indicating a less extensive seasonal sea ice cover in the Baf-
fin Bay compared to the other GI (Table 1). In relative terms,
the highest increase of mean-Br,,, with respect to the previous
stadial period occurs during GI-8 (+52%), followed respec-
tively by GI-10 (+35%), GI-7 (+31%), and GI-9 (+7%).

Taken at face value, the relative increase of Br.,, mean value
between stadial and interstadial periods (Table 1) might indi-
cate an overall limited-to-moderate expansion of the total sea-
sonal sea ice cover in the Baffin Bay. However, focusing on the
internal (subdecadal) GS/GI Br,,, variability, thus taking into
account the SD of Br,,,, data, 6, we can clearly identify a signif-
icant change at the onset of each D-O event (Table 1 and
SI Appendix, Fig. S3). We suggest that the combined increase
of both absolute Br,,, mean values and its associated SD can be
used as a proxy of sea ice stability during the glacial abrupt
D-O cycles. Indeed, a lowered ¢ during stadial periods (Br.,,
Gs = 2.21 + 0.81 [1o], excluding GS-7 of which we do not
have the complete D-O cycle) supports the hypothesis of a sta-
ble, widespread MYSI cover over the Baffin Bay and limited
FYSI fluctuations. In contrast, the concurrent increase of Br,,
mean value and its associated SD during the interstadial periods
(Brenr g1 = 2.97 + 3.63 [10]) is reflective of more unstable sea
ice conditions characterized by a reduced MYSI cover and
more pronounced FYSI variability.

Timing of Baffin Bay Sea Ice Changes with Respect to D-O
Climate Events. Isotope-enabled model simulations of D-O-
type events have demonstrated that, especially for long lasting

PNAS 2022 Vol. 119 No.44 2203468119

events, the 8'®O variability in southern Greenland ice cores can
be nearly entirely explained by sea ice changes (46). In northern
Greenland and in particular at the NEEM site, however, the
impact of sea ice loss on the water isotopes profile has been sug-
gested to be of secondary importance (46). In this context,
NEEM §'%0 and Br,, records are, to some extent, relatively
independent of each other with the former capturing the
abrupt near-surface air temperatures variations and the latter
reflecting different sea ice conditions.

To assess the temporal relationship between the abrupt
Greenland atmospheric warmings and the glacial Baffin Bay sea
ice change, we employ a statistical analysis to define a) the D-O
onset based on structural changes in the 8'80 series and b) the
first occurrence of a statistically significant increase of the Br,,,
variability (ST Appendix, Materials and Methods). We hence cal-
culate the Baffin Bay sea ice time response as the time interval
between the D-O onset and the first statistically significant
change in the variability of the Br.,, sea ice proxy (SI Appendix,
Materials and Methods). Table 2 shows that, except for D-O 7
(where there is a lead of 9 y), during all the other D-O events
considered, the first significant change of Br.,, variability is coe-
val with the 8'"O shifts, suggesting a synchronous sea ice
response to glacial abrupt climate warmings.

Based on the subdecadal temporal resolution of the NEEM
ice core samples [2-6 y for Br.,, and 2-8 y for 580 (34)],
we argue that the breakup of the near-perennial sea ice cover
and the shift to more seasonal sea ice conditions in the Baffin
Bay might have happened conservatively within one decade
at the D-O onset. Although we do not resolve the causal rela-
tionship between the two climatic components, we find that
the Bre,, variability steadily increases when the NEEM §'*0
exceeds ~—42 + 1%, (95% confidence interval) and it
decreases below this threshold value (yellow band in Fig. 44
and SI Appendix, Materials and Methods). This result high-
lights a quantitative link between past Baffin Bay sea ice
stability and glacial abrupt climate variability, which might be
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Fig. 2. NEEM stable oxygen isotopes, bromine, and sodium variability over D-O events 7-10. (4) Subdecadal 880 (thin line) with 10-points moving average
(thick line) (34); (B) NEEM snow accumulation rate (magenta) (36); (C) temporal resolution of the novel NEEM sodium and bromine data presented in this
study; (D) sodium and (E) bromine concentrations (thin lines) with 10-points moving average (thick lines). Gaps of sodium and bromine data longer than 50 y
are filled with lower resolution data from a previous study (24). The chronology is the GICCO5modelext-NEEM-1 timescale (26). Shaded bars indicate the GS,
which are numerated at the Bottom while white bands indicate GI numerated at the Top.

tested as a constraint for glacial coupled atmospheric-sea ice
model simulations.

Furthermore, we use a spline to smooth the squared devia-
tions from the mean of Br.,, in order to assess the temporal
evolution of the Baffin Bay sea ice changes during the selected
D-O cycles (Fig. 4 and SI Appendix, Materials and Methods).
The smoothed curves of the squared deviations of Br.,, follow
the 8'®0 glacial climate variability, with lower values associated
with a stable MYSI regime and higher values suggesting
enhanced FYSI conditions (Fig. 4C). Yet, we observed that the
maxima of the smoothed curves of Br.,, squared deviations,
interpreted as the most pronounced sea ice fluctuations, are not
synchronous with the abrupt atmospheric warmings displayed
by 8'%0, but delayed by up to several centuries with respect to
the D-O onsets (Fig. 4, red dashed lines). The smoothed
squared deviations of Br,,, values during D-O 7 suggest that
the most pronounced variation of the reconstructed Baffin Bay
FYSI cover occurs ~0.7 ka after the D-O onset, coinciding
approximately with the termination of GI-7. Similatly, the
most variable FYSI conditions during D-O events 8 and 10 are
attained ~0.4 ka and 0.25 ka after the onsets of GI-8 and
GI-10, respectively. For the shortest and less intense D-O
9, the time lag is only 70 y. (Fig. 4C and Table 2). We note

that the longest response times for most variable sea ice
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conditions being reached after the onsets of D-O events 8 and
7 were also accompanied by the largest amplitudes of the inter-
stadial sea ice fluctuations. We argue that the short-term sea ice
fluctuations increased in amplitude through GI, with their
maximum being reached near the end of the GI, but were
substantially muted during GS.

Sea Ice Proxy Evidence from the Eirik Drift Sediment Core.
Biomarker records of core GS16-204—23CC are used to recon-
struct the stadial and interstadial sea ice conditions in the Labra-
dor Sea south of Greenland, extending our ice-core-based sea ice
reconstruction for the Baffin Bay. This core site is today located
under annually ice-free conditions, just south of the East Green-
land Current extension that transports cold and ice-laden waters
around the southern tip of Greenland into the Labrador Sea
(Fig. 1). It is thus ideally suited to trace a potentially enhanced
and variable sea ice cover and/or export in the northwestern North
Adantic during abrupt D-O climate changes.

To investigate the past sea ice conditions and phytoplankton
production, we used IP,s, a monounsaturated HBI with 25 car-
bon atoms, the triunsaturated HBI-III, and brassicasterol. IP,s is
produced by certain sea ice diatoms and found in increased abun-
dance in surface sediments underlying a seasonal sea ice cover in
Arctic and sub-Arctic regions (17, 52, 53). In turn, it is (almost)
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Fig. 3. Stable oxygen isotopes and bromine enrichment from NEEM and biomarker proxy records from the Eirik Drift (Labrador Sea). (4) Subdecadal §'¢0
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blue). Asterisks indicate GS16-204-23MC core-top values for comparison (10, 53). The chronology is the GICCO5modelext-NEEM-1timescale (26). Shaded bars
indicate the GS, which are numerated at the Bottom while white bands indicate GI numerated at the Top.

absent in surface sediments underlying either a perennial sea ice
cover or an ice-free, open ocean. HBI-III is produced by open-
water diatoms especially in the marginal ice zone, while brassicas-
terol is formed by diatoms and other phytoplankton in the open
ocean (17, 18, 20). Both biomarkers are found in sediments
underlying open-ocean conditions and under the seasonally
retreating sea ice edge, but are largely absent under (near-)peren-
nial sea ice (20, 52, 53). Biomarker data from Eirik Drift core-top
samples, including that of the core site investigated here, show
increased brassicasterol concentrations and decreased IP,s and
HBI-III concentrations relative to downcore (13), reflecting the
modern open-water conditions south of Greenland (Fig. 3 C-£).
The biomarker records of core GS16-204-23CC show con-
centrations of 0-2.5 pg/gOC for IP,s, 0-6.3 pg/gOC for HBI-
I (in one sample up to 24.7 pg/gOC), and 0-23.4 pg/gOC
for brassicasterol, with all biomarkers varying largely in parallel
throughout the record between ~31-42 ka (Fig. 3 C-E and
SI Appendix, Fig. S4). IP,s, HBI-III, and brassicasterol are low
over large parts of the record, in particular during stadials,
while increased biomarker abundances are observed in two
intervals that correspond to GI-8 and GI-7. An interstadial

PNAS 2022 Vol. 119 No.44 2203468119

increase in biomarker values is not resolved for the other
shorter-lasting GI, possibly because of the temporal resolution
of the records being too low (S/ Appendix, Fig. S4). While the
core-top of the core site investigated here shows elevated brassi-
casterol and substantially reduced IP,5 and HBI-III concentra-
tions (Fig. 3 C-£), the stadial and interstadial biomarker signals
in core GS16-204-23CC resemble biomarker values observed
in core-tops from the perennially ice-covered and seasonally
ice-covered East Greenland margin, respectively (10). The con-
temporaneously increased abundance of IP,s and brassicasterol
in core GS16-204-23CC thus suggests an enhanced sea ice
algae and phytoplankton production under a seasonal sea ice
cover. This is also consistent with increased HBI-III values that
may indicate a seasonally retreating sea ice edge or marginal ice
zone conditions over the core site during interstadials. By
contrast, extremely reduced IP,5, HBI-III, and brassicasterol
values suggest a reduction in both sea ice algae and open-water
phytoplankton production, which we interpret as reflecting a
more extensive, near-perennial sea ice cover during stadials.
The biomarker-based sea ice record of GS16-204-23CC

reflects both generally enhanced sea ice conditions between
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http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203468119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203468119/-/DCSupplemental

Downloaded from https://www.pnas.org by CSIC on February 27, 2023 from | P address 161.111.20.207.

Table 1. Bromine enrichment mean values during D-O events 7-10

Stadial Interstadial

N. sample  Average c SE N. sample Average c SE AT (°C)
GS-7 52 4.48 10.68  1.48 Gl-6 - - - - -
GS-8 72 2.09 0.72  0.08 Gl-7 247 2.75 380 024 -
GS-9 246 2.31 0.83 0.05 GI-8 233 3.52 429 028 +885
GS-10 172 2.14 0.84 0.06 GI-9 91 2.28 2.07 0.22 + 6.02
GS-11 31 2.16 0.52  0.09 GI-10 160 2.91 287 023 +7.72
All GSs 573 2.42 334 014 AllGIs 731 2.97 3.63 0.13 -
All GSs* (no GS-7) 521 2.21 0.81 0.04

The last column (AT) shows the reconstructed temperature difference during each GS/Gl transition (4).

34 and 42 ka, as compared with modern ice-free conditions, and
glacial sea ice reductions during GI-7 and GI-8. Hence, our
combined sea ice records from the NEEM ice core and the Eirik
Drift sediment core indicate that an extensive MYSI cover pre-
vailed in both the Baffin Bay and in the northern Labrador Sea
during stadials and that seasonal sea ice conditions characterized
both regions west and south of Greenland during interstadials. As
the sea ice cover south of Greenland is largely influenced by drift
ice originating from the East Greenland Current and transported
around the southern tip of Greenland into the Labrador Sea, the
biomarker data of core GS16-204-23CC may also indicate that
sea ice export into the subpolar North Adantic was generally
enhanced during the glacial and particularly during stadials, as
compared to modern conditions. The fact that IP,s and other
biomarkers in core GS16-204-23CC show two successive peaks
in the early and late phases of GI-8 (Fig. 3 CG-F) may reflect
northward and southward shifts of the sea ice edge and/or changes
of sea ice export over the core site. This would imply the presence
of an interstadial turning point at which the system switched from
sea ice retreat to sea ice expansion, similar to the findings from

the NEEM Br,,, record.

Discussion

The glacial NEEM Br,,,, ice core record with increased chronologi-
cal resolution between 34 and 42 ka, complemented by biomarker
records from the Eirik Drift, allows an unprecedented view of
glacial sea ice dynamics south and west of Greenland during times
of abrupt climate change.

The last glacial cycle is characterized by significantly low
NEEM Br.,, values (Br,,, ~2-4), confirming the presence of an
extensive near-perennial sea ice cover over the Canadian Arctic
and Baffin Bay with the FYSI bromine-source located far south of
the NEEM site (6, 24, 46) (Fig. 5A4). During the D-O cycles con-
sidered, NEEM Br.,,, mean values are generally lower during sta-
dial periods compared to the subsequent interstadials, suggesting

prevailing MYSI conditions in the NEEM aerosols source area.
Peculiarly, although we have no available data from the next GI-6
for comparison, we do observe the highest Br,, mean value dur-
ing GS-7 (Br.,, gs.;= 4.48; Table 1) explained by two single data
points (Bre,, = 78.2 and 15.2, respectively). Excluding the two
outliers*, in fact, the mean Br,,, gs.7+ decreases to 2.79.

Conversely to stadial periods, long-lasting interstadials like
GI-8 and GI-7 show a relative increase of Br,,, in the NEEM
ice core accompanied by higher levels of IP,s, HBI-III, and
brassicasterol in the GS16-204-23CC sediment core, suggest-
ing overall enhanced seasonal sea ice conditions.

This in turn implies a loss of the prevalent perennial cover
and a partial replacement by seasonal sea ice in both the Baffin
Bay and northern Labrador Sea. The extensive FYSI conditions
originated by the retreat of the MYSI edge support enhanced
springtime inorganic bromine recycling on the seasonal sea ice
surface (21, 44) with subsequent increase of Br.,, levels at the
NEEM site (Fig. 5B).

The shift from extensive MYSI to rather FYSI in the Baffin
Bay and the Labrador Sea in response to each GS-GI transi-
tions is in agreement with a reinvigoration of the AMOC and
an associated increase in northward surface ocean heat transport
to the subpolar North Atantic (54, 55). Reduced, seasonal sea
ice conditions reflected in our records for GI-7 and 8 suggest
that at least partially ice-free conditions in the Labrador Sea
may have been associated with open-ocean convection and
deep-water formation in that region. Consistent with model
simulation of the glacial climate variability, sea ice retreat and
increased deep-water formation in the Labrador Sea might have
contributed to a strengthened AMOC during GI (56). On the
other hand, extensive near-perennial sea ice conditions in the
Baffin Bay and Labrador Sea during GS and associated
enhanced sea ice export to the subpolar North Atlantic, where
(seasonal) sea ice melting would lead to a surface freshening,
argue for suppressed local deep ocean convection in agreement

with a reduced AMOC.

Table 2. Year (b2k) of the first significant change of NEEM Br,,,,

Gl onset Brenr Onset Delta
NEEM 6180 NEEM Bren, Max BrenSSD (NEEM GI onset — max Brg, SSD)
D-O event (year b2k) (year b2k) (year b2k) (years)
7 35,473 35,464 34,780 693
8 38,214 38,214 37,821 393
9 40,134 40,134 40,064 70
10 41,448 41,448 41,198 250

6 of 9 https://doi.org/10.1073/pnas.2203468119

The first column shows the year (b2k) of the Gl onsets defined from the structural changes in the NEEM §'®0 record. The second column show the year (b2k) of the first significant
change of the Bren, profile. The third column displays the year of maxima smoothed squared deviations (SSD) of Brenr. The last column reports the time interval (Delta) between the
NEEM Gl onset and the maxima of SSD.
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The glacial millennial-scale sea ice changes reconstructed for
the Baffin Bay and the northern Labrador Sea are generally
consistent with those reconstructed for the Nordic Seas. While
sea ice reductions in the Nordic Seas were found to have
occurred within 250 y or less at or just before the onset of a
D-O event (9, 10), our data indicate that the breakup of the
perennial sea ice cover and the shift to increased seasonal sea
ice conditions west and south of Greenland occurred within a
decade and synchronously with the D-O climate warming
transitions. The tight coupling between sea ice changes and
Greenland temperature changes during the D-O cycles and
their nonlinear climate transitions (7) is further illustrated by
the threshold behavior that we identified between changes in
Br.,, and 8'0 of the NEEM ice core (Fig. 4A4). Our results
thus support hypotheses that invoke rapid and widespread sea
ice decline and associated feedbacks in subpolar North Atlantic
regions to explain the abrupt warming over Greenland during
D-O events, by lowering the albedo and exposing relatively
warm surface waters to the cold high-latitude atmosphere
(10, 57, 58).

The large-amplitude and high-frequency sea ice fluctuations
identified in the NEEM Br,,, record during interstadials are
previously unresolved features of the glacial D-O events. Simi-
lar high-frequency climate oscillations have recently been
resolved in European lake records during interstadials, as well
as during the Holocene, and linked with an increased Adantic
multidecadal oscillation (59). We surmise that short-term sea
ice fluctuations in the Baffin Bay might have been an integral
part of an increased degree of North Atlantic climate instability
on multidecadal timescales. However, longer and more contin-
uous high-resolution proxy records are needed to unravel the
periodicity of these interstadial sea ice fluctuations and ascribe
them to a forcing. The reconstructed extensive MYSI in the
Baffin Bay and northern Labrador Sea during GS would

support the role of an extended sea ice cover in contributing to

PNAS 2022 Vol. 119 No.44 2203468119

a change in atmospheric circulation patterns over the North
Atlantic that led to a suppression of Adantic multidecadal
climate oscillations in Europe (59).

Finally, the marked increase in Br., and its variability
observed during the mid-to-late phase of GI is indicative of the
most extended seasonal sea ice condition in the NEEM aerosols
source region. This could be achieved both with an expansion
of seasonal sea ice at the expense of perennial sea ice across all
of Baffin Bay and/or with an expansion of seasonal sea ice
southward of the perennial sea ice edge.

Since we have no direct evidence of sea ice regimes in the
Baffin Bay during interstadial periods, none of the hypothesis
can be discarded. However, available sea ice reconstructions for
the Holocene suggest the presence of a perennial sea ice cover
in the central Baffin Bay during the Early Holocene [~9.5 ka
(60)], when atmospheric temperatures, sea surface tempera-
tures, and solar insolation were significantly higher than during
interstadial climate warmings (24, 60). This, in turn, corrobo-
rates the second scenario in which, during GI, a mixture of
(reduced-) perennial and seasonal sea ice cover spreads over the
northern and central Baffin Bay and events of rapid southward
expansion of seasonal sea ice occurred, delayed 0.1-0.6 ky after
the D-O onsets (Fig. 50).

Such mid-to-late interstadial seasonal sea ice expansions, also
consistent with the GS16-204—23CC biomarker records and
modeled sea ice edge position during D-O events (46), could
be related to injections of freshwater from the melting of Lau-
rentide and Greenland continental ice masses into the Baffin
Bay and the Labrador Sea (32) as a consequence of increased
atmospheric temperatures (4, 7, 33). The consequent increase
of sea ice export likely led to a freshening of the subpolar North
Adantic through sea ice melting, which would have reduced
deep-water formation. The seasonal sea ice expansion and fresh-
ening of the subpolar North Atlantic may thus have contrib-
uted to a gradual cooling of the North Atlantic preceding the

https://doi.org/10.1073/pnas.2203468119 7 of 9
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Bay gradually retreats and it is partially substituted by seasonal sea ice conditions. (C) During the mid-to-late phase of the Gl (~0.1-0.6 ka after the onset),
highest Bren, values suggest both a significant retreat of the perennial sea ice edge and/or, more likely, a major FYSI expansion southward into the western
North Atlantic. In the latter scenario, the increased ice-albedo feedbacks and the enhanced sea ice export in the Labrador Sea (generating a weakening of

the AMOC) culminated at or near the onset of the new stadial phase (A).

transition to stadial conditions (61). Once a critical threshold
was reached, the gradual cooling and underlying processes
would have led to a rapid reduction of deep-water formation
and the AMOC, as well as rapid Greenland cooling at the onset
of the stadial period (Fig. 54) (62, 63). In this sense, the expan-
sion of an extended FYSI and consequently the build-up of
MYSI west and south of Greenland acted as an efficient driver
of climate cooling through the ice-albedo feedback, as well as
by affecting the North Atlantic ocean circulation.

In conclusion, our results suggest and support that sea ice
decline occurred rapidly and synchronously with abrupt high-
latitude warming during the D-O events, similarly to what is
observed in recent decades in the Arctic region (13, 64). In
addition, the seasonal sea ice formation and short-term, large-
amplitude fluctuations during the mid-to-late interstadial peri-
ods could have played a central role in the subpolar North
Atlantic feedback loop that led to a gradual cooling and condi-
tions that would result in a nonlinear, abrupt AMOC reduction
and Greenland cooling.

Materials and Methods

Concentrations of Br and Na were determined by Inductively Coupled Plasma
Sector Field Mass Spectrometry (ICP-SFMS; Element2, ThermoFischer, Bremen,
Germany) equipped with a cyclonic Peltier-cooled spray chamber (ESI, Omaha,
USA) (24, 42) (SI Appendix, Materials and Methods). High-resolution (0.05 cm)
NEEM 8180 analysis were performed with Cavity Ring Down Spectroscopy
(CRDS) in the near Infra-Red region (34). The age model of sediment core
(S16-204-23CC is based on stratigraphic alignment of marine proxy records
and the NEEM 8180 record, using signals in ARM, near-surface temperature,
and cryptotephra layers (S Appendix, Materials and Methods). Biomarkers were
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extracted from freeze-dried and homogenized sediment samples using dichloro-
methane:methanol (2:1, volfvol) as solvent, separated into hydrocarbon and
sterol fractions, and analyzed by gas chromatography/mass spectrometry. The
methodology and the age model of core GS16-204-23CC are detailed in
SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. Sea ice proxy data from the
NEEM ice core and GS16-204-23CC marine core presented in this study have
been deposited in Zenodo repository (10.5281/zenodo.7180408) (66). All study
data are included in the article and S/ Appendix.
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