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Constraining the past sea ice variability in the Nordic Seas is critical
for a comprehensive understanding of the abrupt Dansgaard-
Oeschger (D-O) climate changes during the last glacial. Here we
present unprecedentedly detailed sea ice proxy evidence from two
Norwegian Sea sediment cores and an East Greenland ice core to
resolve and constrain sea ice variations during four D-O events
between 32 and 41 ka. Our independent sea ice records consis-
tently reveal a millennial-scale variability and threshold response
between an extensive seasonal sea ice cover in the Nordic Seas
during cold stadials and reduced seasonal sea ice conditions during
warmer interstadials. They document substantial and rapid sea ice
reductions that may have happened within 250 y or less, concom-
itant with reinvigoration of deep convection in the Nordic Seas
and the abrupt warming transitions in Greenland. Our empirical
evidence thus underpins the cardinal role of rapid sea ice decline
and related feedbacks to trigger abrupt and large-amplitude climate
change of the glacial D-O events.
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Sea ice is a critical component of the global climate system as
it affects Earth’s albedo, phytoplankton productivity, ocean-
atmosphere heat and gas exchange, and ocean circulation (1).
Rapid sea ice retreat, as observed in the modern Arctic Ocean,
exerts important climate feedbacks that may lead to an accelera-
ted climate warming at northern high latitudes (2). While many
climate models have difficulties in reproducing the currently ob-
served Arctic sea ice decline (3), the rates of ongoing atmospheric
warming in some Arctic regions are already comparable with those
of prominent abrupt climate changes that occurred during the
last glacial period (4). The latter are referred to as Dansgaard—
Oeschger (D-O) climate events and known from Greenland ice
core records as abrupt shifts between cold Greenland stadials
(GS) and warmer Greenland interstadials (GI) occurring repeat-
edly ~10-110 ka (5, 6). The millennial-scale glacial climate vari-
ability was a global phenomenon with different characteristics in
the northern and southern hemispheres, but the most striking
feature of the D-O events is an extremely abrupt climate transition
that includes an atmospheric warming of 5-16.5 °C over the
Greenland ice sheet happening in just a few decades (7). Analo-
gous to the modern and future sea ice retreat and resulting
warming in the Arctic, the abrupt D-O climate transitions are
widely believed to have been amplified by rapid sea ice retreat in
the Nordic Seas (8-15).

Today, the Nordic Seas are largely ice-free, and warm Atlantic
surface waters flow into the Norwegian Sea as far north as
Svalbard at ~80°N (Fig. 1), where the|Arctic sea ice cover is being
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eroded, in particular in the Barents Sea. The warm Atlantic sur-
face waters release heat to the atmosphere as it flows northward,
which is accompanied by convective intermediate and deep-water
formation between Norway and Greenland, feeding the lower limb
of the Atlantic Meridional Overturning Circulation (AMOC) (16).
A portion of the Atlantic waters continues flowing into the strat-
ified Arctic Ocean as subsurface waters (17). While the pattern of
ocean circulation during GI was fairly comparable to that today,
proxy data indicate that the glacial Nordic Seas exhibited a stable
surface stratification during GS, similar to the modern Arctic
Ocean (13, 18). The AMOC and associated northward surface
heat transport into the Nordic Seas were weakened during GS,
with most extreme weakening related to Heinrich events signified
by massive iceberg discharges to the North Atlantic (19, 20). In-
termediate and deep waters in the stadial Nordic Seas were 2—4 °C
warmer as compared with GI or modern conditions, resulting from
a stable halocline and reduced open-ocean convection (21, 22).
Contemporaneously, an extended sea ice cover reaching at least as

Significance

The last glacial period was marked by abrupt, high-amplitude
Greenland warming events, known as Dansgaard-Oeschger
(D-0) events, which were likely linked with Nordic Seas sea ice
retreat. We reconstruct the sea ice variability during four D-O
events ~32-41 ka with unprecedented spatial representation
and rigorous temporal constraints, using proxy records from
two Norwegian Sea sediment cores and an East Greenland ice
core. Our records reveal millennial-scale variations between
extended sea ice conditions and reduced seasonal sea ice
conditions, with rapid sea ice reductions at the onset of D-O
events. Our findings imply that rapid sea ice reduction ampli-
fied ocean-atmosphere processes causing the abrupt D-O cli-
mate transitions, providing constraints for model simulations
of abrupt climate changes and their mechanisms.

Author contributions: H.S., N.M., TM.D., P.V., B.M.V., and E.J. designed research; H.S.,
N.M., K.F., and A.S. performed research; H.S., N.M., TM.D., M.H.S., S.M.P.B., K.F,, H.AK.,
AS., RS, P.V, B.M.V,, and E.J. analyzed data; and H.S., N.M., M.H.S., AS., P.V., and E.J.
wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. O.G. is a guest editor invited by the
Editorial Board.

Published under the PNAS license.
"To whom correspondence may be addressed. Email: henrik.sadatzki@awi.de.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2005849117/-/DCSupplemental.

First published November 9, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.2005849117

www.manaraa.com


http://orcid.org/0000-0002-1270-6807
http://orcid.org/0000-0002-8649-9185
http://orcid.org/0000-0002-8177-5128
http://orcid.org/0000-0002-3150-3220
http://orcid.org/0000-0002-4833-1146
http://orcid.org/0000-0001-9317-4656
http://orcid.org/0000-0002-3781-9509
http://orcid.org/0000-0001-8635-9193
http://orcid.org/0000-0002-4453-9564
http://orcid.org/0000-0003-1055-7235
http://orcid.org/0000-0002-7383-5100
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2005849117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:henrik.sadatzki@awi.de
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005849117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005849117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2005849117

Downloaded at Palestinian Territory, occupied on December 27, 2021

° Nordic
Seas

North
Atlantic

Fig. 1.

F 0.4

Ze

r 0.2

Ocean Data View / DIVA

-0

Core sites and regional context of the study area. Yellow diamonds mark the core sites investigated in this study. The map shows the core-top PglP,s

distribution (42, 43, 63), illustrating the great potential of the biomarker approach for sea ice reconstruction. Orange, yellow, and green dots mark core-top
sites north, east, and south of Greenland, respectively, data of which are investigated in this study. Small black dots indicate locations of published core-top
data. Purple lines mark the modern sea ice extent during September (dashed) and March (solid), averaged between A.D. 1981 and 2010 (https:/nsidc.org/; ref.
64). The thin blue line shows the PgIP,5 = 0.2 isoline, representing best the modern winter/spring sea ice extent. Red arrows illustrate the warm and saline
North Atlantic Current (NAC). The map was produced with Ocean Data View software (65).

far south as the Greenland-Scotland Ridge at ~60°N insulated the
high-latitude atmosphere from the deep oceanic heat reservoir
(23, 24). Model simulations support a subsurface warming sce-
nario under extended sea ice during GS (22, 25, 26) and suggest
that a rapid removal of the sea ice cover might have caused the
abrupt and high-amplitude D-O climate warming (11, 12, 14, 15).
Although there is some evidence of millennial-scale sea ice
fluctuations during the last glacial, the few available sea ice proxy
records (23, 24, 27-31) are mostly restricted to the southern
Norwegian Sea and the Arctic Ocean, often have a limited
temporal resolution, and partly reflect opposing trends regarding
stadial-interstadial sea ice changes depending on the proxies
used. Here we present high-resolution sea ice biomarker records
from two key sites that form a North-South transect within the
Atlantic inflow region in the Norwegian Sea and are thus ideally
suited to record spatiotemporal shifts in sea ice cover in both the
entrance and the interior of the ocean basin, oceanic fronts, and
Atlantic water inflow during the last glacial (Fig. 1). Further-
more, we combine these marine sea ice proxy records with an
independent sea ice record based on bromine-enrichment (Bre,;)
values from an East Greenland ice core, which significantly en-
hances the spatial coverage, the robustness of results, and tem-
poral constraint of the sea ice reconstruction. We focus on five
representative glacial D-O cycles between 32 and 41 ka, which
comprise long- and short-lasting GI as well as several GS, one
of which includes Heinrich Event 4. The application of the
cryptotephra-based chronological constraints provides a level of
robustness as to the timing, duration, and nature of the events
unfolding during abrupt climate changes. Our study provides
robust empirical evidence that resolves rapid and widespread sea
ice retreat in the Nordic Seas and its role in initiating and am-
plifying the abrupt climate change of the glacial D-O events.

Results

Core Sites, Chronology, and Sea Ice Biomarkers. Our marine bio-
marker proxy records are based on new data from core MD95-
2010 (66° 41.05" N, 04° 33.97" E; 1,226 m water depth) and pub-
lished data (24) from core MID99-2284 (62° 22.48' N, 0° 58.81" W;
1,500-m water depth) retrieved from the central and southern
Norwegian Sea, respectively (Fig. 1). We complement our marine
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sea ice proxy records with a Br.,-based sea ice reconstruction
from the RECAP (Renland Ice Cap Project) ice core, drilled in
East Greenland (71° 18.30" N, 26° 43.38" W; 2,315-m elevation).
The modern source area for marine aerosols arriving at the RE-
CAP ice core site comprises the northern North Atlantic and
Nordic Seas at ~50-85°N (32), including sites MD95-2010 and
MD99-2284 (SI Appendix, Fig. S1). Sea ice records from both the
sediment cores and the RECAP ice core can thus be expected to
similarly reflect the glacial sea ice variability in the Nordic Seas,
providing local and larger-scale signals, respectively.

A near-surface temperature record of core MD99-2284 based
on planktic foraminifera census counts reveals millennial-scale
temperature variations over the course of the D-O cycles at 32-41 ka
(13). Comprehensive cryptotephra evidence from the same core
demonstrates that rapid 2-3 °C warming transitions in the southern
Norwegian Sea were coeval with the abrupt D-O warming over
Greenland (33). Accordingly, the age model of MD99-2284 is based
on alignment of near-surface temperature signals and D-O climate
transitions, independently verified and constrained by four distinct
cryptotephra layers that were identified before and after the GS6-
GI5 transition as well as during GI6 and GIS8 in both core MD99-
2284 and the NGRIP (North Greenland Ice Core Project) ice core
with a consistent geochemistry (33) (SI Appendix, Materials and
Methods and Fig. S2). Moreover, the glacial sediment sections in
both cores MD95-2010 and MD99-2284 reveal a very consistent
variability in anhysteretic remanent magnetization (ARM), reflect-
ing deep ocean circulation changes in the Nordic Seas (13, 34, 35),
which closely resemble the D-O climate fluctuations recorded by
the 8'0 of the NGRIP ice core. This enables development of an
age model for core MD95-2010 by stratigraphic alignment of its
ARM record to that of MD99-2284 and the 5'®0 of the NGRIP
ice core (SI Appendix, Materials and Methods and Fig. S2).
Thereby, our sedimentary sea ice records are placed on the
Greenland ice core chronology GICCO5 (36) and can thus be di-
rectly compared with the RECAP sea ice record, which also has
been transferred to the GICCO5 chronology by alignment of the
RECAP dust record to NGRIP 830 (37) (SI Appendix, Materials
and Methods and Fig. S2). Accordingly, our sea ice records cover
four D-O climate cycles between 32 and 41 ka (before 2000 CE =
b2k) with a temporal resolution of 35-330 y for MD95-2010 and
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10-120 y for MD99-2284, a resolution that is suitable for a de-
tailed investigation of millennial-scale variability.

To reconstruct the glacial sea ice cover in the Norwegian Sea,
we use a suite of molecular biomarkers analyzed in cores MD95-
2010 and MD99-2284 as well as in 41 core tops from north, east,
and south of Greenland (SI Appendix, Materials and Methods). In
particular, we employ the sea ice biomarker IP,s, a highly
branched isoprenoid (HBI) monoene produced by sea ice diatoms
during spring, which allows tracing the occurrence of seasonal sea
ice (38) (SI Appendix, Fig. S3). To further characterize the sea ice
seasonality, we additionally use the abundance of an HBI triene
(HBI-III) that occurs under ice-free conditions and in peak con-
centrations in regions influenced by the retreating sea ice edge or
marginal ice zone (39, 40). To trace enhanced open-ocean con-
ditions, we use increased abundances of the phytoplankton bio-
markers brassicasterol, mainly produced by open-water diatoms
(41). Moreover, we combine paired IP,s and brassicasterol (or
HBI-III) signals in the so-called phytoplankton-IP,s (PIP,s) index,
which allows solving the ambiguity regarding low/absent IP,s
reflecting either perennial sea ice cover or absent sea ice and thus
enables semiquantitative sea ice reconstructions (40, 42) (SI Ap-
pendix, Materials and Methods). Core-top PIP,s values clearly re-
flect the modern Arctic and sub-Arctic sea ice cover, illustrating
the great potential of the sea ice biomarker approach (40, 42, 43)
(Fig. 1 and SI Appendix, Fig. S3).
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Millennial-Scale Sea Ice Variability in the Glacial Norwegian Sea. The
down-core records of MD95-2010 from the central Norwegian
Sea reveal IP,s in variable concentrations in all samples inves-
tigated and pronounced millennial-scale variations in brassicas-
terol and HBI-III, in concert with the GS-GI climate variability
reflected by the NGRIP 8'%0 (Fig. 24). This suggests that sea ice
was present in the central Norwegian Sea during the 32-41-ka
interval and that seasonal sea ice versus open-water conditions
varied over the course of the D-O climate cycles. MD95-2010
biomarker values show two main clusters in brassicasterol-IP,s
and HBI-III-IP,5 cross-plots, corresponding to stadial values
(where PIP,5 > 0.5) and interstadial values (where PIP,s < 0.5)
(Fig. 2 B and C). Individual biomarker concentrations (normal-
ized to total organic carbon content) and PIP,5 values observed
for the glacial millennial-scale variability in MD95-2010 are
similar to those observed for the core-top samples that were
investigated in this study using the same analytical procedure (S
Appendix, Materials and Methods), indicating sea ice conditions in
the same range as in the modern (sub)Arctic. This allows us to
interpret the stadial and interstadial sea ice conditions in the
Norwegian Sea in view of the different sea ice conditions ob-
served today at the northern, eastern, and southern Greenland
margins (Fig. 1).

GS intervals in MD95-2010 are characterized by near-zero
concentrations of brassicasterol and HBI-III, suggesting a strongly
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Fig. 2. Biomarker proxy records of Norwegian Sea sediment cores as well as arctic and subarctic core-top data. (A) From top to bottom: §'80 of the NGRIP ice
core plotted as 11-point running average (6); MD95-2010 records of brassicasterol (green), HBI-III (light blue), and IP,s (purple); MD99-2284 records of
brassicasterol (green) and IP,s (purple) (24). All records are plotted on the GICCO5 b2k timescale (36). Gl are numbered at the top, GS (shaded bars) at the
bottom. B and C show cross-plots of brassicasterol-IP,s and HBI-IlI-IP,s, respectively, for data from core MD95-2010 and core tops from north, east, and south
of Greenland. MD95-2010 data are color-coded according to the resulting PIP,s value being >0.5 or <0.5, corresponding largely to stadial and interstadial
values, respectively. Core-top data points are color-coded according to their location, and ranges of resulting PIP,s values are given.
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reduced phytoplankton production. IP,s is also lowered during
GS, except for later halves of GS8, GS9, and GS10, which points
to a diminished spring ice algae production (Fig. 24). These sta-
dial biomarker signals in MD95-2010 are similar to those observed
in our core tops from the largely ice-covered northern and prox-
imal eastern Greenland margins (Fig. 2 B and C). Hence, we infer
an extended (near-) perennial sea ice cover in the central Nor-
wegian Sea during GS. By contrast, GI intervals in MD95-2010 are
marked by elevated brassicasterol and HBI-III concentrations,
which roughly quadrupled compared to GS (Fig. 24). This indi-
cates an enhanced open-water phytoplankton production near the
marginal ice zone, supported by increased variable IP,s (39, 40,
42). Interstadial biomarker signals in MD95-2010 resemble those
found in core tops from the eastern and southern Greenland
margins near the maximum winter sea ice extent (Fig. 2 B and C).

Our results thus suggest a reduced seasonal sea ice cover for the
central Norwegian Sea during GI.

Differences between the IP,s records of MD95-2010 and
MD99-2284 reveal insights into spatiotemporal shifts in the
glacial sea ice edge position, while parallel brassicasterol varia-
tions at both sites consistently reflect a large-scale stimulation
(reduction) of the phytoplankton production during GI (GS).
When IP,s is lowered at site MD95-2010, it is increased at
MD99-2284 at the onsets and in early parts of GS, suggesting a
(near-) perennial sea ice cover in the central Norwegian Sea and
an extended seasonal sea ice cover in the southern Norwegian
Sea (24). As IP,5 decreases at site MD99-2284 in the proceeding
GS or its terminal phase, it increases at site MD95-2010 during
latest GS9 and GS8 (Fig. 24). This indicates a northward shift of
the sea ice edge/marginal ice zone preceding GS-GI transitions
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Fig. 3. Sea ice variability in the Nordic Seas based on sediment and ice core records covering ~32-41 ka. (A) 5'0 of the NGRIP ice core plotted as 11-point
running average (6). (B) PglPy5 (blue) and Py IPy5 (light blue) of MD95-2010. (C) PglP,s of MD99-2284 (blue) (24). Boxes in B and C represent the interquartile
range (IQR) of all PgIP,s (blue) and Py IP,s values (light blue), with the whiskers being 1.5 x IQR and the medians being displayed. (D) Bre,, of the RECAP ice
core (red). (E) Benthic foraminiferal 5'%0 of MD99-2284 (13) (dark blue) and MD95-2010 (35) (purple) as well as deep-water temperature estimates based on
benthic foraminiferal Mg/Ca of MD99-2284 (22) (orange)! All records are plotted on the GICCO5 b2k timescale (36). GI) are numbered at the top, GS (shaded

bars) at the bottom.
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(24). This initial sea ice reduction, however, is not resolved for
the GS7-GI6 and GS6-GI5 transitions in core MD95-2010, ei-
ther because of a too low temporal resolution of the record or
because the sea ice edge did not shift as far north as the core site
during terminal GS7 and GS6. Maximum open-ocean conditions
in the Norwegian Sea were reached at the onset of GI, when the
marginal ice zone was located near site MD95-2010. Yet, both
cores reveal IP,s evidence of seasonal sea ice occurrence during
GI. Successive peaks in HBI-IIT and IP,5 in MD95-2010 reflect
southward migration of the ice edge and marginal ice zone
during terminal GI (Fig. 24). This trend culminated in near-
perennial sea ice cover in the central Norwegian Sea, severe
seasonal sea ice conditions in the southern Norwegian Sea, and
breakdown of the large-scale phytoplankton production at GI-
GS transitions.

The PIP,s records of both cores also consistently reflect the
millennial-scale sea ice variability reconstructed from the indi-
vidual biomarker signals. Increased PyyIP,5 and PgIP,s values of
~0.5-0.9 in core MD95-2010 reflect a strong seasonal to near-
perennial sea ice cover for the central Norwegian Sea during GS,
while lowered values of ~0.2-0.4 indicate a substantially reduced
seasonal sea ice cover or largely open-water conditions during GI
(Fig. 3 A-C). On average, the median, maximum, and minimum
PIP,s values are larger in MD95-2010 than in MD99-2284. Al-
though being biased in part by different temporal resolutions for
GS and GI intervals in both cores, this is consistent with overall
more severe sea ice conditions, that is a longer winter sea ice
season, in the central Norwegian Sea compared to the southern
Norwegian Sea. In turn, a generally longer summer season of
open waters in the southern Norwegian Sea may add to brassi-
casterol values being generally one order of magnitude higher in
MD99-2284 than in MD95-2010 (Fig. 24). Also, site MD99-2284
may have been located closer to the glacial Polar Front, where an
increased nutrient availability induced enhanced phytoplankton
and biomarker production, compared to site MD95-2010 further
north under a stronger influence of low-productive polar surface
waters. The shift from an extensive stadial to a reduced inter-
stadial sea ice cover appears more rapid in the PIP,s records of
core MD95-2010, compared to the PgIP,s record of MD99-2284.
This may reflect a more gradual initial sea ice retreat in the
southern Norwegian Sea during the later parts of GS (24), fol-
lowed by a rapid sea ice reduction in the central Norwegian Sea
at GS-GI transitions.

Sea Ice Proxy Evidence from the RECAP Ice Core. To assist the in-
terpretation of our marine sea ice records, we enhanced the
temporal resolution of the RECAP Br,,,-based sea ice record
between 32 and 41 ka, previously presented at a lower resolution
for the last 120 ky (32). The Br.,,, proxy is based on the bromine-
to-sodium mass ratio of ice normalized to that of seawater, and is
considered as reflecting first-year (i.e., seasonal) sea ice condi-
tions in the marine aerosol source area (32, 44, 45) (SI Appendix,
Materials and Methods). Bromine recycling processes occurring
over seasonal (first year) sea ice formation add photochemically
derived bromine to the sea salt-derived aerosol inventory of the
overlying atmosphere, consequently leading to increased Bre,,
values in snow and ice precipitating nearby (46). Processes as-
sociated with aerosol transport and deposition might additionally
influence the Br,,, signals in ice cores (32, 47). Nevertheless, an
enhanced Br,, (>1) in Greenland ice cores is considered to
reflect extensive seasonal sea ice in the marine aerosol source area
(32, 45). In turn, a lowered ice core Bre,, (~1) results from the
lack of bromine recycling related to absence or reduced presence
of seasonal sea ice, indicating the dominance of either open water
or multiyear/perennial sea ice in the source area (32, 45).

For the time period studied, the RECAP Br,,, reveals pro-
nounced millennial-scale variability in line with D-O climate cycles,
while variations in individual bromine and sodium concentrations
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are less consistent with the D-O variability (Fig. 3D and SI Ap-
pendix, Fig. S4). Increased RECAP Br,,,, values of ~8-16 during
GS suggest that the northern North Atlantic and Nordic Seas
(~50-85°N) were covered by extensive seasonal sea ice (32), which
is in agreement with our biomarker results from the Norwegian
Sea (Fig. 3). Highest Bre,, values occurring during GS9 may re-
flect the largest spatial extent of seasonal sea ice probably related
to Heinrich Event 4, suggesting that winter sea ice might have
extended further south into the North Atlantic as compared with
other GS. The lowered Bre,, values of ~1-5 during GI indicate
reduced Br activation from seasonal sea ice surfaces. This could
result either from enhanced perennial sea ice or enhanced open-
water conditions in the marine aerosol source area. The latter
interpretation would agree with our biomarker sea ice recon-
struction that reflects enhanced open-ocean conditions and a re-
duced seasonal sea ice extent in the Norwegian Sea during GL
This interpretation of the RECAP Br,,, variability during D-O
cycles is consistent with Br,, being increased during the cold
Younger Dryas stadial and decreasing into the Holocene, which
agrees well with deglacial sea ice reduction reconstructed from
marine sea ice records from the Nordic Seas (23, 32, 48).

In contrast to the RECAP ice core, the NEEM (North
Greenland Eemian Ice Drilling) ice core from northwestern
Greenland shows lowered Bre,, values during GS (and the
Younger Dryas) and increased Bre,, values during GI and the
Holocene (45). These Br,,, trends in the NEEM ice core, whose
aerosol source area comprises the Baffin Bay and Canadian
Arctic, have been interpreted as reflecting an extensive peren-
nial/multiyear sea ice cover during GS and a partial replacement
of perennial sea ice by seasonal sea ice during GI and the Ho-
locene (45). Hence, while the NEEM Bre,,, record appears to be
controlled by multiyear versus seasonal sea ice in the Baffin Bay,
the RECAP Br,,, signals may be dominated by the presence of
seasonal sea ice versus open water in the northern North At-
lantic and Nordic Seas (32). On this basis, we argue that the
lowered RECAP Br,,,, during GI is most likely due to enhanced
open-water conditions and reduced seasonal sea ice presence.
The glacial millennial-scale variability in sea ice cover reflected
by the RECAP Br,,, record is thus consistent with our biomarker
sea ice reconstruction, suggesting that the northern North At-
lantic and the Nordic Seas were extensively covered by seasonal
sea ice during GS and characterized by more open-ocean con-
ditions during GI.

Discussion

Our sediment and ice core proxy records reveal with unprece-
dented coherence and spatial representation the sea ice condi-
tions and in particular the spatial extent of seasonal sea ice cover
in the Nordic Seas and northern North Atlantic during GI and
GS, as illustrated schematically in Fig. 4. The millennial-scale sea
ice variability derived from our sediment and ice core proxy re-
cords is in agreement with previous biomarker sea ice recon-
structions from the southern Norwegian Sea (23, 24) as well as
with trends observed in several model simulations (8, 14, 15). In
contrast to our results which are based on coherent responses in
biomarker records of separate cores and independent ice core
results, dinoflagellate cyst assemblage records from the Norwe-
gian Sea have been interpreted to reflect reduced sea ice for-
mation during GS and longer sea ice cover duration during GI
(27-29). These apparently opposing trends in glacial sea ice
variability based on biomarker and Br,,,, records on the one hand
and dinoflagellate cyst records on the other might hint at dif-
ferent sensitivity or calibration issues associated with each sea ice
proxy, which remains to be investigated in future studies.

We argue that our reconstructed extensive sea ice cover during
GS is consistent with a reduced AMOC (19, 20), cooler sea-surface
temperatures in the North Atlantic (49, 50), and an enhanced surface
stratification and intermediate-water warming in the Nordic Seas
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Fig. 4. Schematic of sea ice conditions in the glacial Nordic Seas and North
Atlantic. The simplified sea ice cover based on our reconstruction and
Greenland temperature trends are shown for (A) interstadials and (B) sta-
dials. Light-blue lines indicate the summer/fall sea ice extent and dark-blue
lines reflect the winter/spring sea ice extent, with the area in between
representing the seasonal sea ice cover. The dashed dark-blue line in B shows
the more extensive winter/spring sea ice extent during Heinrich Event 4 (HE 4).
Dotted lines in B illustrate the initial sea ice retreat in the southeastern
Nordic Seas during late GS. Yellow diamonds mark the core sites investi-
gated in this study. The maps were produced with Ocean Data View soft-
ware (65).

reflecting the lack of deep-ocean convection (13, 18, 21, 22, 24).
This stadial subsurface to deep-water warming is reflected, for ex-
ample, by decreased benthic foraminiferal 5'°O values in MD95-
2010 and MD99-2284 as well as by increased temperatures derived
from the benthic foraminiferal Mg/Ca record from MD99-2284 (Fig.
3E). While sea ice and oceanographic conditions in the Norwegian
Sea were comparable during all GS investigated, the RECAP Br,
record suggests most extensive seasonal sea ice conditions in the
North Atlantic for GS9, which may be linked to the pronounced
AMOC weakening related to Heinrich Event 4 (19, 20) (Fig. 4B). In
turn, a reduced seasonal sea ice cover during GI is in accordance
with a strengthened AMOC (19, 20), warmer temperatures in the
North Atlantic (49, 50), and diminished surface stratification and
reinvigorated deep-water formation in the Norwegian Sea, as indi-
cated by deep-water cooling (13, 18, 21, 22, 24) (Fig. 3E).

To constrain the timing and duration of the sea ice decline at
the abrupt GS-GI transitions we make use of the RECAP ice
core chronology, which rests on alignment of the RECAP dust
and NGRIP & °O and is especially robust at GS-GI transitions
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where the alignment was centered (37) (Fig. 5 and SI Appendix,
Fig. S2). Where the drops in RECAP Br,,, reflecting large-scale
sea ice decline are constrained best, it happens at most within
460 y across the GS9-GIS transition and within 250 y just prior to
or at the GS8-GI7 transitions (Fig. 5 A and B). Considering that
each Bre,, values is from an ~1.5-cm-thick ice core sample, in-
tegrating ~50-130 y, the Br.,, decrease at the GS9-GIS8 transi-
tion might happen within 270 y, corresponding to a 4.8-cm-wide
sampling gap (Fig. 5B). Only at the GS8-GI7 transition is the
Bre,,, drop recorded between directly adjacent ice core samples,
each of which is 1.5 cm thick, corresponding to ~125 y (Fig. 54).
We therefore argue that 250 y may be considered as represen-
tative, yet conservative duration estimate for the major GS-GI
sea ice decline. However, further high-resolution proxy evidence
covering several glacial D-O events is desirable to confirm the
short duration of the sea ice decline. Nonetheless, the Br.,-based
large-scale sea ice retreat is coeval—in terms of pacing and du-
ration—with the PIP,5 drop in MD95-2010 reflecting sea ice de-
cline in the central Norwegian Sea, despite a potential smoothing
of the sedimentary proxy signals through bioturbation (Fig. 5).
This provides credence in the robustness of our sediment core
chronology and strongly supports that major sea ice decline in the
Nordic Seas happened rapidly, within 250 y or less, just prior to or
at the onset of the atmospheric warming of the D-O events
recorded by the NGRIP §'%0.

The rapid large-scale sea ice decline in the Nordic Seas
matches a rapid ~2-3 °C overshoot in near-surface temperature
and an ~1%eo increase in benthic 5'80, recorded in MD99-2284
(Fig. 5). The increase in benthic 8'®0 probably reflects deep-
water cooling by ~2-3 °C, as supported by independent benthic
foraminiferal Mg/Ca-based evidence (21, 22) (Fig. 3E). The
near-surface temperature overshoot reflects maximum inflow of
warm and saline Atlantic surface waters into the Norwegian Sea,
while the deep-water cooling suggests deep-ocean convection
(21, 22, 24). The concurrence and rapidity of surface and deep-
water temperature changes at site MD99-2284 and the major sea
ice decline, recorded at site MD95-2010 and in the RECAP ice
core, are supported by the tight alignment of rather gradual
ARM increases at the GS-GI transitions in both sediment cores.
Our results thus testify that the rapid sea ice decline shaped a
threshold response of both deep convection in the Nordic Seas
and D-O climate transitions in Greenland (9, 10).

The major sea ice decline associated with enhanced northward
flow of warm Atlantic surface waters and reinvigorated local
deep convection imply rapid and widespread exposure and release
of oceanic heat and moisture from the Nordic Seas to the high-
latitude atmosphere. This, together with a decrease in albedo,
amplified the atmospheric warming of a D-O event (9, 10). Vice
versa, seasonal sea ice expansion and reduction of deep convec-
tion led to an increased albedo and reduced ocean-atmosphere
heat exchange, facilitating the abrupt GI-GS cooling transitions.
Moreover, the rapid large-scale demise of seasonal sea ice cover
derived from our proxy records would allow for an increased
proportion of evaporation and subsequent precipitation during
colder months for GI, as compared to GS. This supports a sea ice
control of changes in moisture source and precipitation season-
ality that may in part be responsible for the large 5'*0 amplitudes
in Greenland ice cores during D-O cycles (51).

Our proxy data indicate that the rapid GS-GI sea ice decline
was preceded by an initial sea ice retreat in the southern Nor-
wegian Sea during late GS (Fig. 4B), as evidenced by the IP,s
and PgIP,s records of MD99-2284 (24). This initial sea ice re-
treat may be considered as a shortening of the winter sea ice
season and prolongation of the summer open-ocean season. It is
known from the modern Arctic Ocean that a prolongation of the
open-ocean season leads to an increased heat loss from the
ocean to the atmosphere (2, 52, 53). This, in turn, results in a
strengthening of winter convective surface ocean mixing and can
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Fig. 5. High-resolution sediment and ice core proxy records covering the GS-Gl climate transitions. The records are shown for (A) the GS8-GI7 transition at
~35.5 ka and (B) the GS9-GI8 transition at ~38.2 ka, and include from top to bottom: 5'80 of the NGRIP ice core plotted as 11-point running average (gray) (6)
and dust of the RECAP ice core (orange) (37); Bren, of the RECAP ice core (red) with the maximum duration of the GS-Gl sea ice decline and a 270-y sampling
gap in Bindicated; PglP,5 (blue) and Py IPy5 (light blue) of MD95-2010; Near-sea surface temperature estimates based on planktic foraminifera census counts of
MD99-2284 (13); Benthic foraminiferal §'80 of MD99-2284 (13); ARM (10~% A/m) of MD95-2010 (green) (34, 35) and MD99-2284 (black) (13) showing the good
alignment of both cores. All records are plotted on the GICCO5 b2k timescale (36). Gl and GS (shaded bars) are numbered at the top.

thereby foster further sea ice retreat, as for example observed in
the modern Barents Sea (54, 55). By analogy to these observa-
tions, we argue that increasing winter heat loss and resulting
convective surface mixing in the Norwegian Sea strengthened
toward GS-GI transitions, as the seasonal sea ice cover retreated.
The seasonal sea ice retreat during late GS may have been confined
to the Atlantic inflow region in the southeastern Norwegian Sea,
while the wider North Atlantic sea ice cover remained extensive,
especially during GS9 comprising Heinrich Event 4 (Fig. 4B). The
proposed initial retreat in seasonal sea ice cover and associated
strengthening of convective activity during late GS could also ex-
plain the presence of early warning signals for D-O events, identi-
fied as increased variance and autocorrelation in the decadal-scale
variability of the Greenland ice core 'O (56). This illustrates the
threshold behavior of both sea ice cover and ocean convection in
the Nordic Seas, with a bifurcation point being reached at GS-GI
transitions.

It was previously shown that the initial sea ice retreat in the
southern Norwegian Sea during late GS was probably coupled
with an enhanced advection of warm and saline surface waters
from the North Atlantic (24). This is consistent with glacial
model simulations using a freshwater hosing, which also revealed
a gradual northward migration and deepening of open-ocean
convection in the northern North Atlantic before rapid sea ice
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decline and abrupt climate change at GS-GI transitions (4, 14,
24). Moreover, planktic and benthic foraminiferal radiocarbon
evidence from core MD99-2284 points at a strengthening of
ocean convection accompanied by sea ice retreat in the southern
Norwegian Sea during the deglaciation, preceding the abrupt
climate change of the Bglling-Allergd interstadial by ~400y (48).
All this supports that thermohaline circulation changes in the
northern North Atlantic or other changes in the northward ex-
tent of the upper limb of the AMOC may have led to the sea ice
decline at GS-GI transitions (8-10, 14). Similar to this glacial
scenario, the observed sea ice reduction in parts of the modern
Arctic has been linked with a strengthening and warming of the
Atlantic inflow (57, 58), although anthropogenically altered ra-
diative forcing is likely an additional forcing of today’s sea ice
demise (59).

Changes in thermohaline circulation and sea ice cover in the
Nordic Seas may have resulted from changes in winds and the
subpolar gyre circulation in the glacial North Atlantic (60). A
steady and southward-shifted North Atlantic jet stream during
GS would have maintained a fresh and cold North Atlantic, a
reduced subpolar gyre circulation, and weakened northward
ocean heat transport, fostering an extensive sea ice cover (60). A
change toward a northward-shifted jet and generally stronger
winds over the North Atlantic would have forced a more
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vigorous subpolar gyre circulation and enhanced ocean heat
transport to the Norwegian Sea, leading to sea ice reduction (60).
It has also been suggested that thermohaline convective instability
beneath the stadial sea ice cover, resulting from subsurface
warming and surface salinity changes, might have led to an abrupt
sea ice decline and Greenland warming (15, 25, 26). It appears
that, rather than a sole trigger, coupled atmosphere—sea ice—ocean
dynamics in the subpolar North Atlantic, acting in a feedback loop
under glacial boundary conditions, may have produced the D-O
climate variability (60). Our proxy records and interpretation
suggest that various coupled atmospheric—sea ice—ocean changes
may have shifted gradually and led up to a threshold response in
sea ice cover and deep convection in the Nordic Seas.

In conclusion, our study provides unprecedentedly detailed,
spatially coherent, and temporally constrained and consistent
empirical evidence that resolves rapid large-scale sea ice decline
in the Nordic Seas occurring concomitantly with the glacial D-O
events, after an initial seasonal sea ice reduction in the southern
Norwegian Sea. Our results thus strongly support that rapid sea
ice decline and associated positive feedbacks shaped the transi-
tion from surface stratification to deep ocean convection in the
Nordic Seas and acted as critical tipping element that amplified
and possibly initiated the abrupt D-O climate change (10, 61). Our
findings also raise questions as to whether the currently observed
Arctic sea ice decline will lead to a similar destabilization of surface

1. G. S. Dieckmann, H. H. Hellmer, The importance of sea ice: An overview. Sea Ice 2,
1-22 (2010).

2. J. A. Screen, I. Simmonds, The central role of diminishing sea ice in recent Arctic
temperature amplification. Nature 464, 1334-1337 (2010).

3. J. Stroeve, M. M. Holland, W. Meier, T. Scambos, M. Serreze, Arctic sea ice decline:
Faster than forecast. Geophys. Res. Lett. 34, L09501 (2007).

4. E. Jansen et al., Past perspectives on the present era of abrupt Arctic climate change.
Nat. Clim. Chang. 10, 714-721 (2020).

5. W. Dansgaard et al., Evidence for general instability of past climate from a 250-kyr
ice-core record. Nature 364, 218-220 (1993).

6. K. K. Andersen et al.; North Greenland Ice Core Project members, High-resolution
record of Northern Hemisphere climate extending into the last interglacial period.
Nature 431, 147-151 (2004).

7. P.Kindler et al., Temperature reconstruction from 10 to 120 kyr b2k from the NGRIP
ice core. Clim. Past 10, 887-902 (2014).

8. A. Ganopolski, S. Rahmstorf, Rapid changes of glacial climate simulated in a coupled
climate model. Nature 409, 153-158 (2001).

9. A. Timmermann, H. Gildor, M. Schulz, E. Tziperman, Coherent resonant millennial-
scale climate oscillations triggered by massive meltwater pulses. J. Clim. 16, 2569-2585
(2003).

10. H. Gildor, E. Tziperman, Sea-ice switches and abrupt climate change. Philos. Trans. R.
Soc. Lond. Math. Phys. Eng. Sci. 361, 1935-1942, discussion 1942-1944 (2003).

11. C. Li, D. S. Battisti, D. P. Schrag, E. Tziperman, Abrupt climate shifts in Greenland due
to displacements of the sea ice edge. Geophys. Res. Lett. 32, L19702 (2005).

12. C. Li, D. S. Battisti, C. M. Bitz, Can North Atlantic sea ice anomalies account for
Dansgaard-Oeschger climate signals? J. Clim. 23, 5457-5475 (2010).

13. T. M. Dokken, K. H. Nisancioglu, C. Li, D. S. Battisti, C. Kissel, Dansgaard-Oeschger
cycles: Interactions between ocean and sea ice intrinsic to the Nordic seas. Paleo-
ceanogr. Paleoclimatol. 28, 491-502 (2013).

14. L. Menviel, A. Timmermann, T. Friedrich, M. H. England, Hindcasting the continuum
of Dansgaard-Oeschger variability: Mechanisms, patterns and timing. Clim. Past 10,
63-77 (2014).

15. G. Vettoretti, W. R. Peltier, Thermohaline instability and the formation of glacial
North Atlantic super polynyas at the onset of Dansgaard-Oeschger warming events.
Geophys. Res. Lett. 43, 5336-5344 (2016).

16. B. Hansen, S. @sterhus, North Atlantic-Nordic seas exchanges. Prog. Oceanogr. 45,
109-208 (2000).

17. B. Rudels et al., “Observations in the ocean” in Arctic Climate Change: The ACSYS
Decade and Beyond, P. Lemke, Ed. (Springer, 2012), pp. 117-198.

18. T. L. Rasmussen, E. Thomsen, The role of the North Atlantic Drift in the millennial
timescale glacial climate fluctuations. Palaeogeogr. Palaeoclimatol. Palaeoecol. 210,
101-116 (2004).

19. E. B6hm et al., Strong and deep Atlantic meridional overturning circulation during
the last glacial cycle. Nature 517, 73-76 (2015).

20. L. G. Henry et al., North Atlantic ocean circulation and abrupt climate change during
the last glaciation. Science 353, 470-474 (2016).

21..M. M. Ezat, T. L. Rasmussen, J..Groeneveld, Persistent.intermediate water warming
during cold stadials in the southeastern Nordic seas during the past 65 ky. Geology 42,
663-666 (2014).

Sadatzki et al.

stratification and to what extent this will further amplify climate
warming in the Arctic (2, 4, 55, 62).

Methods

Age models of cores MD95-2010 and MD99-2284 are based on stratigraphic
alignment of marine proxy records and the NGRIP 5'80 record, using signals
in ARM, near-surface temperature, and cryptotephra layers (SI Appendix,
Materials and Methods). Biomarkers were extracted from freeze-dried and
homogenized sediment samples using dichloromethane:methanol (2:1, volivol)
as solvent, separated into hydrocarbon and sterol fractions, and analyzed by gas
chromatography/mass spectrometry. Bromine and sodium contents in RECAP ice
core samples were analyzed by collision reaction cell-inductively coupled plasma-
mass spectrometry. Further methodological details are provided in S/ Appendlix,
Materials and Methods.

Data Availability. All proxy data presented in this study are available in
Datasets S1-S7. All study data are included in the article and S/ Appendiix.
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