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C L I M A T O L O G Y

Evidence for extreme export of Arctic sea ice leading 
the abrupt onset of the Little Ice Age
Martin W. Miles1,2*, Camilla S. Andresen3†, Christian V. Dylmer4†

Arctic sea ice affects climate on seasonal to decadal time scales, and models suggest that sea ice is essential for 
longer anomalies such as the Little Ice Age. However, empirical evidence is fragmentary. Here, we reconstruct sea 
ice exported from the Arctic Ocean over the past 1400 years, using a spatial network of proxy records. We find 
robust evidence for extreme export of sea ice commencing abruptly around 1300 CE and terminating in the late 
1300s. The exceptional magnitude and duration of this “Great Sea-Ice Anomaly” was previously unknown. The 
pulse of ice along East Greenland resulted in downstream increases in polar waters and ocean stratification, 
culminating ~1400 CE and sustained during subsequent centuries. While consistent with external forcing theo-
ries, the onset and development are notably similar to modeled spontaneous abrupt cooling enhanced by sea-ice 
feedbacks. These results provide evidence that marked climate changes may not require an external trigger.

INTRODUCTION
The reduction in the Arctic sea-ice cover observed in recent decades 
is considered a leading indicator of climate change (1). Sea ice is, 
however, not only merely a passive responder but also an active 
agent of climate-system changes on seasonal to decadal time scales. 
Recently, seasonal-scale changes in atmospheric circulation patterns 
have been linked to reduced Arctic sea ice, leading to cold winters 
(2, 3). On a decadal scale, the Great Salinity Anomaly (GSA) of the 
1960s to 1970s (4) was the result of enhanced export of sea ice and 
freshwater from the Arctic Ocean through Fram Strait between 
Greenland and Svalbard, then carried to the subpolar North Atlantic 
by the East Greenland Current (EGC). There are also indications 
of a larger GSA during the late 19th to early 20th century (5, 6), 
suggesting that these are recurring events.

Numerical model experiments have suggested that feedbacks 
associated with increased sea-ice cover in the region—possibly in 
response to volcanism—are essential for explaining the onset and/or 
sustainment (7–11) of longer climate anomalies such as the Little 
Ice Age (LIA) (ca. 1350 or 1450 to 1850 CE) (12). There are, however, 
differences between and within models in the response to external 
forcing and nonlinear feedback mechanisms within the climate 
system. Furthermore, these studies have put forth no comparisons 
of empirical evidence to support the modeled sea-ice expansion in 
response to volcanism, with the exception of a single record of the 
presence of sea ice from North Iceland (13) in (8). More convincing 
support for model conjectures requires comparisons with geo-
graphically distributed sea-ice records with high temporal resolution 
to identify abrupt changes. Regional reconstructions of sea-ice 
extent based on terrestrial proxy networks are inadequate and, 
moreover, appear to suggest even reduced sea ice during the LIA (14).

Empirical evidence of past sea-ice variability from marine archives 
remains fragmentary, and there are differences in individual recon-
structions due to uncertainties in the proxies, as well as chronological 

issues and, generally, low temporal resolution. Marine sediment 
cores recording the presence of sea ice from several sites near 
Greenland have recently become more numerous and with temporal 
resolution high enough to detect abrupt changes occurring on 
decadal to century time scales. The advantages of synthesizing 
sea-ice records from multiple sites have been demonstrated using 
historical (15) and paleoceanographic records (12, 16–19).

Here, we synthesize marine-core records to reconstruct the vari-
ability of sea ice and polar waters emanating from the Arctic Ocean, 
exported through Fram Strait and transported toward the North 
Atlantic through the EGC and offshoot currents during the past 
1400 years. The spatial and temporal coverage of these data are 
commensurate to track the variability and changes across the Medieval 
Climate Anomaly (MCA) to LIA transition (ca. 1300–1450) (8, 12) 
and throughout the LIA.

RESULTS
Sea-ice reconstruction
The sea-ice reconstruction is based on paleo-proxy data derived 
from marine sediment cores containing material indicative of past 
sea-ice and ocean conditions. These records are based on multiple 
proxies, including direct sea-ice proxies (e.g., biomarker IP25, a 
biological compound produced by algae living in sea ice), indirect 
biological indicators (e.g., foraminifera and diatoms, with certain 
species more accustomed to colder water conditions), and miner-
alogical indicators [e.g., ice-rafted debris (IRD), mineral debris 
incorporated into sea ice during formation in shallow sea regions] 
(20). On the basis of multiple criteria—location, temporal range 
and resolution, chronological control, and proxy interpretation 
(see Materials and Methods and the Supplementary Materials)—we 
evaluated about 25 records and selected 12 records commensurate 
with the criteria. Eight of the records are within the extended EGC 
pathway around Cape Farewell and along Southwest/West Greenland, 
including the end point for the maximum observed extension of 
Arctic Ocean–origin sea ice (“Storis”) along Southwest Greenland 
(5). Four records are also included from sites outside the extended 
EGC pathway, located beyond the polar front and generally not 
reached by sea ice (in the modern record) except during major 
anomalous cold excursions: eastern Fram Strait, central Greenland 
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Sea, and the North Iceland shelf, the latter two influenced by the Jan 
Mayen Current and the East Icelandic Current, respectively. These 
outlying records are essential for detecting extreme positive sea-ice 
anomalies, because sea ice reaches them rarely. The locations of 
records are shown in Fig. 1, and details are given in Materials and 
Methods and the Supplementary Materials.

Arctic sea-ice export
To identify anomalies in Arctic sea-ice export, we initially focused 
on locations near the Fram Strait gateway between Svalbard and 
Greenland. The nearest core locations are from eastern Fram Strait 
and the Northeast Greenland shelf, sites that represent primarily sea 
ice exported from the Arctic Ocean rather than local formation.

The eastern Fram Strait data (cores MSM-5 MSM5/5-712-1 and 
MSM5/5-723-2) are based on two independent proxies (IP25 and 
IRD), both of which record a major incursion of sea ice in the 1300s 
(Fig. 2, A and B). The IP25 record (21) has its highest value in the 
1300s, although its century-scale resolution is insufficient to identi-
fy a sharp peak or abrupt change. The higher resolution IRD record 
(22) exhibits an abrupt increase around 1300 with elevated values 
through the 1300s followed by an abrupt decrease in the late 1300s.

The Northeast Greenland records (core PS2641) are based on 
two independent proxies (IP25 and foraminifera), both of which 
exhibit positive sea-ice anomalies in the 1300s CE. An IP25 recon-
struction (21) has its highest sea-ice biomarker value in the 1300s CE, 
although this record has century-scale resolution. Recently, higher- 

resolution reconstructions from the same core have been generated, 
based on IP25 and an independent proxy, the foraminifera Nonionellina 
labradorica, whose relative abundance is interpreted as an indicator 
of sea ice–related productivity (23). The N. labradorica abundance 
reconstruction with subdecadal resolution shows an abrupt increase 
around 1300 CE, with elevated values for several decades followed 
by an abrupt decrease in the late 1300s CE (Fig. 2, C and D, blue). 
This stands out as the singular extreme anomaly ( +3.3). Further-
more, a recent high-resolution IP25 reconstruction from PS2641 
also exhibits an abrupt increase in the late 1200s CE (18), the largest 
evident in the 5.2–thousand year (ka) record.

There are remarkable similarities between the eastern Fram 
Strait and Northeast Greenland records despite their spatial separa-
tion and chronological uncertainties. Both of the high-resolution 
records indicate a near century-scale positive sea-ice anomaly that 
began abruptly around 1300, peaked in midcentury, and ended 
abruptly in the late 1300s CE—both records even show the same dip 
between two maxima separated by ~30 to 40 years (Fig. 2, B and D). 
The two records also share some similar features of sea-ice variability 
in subsequent centuries in the LIA, recording four coincident peaks 
in Arctic sea-ice export between 1600 and the GSA that occurred in 
the 1960s to 1970s. However, while the eastern Fram Strait IRD 
record shows an increasing trend from the 1400s onward, the fora-
minifera record from Northeast Greenland has a slightly decreasing 
trend (Fig. 2D). The latter may be ascribed to proxy uncertainties, 
as although the relative abundance of N. labradorica is a sensitive 
marker for pronounced shifts in sea ice and polar waters, it may be 
less reliable as an indicator of the general background oceanic 
conditions upon which the sea-ice anomalies are superposed. An 
independent IP25 reconstruction (18) from the same site PS2641 
indicates a generally positive sea-ice trend during the LIA.

A record from the central Greenland Sea (core PS1878) (24) also 
exhibits a peak in IRD around 1300 CE, which, here, is an unambiguous 
indicator of a sea-ice incursion (Fig. 2E). Although the century-scale 
resolution of the record cannot resolve an abrupt change, the IRD 
peak was exceptional in the past 10 ka of that record, having a  +2.3 
based on the past 2 ka, and coincided with a strong 18O peak, indi-
cating the largest freshwater anomaly in the entire Holocene (24).

There are thus independent lines of evidence for extreme export 
of sea ice from the Arctic Ocean in the 1300s CE, unmatched in the 
millennial-scale records in terms of magnitude (2 to 3 ) and duration 
(several decades to near century). Moreover, the high-resolution 
records demonstrate that both the onset and termination of the sea-ice 
export anomaly were abrupt, within one to two decades each.

Downstream changes in sea ice
Downstream records from the East Greenland shelf in the Denmark 
Strait [Nansen Trough, core BS-1207 (25) and Kangerlussuaq Trough, 
core MD99-2322 (26)] show changes within the EGC pathway 
contemporaneous with the Arctic sea-ice export anomaly. The Nansen 
Trough record with bidecadal resolution based on the relative 
absence of the foraminifera Cassidulina teretis as an indicator shows 
a marked increase in sea ice and polar waters just before 1300 CE of 
several decades duration culminating around 1370 CE (Fig. 3A). A 
nearby decadal-resolution record from the Kangerlussuaq Trough 
(core MD-2322) that reconstructs sea ice based on diatom assem-
blages (26) shows high variability, including an abrupt increase 
in sea-ice concentration from <30 to >60% in the 1200s CE, with a 
positive anomaly lasting several decades, concurrent with an abrupt 

Fig. 1. Oceanographic setting and location of sea-ice proxy records. Bathymetric 
map of the Fram Strait gateway and downstream region [source: www.ibcao.org 
(42)]. Major surface currents are indicated: EGC, Jan Mayen Current (JMC), East 
Icelandic Current (EIC), Irminger Current (IC), and West Greenland Current (WGC). 
Red circles indicate location of marine sediment cores from the eastern Fram Strait 
(EFS); Greenland Sea (GS); Northeast Greenland (NEG) shelf; northwest Iceland 
(NWI) shelf; North Iceland (NI) shelf; Kangerdlussuaq and Nansen troughs, East 
Greenland (EG); Sermilik trough, Southeast Greenland (SEG); Igaliku Fjord, south 
Greenland (SG); Ameralik Fjord, Southwest Greenland (SWG); and Holsteinborg 
Dyp, west Greenland (WG). Data records based on the direct sea-ice proxy IP25 are 
outlined in white, and indirect indicators of sea ice and polar waters are outlined in 
black. Details are given in tables S1 and S2. Inset: Danish historical ice chart from 
the early 20th century showing the extension of the Arctic Ocean–origin sea ice 
(Storis) observed along Southwest Greenland (5).
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shift in diatom fluxes (27). On the Southeast Greenland shelf 
(Sermilik Trough, core Fox04G/05R) (28), sedimentological evidence 
based on grain sizes suggests a greatly intensified EGC transport 
abruptly arising in the late 1200s CE.

Sea ice appears on Icelandic waters only when there is a large 
export from the Arctic transported by the EGC and East Icelandic 
Current. Exceptionally well-dated, high-resolution records from the 
North Icelandic shelf (core MD-2275) show an abrupt increase in 
sea-ice proxy IP25 values (13) beginning in the 1290s CE, concurrent 
with an abrupt decrease in sea temperatures derived from alkenone 
biomarker paleothermometry (Fig. 3, B and C) (29). The IP25 data 
indicate a positive sea-ice anomaly lasting 60 to 80 years, with a 
moderate decadal-scale amelioration in the middle of the period, before 
decreasing abruptly in the late 1300s CE. Afterward, there were largely 
ice-free conditions in the 1400s CE, until returning to a sustained 
period of generally more ice from the 1500s to the early 1900s CE. The 
sea-temperature proxy decreased by 1.5°C during the 1300s CE, and 
the lower temperatures were sustained for centuries (Fig. 3C). Multi-
proxy evidence from another marine core from the Northwest Iceland 
shelf (30) also supports the concept of an abrupt ocean-ice regime 
shift in the 1300s that remained generally sustained for centuries.

Farther downstream in the EGC extension around Cape Farewell, 
three records along the West Greenland Current (WGC) exhibit 
changes in the 1300s CE. First, a diatom record from Igaliku Fjord, 

South Greenland (31) shows a rapid increase in sea-ice taxa and 
EGC influence in the late 1200s, increasing until about 1400 CE 
(Fig. 3D). Second, a similar shift is evident in diatoms and foraminifera 
assemblages from a core in Ameralik Fjord, Southwest Greenland 
(32). Third, a record from Holsteinborg Dyb, West Greenland, 
which represents the end point for Arctic Ocean–origin sea ice 
along the EGC/WGC pathway, has an abrupt increase in Arctic sea-
ice diatoms in the early 1300s CE (Fig. 3E) (33). Further support for 
a regime shift at the Holsteinborg Dyb location comes from benthic 
foraminifera that indicate a distinct shift from well-mixed to stratified 
water column and surface flora indicative of sea ice (34).

Together, the disparate records from the entire Storis pathway 
from Fram Strait to Western Greenland show a reasonably coherent 
signal of a near century-scale sea-ice anomaly that began around 
1300 CE, chronological uncertainties notwithstanding. The exceptional 
magnitude of this “Great Sea-Ice Anomaly” (GSIA) is indicated 
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Fig. 2. Arctic sea ice and polar waters from Fram Strait to the Greenland Sea. 
Sea-ice and ocean reconstructions from marine sediment cores. (A) Eastern Fram 
Strait, based on IP25 (21). (B) Eastern Fram Strait, based on IRD (22). (C) Northeast 
Greenland shelf, based on IP25 (21). (D) Northeast Greenland shelf, based on 
benthic foraminifera (23). (E) Central Greenland Sea, based on IRD (24). Blue shading 
represents the period of increased sea ice spanning the 1300s CE.
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Fig. 3. Arctic sea ice and polar waters downstream in the subarctic North 
Atlantic. Sea-ice and ocean reconstructions from marine sediment cores: (A) Nansen 
Fjord, East Greenland, based on foraminifera (25), inverted scale. (B) North Iceland 
shelf, sea ice based on IP25 (13). (C) North Iceland shelf sea surface temperatures 
(SSTs) based on alkenones (29), inverted scale. (D) South Greenland Fjord, based on 
diatoms (31). (E) West Greenland shelf, based on diatoms, five-point running 
average (33). Blue shading represents the period of increased polar waters and 
sea ice spanning the 1300s CE.
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by the standardized scores of the anomalies in the 1300s CE. As 
the sea-ice indicators were on the order of 2 to 3 SDs () above their 
mean, this anomaly can be considered statistically extreme.

DISCUSSION
Upstream and downstream changes
Although all of the high-resolution records show a change that 
commenced abruptly in the late 1200s or around 1300 CE, there is a 
notable difference between the “upstream” records near the Arctic 
Ocean and “downstream” records along the extended EGC/WGC 
system (Fig. 4, A and B, respectively). The upstream records repre-
senting sea-ice export have a maximum peak in the mid-1300s CE 
during the sea-ice pulse that ended abruptly in the late 1300s 
(Fig. 4A). The downstream records—while sharing the abrupt increase 
in the presence/influence of sea ice and polar waters beginning 
in the early 1300s CE—are characterized by a steady century-long 
increase culminating around 1400 CE. Similar to the records 
upstream, the episode lasted nearly a century, but the maximum 
values of the polar water and sea-ice proxies occur at the end of the 
century and are generally sustained from the 1400s CE throughout 
the LIA into the 1800s, with generally positive  values (Fig. 4B). 
The intermediate records (i.e., Denmark Strait and the North Iceland 
shelf) share characteristics of upstream and downstream records, 
with a peak in the mid-1300s CE, followed by lower values in the 
1400s CE and then generally colder though variable ocean condi-
tions in subsequent centuries until the 20th century.

A plausible explanation for the upstream records displaying a 
sea-ice peak in the mid-1300s CE while the downstream records are 
characterized by a steady century-long increase in colder waters and 
sea ice is that the sea-ice export anomaly cumulatively led to condi-

tioning of the upper ocean downstream, with colder sea-surface 
temperatures and freshening near the surface. Supporting evidence 
for a stratified water column is inferred from downstream records 
from the Southeast (28) and Southwest/West (34) Greenland shelf.

A relevant question is whether this apparent regime shift along 
the EGC-WGC system propagated further downstream into the 
Labrador Sea and, subsequently, led to reduced deep-water forma-
tion and a weaker subpolar gyre (SPG) circulation, which has been 
proposed as a mechanism for initiating LIA-type cooling episodes 
(11, 12, 16). Evidence from paleoceanography from the Labrador 
Sea is, however, not unequivocal with regard to timing. Multiproxy 
reconstructions from the Eirik Drift in the eastern Labrador Sea 
south of Greenland show large fluctuations in the 1300s CE, with a 
shift toward cooling and more polar waters in the second half of the 
century (16, 17). A separate Mg/Ca temperature reconstruction (35) 
from the same location shows an abrupt cooling and freshening 
(T ~−1.7°C and S ~0.7 per mil) commencing in the early 1300s 
CE and reaching its nadir around the end of the century, which mirrors 
the upstream increases in sea ice and polar waters. Accordingly, the 
GSIA identified here may have been the specific event that contributed 
to subsequent changes in the SPG and broader North Atlantic 
circulation around the onset of the LIA (12, 16).

Initiation of the GSIA
The underlying cause of the initiation of the GSIA is a fundamental 
question. One explanation is that it was caused by an increase in the 
frequency and/or magnitude of explosive volcanism beginning in 
the 1250s CE and a decrease in solar irradiance (e.g., Wolf minimum 
1280–1350 CE), as several modeling experiments have studied the 
role of volcanism and solar forcing in initiating and/or sustaining 
LIA-like climate anomalies through a cascade of sea-ice feedbacks 
(7–11). The timing and abruptness of the sea-ice anomaly described 
here are consistent with the contention that decadally paced volcanism 
(fig. S1) could have triggered the initial sea-ice expansion (8). 
However, while “an explanation of the onset of the LIA does not 
require a solar trigger” (8), it may not require a volcanic trigger 
either. Although forced model runs suggest the sea-ice response to 
volcanism to be large, abrupt shifts also appear in unforced model 
runs. Model control simulations have suggested the intriguing 
possibility that such a large cooling event could arise spontaneously 
without external perturbation (36–38). While not identical in the 
magnitude or duration of the cooling events, independent results 
from modern, refined models (37, 38) share common features: (i) 
extreme positive anomalies in sea-ice east off Greenland lasting 
several decades, (ii) EGC intensification, (iii) anomalous northerly/
northwesterly winds east of Greenland associated with a persistent 
Greenland Blocking pattern, and (iv) further development and 
enhancement of the cold anomaly through regional sea-ice feedbacks.

These seemingly unrealistic “ugly duckling” (39) model results 
are provocative; however, none of them have been supported with 
empirical evidence. The most pertinent modeling study (37) found 
a century-scale cooling event in the northern North Atlantic with 
the same time scale as the GSIA identified here. The modeled se-
quence matches the spatial and temporal patterns of reconstructed 
sea-ice anomalies (fig. S2). In the model, positive sea-ice anomalies 
begin in the Greenland Sea as a result of an abrupt increase in Fram 
Strait ice export, subsequently enhanced through increased sea-ice 
growth in the Greenland Sea, which then supported the development 
of colder ocean and atmospheric conditions leading to atmospheric 

A

B

Fig. 4. Comparison of anomalies upstream near the Arctic sea-ice export 
gateway and downstream anomalies in the subarctic. (A) Anomalies ( units) in 
sea ice upstream: eastern Fram Strait [purple (21) and dark blue (22)] and Northeast 
Greenland [aqua (23)]. Blue shading represents the period of increased sea ice 
peaking in the mid-14th century CE (indigo). (B) Anomalies ( units) in ocean and 
sea-ice conditions downstream: North Iceland shelf, inverted scale [teal (29)], south 
Greenland [green (31)], and west Greenland, five-point running average [black 
(33)]. Blue shading represents the period of increased polar waters and sea ice 
culminating in the late 1300s CE (indigo).
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circulation anomalies characterized by an increased Greenland 
Blocking with frequent northerly and northwesterly winds. This 
eventually led to strongly positive sea-ice anomalies of Southwest 
Greenland decades after the initial increase in sea-ice export 
through Fram Strait (37). Here, our reconstruction from South and 
Southwest Greenland (Fig. 3D and fig. S2) also shows an abrupt and 
steady increase in sea ice and polar waters through the 1300s, reaching 
a maximum at the end of the century, decades after the midcentury 
peak seen in the sea-ice records from Fram Strait and Northeast 
Greenland (Fig. 2, A to D, and fig. S2). Furthermore, from a prove-
nance study of iron oxide grains in the marine core MD99-2263 
from Northwest Iceland (40), there are also indications of a peak in 
Arctic Ocean–origin IRD in the late 1200s CE, followed by a peak in 
East Greenland–origin IRD a few decades later. Arctic Ocean–origin 
IRD indicates northerly wind, whereas Greenland-origin IRD indicates 
northwesterly/westerly winds, supporting the modeled atmospheric 
circulation changes (37).

The reconstruction described here provides strong empirical 
evidence in support of the provocative modeling studies (36–38) that 
suggest that abrupt multidecadal to century-scale cooling events 
can arise spontaneously. This interpretation, however, does not 
exclude the possibility that external forcing—volcanic and solar—may 
have contributed to the onset and/or development of LIA condi-
tions, as suggested from forced modeling studies (7–11). Regardless 
of the initial cause of the sea-ice expansion, important aspects are 
the implications of Arctic sea-ice export for the downstream condi-
tions and for sustaining cool periods such as the LIA, underscoring 
the importance of sea-ice feedbacks in the climate system. Further-
more, our reconstruction provides evidence of an Arctic Ocean– 
origin sea-ice anomaly that may have contributed to the demise of 
the Norse colonies in Southwest Greenland in the 14th and 15th 
centuries CE (38). Last, our finding of extreme export of Arctic sea 
ice leading to a sustained cooling period also has important impli-
cations for predicting Arctic climate change. In a warming future 
climate with reduced sea ice, GSA-like events will be important, as 
frequent purges of sea ice and freshwater from the Arctic Ocean 
driven by anomalous winds are anticipated (41).

MATERIALS AND METHODS
Data records
The paleo-data records analyzed here were derived from marine 
sediment cores using various proxies indicative of sea-ice and ocean 
conditions (20). Four strict evaluation criteria were used for selecting the 
records for inclusion from those available: (i) Spatial location within 
the polar front (Fig. 1) where sea ice and polar waters are generally 
present or within the Arctic front reached by Arctic origin sea ice 
under anomalous conditions; if there are several nearby cores, e.g., 
North Iceland shelf, then only one or two records were selected 
(based on the other criteria) to represent the location; (ii) temporal 
coverage extending back at least one millennium, i.e., covering the 
transition from the MCA to LIA, preferably with decadal-to-century 
temporal resolution; (iii) chronological control constrained with at 
least four radiocarbon dates in the past millennium; and (iv) proxies 
with demonstrated ability to record the presence of sea ice and/or 
polar waters, preferably with multiple proxies from the same core.

On the basis of these criteria, we selected 12 commensurate 
records (i) spanning the length of the extended EGC pathway from 
Fram Strait to Cape Farewell and the WGC, with the Holsteinborg 

Dyb record (WG in Fig. 1) being the northernmost end member for 
the extension of the Arctic sea ice along west Greenland, and (ii) 
located beyond the polar front (including the Jan Mayen Current 
and East Icelandic Current) including “end members” for maximum 
sea-ice excursions: east Fram Strait, central Greenland Sea, and 
North Iceland, locations not generally reached by Arctic sea ice in 
modern record except for anomalous situations such as the GSA. The 
locations of the records are shown in Fig. 1, and details are given in 
tables S1 and S2.

Climatic interpretation of proxies
Several different proxies for sea ice and polar waters are included, 
both direct sea-ice proxies (IP25) from three sites and indirect proxies 
for sea ice and polar waters from several sites. South of Denmark 
Strait, no IP25 reconstructions are available, so indirect proxy indi-
cators of sea ice and polar waters are used. The original interpreta-
tions of the authors are maintained. While each record is based on 
measured quantities, the proxies represent the relative presence or 
absence of sea ice and polar waters rather than geophysical quantities. 
These are, however, scalar quantities that are amenable to qualita-
tive analysis and objective comparison of the magnitude of changes 
using standardized anomalies.

Age control
No adjustments were made to the temporal resolution or chronolo-
gies of the individual records, whose characteristics are summarized 
in tables S1 and S2. The century-scale resolution records were used 
to flag anomalies that were then studied further using high-resolution 
(decadal) records. The high-resolution records also have better age 
control, particularly those dated with precise markers such as tephra 
(13, 29), allowing the onset, duration, and magnitude of changes in 
sea-ice and ocean characteristics to be identified. Comparison 
between sediment cores is limited by the inherent lack of absolute, 
accurate dating; however, the characteristics of the GSIA and smaller 
distinctive anomalies seen in subsequent centuries match remarkably 
well not only in duration but also in timing within a decade or two. 
Together, the high-resolution records from multiple sites around 
the EGC system strongly suggest a contemporaneous event.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eaba4320/DC1
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