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CLIMATOLOGY

Little Ice Age abruptly triggered by intrusion of Atlantic

waters into the Nordic Seas

Francois Lapointe* and Raymond S. Bradley

The Little Ice Age (LIA) was one of the coldest periods of the postglacial period in the Northern Hemisphere. Al-
though there is increasing evidence that this time interval was associated with weakening of the subpolar gyre
(SPG), the sequence of events that led to its weakened state has yet to be explained. Here, we show that the LIA
was preceded by an exceptional intrusion of warm Atlantic water into the Nordic Seas in the late 1300s. The intru-
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sion was a consequence of persistent atmospheric blocking over the North Atlantic, linked to unusually high solar
activity. The warmer water led to the breakup of sea ice and calving of tidewater glaciers; weakening of the block-
ing anomaly in the late 1300s allowed the large volume of ice that had accumulated to be exported into the North
Atlantic. This led to a weakening of the SPG, setting the stage for the subsequent LIA.

INTRODUCTION

The Little Ice Age (LIA) was the coldest period in the Holocene in
the Northern Hemisphere (NH). It began in the 13th century be-
cause of a drop in temperatures (following the eruption of Samalas
in 1257 CE), but temperatures fell abruptly again in the early 15th
century (). There is evidence that this period was caused by increased
Arctic sea ice export that led to cooling in the North Atlantic (2, 3).
Several studies have argued that this cooling anomaly resulted in
reduced meridional heat transport by the Atlantic Meridional Over-
turning Circulation (AMOC) (4-6), although this hypothesis is not
supported by a recent reconstruction of AMOC strength (7) or by
transient model simulations (2). The AMOC has only been directly
monitored since 2004, and understanding of its long-term variability
is limited (8). In contrast, the Atlantic multidecadal variability (AMV),
a basin-wide index of sea surface temperature (SST) variability in
the North Atlantic, is based on more than a century of instrumental
data (6). A hot spot of AMV changes is located on the subpolar gyre
(SPG) (9), and so, proxy records that track SST's from this area are
very valuable to better understand the long-term AMV evolution.
The SPG’s influence on the North Atlantic and the Arctic Ocean is
an important feature of the climate system as it modulates the trans-
port of heat in the Labrador and Nordic Seas both in the preindus-
trial and the anthropogenic era (10).

In fully coupled climate models with strong AMOC variability,
the presence of a basin-wide horseshoe-shaped warming pattern over
the North Atlantic is consistent with the observed positive phase
of the AMV (11, 12), with warming in the subpolar North Atlantic
(SPG) and cooling in the Gulf Stream region (Fig. 1) (9, 11, 13).
During the negative phase of the AMYV, the opposite pattern prevails.
Hence, investigating how this dipole AMV fingerprint changed
during the transition from Late Medieval time into the LIA may
provide insights into the state of the AMOC, and associated tele-
connections, during that period.

In recent years, an increasing number of marine records with
subdecadal temporal resolution—sufficient enough to detect abrupt
changes in the overturning circulation—have been reported (7, 14).
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These records are crucial to understand the long-term evolution of
the AMV (AMOC) and whether it underwent rapid changes in strength.
In a recent study, a period of extreme sea ice export in the mid to
late 14th century was documented and linked to the coldest condi-
tions in the North Atlantic that occurred in the 1400s (15). This
export of sea ice is thought to have triggered the shutdown of deep
convection in the SPG (16-18). Furthermore, a strong weakening of
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Fig. 1. AMOC SST fingerprint. Multimodel mean correlation map between the
low-frequency AMOC at 26°N and SST (72). Stars numbered 1 to 16 denote location
of sites referred in the figures. The reconstructed AMV at South Sawtooth Lake (1),
August temperature in Vgring Plateau off Norway (2), Eastern Fram Strait IRD (3),
Atlantic water influence based on C. neoteresis in Western Fram Strait (4), East
Greenland Strait N. labradorica (5), North Icelandic shelf temperature based on
3'®0 from bivalve shells (6), IRD in Denmark Strait (7), the RAPiD-35-COM §'%0
T. quinqueloba (8), percentage of Atlantic species in Disko Bugt (9), the RAPID-21-
COM sortable silt in the ISOW (10), Gulf of Maine reconstructed SST from bivalve
shells (11), titanium (%) in the Cariaco Basin (12), Quelccaya ice record 5'%0 (13),
Huagapo speleothem 5'%0 (14), and Lake Bosumtwi lake level inferred from 5'%0
(15). The James Ross Island ice core record with annually resolved 8D is shown (16).
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the AMOC may be linked to a southward shift of the intertropical
convergence zone (ITCZ), as seen in numerous models (19, 20) and
in paleoclimatic records across a range of time scales (21, 22), im-
plying linkages between the AMV, AMOC, and ITCZ over the past
millennium (6, 20). Here, using highly resolved records (mostly
subdecadal) from key sites, we provide multiple lines of evidence
that warm Atlantic water intrusion into the Nordic Seas occurred in
the 1300s, and this positive AMV anomaly played a key role in the
weakening of the SPG strength leading to a decline of the AMOC in
the early 1400s, followed by intensive cooling. We ascribe the un-
usual 14th century intrusion of warm water to an exceptional period
of North Atlantic blocking that led to enhanced warm water advec-
tion into the Nordic Seas.

RESULTS
North Atlantic Current north of 55°N.
Reconstructed Atlantic SSTs show an anomalously cold period
from ~1400 to 1620 CE, which is unique in the context of the past
~3 millennia (23). Before this abrupt temperature decline, the AMV
shows a double warm peak in the 14th century, around 1320 and
1380 CE, and a trough in the mid 1300s, a pattern remarkably similar
with another well-dated reconstructed AMV record (24). In the
Voring Plateau off Norway, a diatom-based SST reconstruction
highlights warmer conditions through the late 1300s (Fig. 2A). This
marine record is highly resolved (2 to 17 years, subdecadal on aver-
age) and located under the direct influence of the Norwegian Atlantic
Current, a poleward extension of the Gulf Stream where warm and
saline Atlantic water enters the Arctic (25). There is significant
covariability between AMV and this proxy (past 1000, r = 0.29,
P < 0.0001). SST warming in the late 1300s is also reflected in the
foraminifera Neogloboquadrina pachyderma (dextral and sinistral)
from the Voring Plateau (fig. S1) (26), indicating that this warming
was not simply confined to summer months. Fourteenth century
warming is also expressed in a high-resolution marine record off
western Svalbard (27), in eastern Fram Strait: Two maxima in ice
rafted debris (IRD) were in phase with the two warm peaks of the
reconstructed AMV (Fig. 2B) (23). These higher amounts of IRDs
are related to increasing iceberg/sea ice abundance originating from
western Svalbard and may be the result of calving induced by the
warmer SST's (28). In Northeast Greenland (western Fram Strait), two
prominent peaks of lower 8'*0 from Cassidulina neoteretis are in
phase with the warm peaks found in the AMV (Fig. 2C). Low
Cassidulina neoteretis 5°0 indicates high calcification temperature
that is linked to the inflow of Atlantic water (29). We also note that
a warm peak at ~1000 CE also coincided with higher Atlantic SSTs
(Fig. 2C). Similarly, in a highly resolved (<20 years) marine record
off the central Greenland shelf (at 73°N), the strongest increase in
Nonionellina labradorica in the past ~1500 years was also in the late
1300s (Fig. 2D). This species is diagnostic of productive intermedi-
ate Atlantic waters, i.e., the water associated with a strengthening of
the East Greenland Current (EGC) (30, 31). Without any chrono-
logical adjustments, the coherence between the east Fram Strait
IRD record and variations in N. labradorica over the past ~700 years
is especially notable (r = 0.62; fig. S2 and Supplementary Text).
Further downstream around the Denmark Strait, IRD reaches its highest
Holocene values at ~1380 CE (Fig. 2D) (32).

Before the 20th century, the greatest positive SST anomaly in an
annually resolved marine oxygen isotope from the North Icelandic
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shelf was also at ~1350 to 1380 (Fig. 3A) (33). A similar pattern is
also recorded by 5'%0 in the DYE-3 ice core record (23). Because of
its southern location on Greenland, the DYE-3 ice record is sensitive
to North Atlantic warming (23). Uncertainties in the chronology of
these marine records may be associated with temporal offset among
them; however, they all have chronological tie points in the period of
interest. In addition, the fact that they exhibit two peaks at the end of
the 1300s suggests a contemporaneous climatic event (Supplementary
Text). Collectively, these records all point to an anomalously strong
poleward flux of heat into the northeastern North Atlantic in the
late 1300s extending as far north as the West Spitsbergen Current (27)
with a concomitant strengthening of the EGC (Fig. 2, A to D).

Strong volcanic eruptions in the mid 1200s resulted in increased
sea ice extent and glacier growth in the Arctic (34, 35). Hence, ex-
ceptionally extensive and thick Arctic sea ice characterized the
beginning of the LIA in the mid to late 1200s, and so, an Atlantic
Water intrusion would have had a significant calving impact, simi-
lar to conditions reported in modern times (36). The fact that the
reconstructed AMYV is in phase with increased IRD and many
Atlantic SST-related proxies from the Nordic Seas point to an ex-
treme calving event around 1380 CE that triggered what seems to be
one of the most extreme calving events in millennia (Fig. 2D) (15).
Although there is no direct evidence of the sea ice conditions off
Svalbard at that time, we speculate that the late 1300s was a period
of massive calving and export of sea ice caused by the returning
Atlantic waters.

The availability of highly resolved proxies from the Labrador Sea
also enables an investigation of the anomalies seen in the late 1300s
in the downstream path of the EGC. §'*0 in planktonic foraminifera
(N. pachyderma), a proxy for near-surface water properties, shows
low values during the interval ~1320 to 1380, indicating a reduction
in polar water in the Labrador Sea (Fig. 3B) (14, 18). This is further
corroborated by a shift to lower 8'°0 of Turborotalita quinqueloba,
indicative of warmer SST conditions (18). This indicates the increased
presence of relatively warm and salty Atlantic waters in this area
(14), in line with the reconstructed Atlantic SSTs (Fig. 3, B and C).
We note that this relationship (between subpolar salinity from 0 to
1500 m in the SPG and the AMV) is clearly seen in the instrumental
period (fig. S3).

There is also evidence for warmer SST's in western Greenland at
the end of the 14th century. The percentage of warm Atlantic water
indicators at Disko Bugt abruptly increased around 1380 CE, includ-
ing Melonis barleeanus, an Atlantic water species, which reached
unprecedented abundance during this period (Fig. 3D) (37). Together,
the coherent spatiotemporal increase in all these highly resolved re-
cords across a vast swath of the North Atlantic highlights that the
AMV (warm Atlantic SSTs) was a critical precursor to the extreme
ice anomaly of the late 14th century (15).

AMOC fingerprint during the transition from the late 1300s

to the 1400s

A new sortable silt record from the Iceland-Scotland Overturning
Water (ISOW) region (14) has an extremely high temporal resolu-
tion (~6 years) throughout the past 3000 years. A notable feature of
this record is the period 1400-1620 CE, which shows the strongest
increase in ISOW concomitant with an abrupt decrease in SSTs.
Strong ISOW flow speeds are interpreted as resulting from a reduc-
tion in Labrador Sea Water in the Icelandic Basin, associated with
weaker deepwater formation in the Labrador Sea (14). This abrupt
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Fig. 2. Upstream and downstream path of the North Atlantic Current in the Arctic. (A) Reconstructed August temperature in the Vering Plateau (25), compared to
AMV. (B) High-resolution IRD on the Eastern Fram Strait [core MSM5/5-712 (28)]. The IRD data were detrended to remove the neoglacial cooling trend. (C) C. neoteretis, a
proxy for warm Atlantic waters in Western Fram Strait (core PS93/025) (29). (D) N. labradorica, a proxy for chilled Atlantic waters from core PS2641-4 (30) and IRD reported
in Denmark Strait (32). The AMV is filtered by a 21-year Gaussian filter, and the gray-shaded area is the 95% confidence level of the reconstruction (23).
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Fig. 3. SPG SST anomalies in the past ~2000 years. (A) 5'20 of bivalve shells in the Iceland basin (33) shelf compared to the AMV. (B) Sea surface conditions in
the Labrador Sea from §'%0in N. pachyderma (red) in site RAPiD-35-COM (74) and green (18). (C) T. quinqueloba 5'80 from site RAPID-35-25B at Eirik Drift (18). (D) Percentage
of warm water indicators at Disko Bugt, South West (SW) Greenland with the individual Atlantic species Melonis barleanus (37).

anomaly, which occurred within two decades, is unprecedented in
the past ~3000 years. It indicates that higher ISOW flow speeds were
associated with lower Atlantic SSTs, consistent with the notion of
weak deepwater formation (a contracted SPG) in the Labrador Sea

Lapointe and Bradley, Sci. Adv. 7, eabi8230 (2021) 15 December 2021

during the coldest interval of the LIA that started in the 1400s
(Fig. 4A). A recent reconstruction of AMOC (7) covaries generally
well with the AMV (Fig. 4B and fig. S4), as revealed by a significant
negative correlation (r = —0.26, P < 0.001; annual). The reconstructed
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AMOC index is based on the difference between the SPG and the
NH temperature, and so it is reasonable to expect that these proxies
exhibit similar variability because our record is itself correlated with
SPG SSTs (Fig. 3 and fig. S3) (23). Of note is the very strong AMOC
during the early phase of LIA (~1400 to 1600 CE), with greatest
values in the mid 1400s (Fig. 4B), which is at odds with the general
view that a weakened AMOC prevailed during the LIA. However,
because this AMOC index is based on the difference between the
SPG and the NH temperature, higher values of this index would be
expected as the NH temperature is known to have been much colder
during the LIA. Thus, investigating other key hot spots of the AMOC
fingerprint may help to better resolve conditions during the LIA and
the transition in the 14th to the 15th century.

There are few highly resolved records of past SST's from the U.S. East
Coast, but one reconstruction overlaps the period of the late 1300s.
The coolest period recorded in a unique annually resolved SST record
from the Gulf of Maine (38) is in phase with the strong positive AMV
of the late 1300s (Fig. 4C), indicating a dipole SST anomaly between the
SPG and the U.S. East Coast, diagnostic of a strong AMOC (Fig. 1).
Conversely, weakened deepwater formation during the 1400s resulted
in the opposite dipole pattern of SSTs, with warmer conditions in the
Gulf Stream region (U.S. East Coast) and cooler SST's in the North
Atlantic (SPG) (Fig. 4C). This is a feature also seen in reconstructed
SST from Chesapeake Bay on the U.S. East Coast (fig. S5) (39).

Late 14th century climate anomaly as expressed from
tropical proxy records
Studies of instrumental data, model simulations, and paleoclimatic re-
cords over a wide range of time scales have shown that a reduction
in AMOC strength leads to a rapid atmospheric response, most no-
tably in the southward displacement of the ITCZ and associated
convective rainfall (5, 6, 20, 22). Accordingly, southward migration
of the ITCZ during the LIA has been documented in Asia (40, 41),
Africa (42), South America (43, 44), Central America (21), and North
America (45). In the Pacific, the southward migration of the ITCZ
during the LIA period was preceded by a more northerly ITCZ in
the late 1300s (44), as shown by lower (higher) 3D values of lipids in
the tropical central Pacific (Washington Lake at 5°N), which details
wetter (drier) conditions that closely match the AMV (Fig. 5A). To
investigate further whether past AMV changes were linked to shifts
in the ITCZ, we examined subdecadally resolved proxy records from
tropical regions known to be sensitive to variations in the ITCZ. In-
creased titanium in Cariaco Basin sediments throughout the 14th
century is associated with enhanced precipitation over the Orinoco
Basin, indicating times when the ITCZ position shifted north (fig.
S6) (43). In addition, planktic foraminifer Globigerina bulloides
abundance in the Cariaco Basin, a proxy for upwelling intensity,
decreased (increased) sharply in the late 1300s (early 1400s) in close
agreement with the reconstructed AMV (23). This is coherent with
weakened (strengthened) trade winds during periods of warming
(cooling) of the North Atlantic and associated shifts in the ITCZ
(20). This is further supported by strong positive excursions of '*0
in the extremely well-dated Huagapo Cave speleothem (46) and
Quelccaya ice core records (47), all suggestive of drier conditions in
Peru (Fig. 5B and fig. S6). The annually resolved Quelccaya ice re-
cord also reveals that the end of the 1300s was characterized by the
lowest ice accumulation of the past thousand years (Fig. 5C).

In Western Africa, authigenic carbonate 8'°0 in Lake Bosumtwi
is associated with the balance between precipitation and evaporation

Lapointe and Bradley, Sci. Adv. 7, eabi8230 (2021) 15 December 2021

(48). As the lake is a closed basin, the lower 8'%0 is indicative of a
higher lake level and vice versa (48). Reconstructions highlight that
periods of high precipitation are associated with periods of positive
AMV (48), in line with observations and climate model simulation
(6). A salient feature of the record from Lake Bosumtwi is the abrupt
increase in lake level (decrease in 8'30) that occurred in the late
14th century, consistent with what would be expected from a posi-
tive AMV (Fig. 5D). The return to drier lake conditions during the
LIA (increased 8'®0) from ~1400 to 1615 corresponds to cooler SST's
in the North Atlantic. The synchronicity among these proxies and
particularly the in-phase double peak seen in the 14th century is
remarkable given the distance and suggests a more northerly ITCZ
in the late 1300s, followed by a southward displacement in the early
1400s (Fig. 5 and fig. S6) as expected from model simulations of the
climatic response in the Tropics to a slowdown in AMOC.

DISCUSSION

There are few studies that have investigated the role of Atlantic water
on the EGC strength; however, recent monitoring indicates that the
returning Atlantic Current is a key component of the EGC. Obser-
vational and model evidence show that the evolution of the barotropic
Arctic Ocean outflow to the baroclinic conditions of the EGC is
modulated by the recirculation of Atlantic water in the Fram Strait
(49). As the north Atlantic waters reach closer to the east Greenland
shelf break, the Arctic Ocean outflow becomes restricted to an in-
creasingly narrow band along the shelf break, causing the EGC to
gain velocity. Hence, this is indicative that both the Arctic Ocean
water and Atlantic returning water combine to form the EGC (49).
Several observational studies have also shown that the Atlantic re-
circulation extends to 78°N and can reach as far as or beyond 81°N
(49, 50). On the basis of the paleo evidence shown in this study
(Figs. 2 and 3), the late 1300s was a period of strengthened North
Atlantic Current that resulted in strong Atlantic recirculation in the
Fram Strait region that enhanced the EGC strength. A coupled climate
model simulation, with an improved representation of the Gulf Stream
extension, shows that increased melting of Arctic sea ice is strength-
ened by an inflow of warm Atlantic waters, which characterizes the
positive phase of the AMV (51). In both models and observations,
the EGC is then pivotal in driving the southward transport of sea
ice. It takes ~20 years after the maximum positive AMV to weaken
the deep convection and terminate the AMV warm phase (51). This
result is in agreement with the two decades that elapsed between
~1380 (maximum positive AMV) and an abrupt decline of Arctic
sea ice in Fram Strait, with a strong increase in sea ice in the down-
stream region (EGC through West Greenland Current) culminating
in the 1400s (15).

It has been established that positive phases of the AMYV, i.e., a
warmer and more saline subpolar Atlantic ocean, result in more per-
sistent atmospheric blocking over the North Atlantic (80°N-30°N,
50°W-40°E) (52). A comparison of monthly reconstructed Greenland/
European 500-hPa geopotential height (80°N, 30°N-50°W, 40°E)
with the reconstructed AMV shows strong covariability, indicating
that the reconstructed AMV captures these blocking events (Fig. 6A).
There is a strong increasing trend in the 500-hPa geopotential
height from ~1980 to the present, in line with a weakened polar jet
stream over the North Atlantic region and increasing atmospheric
blocking events. These modern linkages imply that the strong and
sustained positive AMV around 1380 CE was also a period of enhanced
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blocking as shown by warmer SSTs in the SPG and Nordic Seas
(Figs. 2 and 3). After 1380 CE, with a reduction in blocking and a
weakening of the influx of warm saline water into the Nordic Seas, a
flushout of Arctic sea ice through Fram Strait occurred, reaching
a peak in the 1400s (15). We propose that atmospheric blocking over

Lapointe and Bradley, Sci. Adv. 7, eabi8230 (2021) 15 December 2021

the North Atlantic led to a warmer and more saline subpolar Atlantic
Ocean, i.e., the positive AMV phase, and a subsequent increase in
sea ice export via the EGC (53-56). Recent conditions offer an anal-
ogy to this situation. The strongest blocking episode of the past five
decades [1960 to 1965; figure S8 in (52)] promoted the accumulation
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Fig. 6. AMV, Atlantic blocking, and solar forcing. (A) The winter (December to February) North-Atlantic/European atmospheric pattern as seen in the reconstructed
500-hPa geopotential height in the region 80°N-30°N, 50°W-40°E (87) compared to the reconstructed annual AMV. In purple is the 500-hPa geopotential height from the
20th century reanalysis V3 (82) from 1950 to 2015. (B) Reconstructed annual solar modulation parameter (red) (65) with reconstructed annual AMV. The solar activity re-
construction is shifted 7 years toward present (increasing correlation occurs between -2 lag and +11 years, solar leads, r=0.31, P<0.0001). The 500-hPa geopotential

height anomalies are filtered by a 5-year Gaussian filter to improve visibility.

of Arctic sea ice in the 1960s followed by a flushout in the 1970s that
contributed to a weakened SPG and AMOC few years after (56).
Reconstructed Arctic sea ice extent reveals low values around ~1400
(57). This is in accordance with the removal of Arctic sea ice that
culminated in the 1400s, and it suggests that the post-1380 CE
reduction in blocking was a key driver of sea ice loss via increased
transport in the EGC, seen in both models and paleo data (Fig. 2).
This subsequently led to sea ice accumulation downstream in the
subpolar region (15), while higher latitude Arctic sea ice remained
low in the early 1400s (15, 51, 56, 57).

Variability in winter blocking frequency in the Atlantic/European
sector has been linked to the 11-year solar cycle (58-62). Blocking
response to solar activity increases for both high and low solar phases,
but with a different spatial pattern (blocking center) for each phase
(61). Periods of high solar activity (as recorded by '*C in tree rings)

Lapointe and Bradley, Sci. Adv. 7, eabi8230 (2021) 15 December 2021

are associated with Atlantic blocking episodes located over south
Greenland, whereas during lower solar activity, blocking tends to be
confined to the eastern Atlantic (61-63). Periods of persistent
atmospheric blocking over Greenland are associated with warmer
conditions and increased SST (64); hence, the strong solar activity
documented in the mid to late 1300s may have promoted more per-
sistent blocking over Greenland that allowed Atlantic SST to reach
the SPG and the Nordic sea more readily.

Figure 6B compares the reconstructed AMV with the most re-
cent reconstruction of solar activity that spans the past millennium
at (sub)annual temporal resolution (65). There is a high covariability
between these two datasets, most notably in the mid to late 1300s
period of higher solar activity (Fig. 6B). This anomalous period of
high solar forcing is consistent with the hypothesis of increased at-
mospheric blocking over the western North Atlantic and Greenland
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(60, 61), leading to increased high-latitude moisture transport and
warmer conditions in southern Greenland (Fig. 3) (63, 66).

The existence of an SST dipole, similar to that during the
strengthening of the AMOC (Fig. 1), is also a spatial pattern depicted
during the North Atlantic atmospheric blocking anomalies of the
early 1960s (figs. S8 and S9). A warmer SPG (increased blocking
during positive AMV) coincides with cooler SST on the U.S. East
Coast, a feature that maximizes at alag of 6 to 7 years (64), coherent
with the AMV leads in the paleo record (fig. S7), and the antiphase
relationship seen during the 1300-to-1400 transition (Fig. 4B). Al-
though this is based on one individual annually resolved SST in the
Gulf of Maine that ends in the late 15th century, a highly resolved
SST record in Chesapeake Bay also shows abnormally cooler SSTs
during the ~1380s (fig. S5), adding support to our hypothesis. None-
theless, given the lack of highly resolved SST proxy records from
this region, it is unknown whether this dipole SST anomaly was a
persistent feature lasting until the 1600s, highlighting the need to
collect other annually resolved SST record from this region where
the SST fingerprint of the AMOC is strongest (6).

Transient simulations of the preindustrial period depict one of
the strongest increases in SPG strength between 1350 and 1380
(67, 68) in the past millennium, which is notably contemporaneous
with the strong positive AMV. This suggests that high solar forcing
in the mid to late 1300s, coincident with low volcanic activity, had a
profound impact on regional atmospheric circulation. The increase
in the SPG strength during the period ~1350-1380 is accompanied
by anomalously high wind stress curl, salinity, and mixed layer
depth (late winter) over the SPG (68). These simulations also high-
light that higher meridional heat transport occurred at 26°N, and
meridional stream function averaged between 35°N and 45°N at
1000-m depth, similar to what would be expected from a strengthen-
ing of the AMOC.

The decades shortly after the 1600s stand out with the strongest
increase in ISOW flow speeds during the coolest AMV conditions
(Fig. 4A). In transient simulations of the past millennium, this period
coincided with extended and thicker sea ice following the cluster of
volcanic eruptions in the 1600s (68). This resulted in the reduction
of surface heat losses causing more stability in the overlying atmo-
sphere and positive anomalies of winter sea level pressure, especially
persistent over the western subpolar North Atlantic. A substantial
reduction of the wind stress curl over the subpolar basin is thereby
simulated during the 1600s (68). The increase in ISOW flow speeds
during the 1600s was associated with the SPG west-east density gra-
dient that reached lowest values in this period, consistent with ob-
servations and paleo evidence (14, 69).

We note that the AMOC is complex and still poorly understood
(8, 70). While some studies show a link between increased cool-
ing of the SPG and a reduction of the AMOC (4-6), others do not
associate a weakened SPG to a declining AMOC (2, 68). Model
simulations without greenhouse gas forcing suggest that ocean heat
transport to the Arctic is enhanced by AMOC strengthening (10),
whereas under global warming, heat transport to the Arctic is
shown to be intensified even with the weakening of the AMOC
(10, 67, 71, 72).

Dima and Lohmann (73) identified two distinct modes of vari-
ability in global SST datasets: one global (associated with the gradual
decline of the global thermohaline circulation since ~1930s) and the
second due to multidecadal SST changes in the Atlantic i.e., the
AMV. The global mode is associated with interhemispherically

Lapointe and Bradley, Sci. Adv. 7, eabi8230 (2021) 15 December 2021

symmetric warming (or cooling) in both northern and southern
oceans and represents a long-term forcing. In contrast, the Atlantic
mode is related to rapid SST warming in south Greenland and SST
cooling in the Antarctic, reminiscent of a seesaw pattern (73, 74),
and is linked with rapid change in the overturning circulation span-
ning interannual to decadal time scales (73). Although there is no
highly resolved SST reconstruction in the Southern Ocean to inves-
tigate a possible interhemispherically contrast pattern in the late
1300s, a unique annually resolved ice core record from James Ross
Island (75), located west of Weddell Sea, depicts unusual cooling
remarkably coeval with the strong and warm AMYV of the late 1300s
(Fig. 4C). The ice core record is strongly correlated with air tem-
perature from nearby weather station (75), which is itself correlated
with SST of the surrounding seas (fig. S10). Together, the spatial
patterns seen in the late 1300s (early 1400s), i.e., extreme precipita-
tion/drought in the tropics (Fig. 5), cooler (warmer) SST anomalies
along the U.S. East Coast (Fig. 4 and figs. S5 and S8), and cooling
(warming) in the southern Atlantic, are all diagnostic of rapid
strengthened (weakened) AMOC fingerprint (6, 73, 74, 76). These
anomalies are also detected during periods of North Atlantic blocking,
such as in the 1960s (fig. S8), and they are essentially reversed during
the North Atlantic cooling from ~1970s to 1985s (fig. S11) (74). This
North Atlantic cold period, known as the Great Salinity Anomaly,
was concurrent with a weakened AMOC likely induced by in-
creased sea ice export from the Arctic (56). These rapid changes are
in line with studies showing that abrupt climate events linked with
fast AMOC variations are reflected by the interhemispheric SST di-
pole (73, 76-78). Therefore, we speculate that the reconstructed
AMOC (Fig. 4B) (7), which integrates a network of proxy from
around the NH, may be more sensitive to the long-term “global
mode” defined by Dima and Lohmann (73) and may not efficiently
capture the rapid changes involved from the Atlantic mode, such as
the two peaks seen in the late 1300s.

The reconstructed AMYV illustrates persistent cooling conditions
lasting from 1400 until the early 1600s, making it a very long cold
period. While we conjecture that the Atlantic water intrusion in the
late 1300s was a key driver for the onset of the LIA in the early 1400s,
it cannot alone explain a two centuries weakening (cooling) of the
SPG as shown in observations and models (79, 80). Other climate
feedbacks, principally a sequence of major explosive volcanic erup-
tions coincident with reductions in emitted solar irradiance, helped
to maintain this persistent cooling (34, 63). In brief, this study high-
lights through observational and paleo evidence that anomalous
blocking in the 14th century, linked to extremes in solar activity and
low volcanic forcing, led to the intrusion of warm Atlantic water
into the Nordic Seas (51), which, in turn, resulted in the export of
large amounts of ice into the North Atlantic, with downstream ef-
fects on the SPG and possibly the AMOC strength. This sequence of
events was the precursor to the main phase of the LIA.

MATERIALS AND METHODS

Proxy records

The climate records used in this study were selected on the basis of
three criteria: (i) They were characterized by high temporal resolu-
tion (<20 years when available); (ii) those in the (sub)Arctic North
Atlantic had to be located within the track of the poleward exten-
sion of the North Atlantic Current (including the EGC and the
Western Greenland Current); and (iii) to reduce the chance of
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temporal offset between the different proxies, they had to overlap
the period of interest: the transition from the 14th to 15th century
with at least one chronological tie point located in the period of in-
terest (see Supplementary Text). The fact that most of them exhibit
the two peaks at the end of the 1300s strongly suggests a contempo-
raneous climatic event.

To investigate the “SST AMOC fingerprint” that is warming in
the subpolar region and cooling in the Gulf Stream region (eastern
U.S. coast), we used a rare highly resolved record from the Gulf of
Maine with annual resolution (38). Because the AMV also has link-
age with changes in the ITCZ (20), we chose climate records known
for their sensitivity to ITCZ shifts, but again focusing with sufficient
temporal resolution (less than <20 years). All the sites are shown in
Fig. 1. The solar modulation data (65) were linearly interpolated at
the annual scale. It is based on absolutely dated tree ring records
from England and Switzerland.

Instrumental data

The monthly reconstructed gridded European fields for the 500-hPa
geopotential height is based on the area from 80°N to 30°N and
50°W to 40°E on a 2.5 grid (81). We then compared our recon-
structed AMV with the 500 hPa from the 20th century reanalysis
project v3 (82) using the same spatial coverage (80°N-30°N and
50°W-40°E) to extend the comparison until 2011. Note that other
spatial coverage over the North Atlantic (500 hPa) also revealed
strong covariability with our reconstructed AMV (not shown),
including the coverage used in (52, 56). For figs. S8 to S11, we used
the NOAA (National Oceanic and Atmospheric Administration)
Extended SST v5 (83), the NCEP/NCAR (National Centers for
Environmental Prediction/National Center for Atmospheric Research
Reanalysis) was used for the precipitation rate anomaly (84), and
ERA-Interim reanalysis was used for atmospheric pressure anomaly
(85). The ISHII data version 6.13 shown in fig. S3 and used in (71)
isan “AMOC” proxy subsurface temperature and salinity at 24 levels
in the upper 1500 m during 1945-2012. It is from M. Ishii and can
be obtained at https://rda.ucar.edu/datasets/ds285.3/.

Datasets in the main text

The reconstructed AMV from (23) can be obtained at www.ncei.
noaa.gov/access/paleo-search/study/31353

North Atlantic Current poleward of 50°N

August temperature in Vering Plateau off Norway from (25)
was accessed online on 27 December 2020 at www.ncei.noaa.
gov/access/paleo-search/study/17475. Eastern Fram Strait IRD
from (28) was accessed online on 29 December 2020 at https://
doi.pangaea.de/10.1594/PANGAEA.761540. Atlantic water in-
fluence based on C. neoteresis in Western Fram Strait from (29)
was accessed online on 5 January 2021 at https://doi.pangaea.
de/10.1594/PANGAEA.923844. East Greenland Strait N. labradorica
from (30) was accessed on 27 December 2020 at https://doi.
pangaea.de/10.1594/PANGAEA.898355. IRD reported in Denmark
Strait from (32) was accessed on 28 December 2020 at https://
doi.pangaea.de/10.1594/PANGAEA .898363. 5'°0 of bivalve shells
in the Iceland basin from (33) was accessed on 20 December 2020 at
www.ncei.noaa.gov/access/paleo-search/study/20448. Sea sur-
face conditions in the Labrador Sea from 8'%0 in N. pachyderma (red)
in site RAPiD-35-COM from (14, 18) were accessed on 15 January 2021
at www.ncei.noaa.gov/access/paleo-search/study/22790. T. quinqueloba
580 from site RAPiD-35-25B at Eirik Drift from (18) was accessed
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on 17 January 2021 at https://doi.pangaea.de/10.1594/PANGAEA.
874286. Data for the percentage of warm water indicators at Disko
Bugt, South West Greenland with the individual Atlantic species
Melonis barleanus from (37) were kindly supplied by D. Wangner.
ISOW sortable silt from (14) was accessed on 16 February 2021 at
www.ncei.noaa.gov/access/paleo-search/study/22790.

AMOC fingerprint

Reconstructed AMOC (7) was accessed on 28 June 2021 at www.
pik-potsdam.de/~stefan/material/amoc.txt. Reconstructed SST in the
Gulf of Maine from bivalve shells (38) was accessed on 20 February 2021
at www.ncei.noaa.gov/access/paleo-search/study/6405. Annually re-
solved 8D ice core record from James Ross Island, Antarctica from
(75) was accessed on 21 May 2021 at www.ncei.noaa.gov/access/
paleo-search/study/14201.

The late 1300s as expressed in tropical proxy records

8D at Washington Lake, Central Pacific from (44) was accessed on
22 May 2021 at https://www.ncei.noaa.gov/access/paleo-search/
study/29432. Huagapo Cave 5'%0 in Peru (46) was accessed on
7 January 2021 at www.ncei.noaa.gov/access/paleo-search/study/16405.
Ice accumulation in meters at Quelccaya Ice Cap, Peru (47) was ac-
cessed on 22 March 2021 at www.ncei.noaa.gov/pub/data/paleo/
icecore/trop/quelccaya/quelccaya2013nd-decadal.txt. 8'°0 at Lake
Bosumtwi (48) was accessed on 24 February 2021 at www.ncei.noaa.
gov/access/paleo-search/study/8657.

Atmospheric and solar forcing

The winter (December to February) North Atlantic/European atmo-
spheric pattern from (81) was accessed at www.ncei.noaa.gov/access/
paleo-search/study/6392. Reconstructed annual solar forcing (65)
was accessed on 1 February 2021 at www.nature.com/articles/
s41561-020-00674-0#Sec16.

Datasets in the Supplementary Materials

SST in the Voring Plateau from (26), as seen in fig. S2, was accessed
on 3 January 2021 at https://doi.pangaea.de/10.1594/PANGAEA.
820582. Integrated subpolar salinity from (71), as seen in fig. S3,
was accessed on 5 July 2021 at https://rda.ucar.edu/datasets/ds285.3/.
The Chesapeake reconstructed SST from (39), as seen in fig. S5, was
accessed on 29 August 2021 at www.ncei.noaa.gov/pub/data/paleo/
contributions_by_author/cronin2010b/cronin2010b-composite.txt.
Titanium concentrations from the Cariaco Basin off Venezuela from
(43), as seen in fig. S6, were accessed on 8 April 2021 at ftp://ftp.
ncdc.noaa.gov/pub/data/paleo/contributions_by_author/haug2001/
cariaco_ti.txt. Quelccaya ice core record 5'%0 in Peru from (47), as
seen in fig. S6, was accessed on 17 March 2021 at www.ncei.noaa.
gov/access/paleo-search/study/14174

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi8230
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