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Global warming due to anthropogenic factors can be amplified or
dampened by natural climate oscillations, especially those involving
sea surface temperatures (SSTs) in the North Atlantic which vary on
a multidecadal scale (Atlantic multidecadal variability, AMV). Be-
cause the instrumental record of AMV is short, long-term behavior
of AMV is unknown, but climatic teleconnections to regions beyond
the North Atlantic offer the prospect of reconstructing AMV from
high-resolution records elsewhere. Annually resolved titanium from
an annually laminated sedimentary record from Ellesmere Island,
Canada, shows that the record is strongly influenced by AMV via
atmospheric circulation anomalies. Significant correlations between
this High-Arctic proxy and other highly resolved Atlantic SST proxies
demonstrate that it shares the multidecadal variability seen in the
Atlantic. Our record provides a reconstruction of AMV for the past
~3 millennia at an unprecedented time resolution, indicating North
Atlantic SSTs were coldest from ~1400-1800 CE, while current SSTs
are the warmest in the past ~2,900 y.
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he Atlantic multidecadal oscillation (AMO) involves large-

scale variations in sea surface temperature (SST) in the
North Atlantic region; during its positive phase, SST anomalies
are warmer in the North Atlantic, while during its negative
phase, colder SST conditions are observed. Although there ap-
pears to be a 40- to 80-y variation in North Atlantic SSTs, this is
based on the short instrumental record (~160y, barely capturing
two AMO cycles), and it is unknown whether the AMO is a
persistent climate phenomenon beyond the period of instru-
mental records. The term Atlantic multidecadal variability
(AMV) is considered more appropriate because the observed
multidecadal variability in the Atlantic may not be the result of a
single frequency but may reflect broader low-frequency signals
(1, 2). Within the instrumental period (1856 to present), the
AMYV was in a negative phase from ~1860-1880, ~1900-1925,
and from ~1965-1995, and in a positive phase at other times.
Observational evidence indicates that the AMYV has a substantial
impact on air temperature, with climatic teleconnections to re-
gions far beyond the North Atlantic (Fig. 14) (3). Among the
climate impacts of the AMV are droughts in the Sahel (4-8),
precipitation anomalies in South America (9), and hurricane
frequency in the Atlantic (6, 7, 10, 11). In this regard, knowledge
of AMYV fluctuations in the past is a valuable tool to understand
its future behavior and its potential global impacts. Currently, no
reconstructed AMV exists before ~500 CE, and the proxy net-
works used to derive reconstructed SSTs are mainly terrestrial
archives with no direct confirmation from paleoceanographic
data (12-14). This is because most marine records have low
temporal resolution (>40 y), making it challenging to calibrate
any marine records with the instrumental SST record. Here, we
show that Atlantic SSTs strongly influence the summer atmo-
spheric circulation over the Canadian High Arctic, with direct
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effects on air temperature and snow cover. This in turn affects
runoff and the sediment flux to lakes. Taking advantage of these
links, we use a 2,900-y annually resolved laminated sediment
record from Ellesmere Island, Canada, to reconstruct Atlantic
SSTs. We show that this reconstruction is strongly correlated
with several proxy records of North Atlantic SSTs and thus can
be confidently used as a proxy for AMV.

Study Site

South Sawtooth Lake (hereafter SSL; Fig. 14), located on the
Fosheim Peninsula, Ellesmere Island, is an 80-m-deep lake (16,
18) which became ice-free between 8,000 and 6,000 y cal B.P.
(19). Previous studies have shown that the sedimentary record
contains clastic varves (annual laminations) and that the main
sediment fluxes to the lake are primarily driven by snowmelt and
occasional summer rainfall events (16, 20). The presence of
several river channels that converge into one main inlet on the
east side of the catchment makes it an ideal lake to study the
hydroclimate of this region (SI Appendix, Fig. S1). Furthermore,
the lake’s bathymetry is characterized by a sill between the two
basins preventing coarse-grained sediments to reach the cor-
ing site (20). Computerized tomography scans (which provide
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AMV during summer in the North Atlantic. (A) Spatial correlation between instrumental AMV and 2-m temperature from ERA-Interim (15) from 1979

to 2019. The numbering 1-7 corresponds to sites referred to in the text: SSL (1), Rapid-17-5P (2), A. islandica from bivalve shells (3), BWTs at Malagen (4), SIC in
southeast Greenland (5), DYE-3 ice record (6), and G. bulloides abundance at Cariaco Basin (7). Map created using University of Maine Climate Reanalyzer,
https://climatereanalyzer.org/. (B) Annually fine grain size (% <16 pm) (16) compared to Ti at SSL (cps: counts per second) over the past 2,900 y. Data are
filtered by an 11-y Gaussian filter. (C, Upper) Comparison between SSL Ti (inverted values) and instrumental temperature (JJA, 3-y running mean) at Eureka
weather station located 60 km northeast of SSL. (C, Lower) Same as Upper, but using the unsmoothed (and unaltered) instrumental AMV from Kaplan SST

(17). Note that a turbidite dated to 1990 eroded 9 varves (16).

three-dimensional density data) and sediment accumulation rates
indicate that the input of clastic sediment was very constant and
uniform throughout the past 2,900 y (16). The varve chronology
is based on multiple varve counts made on scanning electron
microscope (SEM) images of 100 overlapping thin sections and is
confirmed by several independent dating techniques (16). In
modern times (past 120 y), radiometric dating shows excellent
agreement with the varve chronology (16). Previous analysis
showed that grain size is closely linked to summer temperature
such that cool summers are characterized by sediments with a
finer grain size (16). Furthermore, the finer grain-size fraction has
a high level of titanium (Ti), and so Ti measured by high-
resolution micro X-ray fluorescence (p-XRF) scanning can be
used as a proxy for summer temperature (Fig. 1 B and C).

Results

Large-Scale Teleconnection. Changes in the geopotential height
anomalies at 500 hPa across the North American High Arctic
and Greenland are strongly correlated with Atlantic SSTs; this
means that low pressure dominates the region during negative
phases of the AMV when SSTs are below average (and vice
versa). Low pressure in the High Arctic results in higher amounts
of snow and a longer period of summer snowmelt; at SSL, this
leads to higher levels of fine-grain sediments, containing a high
level of Ti, being transported to the lake. These relationships are
clearly shown in local weather records as well as in regional
maps. The temperature record from Eureka, the nearest weather
station to SSL (60 km northeast), shows good agreement with
both summer (June to August, JJA) AMV and Ti at SSL (r =
0.62, P < 0.0001, and r —0.64, P < 0.0001, respectively),
meaning cooler conditions occur during the negative phase of
the AMV (AMV-), and this leads to higher Ti input in the lake
(Fig. 1C). From May to August, higher snowfall is observed
during times of cooler temperatures associated with lower
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atmospheric pressure and increased cloud cover (21). This is
coherent with the spatial correlation between 500 hPa geo-
potential height and Ti at SSL which indicates a higher flux of Ti
during times of lower atmospheric pressure (Fig. 24). This pat-
tern is essentially the same, but reversed in sign compared to the
relationship between 500 hPa and AMV (Fig. 2B). Greater
summer anticyclonic activity, linked with AMV +, leads to higher
arctic temperatures and stronger sea ice loss, and less snowpack
in arctic watersheds (21-27). Map correlations between instru-
mental Atlantic SSTs (28) and Ti at SSL, and AMYV versus SSTs
show practically the same spatial patterns, but inversely corre-
lated (Fig. 2 C and D). As sediments are mainly delivered to SSL
by snowmelt (16, 20), anticyclonic conditions during AMV + lead
to decreased sedimentary input and correspondingly low levels of
Ti (Fig. 2E). This is also revealed in spatial correlation where
higher atmospheric pressure over most parts of North America
in times of AMV+ promotes a depleted snow depth year-round
(SI Appendix, Figs. S2 and S3).

Collectively, these relationships indicate that the SSL Ti re-
cord can be reliably used to reconstruct AMV variability. Ti at
SSL is strongly and negatively correlated to the instrumental
AMV (r = -0.57, P < 0.0001, Fig. 2E) using the unsmoothed and
unaltered version of the AMV (the detrended version also
yielded a strong negative correlation; r = —0.46, P < 0.001, not
shown). The maximum Ti concentration coincides with the
coldest SSTs in the North Atlantic from ~1900-1925 CE, while
lowest Ti values were found when SSTs were warmest, after
~2005 CE.

We use the strong correlation between the annual Ti record and
the instrumental AMV to reconstruct past AMV (JJA) variability
by regressing the Ti record onto the AMV (see Methods) to pro-
duce a 2,900-y reconstruction of the AMV (hereafter AMVgg; )
(Fig. 3). This shows multicentury and multidecadal variability in
the AMV, with relatively warm conditions from ~100 BCE to
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Fig. 2. Ti variability at SSL and its relationship with instrumental AMV. (A) Map correlation between Ti variability and atmospheric pressure at 500 hPa from
ERA-Interim (15) during summer (JJA) from 1979 to 2011. (B) Same as A but for the instrumental AMV (17) during summer (JJA) from 1979 to 2019. (C and D)
Same as A and B but Ti at SSL (1856-2011) and instrumental AMV (1856-2019) correlated to SST anomalies from the Extended Reconstructed Sea Surface
Temperature, version 5 (28). (E) Comparison between Ti at SSL (inverted values) and the instrumental summer (JJA) AMV over the instrumental period

1856-2011 (17). Yellow star (A and C) denotes the location of SSL record.

~420 CE (the “Roman Warm Period”), followed by generally
cooler conditions until the early 800s CE. This roughly corre-
sponds to the “Dark Ages Cold Period” [~410-775 CE (29)], al-
though there were short multidecadal warm intervals within that
period. The so-called “Late Antique Little Ice Age” (536-660 CE)
was also a period of cooler SSTs (30). However, the longest and
most persistent period of low SSTs was during the Little Ice Age
(LIA:13th-18th centuries CE). Temperatures have steadily in-
creased since the 15th century minimum; the rate and magnitude
of warming over the last few centuries are unprecedented in the
entire record, leading to the last decade which was the warmest of
the past ~2,900 y.

Our reconstructed AMVgg is compared to other recent AMV
reconstructions spanning the last 12-15 centuries in Fig. 4 4 and
B. In order to highlight the multidecadal variability of these re-
cords, a 21-y Gaussian filter has been applied to both series. The

Lapointe et al.

filtered time series denote periods of high covariability for the
past 12 centuries suggesting that the AMVg; provides a robust
long-term reconstruction, but additional confirmation is pro-
vided by comparison with more direct paleoceanographic proxies
(Fig. 4 C-H and SI Appendix, Tables S1 and S2).

High Temporal Resolution of Atlantic SST. To provide further evi-
dence that the SSL record is linked to Atlantic SST, we compare
the AMVgg with several highly resolved subdecadal marine re-
cords from across the North Atlantic (Fig. 4 and SI Appendix,
Tables S1 and S2). The Rapid-17-5P marine core, characterized
by extremely high temporal resolution (~6 y), has been used to
reconstruct thermocline temperature conditions south of Iceland
using paired Mg/Ca-5'%0 signals in the shells of the planktonic
foraminifer Globorotalia inflata over the past ~1,200y (31). As the
first 600 m of the water column at this core site are dominated by
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Fig. 3. Annual AMV changes over the past 2,900 y with a 30-y loess first-
order low-pass filter (red). The gray horizontal line is the estimated average
SST over the past 2,900 y (22.19°C). CWP denotes Current Warm Period.
Shaded gray regions represent the 95% confidence intervals on the annual
reconstructed AMVss,, based on uncertainty estimates (Methods).

the northward flow of the North Atlantic Current, this area is well
suited to record variability in North Atlantic SST (31). Comparing
the records, there is a strong correlation between the AM Vg and
the Rapid-17-5P SST, suggesting that our record captures well the
past SST variability in the vicinity of Iceland (Fig. 4C). Although
the marine record Rapid-17-5P has an impressive sample reso-
lution, its latest age is ~1793 CE. New cores from this location
have been collected and now extend the chronology to the
present day (32). These new data show a drastic shift from sub-
polar waters to warmer subtropical waters off southern Iceland
during the 20th century (32). Turborotalita quinqueloba, a fora-
minifer species that prefers cool and productive waters, has been
declining at an accelerating pace during the past century and
reached unprecedented low values in the last decade, in line with
the unprecedented increase in the AMVggy. (Fig. 4D). This sug-
gests a reduced influence of the subpolar gyre in recent decades
compared to the past several millennia (32). Slmﬂarly, off the
northern coast of Iceland, an annual record based on 6'%0 from
shells of the long-lived marine bivalve Arctic islandica is also cor-
related to AMVgg (Fig. 4E). Spatial correlatlon analysis in in-
strumental times (33) indicates that this 5'®O-shell record
correlates significantly with SST over much of Greenland, Iceland,
and the Norwegian Sea.

A high-resolution (subdecadal) reconstruction of sea ice con-
centration (SIC) for the coast of southeast (SE) Greenland
highlights increased values from ~1400-1750 CE (34). This pe-
riod coincides with the coldest SST anomalies in the North At-
lantic (Fig. 4F) during the LIA. The overall covariability between
the AMVgg1 and the sea ice proxy is good at the resolution of the
marine core. However, we note the existence of a lag of ~45 y
(sea ice leads) that is within the age uncertainties of the SIC
record from Miettinen et al. (34), who reported a similar lag
between the reconstructed SIC with reconstructed surface tem-
perature. Finally, a comparison between the highly resolved bot-
tom water temperature (BWT) at Malangen Fjord in Norway
(Fig. 1) and our record also shows compelling covariability
(Fig. 4G). This record, located ~2,800 km east of SSL, is a proxy
for Atlantic heat flux at this latitude and the strength of the North
Atlantic Current (37).

We also explored the AMVgg, with high-resolution records
from tropical North Atlantic sites. A statistically significant
negative correlation was found with the high-resolution (~1.46 y)
planktic foraminifer (Globigerina bulloides) abundance in the
Cariaco Basin, Venezuela (Fig. 1). This anticorrelated relation-
ship (Fig. 4H) is consistent with the spatial correlation between
the G. bulloides abundance and historical SSTs showing the
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highest negative anomaly in the North Atlantic (36). The G.
bulloides abundance reflects cooler, more nutrient-rich waters
and is associated with upwelling intensity and thus trade wind
strength (36). This provides another line of evidence that our
High-Arctic record is reliable as a proxy of multidecadal Atlantic
SST and implies the existence of large-scale teleconnections
between High-Arctic climate and basin-wide Atlantic variability.
The significant correlations between our High-Arctic record and
these widely distributed marine proxies, calculated from 10,000
bootstrap iterations using optimal block length (Methods and SI
Appendix, Tables S1 and S2), point to a common climate signal
linked to Atlantic SST variability.

The Past ~3,000 y. A significant correlation was found between
AMVgq and the DYE-3 8'%0 record from southern Greenland
(38), 2,000 km SE of SSL (Figs. 14 and 54 and SI Appendix,
Tables S1 and S2). This ice core record is situated in that part of
Greenland where the influence of North Atlantic maritime air
masses is strong, and this is reflected in higher snow accumulation
rates compared to the northern Greenland ice cores (39); it is thus
ideally located to track past high-variability North Atlantic SST
(40). The overall strong covariability between the AMVgg and
this ice core archive shows that southern Greenland and the Ca-
nadian High Arctic shared a common climate pattern over the
past ~3 millennia, driven by Atlantic SSTs (Fig. 54).
Reconstructed European temperature also show periods of high
covariability and a significant correlation with the AMVggp over
the past 2,000 y (Fig. 5B and SI Appendix, Tables S1 and S2) (41).
Observational evidence and climate models indicate that AMV +
has a strong influence on European summer temperature (43, 44).
We note too that our record is strongly correlated with a summer
pan-Arctic temperature reconstruction (41) (Fig. 5C) and with a
Northern Hemisphere summer temperature reconstruction based
on tree rings over the past ~1,250 y (Fig. 5D) (42). This adds
additional evidence that our High-Arctic lake record is recording
large-scale climate teleconnections that can be linked to AMV.

Discussion

The annually laminated sediments from SSL, Ellesmere Island,
are strongly correlated with the AMV, due to atmospheric tel-
econnections that affect summer temperatures and snow condi-
tions in the Canadian High Arctic, and thus sediment flux to the
lake. This is a robust and persistent relationship that can be seen
in multiple terrestrial and marine proxies from the Canadian
High Arctic, southern Greenland, Iceland and Norway, and the
Cariaco Basin spanning the last 2 millennia. The SSL Ti record
thus provides an excellent and unique 2,900-y proxy for AMV
(Fig. 3).

Atlantic SST multidecadal variability has been a persistent
feature of the climate system throughout the past ~3 millennia.
Spectral analysis indicates statistically significant spectral peaks
at ~11, 17, 32, 42, 83, and 112 y (SI Appendix, Fig. S4). The 11-y
cycle closely matches the 11-y cycle found in the sunspot record.
Without having a solid mechanism linking solar activity changes
of 0.01% and climate variability, we do not link the 11-y cycle
found in our record with solar forcing. However, we note that an
11-y cycle was detected in DYE-3 ice record and also the ~20-
and 43-y cycles (40). There was a strong 40-80 y periodicity during
the LIA (13th-19th centuries CE), but this was only statistically
significant in the interval during the 14th century and from ~1600
to present, a pattern compatible with another varve record in
Iceland (45). The AM Vg depicts a long cooling trend from ~990
CE to 1400 CE, leading to the coldest period of the past 2,900 y,
which occurred between ~1400-1605 CE. This is in line with in-
creased sea ice off SE Greenland, lower 830 values at DYE-3,
and overall cooler SSTs around Iceland and Norway. Starting
around the late 16th century, temperatures steadily rose, along with

Lapointe et al.
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Fig. 4. SSL record and its relationship with subdecadal Atlantic SST. (A) AMV based on the Ti record from SSL (AMVss) compared to reconstructed AMV (12).
(B to H) Same as A but AMVss, compared to AMV from Mann et al. (B) (13), ocean temperature south of Iceland from core Rapid-17-5P (C) (31), T. quin-
queloba (light blue) from core EN539-MC14-A and T. quinqueloba (dark blue) from core MC16-A (D) (32), the 5'80 from shells of the long-lived marine bivalve
A. islandica (E) (33), the SIC off SE Greenland (F) (34), the BWT at Malangen Fjord (G) (35); and G. bulloides abundance from Cariaco Basin (H) (36). In D, SPG
stands for subpolar gyre. Shaded gray regions represent the 95% confidence intervals on the reconstructed AMVss, based on uncertainty estimates
(Methods).

enhanced multidecadal variability as seen in the wavelet spectrum  growth in Western Greenland and Baffin Island starting as early as
of AMVssr. (SI Appendix, Fig. S4). ~1200 CE, and this atmospheric pattern could explain the onset of
The atmospheric pressure pattern in times of positive AMV  the LIA earlier in the western North Atlantic than in Europe (47,
(Fig. 2B) is reminiscent of the negative phase of the North At-  48). Sea salt concentrations from GISP2 (49), a relative proxy for
lantic Oscillation (NAO). This is consistent with the negative Icelandic Low (IL) and thereby NAO changes, highlight coher-
correlation seen between the region (reconstructed AMV and  ence with our record and reveal an abrupt deepening of the IL
Eureka weather station) and summer NAO (SI Appendix, Fig.  around 1400 CE, compatible with the strong declining trend in
S5). The DYE-3 ice record and temperature data from many AMVsg (SI Appendix, Fig. S6). Throughout the past 2,000 y, IL
weather stations in Greenland are also negatively correlated to  proxies indicate that periods of cooling, such as the Dark Ages Cold
NAO (46). The better covariability observed between AMVss,  Period and the LIA (Roman Warm Period, Current Warm Period),
and DYE-3 8'80 in comparison with European temperature  correspond to a strengthening of the IL, and vice versa (50).
might thus be attributable to the NAO influence on these two The dynamics between AMV and NAO is still not fully un-
distant regions. The NAO involves a dipole pattern whereby the  derstood (2). The impact of SSTs on the NAO has mainly been
positive phase is characterized by warmth in Europe and cooler  considered in the context of the NAO forced SST-tripole, the
temperature in the western North Atlantic region, and vice versa.  feedback of which is known to be weak (51). When considering
Of note is the strongest discrepancy between AMVgg and Eu-  the actual basin-scale SST associated with AMV, observational
ropean temperature occurring during the LIA, a feature not analysis and atmospheric model experiments show SST warming
reflected in most of the other proxies (Fig. 4). A persistent positive ~ (cooling) leads to more frequent negative (positive) NAO
state of NAO has been proposed to drive the periods of glacier  (52-54). We note that the AMV relationship to the NAO is an

Lapointe et al. PNAS | November 3,2020 | vol. 117 | no.44 | 27175

EARTH, ATMOSPHERIC,

AND PLANETARY SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014166117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014166117/-/DCSupplemental

Age (BCE) Age (CE)
A _10‘00 —5‘00 1‘ s?o 10‘00 15‘00 20‘007

22.4 ‘ }-27-2 O
22.3 ‘ ‘ ‘ s r.1<1
? ” I ‘ | 276 2.0
3922.27 | l . v ‘ \ ‘ | ‘ i " og
b I [

1A “H‘ / [ 20

22 i“ 7 -

' 284

R=042,p=10"

22.4

|
22.3+

AMV (SSL)
°C

22+

R=027,p=10"

- P n‘\'*\*””"l‘m" ,‘(W‘

32 S3DVd
sainjeladwa} adoing

‘Jl ‘ }0 §§
“ | I j'o's ;g
m | M” \“‘ M | ﬂ‘ﬂh :

u
i
\?

i -

AL

;'ll“ | hl |

pualiN sbuu-sa1}
alnjesedws) alaydsiuwaH UIBYLON Jowwng

22.4
22.3-]
go 22,2 1 “"‘
2 ‘ Il 4
< 2214 J i ety
| | |
22|
-5
R=0.25p=10
22,4
22.34
B, 222
N
E
22,1
22|
21.9+
R=033,p=10°
I I I I
-1000 -500 1 500
Age (BCE)

I I I
1000 1500 2000

Age (CE)

Fig. 5. Northern Hemisphere high-resolution proxy records spanning the past ~3 millennia. (A) Comparison between DYE-3 Greenland 520 record (38) and
the AMVsg (this study). (B and C) same as A, but AMVsg, is compared to European (B) and Arctic (C) temperature reconstructions over the past 2,000 y from
PAGES 2K (41). (D) AMVss, is compared with reconstructed Northern Hemisphere temperature based on tree rings (42). All time series filtered by a 21-y

Gaussian smoothing filter, except for the DYE-3 ice core record.

emerging area of research, and currently, inconsistencies in dif-
ferent reconstructions of the NAO (and AMV) before the in-
strumental period make it difficult to come to firm conclusions
(2). However, our record provides support for a link between

27176 | www.pnas.org/cgi/doi/10.1073/pnas.2014166117

AMYV and IL variability over the past 2,900 y, suggesting a pos-
sible link between AMV and long-term NAO in the past (S/
Appendix, Fig. S6). In summary, differences in the time series
may be related to changes in the NAO, but the overall strong
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coherence between them is associated with the background state
of the AMV.

Within the measurement period, the period post 2005 coin-
cides with unprecedented anticyclonic conditions in the region,
which have been linked to warmer Atlantic SSTs, negative NAO,
and increased Greenland Blocking Index (22, 25, 55, 56). These
sustained higher-pressure atmospheric anomalies have led to
record melting of Arctic Canadian ice caps and also the
Greenland ice sheet in the past decade and are associated with
decreased snow depth during summer which acts to decrease
albedo and further increase warming. Thus, the dynamics be-
tween NAO and AMV is a topic of great interest for future
melting of arctic ice caps, especially the Greenland ice sheet
(25). Importantly, all of the records shown here denote that the
warmest interval occurred during the past decade, which also
coincides with the retreat of subpolar conditions south of Iceland
(Fig. 4D). On a decadal-scale basis, results suggest that the re-
cent Atlantic warming is unparalleled in the context of the last
~2,900 y.

Methods

Geochemical p-XRF. p-XRF data were acquired using an ITRAX core scanner
available at Institut National de la Recherche Scientifique-Eau Terre Envi-
ronnement in Québec City. High-resolution geochemical variations (57) were
measured using a molybdenum tube. The data acquisition was performed at
100 pm resolution with an exposure time of 15 s. Voltage and current were
30 kV and 30 mA with counts per second ranging from 26,000-34,000. All
elements were normalized by the total of counts for each spectrum. To
obtain annually resolved p-XRF Ti data, we used the thickness of each layer
calculated in thin sections and averaged the values over the corresponding
depth year. A code was written to compute annual p-XRF in R (58).

Annual Grain Size. One hundred overlapping thin sections were made to span
the annually laminated section of the SSL varve record. Thin sections were
digitized using a flatbed scanner at 2,400 dots per inch (1 pixel = 10.6 pm).
Annual grain-size data were extracted using the image analysis technique
that uses high-resolution images (1,024 x 768 pixels, 1 pixel = 1 pm) collected
from thin sections at the SEM in backscattered electron (BSE) mode (Zeiss
Evo 50 SEM). Approximately eight thousand 8-bit gray-scale SEM images in
BSE mode were acquired to collect grain-size data for the past 2,900 y (16).

Instrumental AMV and Meteorological Data. The instrumental AMV has been
extracted from National Oceanic and Atmospheric Administration (NOAA)
(17). The instrumental AMV used in this study is from the Kaplan SST V2. The
data are monthly average SST interpolated to a 5 x 5 grid over the North
Atlantic, 0°-70°N (59). Correlation maps were prepared using the Climate
Explorer tool that is managed by the Royal Netherlands Meteorological In-
stitute (60). Atmospheric pressure data are from ERA-Interim reanalysis (15).
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Meteorological data from Eureka weather station (Ellesmere Island,
Canada) were extracted from the historical climate data from the Govern-
ment of Canada (61).

AMV Reconstruction. To estimate past summer SST in the North Atlantic
(0°-70°N) we use ordinary least squares regression between the Ti data at
SSL and instrumental AMV during summer (JJA). The uncertainty in the re-
construction (gray-shaded values in Figs. 3-5) was assessed using 95%
bootstrap confidence intervals from 2,000 bootstrap samples (62, 63).

Bootstrap Confidence Intervals for Correlations. For archives that are not
annually resolved, data were first resampled at the lowest time resolution of
the corresponding archive using linear interpolation (S/ Appendix, Table S1).
Then, correlation analysis between reconstructed AMVss, and several North
Atlantic proxy records was performed. r is the Pearson’s correlation coeffi-
cient, and Pis the probability that two uncorrelated datasets would exhibit a
stronger correlation. The percentile confidence intervals at 95% were cal-
culated from 10,000 nonparametric stationary bootstrap iterations (64) us-
ing optimal block length following Patton et al. (65). This analysis was done
using R package “tsboot” (66). S/ Appendix, Table S1 shows the correlation
results for the unfiltered data with the 95% confidence intervals.

The annual time series (12, 13, 33, 36, 41, 42) were filtered by a 21-y
Gaussian smoothing function (Figs. 4 and 5). For the subdecadal records,
i.e., the temperature (31) and the T. quinqueloba (32) records from southern
Iceland, the SIC SE Greenland (34) and the DYE-3 ice record (38) were filtered
by a 3-point Gaussian function (Fig. 4). The coefficient correlations and P
values found in Figs. 4 and 5 are the mean Pearson’s correlation and the
mean P values for the filtered data based on the 10,000 nonparametric
stationary bootstrap iterations with consideration for autocorrelation (67).
SI Appendix, Table S2 shows the same analysis but using a 21-y centered
running mean on the annual series and 3-point centered running mean for
subdecadal records, which yielded higher correlation coefficient.

Wavelet and Spectral Analysis. Wavelet analysis was carried out with the R
package “biwavelet” (58, 68), and spectral analysis was performed using the
software REDFIT (69) (S/ Appendix, Fig. S4).

Data Availability. The data are available from the World Data Center for
Paleoclimatology (70).
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