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With amplified warming and record sea ice loss, the Arctic is the
canary of global warming. The historical Arctic warming is poorly
understood, limiting our confidence in model projections. Specif-
ically, Arctic surface air temperature increased rapidly over the
early 20th century, at rates comparable to those of recent decades
despite much weaker greenhouse gas forcing. Here, we show that
the concurrent phase shift of Pacific and Atlantic interdecadal
variability modes is the major driver for the rapid early 20th-
century Arctic warming. Atmospheric model simulations success-
fully reproduce the early Arctic warming when the interdecadal
variability of sea surface temperature (SST) is properly prescribed.
The early 20th-century Arctic warming is associated with positive
SST anomalies over the tropical and North Atlantic and a Pacific
SST pattern reminiscent of the positive phase of the Pacific decadal
oscillation. Atmospheric circulation changes are important for the
early 20th-century Arctic warming. The equatorial Pacific warming
deepens the Aleutian low, advecting warm air into the North
American Arctic. The extratropical North Atlantic and North Pacific
SST warming strengthens surface westerly winds over northern
Eurasia, intensifying the warming there. Coupled ocean–atmosphere
simulations support the constructive intensification of Arctic warm-
ing by a concurrent, negative-to-positive phase shift of the Pacific
and Atlantic interdecadal modes. Our results aid attributing the his-
torical Arctic warming and thereby constrain the amplified warming
projected for this important region.

early 20th-century Arctic warming | Pacific decadal variability | Atlantic
multidecadal variability | ocean–atmosphere interaction | climate variability

The Arctic has warmed faster than the global average by a
factor of 2 or more since the mid-20th century, a phenome-

non known as the Arctic amplification. The recent temperature
warming over the Arctic is strongly linked to a drastic reduction
in sea ice extent since the 1970s, contributing to the Arctic am-
plification through positive ice-albedo feedbacks (1–3). A similar
rapid warming occurred in the Arctic during the early 20th
century (4–8). Compared with the recent warming, the early
20th-century Arctic warming (hereafter referred to as the early
Arctic warming) is mysterious as greenhouse gas (GHG) radia-
tive forcing was three to four times weaker than at present (9)
and changes in sea ice extent were small (10). The comparison of
these two warming epochs suggests that mechanisms other than
GHG forcing are important for the early Arctic warming.
Several hypotheses have been proposed for the early Arctic

warming, including intensified natural forcing due to decreased
volcanic aerosols and increased solar radiation (11, 12); increased
cloud long-wave emissivity due to sulfate aerosols transported from
Central Europe (6, 13); uncertain but possible reduction in the
Arctic sea ice extent (4, 5, 14); variability of the North Atlantic
ocean–ice–atmosphere system (15); and atmospheric internal vari-
ability (16). Neither coupled ocean–atmosphere models nor atmo-
spheric models driven by historical radiative forcing and observed
sea surface temperature (SST)/sea ice are yet able to simulate the
observed early Arctic warming (5, 14, 16, 17), hampering the study
of this important phenomenon. Overlooked is the possibility that
interdecadal SST variations may be underestimated in recon-
structed datasets (18), especially before 1950 when observations

were sparse. In other words, the contribution of oceanic variability
to the early Arctic warming could have been underestimated. We
show that it is indeed the case; atmospheric model simulations
capture the early 20th-century Arctic warming when interdecadal
SST variations are properly prescribed. Our objective is to in-
vestigate the influence of oceanic internal variability on the early
Arctic warming, with a particular focus on the Pacific and Atlantic
interdecadal variability, and atmospheric circulations.

Results
Observed and Simulated Arctic Warming During the Early 20th
Century. The Pacific decadal variability (PDV) and Atlantic
multidecadal variability (AMV) are characterized by warm and
cold anomalies of the Pacific and North Atlantic SST. Their
dominant patterns are known as the Pacific Decadal Oscillation
(PDO) (19) and Atlantic Multidecadal Oscillation (AMO) (20).
We define the PDV index as the principal component of the first
empirical orthogonal function (EOF) for detrended SST anom-
alies over the Pacific (120°E–70°W, 50°S–60°N) by taking ac-
count of its extension to the tropical and South Pacific (19, 21).
The AMV index is defined as the SST anomaly averaged over
the North Atlantic (60°W–0°, equator–70°N) (22). Supported by
reconstructed SSTs and climate proxies (23–27), these two
interdecadal modes shifted from the cold to warm phase about
the same time in the mid-1920s, in sync with the Arctic warming
(Fig. S1). This concurrent shift provides a unique opportunity to
explore the combined influence of PDV and AMV on the Arctic
climate. This section presents 35-y trend patterns for 1908–1942,
a period when the Pacific, Atlantic, and Arctic mean land surface
air temperature (LSAT) all drastically warmed (Fig. S1).

Significance

Arctic amplification is a robust feature of climate response to
global warming, with large impacts on ecosystems and socie-
ties. A long-standing mystery is that a pronounced Arctic
warming occurred during the early 20th century when the rate
of interdecadal change in radiative forcing was much weaker
than at present. Here, using observations and model experi-
ments, we show that the combined effect of internally gener-
ated Pacific and Atlantic interdecadal variabilities intensified
the Arctic land warming in the early 20th century. The syn-
chronized Pacific–Atlantic warming drastically alters planetary-
scale atmospheric circulations over the Northern Hemisphere
that transport warm air into the Arctic. Our results highlight
the importance of regional sea surface temperature changes
for Arctic climate and constrain model projections in this
important region.
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We first compare SST trend patterns from two different
datasets: the European Centre for Medium-Range Weather
Forecast 20th-Century Reanalysis (ERA-20C) (28) and the UK
Met Office Hadley Centre Sea Ice and SST (HadISST), version 1
(29). The former is also known as the HadISST, version 2.1 (28,
30) (hereafter referred to as HadISST2), which incorporates sev-
eral million more in situ observations than HadISST1, applies
more comprehensive bias adjustments, and uses reconstruction
methods that make use of every single observation (30). The
HadISST2 trend pattern for 1908–1942 clearly exhibits the cold-
to-warm phase shifts of PDO and AMO, with significant warming
in the equatorial Pacific, the Bering Sea, the Gulf of Alaska, and
the North Atlantic (Fig. 1A). Although the timing of phase shift
and basin-scale patterns are similar, HadISST1 does not capture
the amplitudes of zonally elongated equatorial Pacific warming
and North Atlantic warming (Fig. 1B). Overall, larger warming
trends of HadISST2 closely follow the patterns of positive SST
anomalies associated with warm PDO and AMO (Fig. S2), con-
tributing to a larger increase in the global mean SST. Further-
more, the HadISST2 trends show a basin-scale weakening of zonal
gradient over the equatorial Pacific (130°E–130°W), physically
consistent with that of observed sea level pressure (SLP) trends
featuring a Walker circulation slowdown (Fig. S3 A and B).
We evaluate the contribution by the concurrent phase shift of

PDV and AMVmodes to the early 20th-century Arctic warming by
performing a set of 18-member ensemble experiments using the
US National Oceanic and Atmospheric Administration (NOAA)
Geophysical Fluid Dynamics Laboratory (GFDL) AM2.1 (31) at-
mospheric general circulation model (AGCM). The model is
forced by HadISST2 (HIST2 experiment) and HadISST1 (HIST1
experiment), in which the observed monthly SSTs are prescribed in
the global oceans. We also perform the “Tropical Ocean–Global
Atmosphere” (HIST2-TOGA) and “no PDV/AMV mode”
(HIST2-N) experiments using HadISST2. In the HIST2-TOGA
experiments, the observed monthly SSTs are prescribed only in
the tropics (20°N–20°S) with climatological SSTs poleward of 30°
and linearly blended SSTs over the latitude band 20°–30° in both
hemispheres. In the HIST2-N experiments, SST anomalies asso-
ciated with the PDV and AMV patterns are removed based on
the linear regression. Each ensemble member is integrated for
1899–1950 with the same historical radiative forcing and the same
monthly sea ice concentration from HadISST2 (32) but begins
from a slightly different initial atmospheric condition. The pre-
scribed sea ice extent over the Northern Hemisphere shows no
significant trend during the early 20th century (32) but is pre-
sumably subject to large uncertainty (4, 5, 14). For this reason, we
discuss only SST effects in the present study.
To obtain an observational mean of the Arctic LSAT time

series, we use six datasets from the NOAA Merged Land Ocean

Global Surface Temperature (NOAAGlobalTemp), version
4.0.1 (33); the US National Aeronautics and Space Adminis-
tration/Goddard Institute for Space Studies surface temperature
analysis (GISTEMP) with 250-km smoothing (34); the Climatic
Research Unit (CRU) Temperature, version 4.4 (CRUTEM4.4)
(35); the CRU time series, version 3.23 (CRU-TS v3.23) (36);
ERA-20C (28); and the NOAA 20th-Century Reanalysis, version
2c (20CRv2c) (37). We also use the bias-corrected station data of
the Global Historical Climatology Network-Monthly, version 3
(GHCN-M) (38), to capture the actual spatial distributions of
LSAT trends. Figs. 2 and 3 compare observed and simulated
Arctic LSAT trends in boreal winter (November–March), a
season when the early Arctic warming was most pronounced
(4, 39) (hereafter all figures show the same seasonal mean). The
observed early Arctic warming is apparent in all LSAT datasets,
with a rapid warming trend during the 1920s (Fig. 2A). Signifi-
cant warming trends are detected at weather stations north of
60°N (Fig. 3A). Despite no significant trend in the prescribed sea
ice extent (32), the HIST2 run successfully reproduces the
temporal and spatial variations of the early Arctic warming (Figs.
2B and 3 B and C). It captures the seasonality as well, with a
maximum warming in boreal winter and minimum in summer
(Fig. S4). The HIST1 run also simulates the early Arctic warming
within the range of observational uncertainty (Figs. 2C and 3D).
However, it underestimates the warming trend with a magnitude
53% weaker than observations (Table S1), consistent with other
AGCM simulations forced with earlier SST datasets (5, 14). The
HIST2-N run reproduces only 57% of the observed Arctic warming
(Fig. S5A and Table S1), suggesting that the intense early Arctic
warming cannot be fully explained without the influence of PDV
and AMV.
The near-surface atmospheric circulation change is important

for the early Arctic warming. Characteristic of the cold-to-warm
PDO shift (19, 40, 41), a Pacific/North America (PNA) pattern
develops in response to enhanced atmospheric convection over
the tropical western to central Pacific (Fig. S6A), with a deep-
ened Aleutian low, increased SLPs over North America, and
intensified cyclonic surface winds over the North Pacific
(Fig. 3A). Intensified southeasterly winds along the coast of the
Gulf of Alaska advect warm air from the Pacific into the North
American Arctic. Over the North Atlantic, a northeast–south-
west dipole pattern was observed in SLP. These SLP trend pat-
terns are also captured by 20CRv2c with larger amplitudes
(Fig. S5B). In the winter climatology, strong temperature gra-
dients are generated between the warmer ice-free North Atlantic
and colder adjacent land. Easterly-to-southeasterly wind trends
around 60°N enhance warm advection of this climatological
temperature gradient, warming Greenland and Iceland. A simi-
lar effect works for Eurasian Arctic warming. North of the

A B

Fig. 1. Comparison of November–March mean SST trends for 1908–1942. (A) The UK Met Office Hadley Centre sea ice and SST, version 2 (HadISST2), and
(B) version 1 (HadISST1). Stippling indicates trends exceeding the 90% confidence level.
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Scandinavian peninsula, westerly-to-northwesterly winds inten-
sify associated with the positive SLP trends over Europe, bring-
ing warm air from ocean to land. In midlatitude Eurasia, easterly
wind trends cause the cooling due to cold advection of the
climatological westward LSAT gradient. Weak but similar
patterns with opposite signs were also observed from the
1960s to the mid-1970s (Fig. S7), a period when the PDV and
AMV indices concurrently shifted from the positive to negative
phase (Fig. S1).
HIST2 simulates the observed changes in atmospheric circu-

lation very well, including the PNA-like response over the North
Pacific, and dipolar SLP trends over the North Atlantic (Fig. 3B).
We note that both the weakening of zonal SLP gradient and the
precipitation changes over the equatorial Pacific are reproduced
in HIST2 (Figs. S3C and S6B). The full ensemble mean shows an

excessive warming over Europe as the weaker anticyclonic cir-
culation trend reduces cold advection compared with observa-
tions. We use the meridional difference in SLP trends between
(50°–70°N, 0°–30°E) and (30°–90°N, 0°–30°E) to track the
strength of anticyclonic trend over the Scandinavian peninsula.
The ensemble mean and spread (1 SD of the intermember
spread) are 0.336 ± 1.098 hPa/35 y, suggesting strong internal
atmospheric variability in the region. If you choose four mem-
bers of the HIST2 ensemble that feature the strongest anticy-
clonic trends, the subensemble mean simulates a similar SLP
pattern to observations (Fig. 3C).
HIST1 simulates a weaker PNA-like response associated with

moderate SST warming and suppressed atmospheric convection
in the equatorial western Pacific (Figs. 1B and 3D, and Fig. S6C),
reducing LSAT warming trends over the North American Arctic.
In addition, the anticyclonic trends over Europe is displaced
northeastward, leading to insignificant LSAT trends over most of
the Eurasian Arctic. Similarly, HIST2-N does not simulate the
observed changes in atmospheric circulation, leading to the re-
duced Arctic warming (Fig. S5A and Table S1). We stress that
radiative and sea ice forcings are identical among our experi-
ments, pointing to the importance of enhanced SST warming for
atmospheric circulation changes.
The tropical SST forcing, especially from the tropical eastern

Pacific, is important for the North American Arctic warming.
The HIST2-TOGA experiment simulates the PNA-like SLP
trend pattern that enhances poleward warm advection (Fig. 3E).
Consistent with previous studies (42, 43), this atmospheric re-
sponse is linked to enhanced atmospheric convection over the
tropical western to central Pacific (Fig. S6D) that excites
poleward-propagating Rossby wave trains that transport heat
and water vapor into the Arctic region (44, 45). In HIST2 minus
HIST2-TOGA, by contrast, such atmospheric patterns disap-
pear, and instead, the Arctic polar vortex deepens with in-
tensified meridional SLP gradient along the Arctic coast (Fig.
3F). The resultant surface westerly trends significantly warm the
Eurasian Arctic due to enhanced warm advection (46), consis-
tent with the atmospheric response to the Atlantic Meridional
Overturning Circulation (AMOC) (47). HIST2-TOGA explains
about 90% of the observed North American Arctic warming, but
it does not contribute to the Eurasian Arctic warming at all
(Table S1). On the other hand, HIST2 minus HIST2-TOGA
explains most of the Eurasian Arctic warming, whereas it does
not significantly contribute the North American Arctic warming.
These tropical and extratropical forcings play different roles in
driving atmospheric circulation, but they are both necessary to
fully account for the pan-Arctic land warming.

Internally Generated Arctic LSAT Variability in Coupled Ocean–Atmosphere
Models. We turn to the Coupled Model Intercomparison Project
Phase 5 (CMIP5) preindustrial control (piControl) simulations to
address the question of what patterns of SST and atmospheric
circulation variations are robustly associated with the Arctic
warming. Here, we present the composite of 8-y low-pass–filtered
November–March mean anomalies regressed onto the normalized
Arctic LSAT anomaly, based on 37 CMIP5 coupled ocean–
atmosphere models (Fig. 4). Compared with the observed LSAT
regression from CRUTEM4.4 (Fig. S8A), CMIP5 models capture
the amplitude of Arctic warming quite well (Fig. 4A) (observation:
0.441 °C; CMIP5 models: 0.425 ± 0.025 °C at the two-sided P =
0.05 level). An SST pattern with both PDO and AMO in positive
phase emerges (Fig. 4B), bearing a striking resemblance to the
observed SST pattern (Fig. S8B). The SLP patterns are also
similar to the observation, including the deepened Aleutian low
and intensified meridional SLP gradient over northern Eurasia
(Fig. 4A and Fig. S8A). The precipitation composite exhibits en-
hanced atmospheric convection over the tropical western to cen-
tral Pacific (Fig. 4D), further supporting the influence of tropical
Pacific forcing on the Aleutian low.
Although the extratropical North Pacific SST anomalies are

largely a response to atmospheric teleconnection from the tropics,

A

B

C

Fig. 2. Comparison of observed and simulated Arctic mean LSAT variations
(60°–90°N). Time series of November–March mean Arctic LSAT anomaly,
based on (A) observations, (B) HIST2, and (C) HIST1 experiments. For ob-
servations, six datasets are obtained from CRU-TS, version 3.23 (36) (gray
solid line); NOAAGlobalTemp (33) (gray dotted line); ERA-20C (28) (gray
long-dashed line); GISTEMP (34) (gray double-dotted line); CRUTEM4.4 (35)
(gray short dashed line); and 20CRv2c (37) (green line with shading). The
observational mean is superimposed in black. Shading indicates the two-
tailed 95% confidence interval for each ensemble mean. All time series
are smoothed with a binomially weighted 5-y running average.
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the North Atlantic shows signs of ocean-to-atmosphere feedback.
The North Atlantic warms despite upward surface heat flux
anomalies that occupy much of the extratropical basin (Fig. 4C),
suggesting an ocean dynamical origin of the warming (e.g., the
intensified Gulf stream and AMOC) (48). This is corroborated by
precipitation increases along the Gulf stream to the Barents/Kara

Sea (Fig. 4D). The oceanic forcing presumably intensifies the
meridional SLP gradient over northern Eurasia, contributing to
the Eurasian Arctic warming.
Fig. 5 shows the November–March mean composite anomalies

of Arctic LSAT as a function of the normalized PDV and AMV
indices. Strong positive and negative anomalies of Arctic LSAT

A D

B E

C F

Fig. 3. Observed and simulated trend patterns in LSAT and near-surface atmospheric circulation. Trends of LSAT (filled circles for A, shading for B–D), SLP
(contour interval 0.6 hPa per 35 y), and marine surface wind (vectors; in meters per second per 35 y) for 1908–1942, based on (A) observations from GHCN-M (38)
and the International Surface Pressure Databank (59)/International Comprehensive Ocean–Atmosphere Data Set (60), and simulations from (B) full HIST2, (C) four-
member HIST2, (D) full HIST1, and (E) full HIST2-TOGA ensemble means. (F) HIST2 minus HIST2-TOGA difference. Larger circles in A and stippling in B–F indicate
LSAT trends exceeding the 90% confidence level. Positive (negative) SLP trends are indicated by solid (dashed) contours, and zero contours thickened.

A C

B D

Fig. 4. Composite anomalies regressed onto the normalized Arctic mean LSAT anomaly, based on 37 CMIP5 piControl simulations. (A) LSAT (shading; in
degrees Celsius) and SLP (contour interval, 0.15 hPa; zero contours thickened, positive solid, and negative dashed), (B) SST (in degrees Celsius), (C) upward
latent and sensible heat fluxes (in watts per square meter), and (D) precipitation (in millimeters per month). Stippling indicates the composite regression
anomalies exceeding the 95% confidence level.
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are diagonally distributed between the first and third quadrants
of the PDV/AMV plane, indicating that a coherent interdecadal
variability of the Pacific and Atlantic intensifies the Arctic
warming and cooling. A multivariate regression analysis supports
the combined effect of the two interdecadal variabilities. The
standard regression coefficients for the normalized PDV and
AMV indices are 0.34 (58%) and 0.245 (42%), respectively, in-
dicating comparable contributions from the Pacific and North
Atlantic.

Summary and Discussion
We have shown that a concurrent phase shift of PDV and AMV
modes is a major mechanism for the unusually intense early 20th-
century Arctic warming, and that the atmospheric circulation
change is important. Our AGCM experiments indicate con-
structive contributions of the tropical and extratropical SST
forcings. The tropical Pacific warming excites a PNA-like circu-
lation change while the extratropical SST warming strengthens
meridional SLP gradient over northern Eurasia. The North At-
lantic plays a key role in changing atmospheric circulation over
the Eurasian Arctic. The Pacific/Atlantic SST warming in the
early 20th century was underrepresented in previous recon-
structed SST datasets. Our AGCM successfully reproduces the
magnitude and spatial distribution of the early Arctic warming
when the phase shift of PDV/AMV modes is properly repre-
sented. Long coupled model simulations confirm that concurrent
PDV–AMV phase shifts affect Arctic temperature trends
(Fig. 5), highlighting the importance of regional patterns of
SST change. The sensitivity to SST also highlights the need for
the reliable reconstruction of the historical evolution, especially
before 1950.
The early 20th-century Arctic warming may be partly due to

the increased GHGs, reduced volcanic aerosols, and solar irra-
diance changes (11, 12, 49–53). However, it remains challeng-
ing to quantify their contribution due to limited observations
and uncertainties of model response (54). The majority of
CMIP5 models forced with anthropogenic and natural radiative
forcings substantially underestimate the early Arctic warming,
suggesting a large contribution from internal variability (16, 54,

55). We have identified coupled internal variability of the Pacific
and Atlantic as a major factor, in addition to the increase in
radiative forcing. Although the relationship between PDV and
AMV is a subject of active research (56, 57), our results show
that their relative phase evolution has an important effect on
temperature change over the Arctic. This has important impli-
cations given the high sensitivity of sea ice to climate warming
and the fragile ecosystems that are dependent on Arctic ice.

Materials and Methods
SST, LSAT, and Precipitation. For SST, we used HadISST1 (29) and the lower
boundary condition for ERA-20C (28), also known as HadISST2 (30). For
HadISST2, we used the 10-member ensemble mean. For gridded LSAT data,
we used the NOAAGlobalTemp, version 4.0.1 (33); GISTEMP with 250-km
smoothing (34); CRUTEM4.4 (35); CRU TS3.23 (36); ERA-20C (28); and 20CRv2c
(37). All Arctic mean LSAT anomalies were averaged poleward of 60°N. For
station-based LSAT, we analyzed bias-corrected data of GHCN-M (38). The
35-y trends of GHCN-M data were obtained using only stations with a long
observational period. We selected such stations if the total number of 7-y
segments with at least one November–March mean exceeds four (five at a
maximum). For precipitation, we used rain gauge-based monthly mean
gridded products available at the University of East Anglia Climate Research
Unit (58).

SLP and Marine Surface Wind. We reconstructed monthly mean SLP and
marine surface wind anomaly datasets on a 5° latitude–longitude grid for
1900–2014, based on an EOF decomposition (SI Materials and Methods). For
SLP, we merged terrestrial SLPs in the International Surface Pressure Data-
bank, version 3.2.9 (ISPD) (59), and marine SLPs in the International Com-
prehensive Ocean–Atmosphere Data Set (ICOADS), Release 3.0 (60). Monthly
mean SLP datasets from ERA-20C (28), HadSLP2 (61), and 20CRv2c (37) were
also used for comparison. For marine surface wind, we used ICOADS3.0 by
reducing time-varying biases in scalar wind speed (SI Materials and Methods)
(Fig. S9 A and B). Our reconstructed SLP and marine wind anomalies capture
major modes of climate variability such as the El Niño/Southern Oscillation
(ENSO), PDO, and North Atlantic Oscillation (NAO), with physically consistent
SST patterns (Fig. S9 C–E).

AGCM Experiments. We used the NOAA GFDL AM2.1 (31) with a finite-
volume grid of 2.5° × 2° and 24 vertical levels. A set of 18-member en-
semble experiments were performed with different observed SST datasets
of HadISST1 (HIST1) and HadISST2 (HIST2). The TOGA-type experiments
were performed using HadISST2 (HIST2-TOGA), in which the observed
monthly SSTs are prescribed only in the tropics (20°N–20°S) with climato-
logical SSTs poleward of 30° and linearly blended SSTs over the latitude
band 20°–30° in both hemispheres. The HIST2-N experiments were also
forced with HadISST2, but SST anomalies associated with the PDV and
AMV patterns were removed based on the linear regression. For each
experiment, the model was integrated for 1899–1950 with the first year of
integration discarded as a spin-up. Each ensemble member was forced
with the same CMIP5 historical radiative forcing and the HadISST2 sea ice
concentration (32), but began from a slightly different initial atmospheric
condition.

CMIP5 piControl Simulations. We analyzed the piControl simulations from
37 coupled climate models participating in CMIP5. The radiative forcing due
to GHGs, aerosols, ozone, and solar irradiance is fixed at the preindustrial
level, which allows us to analyze unforced climate variabilities. The models
used are ACCESS1.0, ACCESS1.3, BCC-CSM1.1-m, BNU-ESM, CCSM4, CESM1-
BGC, CESM1-CAM5, CESM1-FASTCHEM, CESM1-WACCM, CMCC-CESM,
CMCC-CM, CMCC-CMS, CNRM-CM5, CSIRO-Mk3.6.0, CanESM2, FGOALS-g2,
FGOALS-s2, FIO-ESM, GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-CC,
HadGEM2-ES, INMCM4, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR,
MIROC-ESM, MIROC-ESM-CHEM, MIROC4h, MIROC5, MPI-ESM-LR, MPI-ESM-
MR, MPI-ESM-P, MRI-CGCM3, NorESM1-M, and NorESM1-ME. For the re-
gression composite of Fig. 4, we first calculated regressions onto the Arctic
mean LSAT anomaly using each model output, and then averaged all
models’ regression patterns of each variable.

Estimate of Trends. We calculated linear trends using the least-squares
method. Statistical significance for trends was estimated using Student’s
t test and taking into account serial autocorrelation (62). Overall results
remain similar even if nonparametric methods are used for the trend esti-
mate and statistical significance test.

Fig. 5. Composite anomalies of Arctic mean LSAT (in degrees Celsius) as
a function of the normalized PDV and AMV indices, based on 37
CMIP5 piControl simulations. The PDV index is defined as the principal
component of the first EOF for detrended, 8-y low-pass–filtered November–
March mean SST anomalies over the Pacific (120°E–70°W, 50°S–60°N). Using
the same data, the AMV index is defined as the SST anomaly averaged over
the North Atlantic (60°W–0°, equator–70°N). Insignificant composite anom-
alies at the 95% confidence level are shaded in gray.
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