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Tropical Indo-western Pacific forcing
expedites warming in the northern
Canadian-Greenland Arctic

Check for updates

Shuai-Lei Yao 1 , Renguang Wu2 , Pengfei Lin1,3 , Haosu Tang 4 & Pengfei Wang1

Since the beginning of modern satellite monitoring around 1980, near-surface and tropospheric

temperatures in the northern Canadian-Greenland Arctic have substantially warmed, withmagnitudes

comparable to those in the pan-Arctic. However, themain causes of thismarked regionalwarming and

its magnitude in future projections remain debated because of large inter-model spread across

historical and future periods. Here, using a hierarchy of pacemaker experiments in which regional sea

surface temperature anomalies are nudged toward observations, we reveal that the tropical Indo-

western Pacific (IOWP) forcing amplifies warming in northern Canada and Greenland through the

IOWP-Arctic teleconnection. Anomalous tropical IOWP warming remotely triggers enhanced

subsidence and reduced total cloud cover, increasing incoming shortwave radiation and,

consequently, near-surface and tropospheric temperature warming. Further, by observationally

constraining future projected warming magnitudes with recent tropical IOWP warming trends, the

upper bounds (95th percentile values) of near-term (2026–2055 minus 1981–2010) warming

magnitudes in the northern Canadian-Greenland Arctic and pan-Arctic decrease by ~19.8% and

~18.3%, respectively, under the high-emission scenario. Our results highlight the potential of the

tropical IOWP warm pool to enable reliable Arctic warming projections.

Arctic near-surface warming has been almost four times1,2 faster than the
global average since around 1980, as robustly shown across multiple
observations within the varying analyzed periods (1980–2013 or to the
present; Supplementary Fig. 1). The alarming warming signal also pene-
trates throughout the lower-to-upper tropospheric temperature3–5

(850–300 hPa; Supplementary Fig. 1). Despite the unprecedented cir-
cumpolar Arctic warming, substantial spatial heterogeneity emerges, with
remarkablewarming coveringnorthern Siberia and thenorthernCanadian-
Greenland Arctic during 1980–2013 (Fig. 1 and Supplementary Fig. 1). The
observed near-surface warmng in northern Siberia is strongly correlated
with the in situ sea-ice retreat, with correlation coefficient of about –0.7 to
–0.9 as documented in previous studies3. However, the precise factors
governing near-surface and tropospheric warming over northern Canada
and Greenland remain unclear because radiative forcing explains only
~40–50% of the observed regional warming magnitudes, as inferred from
theCoupledModel Intercomparison Project phase 5 (CMIP5)multi-model
historical simulations3. Accurately identifying the major driver of recent
pronounced warming in northern Canada and Greenland could provide

important clues for delivering proactive climate and environmental policies
in Arctic communities in an overshoot world of warming exceeding 1.5 °C.

Various local positive climate feedbacks have been invoked to explain
the pan-Arctic warming. One leading hypothesis highlights the role of
surface ice-albedo feedback6–12: sea-ice retreat in boreal summer reflects less
incoming solar radiation and promotes greater oceanic heat release, sup-
pressing subsequent cold-season sea-ice expansion and heating the tropo-
spheric atmosphere aloft. Still, diminishing sea ice tends to facilitate more
surface warming but less upper-tropospheric warming5,6. Likewise, positive
lapse-rate feedback13–18 and Planck feedback13 via reduced outgoing long-
wave radiation, water vapor feedback10,16,19,20, and low cloud feedback21–26

through increased surface downwelling longwave radiation, effectively trap
more warming at the Arctic surface than in the overlying troposphere.
Conversely, enhanced moist static energy convergence27 and increased
poleward atmospheric heat transport4,28–31 into the Arctic promote greater
warming in the mid- to upper-troposphere, with largely uniform patterns.
Additional radiative processes, such as reduced European sulfate aerosol
emissions since 1980 (ref. 32.) and increased Northern Hemisphere boreal
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biomass-burning aerosols33, also contribute to a significant fractionofArctic
surface warming. While these interconnected local climate feedbacks and
processes contribute to pan-Arctic warming34,35, they cannot unequivocally
account for the stark regional characteristics of Arctic warming, particularly
the recent pronounced warming in northern Canada and Greenland.

By comparison, remote sea surface temperature (SST) anomalies play
an indispensable role in modulating regional variations in Arctic warming
by altering atmospheric and oceanic circulations. Previous studies3

employing an atmospheric-slab ocean model report that tropical Pacific
cooling produces recent rapid warming in northeastern Canada and
GreenlandviaRossbywave-train activity, somewhat contrary to the fact that
tropical Pacific cooling partly offsets greenhouse gas-induced warming36–38.
Additionally, earlier atmospheric reanalysis diagnostic studies39 link tropical
Indo-westernPacific (IOWP)convective heating to pan-Arcticwarming via
anomalous planetary-scale waves. Moreover, instrumental records40,
paleoclimate proxy datasets41, and climate models42 indicate that a warm-
phase Atlantic Multi-decadal Variability (AMV) may accelerate Arctic
warming by adjusting the Atlantic thermohaline circulation on multi-
decadal timescales43. Despite these insights, it remains unclear which ocean
basin drives rapid warming across northern Canada and Greenland during

1980–2013 (Fig. 1 and Supplementary Fig. 1), largely because of trans-basin
interactions44–47.

In addition, current coupled climate models participating in CMIP6
exhibitwidemodel diversity in simulatingwarmingmagnitudes innorthern
Canada and Greenland for 1980–2013 (Supplementary Fig. 2). Due to, on
average, biased higher equilibrium climate sensitivity and transient climate
response estimated from CMIP6 than CMIP5 (ref. 48.), large inter-model
spreads could persist into future projections of warming magnitudes in
northern Canada and Greenland, rendering low confidence in effective
preparedness for more severe climate consequences related to a warmer
Arctic in an overshoot age of 1.5 °C. Thus, a more faithful understanding of
the major drivers of recent Arctic regional warming is vital not only for
deciphering inter-model spreads but also for reducing uncertainty in future
projections through an observational emergent constraint.

Here, by diagnosing a hierarchy of time-evolving and idealized pace-
maker experiments conducted with the same experimental protocol using
the Community Earth System Model version 1 (CESM1)49, we system-
atically quantify, in a more realistic fashion, the extent to which SST
variability in individual ocean basins drives recent warming in the northern
Canadian-Greenland Arctic. In time-evolving pacemaker simulations, SST

Fig. 1 | Observed and simulated annual-mean near-surface and tropospheric

temperature. Linear trends of annual-mean near-surface air temperature (left

panel) and tropospheric (300–850 hPa) temperature (right panel) for 1980–2013 are

computed from ERA5 (a, b) the 40-member ensemble mean of CESM1 historical

simulations (c, d) and the 10-member ensemble mean of tropical Indian Ocean-

western Pacific (IOWP) pacemaker experiments with CESM1 (e, f). Stippling

denotes regions where trends are statistically significant at the 95% confidence level

according to a two-sided Student’s t test. Green boxes represent the northernCanada

and Greenland sector of the Arctic.
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anomalies over the tropical IOWP, tropical eastern Pacific, and North
Atlantic are nudged separately to observations (see “Methods” and Sup-
plementary Fig. 3). In idealized pacemaker experiments, the Inter-decadal
Pacific Oscillation (IPO) and AMV warm-polarity and cold-polarity SST
anomalies are individually restored to the observed SST patterns (see
“Methods”). Thehierarchical pacemaker experimental frameworkuncovers
that the tropical IOWP warm pool drives prominent warming in northern
Canada and Greenland through a quasi-stationary Rossby wave train.
Importantly, constraining future projections with observed historical tro-
pical IOWP SST warming greatly reduces uncertainty in future projected
warmingmagnitudes in the northern Canadian-GreenlandArctic and even
the pan-Arctic under the low-, ambitious-, and high-emission scenarios.

Results
Tropical IOWP dominance

We begin by exploring the role of tropical IOWP SST anomalies in gen-
erating warming over northern Canada and Greenland during 1980–2013
using tropical IOWPpacemaker experiments (“Methods”). Tropical IOWP
restoring simulations reproduce the observed regional variations in pan-
Arctic warming, characterized by salient warming extending from near-
surface through the upper troposphere in northern Canada and Greenland
(cf. Fig. 1a, b and e, f), though with reduced near-surface warming magni-
tude across Greenland. Tropical IOWP-forced near-surface and tropo-
spheric temperature warming magnitudes in northern Canada and
Greenland are ~0.62 °C/10 yr and ~0.32 °C/10 yr, closely matching the
observed trends of ~0.64 °C/10 yr and~0.3 °C/10 yr (see Fig. 2).The tropical
IOWP-induced spatially varyingwarming pattern is fundamentally distinct
from the radiatively forced, nearly uniform warming pattern, illustrated by
CESM large ensemble historical simulations (Fig. 1c, d) and CMIP6 multi-
model historical simulations (Supplementary Fig. 2). The radiatively-forced
regional warming from CESM1 ( ~ 0.4 °C/10 yr and ~0.26 °C/10 yr)
accounts for ~60%and~86%of the observednear-surface and tropospheric

warming, larger than that estimated from CMIP5 historical simulations3

(~40–50%). However, regional warming magnitudes show considerable
inter-model spread acrossCMIP6 (Supplementary Fig. 2), suggesting strong
model dependence in the regional Arctic response to radiative forcing. A
quantitative comparison of tropical IOWP and historical simulations
demonstrates that tropical IOWPexpediteswarming over northernCanada
and Greenland. Additionally, the IOWP nudging experiments (Supple-
mentary Fig. 3) successfully capture the distinctive seasonality of near-
surface and troposphericwarming innorthernCanada andGreenland,with
greater magnitudes and extent throughout the boreal autumn and winter
(Supplementary Figs. 4-5).

To fully clarify the potential drivers of recent rapid warming in
northern Canada and Greenland, we also quantify the influence of tropical
Pacific cooling and North Atlantic warming by analyzing the tropical
eastern Pacific and North Atlantic pacemaker runs alike. Tropical Pacific
cooling pacemaker simulations replicate near-surface and tropospheric
warming patterns (Supplementary Fig. 6a-b), but with reducedmagnitudes
of ~0.37 °C/10 yr and ~0.18 °C/10 yr during 1980–2013 compared to
historical simulations (Fig. 2), reinforcing the previous notion that recent
tropical Pacific cooling partially counteracts greenhouse gas-forced
warming36–38. North Atlantic warming-restoring simulations, on the other
hand, intensify tropical eastern Pacific cooling via trans-basin
interactions44–46 and therefore generate relatively weaker near-surface and
tropospheric warming trends of ~0.21 °C/10 yr and ~0.15 °C/10 yr (Fig. 2
and Supplementary Fig. 6c-d) compared with historical simulations.

Given awarm-to-cold phase shift of the IPOanda cold-to-warmphase
transition of the AMV between 1980 and 2013 (ref. 46.), we further inves-
tigate the impact of the IPO andAMVphase transitions on recent warming
in northern Canada and Greenland by individually nudging the IPO and
AMV cold-phase and warm-phase SST anomalies towards observed pat-
terns in idealized pacemaker experiments (see “Methods”). We estimate a
cold-phase IPO-forced Arctic climate response as the 10-year mean of the

Fig. 2 | Observed and simulated near-surface and

tropospheric temperature trends in northern

Canada and Greenland. Linear trends of annual-

mean near-surface air temperature (a) and tropo-

spheric (300–850 hPa) temperature (b) averaged

over northern Canada and Greenland are estimated

from ERA5, the ensemble mean of 40 CESM1 his-

torical runs (hist), the 10-member ensemblemean of

tropical Indian Ocean-western Pacific (IOWP),

tropical eastern Pacific (TEP), and North Atlantic

(NAT) pacemaker runs with CESM1, as well as 30

CMIP6 model historical simulations (hist). Error

bars denote the 95% confidence interval based on a

two-sided Student’s t test, except for historical

simulations where plus/minus one standard devia-

tion of 40 members (CESM1 hist) and 30 models

(CMIP6 hist) trends are shown, respectively.
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cold-phase IPO pacemaker runs minus the warm-phase counterpart.
Similarly, we calculate a warm-polarity AMV-induced response by sub-
tracting the 10-year average of the cold-polarityAMVpacemaker runs from
the warm-polarity AMV counterpart. The idealized pacemaker framework
allows us to assess the relative importance of IPO and AMV phase shifts in
regional Arctic warming in the absence of anthropogenic warming.

It is worth noting that a cold-phase IPO-SST anomaly favors sig-
nificant cooling across a large swath of the pan-Arctic, especially northern
Canada and Greenland (Supplementary Fig. 7a), qualitatively consistent
with reduced warming magnitudes in the tropical Pacific cooling restoring
simulations (Supplementary Fig. 6a-b) and earlier studies that a warm-
phase IPO leads to early twentieth-century Arctic warming50,51. In contrast,
the warm-polarity AMV-SST forcing heats northern Canada and Green-
land (Supplementary Fig. 7b) through competing effects of two different
dynamic pathways as explained below, with near-surface warming of
~0.26 °C/10 yr in a comparable magnitude to that shown in the North
Atlantic warming restoring simulations (~0.21 °C/10 yr in Fig. 2a and
Supplementary Fig. 6c). For a warm-polarity AMV case, increased north-
ward ocean heat transport52–54 into the Arctic basin from the Atlantic sector
facilitates sea-ice loss and directly increases near-surface air temperature in
northern Canada and Greenland. Alternatively, a warm-phase AMV-SST
anomaly amplifies tropical Pacific cooling through an intensified Pacific
Walker circulation55–58 and, to some degree, indirectly suppresses warming
in northern Canada and Greenland. Taken together, the time-varying and
idealized pacemaker simulations identify that the tropical IOWP is a
dominant contributor to the recent prominent warming in northern
Canada and Greenland.

Key physical mechanisms

Next, we untangle the key dynamic pathway by which the tropical IOWP
enhancesArcticwarmingovernorthernCanada andGreenland.The IOWP
pacemaker experiments enable us to rigorously quantify large-scale
adjustments in atmospheric circulation in response to the tropical IOWP
warm pool. A relatively warmer tropical western Pacific than the tropical
Indian Ocean appears in the observed and tropical IOWP-pacemaker
simulations, unlike the radiatively forced almost even warming pattern
(Supplementary Fig. 8). The warmer tropical western Pacific relative to
surrounding domains induces increased precipitation there (Fig. 3a), fol-
lowing the warmer-get-wetter paradigm59. Correspondingly, enhanced
atmospheric deep convection, indicated by negative outgoing longwave
radiation (Fig. 3a), prevails across the entire western Pacific basin.

The resultant convective heating initiates the establishment of a quasi-
stationary Rossby wave train along a great-arc route that emanates from the
tropical western Pacific, propagates poleward and curves eastward, even-
tually traversing the North Pacific and reaching the North America and
Greenland sectors of the Arctic (Fig. 3b). Note that warm SST anomalies in
the tropical western Pacific may cause anomalous convection under high
background mean SST that then induces the Rossby wave response in two
distinctiveways.Onedirectly excites aRossbywave train that follows a great
arc-shaped trajectory, extending from the tropical western Pacific toward
the Arctic. The other is by first mediating warm SST anomalies in the
tropical central Pacific, and then generating the tropical central Pacific-
Arctic teleconnection. The anomalous Rossbywave-train activity spreading
from the tropical central Pacific toward the Arctic is also forced in a stan-
dalone atmospheric circulation model experiment through imposing an
idealized heating in the tropical Pacific60. Therefore, the quasi-stationary

Fig. 3 | Physical pathways for tropical Indo-Western Pacific connections to the

Arctic. Linear trends of annual-mean precipitation (color shading) and outgoing

longwave radiation (red contours with intervals at –2, –1, 1, 2Wm–2/10 yr; dashed

contours indicate negative values and represent strengthened convection) (a) 200-

hPa geopotential height (b Z200), 500-hPa geopotential height (c Z500), and sea

level pressure (d SLP) for 1980–2013 are estimated from the ensemble mean of 10

tropical Indo-Western Pacific (IOWP) pacemaker runs. Note that the zonal mean of

Z200 and Z500 has been removed before calculating linear trends. Stippling denotes

regions where trends are statistically significant at the 95% confidence level based on

a two-sided Student’s t test. Green boxes demarcate the northern Canada and

Greenland domain.
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Rossby wave acts as a collective response to warm SST anomalies in the
tropical western-central Pacific in the tropical Indo-western Pacific pace-
maker experiments (Fig. 3a).

The Rossby wave train features a quasi-barotropic structure extending
from the surface to the upper troposphere (Fig. 3b–d), with alternating low-
and high-pressure anomaly centers of action. In the upper troposphere
(Fig. 3b), the large-scale atmospheric circulation adjustment manifests an
anomalous high-pressure center in the subtropical western North Pacific
spanning from the Japan Sea to Hawaii Island and an anomalous low-
pressure center across northeast Asia and the North Pacific, culminating in
an anomalous anticyclone occupying the North America and Greenland
domain of the Arctic.

As a consequence, the anticyclonic circulation anomalies covering the
North America and Greenland sector of the Arctic induce anomalous
descending motion and reduce relative humidity in the lower-to-upper
troposphere (Fig. 4a, b), except for some patches of opposite-sign changes
over southeastern Greenland. The simulated tropospheric drying broadly
aligns with the observed muted precipitation changes over the North

American Arctic54 during 1980–2013. Moreover, the total cloud fraction,
especially the low-level cloud fraction (Supplementary Fig. 9c), decreases
considerably across northern Canada and Greenland (Fig. 4c). These
anomalous atmospheric conditions favor the increase in surface net
shortwave radiation flux (Fig. 4d), whose contribution is overall larger than
the combined influence of other components (cf. Fig. 4d, e), including
surface net longwave radiation flux, sensible heat flux, and latent heat flux.
Compared with net shortwave radiation flux, the individual magnitude of
the other three components is rather smaller (Supplementary Fig. 9).
Although all the other three components partially boost near-surface air
temperature innorthernCanada, they instead lead tonon-negligible cooling
off the southwestern and southeastern flanks of the Greenland continent,
with a spatial pattern opposite to that of surface net shortwave radiation,
partly counterbalancing its warming effects (cf. Fig. 4d, e and Supplemen-
tary Fig. 9).

Remarkably, a narrow strip of reduced surface net shortwave radiation
flux occurs in the Greenland continent, mainly due to an increase in low-
level cloud fraction (Supplementary Fig. 9c) linked to surface processes

Fig. 4 | Dynamic processes for tropical Indo-

Western Pacific driving pan-Arctic climate chan-

ges. Linear trends of 500-hPa vertical velocity (a)

300–850 hPa relative humidity (b) total cloud frac-

tion (c) net surface shortwave radiation (d) a com-

bination of net surface longwave radiation, sensible

heat flux, and latent heat flux (e) and net shortwave

radiation at the top of the atmosphere (f) for

1980–2013 are estimated from the ensemblemean of

10 tropical Indo-Western Pacific (IOWP) pace-

maker runs. Positive downward denotes diabatic

heating. Stippling denotes the statistically significant

trends at the 95% confidence level based on a two-

sided Student’s t test. Green boxes demarcate

northern Canada and Greenland.
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induced by topographical effects. Despite these regional variations, the
spatial distribution of surface net shortwave radiation flux is broadly con-
sistent with that of net shortwave radiation at the top of the atmosphere (cf.
Fig. 4d, f), with high uncentered pattern correlation coefficients of ~0.995 in
northern Canada and Greenland and ~0.994 across the pan-Arctic. The
physical consistency implies a trifling impact of shortwave-cloud feedback
on regional Arctic warming in the tropical Indo-western Pacific pacemaker
experiments. Overall, the qualitative agreement supports our hypothesis
that increased incoming solar radiation at the surface plays a vital role in
generatingwidespreadwarming across northernCanada and theGreenland
sector of the Arctic.

Previousmodeling studies have linked tropical easternPacific orNorth
Atlantic SSTvariability toArctic climate changes via atmospheric bridges on
multi-decadal timescales. Considering the active two-way interactions
among the trans-ocean basins44–46,55, we further shed light on the specific
physical pathways by which tropical eastern Pacific cooling or North
Atlantic warming separately govern regional climate variations in northern
Canada and Greenland during 1980–2013 in the time-evolving pacemaker
experiments. Tropical eastern Pacific cooling excites an equivalent baro-
tropic Rossby wave response spreading from the subtropical North Pacific
toward the Arctic, characterized by an anomalous low-pressure center
covering the North American Arctic and an anomalous high-pressure
center over Greenland (Supplementary Fig. 10a, c, e). By contrast, North
Atlantic warming excites the two-pronged atmospheric teleconnections to
northern Canada and Greenland. Anomalous North Atlantic warming not
only directly produces an extratropical wave train55 extending from the
extratropical North Atlantic, crossing Eurasia, to northern Canada and
Greenland, but it also indirectly forces a Rossby wave-train activity pro-
pagating from the subtropical North Pacific towards northern Canada and
Greenland, mediated by tropical eastern Pacific cooling (Supplementary
Fig. 10b, d). These two distinct Rossby wave trains work together to shape
anomalous cyclonic circulation occupying North America and

southwestern Canada, and anomalous anticyclonic circulation across
northeasternCanada andGreenland.The atmospheric circulationpattern is
mainly confined to themid-to-upper troposphere (Supplementary Fig. 10b,
d, f) and shifts noticeably westward relative to the direct response to the
tropical Pacific cooling-only forcing (Supplementary Fig. 10).

Unlike the tropical eastern Pacific cooling-only forced and North
Atlantic warming-mediated atmospheric circulation pattern across north-
ern Canada and Greenland (Supplementary Fig. 10), tropical IOWP
warming drives an anomalous high-pressure center indicative of a mono-
polar pattern occupyingnorthernCanada andGreenland (recall Fig. 3). The
resultant subsidence enhancement also generates adiabatic warming39,50

there, in addition to diabatic warming related to increased incoming
shortwave radiative flux (Fig. 4). As such, supported by the earlier atmo-
sphere reanalysis diagnosis39, these hierarchical pacemaker experiments
provide strong modeling evidence that tropical IOWP warm pool is more
influential in producing remarkable warming in northern Canada and
Greenland on multi-decadal timescales via the tropical IOWP-Arctic
teleconnection.

Emergent constraints on future projected regional warming

magnitudes

Our results reveal that the tropical IOWP SST has substantially warmed
near-surface air temperature and tropospheric temperature in northern
Canada and Greenland during 1980–2013, a period when global mean
anthropogenic aerosol emissions remained almost steady61–63. Particularly
after 1980, the fairly constant global-mean aerosol emissions exert little
influence on the enhanced pan-Arctic warming. As recent (1980–2013)
trend of and future projected change in tropical IOWP SSTs are dominated
by the responses to increasing greenhouse gase concentrations64–66

(Fig. 5a, b), significant positive correlations between the two climatemetrics
exist for the near term (2026–2055minus 1981–2010;R = ~ 0.542, P < 0.01)
and the long term (2071–2100 minus 1981–2010; R = ~ 0.621, P < 0.01)

Fig. 5 | Observational constraints on the future changes in near-surface air

temperature over northern Canada and Greenland. Inter-model relationship

between 1980 and 2013 trends of tropical Indo-Western Pacific (IOWP: 20°S-20°N,

African coast to 180°E) SST and future projected changes in tropical IOWP SSTs for

the near term (a 2026–2055 minus 1981–2010) and the long term (b 2071–2100minus

1981–2010) from 30 CMIP6 models under SSP5-8.5 scenarios. c, d Same as a, b but for

future projected changes in near-surface air temperature (∆SAT) averaged over

northern Canada and Greenland. The vertical bars show the average (dots) and 5–95%

ranges of the raw (blue) ∆SAT and the constrained (red) ∆SAT using observations.

The horizontal bars display the average (dots) and two standard deviations of the

observed (pink) and CMIP6-modeled tropical IOWP SST trends (light blue) for

1980–2013. The solid lines denote the least-squares linear fits. Shown are Pearson’s

correlation coefficients (R), together with the statistical significance (P < 0.01) based on

a two-sided Student’s t-test. Numbers (blue) ranging from 1 to 30 correspond to the 30

CMIP6 models shown in Supplementary Table 1.
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under the high-emission scenario (SSP5-8.5 in Fig. 5). The statistically
significant relationship also holds for both the ambitious-emission (SSP2-
4.5) and low-emission (SSP1-2.6) scenarios, with positive correlation coef-
ficients greater than 0.5 (Supplementary Figs. 11-12). The relationship
implies that CMIP6 models exhibiting larger warming trends in tropical
IOWPSSTs for 1980–2013would predict greater changes in tropical IOWP
SSTs in both near- and long-termprojections (Fig. 5a, b and Supplementary
Figs. 11-12).

Since the significant correlations between recent trends of and future
projected changes in tropical IOWP SSTs, we also find strong correlations
between future projected changes in near-surface air temperature warming
magnitudes (∆SAT) in northern Canada and Greenland and recent past
trends of tropical IOWP SSTs under the SSP5-8.5 scenario (Fig. 5c, d), with
large correlation coefficients for the near term (R = ~ 0.642, P < 0.01) and
the long term (R = ~ 0.702,P < 0.01). The statistically significant connection
also occurs under the SSP2-4.5 and SSP1-2.6 scenarios, with correlation
coefficients exceeding 0.5 for the near- and long-term projections (Sup-
plementary Figs. 11-12). Combining the emergent relationship between
recent trends of tropical IOWP SSTs and future projected ∆SAT over
northern Canada andGreenland with observations indicates that the upper
bounds of future projected ∆SAT among CMIP6 models may be hardly
credible andpotentially diminished,mostly becauseCMIP6modelswith the
higher upper end of future projected ∆SAT typically overestimate warming
trends of SAT in northern Canada and Greenland during 1980–2013 (cf.
Fig. 5 and Supplementary Fig. 2). As expected, there is substantial inter-
model disagreement among recent warming trends of SAT and future
projected ∆SAT over northern Canada and Greenland (Supplementary
Figs. 2 and 5). These statistical analyses point to the fact that historical-
simulation errors in the relationship between SST over tropical IOWP and
SAT in northern Canada and Greenland readily propagate into future cli-
mate responses to greenhouse gas increases under greenhouse warming,
providing a plausible constraint on future warmingmagnitudes in northern
Canada and Greenland.

To reduce potential uncertainties, we use the hierarchical emergent
constraint framework67 to estimate observationally constrained ranges of
future projected ∆SAT over northern Canada and Greenland (see “Meth-
ods”). Under the SSP5-8.5 scenario, the raw ensemble mean value and its
5–95% ranges (assuming a Gaussian distribution) of ∆SAT in northern
Canada and Greenland for the near-term (2026–2055 minus 1981–2010)
and long-term (2071–2100 minus 1981–2010) projections are ~3.08 °C
(1.07–5.09 °C) and ~7.78 °C (4.12–11.44 °C), respectively (Fig. 5c, d). By
incorporating seven different observations to constrain the simulated tro-
pical IOWP SST trends during 1980–2013 (“Methods”), the near-term and
long-term projected upper bounds (95th percentile value) of ∆SAT over
northern Canada and Greenland drop by ~19.8% from ~5.09 to ~4.08 °C
and by ~18.4% from ~11.44 to ~9.34 °C (Fig. 5c, d), respectively. Con-
sistently, the relative reductions in variance (RRVs in “Methods”) for the
near-term and long-term projected ∆SAT in northern Canada and
Greenland, based on seven observations, are ~34.64% and ~41.46%,
respectively. Our observational emergent-constraint approach, built on
recent trends in tropical IOWP SSTs, also performs well for both the SSP2-
4.5 and SSP1-2.6 scenarios. Under the SSP2-4.5 scenario, the upper bounds
of near-term and long-term projected ∆SAT in northern Canada and
Greenland decrease by ~21.2% from~4.33 to ~3.41 °C and by ~20.9% from
~7.18 to ~5.68 °C, respectively. Correspondingly, the variances of future
projected ∆SAT over northern Canada and Greenland are reduced by
~36.56% for the near-term projections and by ~40.37% for the long-term
projections (Supplementary Fig. 11c-d). Under the SSP1-2.6 scenario, the
95th percentile values of near-term and long-term projected ∆SAT in
northernCanada andGreenland are lowered by~11.5% (~7.41 to ~6.56 °C)
and ~23.9% (~9.37 to ~7.13 °C), respectively. The variances of future pro-
jected ∆SAT over northern Canada and Greenland are diminished by
~23.54% and ~31.62% (Supplementary Fig. 12c-d), respectively. These
results show that the observational emergent-constraint framework, using
more realistic tropical IOWP SST trends in observations, substantially

lowers the upper bounds of future projected∆SAT in northern Canada and
Greenland, regardless of greenhouse gas emission trajectories. Moreover,
owing to discrepancies between the observed and modeled representations
of internal variability, such as changes in the magnitude and phase transi-
tions of AMV (see Supplementary Fig. 7), reductions in the constrained
upper bounds of future projected ∆SAT over northern Canada and
Greenland may be partly explained by internal variability.

Implications for emergent constraints on future pan-Arctic

warming

During 1980–2013, observed SAT over the northern Canadian-Greenland
Arctic haswarmed almost asmuch as the pan-Arctic, a robust feature across
multiple observations (Supplementary Fig. 1). This amplified regional
warming clearly reflects the fourfold Arctic amplification. In addition, the
near-term (2026–2055 minus 1981–2010) and long-term
(2071–2100 minus 1981–2010) projected ∆SAT in the pan-Arctic is basi-
cally proportional to recent simulated trends of tropical IOWP SSTs under
both the SSP1-2.6 (Supplementary Fig. 13) and SSP2-4.5 (Fig. 6a, b) sce-
narios, with strong positive correlation coefficients greater than 0.55
(P < 0.01). Comparably, the future projected∆SAT in the pan-Arctic under
the SSP5-8.5 scenario is also well correlated with the simulated tropical
IOWP SST trends during 1980–2013 (Fig. 6c, d), with high correlation
coefficients of both greater than~0.63 (P < 0.01). The statistically significant
relationship between the recent past tropical IOWP SST trends and future
pan-Arctic ∆SAT suggests that CMIP6 models showing greater recent
warming in tropical IOWPSSTswould simulatehigherwarming in thepan-
Arctic. Therefore, both observational and modeling evidence enable an
observationally constrained relationship for future warming magnitudes
across the pan-Arctic.

We further extend the hierarchical emergent constraint framework67 to
observational constraints on future projected ∆SAT across the pan-Arctic,
basedon recent trends in tropical IOWPSSTs.After incorporating observed
estimates of tropical IOWP SST trends into constraints, the near-term and
long-term projected upper bounds of pan-Arctic ∆SAT decline by ~20.8%
(~5.23 to ~4.14 °C) and ~23.2% (~6.47 to ~4.97 °C) under the SSP1-2.6
scenario (Supplementary Fig. 13), and by ~19.4% (~4.65 to ~3.75 °C) and
~19.6% (~7.51 to ~6.04 °C) under the SSP2-4.5 scenario (Fig. 6a, b). The
variances of future projected ∆SAT in the pan-Arctic are reduced by ~20.8
to ~23.2% and ~33.52 to ~40.16%, respectively. Our observational con-
straints based on recent tropical IOWP SST trends also work well for the
SSP5-8.5 scenario (Fig. 6c, d). The upper bounds of the near-term and long-
term projected ∆SAT decrease significantly across the pan-Arctic, reaching
~18.3%(~5.4 to~4.41°C) and~16.9%(~11.68 to~9.71°C), respectively.The
variances of future projected ∆SAT in the pan-Arctic decrease by ~32.91%
and ~41.22%, respectively. Altogether, the 95th percentile values (the upper
bounds) of future projected ∆SAT in the northern Canadian-Greenland
Arctic and the pan-Arctic are lowered more under both the SSP1-2.6 and
SSP2-4.5 scenarios than under the SSP5-8.5 scenario (cf. Supplementary
Fig. 13 and Figs. 5–6). In contrast, the 5th percentile values (the lower
bounds) are negligible across all scenarios (Supplementary Fig. 13 and
Figs. 5–6). Additionally, the 5%-95% ranges of constrained ∆SAT in the
northern Canadian-Greenland Arctic and the pan-Arctic are not sensitive
to the choice of seven observed SSTs.When one observed SST is subtracted
from seven observations, the 5–95% ranges of constrained ∆SAT in the
regional Arctic and the pan-Arctic are largely unchanged (Supplementary
Figs. 14-15), verifying the robustness of the proposed emergent constraint.

Discussion
We present clear modeling evidence from hierarchical pacemaker experi-
ments that the tropical IOWP warm pool is crucial for pronounced near-
surface and tropospheric warming over the northern Canadian-Greenland
Arctic during 1980–2013.Anomalous tropical IOWPSSTwarming initiates
aRossbywave train towards theArctic, forming the anomalous anticyclonic
circulation covering northern Canada and Greenland. The resulting large-
scale atmospheric circulation adjustment induces near-surface and
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tropospheric warming anomalies over northern Canada and Greenland,
driven primarily by increased incoming shortwave radiation owing to
enhanced subsidence and reduced low-level cloud cover. The tropical
IOWP convective heating accounts for ~40% of the observed near-surface
warming,with anadditional 50 – 60%warmingarising fromgreenhouse gas
increases3 (see Fig. 2). Basedon recentpast trends of tropical IOWPSSTs,we
establishobservational constraints on future projectedwarmingmagnitudes
in the northern Canadian-Greenland Arctic and the pan-Arctic to reduce
potential uncertainty. The 95th percentile values of near-term (2026–2055)
and long-term (2071–2100) projectedwarmingmagnitudes in the northern
Canadian-Greenland Arctic are reduced by ~11.5% to ~23.9%, ~20.9% to
~21.2%, and ~18.4% to ~19.8% under the SSP1-2.6, SSP2-4.5, and SSP5-
8.5 scenarios, respectively. For the pan-Arctic, the upper bounds of near-
term and long-term projected warmingmagnitudes are reduced by ~20.8%
to ~23.2%, ~19.4% to ~19.6%, and ~16.9% to ~18.3%, respectively, under
the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios.

Recognizing the importance of tropical IOWP-Arctic trans-hemi-
spheric teleconnections could have profound implications for future pro-
jections of Arctic warming, despite the same greenhouse gas concentrations
in each scenario, CMIP6 models with overestimated tropical IOWP SST
warming tend to produce larger increases in SATwarmingmagnitudes over
the northern Canadian-Greenland Arctic and the pan-Arctic for both his-
torical and future periods (see Figs. 4–5 and Supplementary Fig. 2). Some
CMIP6models simulating greater recent trends in tropical IOWPSSTs than
observations even produce larger recent trends in SAT over the northern
Canadian-Greenland Arctic and the entire Arctic than observations. Thus,
these biasedmodels shouldbe considered lowcredibility for futureprojected
Arctic amplification. We may further disentangle the primary factors
underlying the consistently too-high simulated Arctic warming and the
typically associated too-strong simulated Arctic sea-ice loss in these outlier

models. A reliable estimate of Arctic amplification and sea-ice loss, parti-
cularly the timing of a summer ice-free Arctic68, could enhance our con-
fidence in viable planning and mitigation measures to avoid adverse
economic and societal impacts arising from the Arctic-relevant high
susceptibility69 to an overshoot world of warming greater than 1.5°C.

Validating the tropical-Arctic teleconnections in climate models
against observations is essential to ameliorate the credibility of future Arctic
climate projections. The background state may mediate the atmospheric
teleconnection at mid- and high latitudes. For instance, the Arctic warming
mayweaken themeridional tropospheric potential vorticity70,71 and alter the
energy dispersion and nonlinearity of large-scale Rossby wave trains. Fur-
thermore, the winter Arctic sea-ice decline linked to the long-lived Ural
blocking72 and/or La Niña-like SST cooling favors a positive-phase North
Atlantic Oscillation-like circulation pattern73, promoting surface warming
in northern Canada and Greenland. Additionally, the tropical-Arctic tele-
connectionmay be non-stationary onmulti-decadal timescales74. However,
current climate models cannot simulate the observed tropical SST varia-
bility, especially in the tropical eastern Pacific and tropical Indo-western
Pacific identified in this study, raising concerns about the robustness and
non-stationarity of the tropical Pacific-Arctic teleconnection74. Thus, the
simulated tropical-Arctic teleconnection depends heavily on realistic
representations of tropical SST variability and the mid- to high-latitude
background state, warranting further systematic study through dedicated
model experiments, suchas ahierarchyofpacemaker experimentsproposed
in this study.

Our hierarchical pacemaker framework operates more realistically
than the previous diagnosis based on atmospheric reanalysis39, a low-
resolution atmosphere-standalone model75, and a slab ocean-atmosphere
model3, which underrepresent the full extent of ocean dynamics, ocean-air
coupling, and trans-basin interactions. The innovative experimental design

Fig. 6 | Observational constraints on future projected changes in near-surface air

temperature in the pan-Arctic. Inter-model relationship between 1980–2013

trends of tropical Indo-Western Pacific (IOWP: 20°S-20°N, African coast to 180°E)

SST and future projected changes in near-surface air temperature (∆SAT) averaged

in pan-Arctic for the near term (a and c 2026–2055 minus 1981–2010) and the long

term (b andd 2071–2100minus 1981–2010) from30CMIP6models under SSP2-4.5

(a, b) and SSP5-8.5 (c, d) scenarios. The vertical bars depict the average (dots) and

5–95% ranges of the raw 30 CMIP6 (blue) ∆SAT and the constrained (red) ∆SAT

using seven different observations. The horizontal bars portray the average (dots)

and two standard deviations of the observed (pink) and CMIP6-modeled tropical

IOWPSST trends (light blue) for 1980–2013. The solid lines denote the least-squares

linear fits. Shown are Pearson’s correlation coefficients (R), together with the sta-

tistical significance (P < 0.01) based on a two-sided Student’s t test. Numbers (blue)

ranging from 1 to 30 correspond to the 30 available CMIP6 models shown in

Supplementary Table 1.
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enables us to clarify the active role of the tropical IOWP in promoting
climatic impacts in northern Canada and Greenland through the tropical
IOWP-Arctic teleconnections on multi-decadal timescales. Although ear-
lier studies argue the potential influence of the tropical eastern Pacific
cooling3 and North Atlantic warming40–42, the tropical eastern Pacific-
dominated cooling effects on northern Canada and Greenland are largely
underestimated by nearly all the coupled climate models in the CMIP5 and
CMIP6 archive: directly via the tropical Pacific-North American
teleconnection76–78 and indirectly throughNorthAtlanticwarming-induced
trans-basin interactions44–46,55,56,58 (see Supplementary Figs. 6 and 7). Our
study identifies the previously overlooked roles of tropical eastern Pacific
cooling and North Atlantic warming in suppressing the regional and pan-
Arctic warming through trans-basin interactions44,45,55,56.

The hierarchical pacemaker framework also offers new insights into
the observed fourfold warming rate across the pan-Arctic since around
1980,which is underrepresented inbothCMIP5andCMIP6 (refs. 1,2.).Our
ongoing study indicates that the simulated Arctic amplification in the tro-
pical IOWP pacemaker simulations is closer to observations than the tro-
pical eastern Pacific and North Atlantic pacemaker experiments. The
model-observation disparity probably stems from commonmodel biases in
simulating the tropical-Arctic teleconnection, the present-day climatologi-
cal Arctic sea-ice area68,79, and the sensitivity of Arctic sea-ice formation to
the atmospheric circulation53,80 because of the ensemble-averaged responses
in pacemaker simulations as a combination of the remote SST forcing and
local intensification related to sea-ice decline. The Tropical Basin Interac-
tion Model Intercomparison Project81 may help ameliorate these model
limitations and gain deeper insight into the tropical IOWP-Arctic tele-
connections by adopting a new pacemaker experimental protocol based on
the observed climatology rather than themodelmean state, albeit at the cost
of introducing observational uncertainties.

Methods
Observations and reanalyses

Four different datasets are used to illustrate the consistent near-surface
prominent warming over northern Canada and Greenland (Fig. 1 and
Supplementary Fig. 1), including the European Center for Medium-Range
Weather Forecasts fifth-generation atmospheric reanalysis (ERA5)82 on a
1° × 1° horizontal resolution for 1950–2013, the Met Office Hadley Center/
Climatic Research Unit version 5 (HadCRUT5)83 by blending land surface
air temperature (CRUTEM5) and sea surface temperature (HadSST4) with
a 5° × 5° grid for 1950–2013, the NASAGoddard Institute for Space Studies
Surface Temperature version 4 (GISTEMP4)84 by merging land surface air
temperature (GHCN v4) and sea surface temperature (ERSST v5) with a
5° × 5° grid for 1950–2013, and the Berkeley Earth Surface Temperature
(Berkeley)85 by combining land temperature records with an interpolated
version of HadSST3 with a 1° × 1° grid for 1950–2013. Since ERA5 shows
fairly realistic Arctic tropospheric temperature distributions and fewer
spurious trends6,82 than previous ERA-40 reanalysis datasets, as well as
longer periods than ERA-interim reanalysis product and larger coverage
than meteorological station datasets, we use ERA5 alone to compute the
tropospheric temperature warming in northern Canada and Greenland
(Fig. 1 and Supplementary Fig. 1). Seven different SST products are utilized
to estimate the tropical Indo-western Pacific (IOWP: 20°S–20°N and the
African coast to 180°E) warming trends of 1980–2013, including Extended
Reconstructed Sea Surface Temperature version 3b, 4, and 5 (ERSST v3b,
ERSST v4, and ERSST v5)86, Centennial in situ Observation-Based Esti-
mates of Sea Surface Temperature (COBE-SST and COBE-SST2)87, Hadley
Center Sea Ice and SST dataset (HadISST)88, and the merged HadIey-
NOAA/OI sea surface temperature (Hurrell)89. Unless otherwise specified,
we use least-squares linear regression to estimate linear trends, with a 95%
significance level based on a two-sided Student’s t-test. Slight changes to the
definition of the northern Canadian-Greenland Arctic domain do not alter
our main conclusions.

CMIP6 and CESM1 ensemble simulations

To evaluate the contribution of radiative forcing to near-surface and tro-
pospheric warming over the northern Canada and Greenland sector of the
Arctic (Supplementary Fig. 2),wemainly use thehistorical (1980–2013) and
Shared Socioeconomic Pathway 2-Representative Concentration Pathway
4.5 (SSP2-4.5) and SSP5-8.5 simulations (2015–2100) of 30 availablemodels
participating in the Coupled Model Intercomparison Project phase six
(CMIP6) (Supplementary Table 1).We analyze only the first realization for
each model. These multi-model simulations provide a comprehensive
assessment of warming magnitudes over northern Canada and Greenland
for historical periods and future projections. We also employ CESM1 large
ensemble simulations49 with different initial atmospheric conditions to
quantify the role of radiative forcing in driving warming over northern
Canada and Greenland during 1980–2013. Following the CMIP5 experi-
mental protocol, the CESM1 simulations are forced by historical radiative
forcing for 1920–2005 and by RCP8.5 for 2006–2100 (Supplementary
Table 2).

Time-evolving and idealized pacemaker experiments

To quantify how SST variability in individual ocean basins, through trans-
basin interactions, contributes to warming over northern Canada and
Greenland during 1980–2013, we diagnose three 10-member ensemble
time-evolving pacemaker experiments with the fully coupled climatemodel
CESM1, following the previously proposedmethod57,90. In these simulations
(Supplementary Table 2 and Supplementary Fig. 3), SSTs in the tropical
Indian Ocean-Western Pacific (IOWP: 15°S-15°N, African coast to 174°E
with 5° buffer zones), tropical eastern Pacific (TEP: 15°S-15°N, 180° to the
American coast with 5° buffer zones), and North Atlantic Ocean (NAT: 5°-
55°N, the American coast to Africa/Europe with 5° tapering buffer zones)
are separately nudged toward themodel climatology plus observed anomaly
(ERSSTv3b).Outside the restoring regions, the ocean-atmosphere system is
fully coupled and evolves freely. Each experiment spans 1920 to 2013 and
consists of 10 members generated by introducing micro-perturbations in
atmospheric initial conditions. All simulations follow historical radiative
forcing until 2005 and the RCP8.5 scenario thereafter. These time-evolving
pacemaker experiments have successfully captured a strengthening of
Pacific Walker circulation46, tropical-Southern Ocean trans-hemispheric
teleconnections91, and recent inter-tropical Africa drying conditions92,
increasing our confidence in evaluating the roles of SST variability in
individual ocean basins and trans-basin interactions in shaping rapid
warming over northern Canada and Greenland during 1980–2013.

Because the IPOswitches phase frompositive tonegative and theAMV
translates into a warm phase from cold during 1980–2013, we also examine
the respective roles of the IPO and AMV phase shifts in generating Arctic
near-surface temperature anomalies by analyzing two sets of idealized
pacemaker experiments wherein the warm-phase and cold-phase IPO-SST
anomaly (40°S-60°N, from Indonesia to theAmerican coast) and thewarm-
polarity and cold-polarityAMV-SSTanomaly (8°-65°N, fromtheAmerican
coast to Africa/Europe) are prescribed, respectively (Supplementary
Table 2). Note that the idealized IPO and AMV configurations correspond
to the internal components of observed IPO-SST and AMV-SST patterns
and are obtained by regressing the internally generated SST components at
each grid point against the respective IPOandAMV indices. The internally-
driven SST components are calculated as the residual of the observed SST
after removing the externally forced component derived from CMIP5
multi-model historical simulations using a signal-to-noise-maximizing
empirical orthogonal function method58,93.

The cold-phase and warm-phase IPO experiments (termed –IPO and
+IPO) each consist of 10 members. The warm-polarity and cold-polarity
AMV experiments (denoted +AMV and –AMV) each comprise 30
members. Each run is integrated for 10 years, with all external forcings kept
constant at pre-industrial levels. We estimate the simulated Arctic climate
response to a warm-to-cold IPO phase shift as the 10-year mean difference
between –IPO and +IPO, averaged across 10 members. Similarly, we cal-
culate the impact of a cold-to-warm AMV phase transition by subtracting
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–AMV from +AMV, averaged across 30 members and 10 years. When
randomly selecting 10 members from +AMV and –AMV to estimate the
ensemble-mean responses, our main results are qualitatively similar.

Estimation of uncertainty range

Given the large uncertainty in future projected warmingmagnitudes across
the northern Canadian-Greenland Arctic and the pan-Arctic, we calculate
raw5–95%uncertainty rangesby assumingaGaussiandistributionof the 30
available CMIP6 model spreads. Specifically, we estimate the observation-
ally constrained ranges of future projected warming magnitudes using the
hierarchical emergent constraint framework67. In this study, Z and X are
future changes in and recent past trends of 30models, respectively.μz and δz
are the ensemblemeanand standarddeviationof future changes inwarming
magnitude (z), respectively. μx and δx are the ensemble mean and standard
deviationof the 1980–2013 trends of SSTs in the tropical IOWP(20°S-20°N,
Africancoast to 180°E) (x), respectively.Rdenotes the correlation coefficient
between Z and X. Y is the 1980–2013 trend of tropical IOWP SST from
seven different observations. μy and δy are the ensemblemean and standard
deviation of the observed trends of tropical IOWP SST, respectively. Given
the recent past and long-term warming trends in the tropical IOWP SST,
which are mainly forced by greenhouse gases and less affected by internal
climate variability and aerosols, we focus on uncertainties in these trends
across seven observational datasets.

We measure the mean (EðzjyÞ) and standard deviation (δðzjyÞ) of the
constrained future projections of warming magnitudes following the
equations:

E zjy
� �

¼ μz þ
Rδzδx
δ2x þ δ2y

μy � μx

� �

ð1Þ

δ zjy
� �

¼ δz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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The constrained 5–95% ranges of future projected warming magni-
tudes are calculated by assuming a Gaussian distribution of EðzjyÞ) and
δðzjyÞ. The relative reduction of variance (RRV) is estimated as follows:

RRV ¼ 1�
δ zjy
� �2

δz
2

 !

× 100% ð3Þ

Data availability
Observations and model outputs used here are publicly available from the
following websites: ERA5 (https://cds.climate.copernicus.eu/datasets/
reanalysis-era5-single-levels-monthly-means?tab=download); HadCRUT5
(https://www.metoffice.gov.uk/hadobs/hadcrut5/); NOAA GISTEMP4
(https://psl.noaa.gov/data/gridded/data.noaaglobaltemp.html); Berkeley
(https://berkeleyearth.org/data/); ERSST v3b, v4, and v5 (https://www.ncei.
noaa.gov/products/extended-reconstructed-sst); HadISST (https://www.
metoffice.gov.uk/hadobs/hadisst/); COBE-SST and COBE-SST2 (https://
climatedataguide.ucar.edu/climate-data/sst-data-cobe-centennial-situ-
observation-based-estimates/); Hurrell (https://climatedataguide.ucar.edu/
climate-data/merged-hadley-noaaoi-sea-surface-temperature-sea-ice-
concentration-hurrell-et-al-2008); All the CMIP6 model outputs are
available at https://esgf-metagrid.cloud.dkrz.de/search. The CESM1 data-
sets generated and/or analyzed during the current study are not publicly
available due to their large size but are available from the corresponding
author (S.L.Y.) upon reasonable request.

Code availability
The codes generated and/or analyzed during the current study are not
publicly available because they require a Unix compiling and execution
environment to run the NCAR Command Language (NCL; https://www.

ncl.ucar.edu/), but are available from the corresponding author (S.L.Y.)
upon reasonable request.

Received: 6 July 2026; Accepted: 22 September 2026;

References
1. Rantanen,M.et al. TheArctic haswarmednearly four times faster than

the globe since 1979. Commun. Earth Environ. 3, 168 (2022).

2. Zhou,W., Leung, L. R. & Lu, J. Steady threefold Arctic amplification of

externally forced warming masked by natural variability. Nat. Geosci.

17, 508–515 (2024).

3. Ding, Q. et al. Tropical forcing of the recent rapid Arctic warming in

northeastern Canada and Greenland. Nature 509, 209–212 (2014).

4. Graversen,R.G.,Mauritsen, T., Tjernström,M.,Källén, E.&Svensson,G.

Vertical structure of recent Arctic warming. Nature 451, 53–56 (2008).

5. Screen, J. A., Deser, C. & Simmonds, I. Local and remote controls on

observed Arctic warming. Geophys. Res. Lett. 39, (2012).

6. Screen, J. A. & Simmonds, I. The central role of diminishing sea ice in

recent Arctic temperature amplification. Nature 464, 1334–1337

(2010).

7. Serreze, M. C., Barrett, A., Stroeve, J., Kindig, D. & Holland, M. The

emergence of surface-based Arctic amplification. cryosphere 3,

11–19 (2009).

8. Serreze, M. C. & Barry, R. G. Processes and impacts of Arctic

amplification: A research synthesis. Glob. Planet. Change 77, 85–96

(2011).

9. Stroeve, J. C. et al. The Arctic’s rapidly shrinking sea ice cover: a

research synthesis. Clim. Change 110, 1005–1027 (2012).

10. Dai, A., Luo, D., Song, M. & Liu, J. Arctic amplification is caused by

sea-ice loss under increasing CO2. Nat. Commun. 10, 121 (2019).

11. Crook, J. A., Forster, P. M. & Stuber, N. Spatial patterns of modeled

climate feedback and contributions to temperature response and

polar amplification. J. Clim. 24, 3575–3592 (2011).

12. Taylor, P. C. et al. A decomposition of feedback contributions to polar

warming amplification. J. Clim. 26, 7023–7043 (2013).

13. Pithan, F. & Mauritsen, T. Arctic amplification dominated by

temperature feedbacks in contemporary climatemodels.Nat.Geosci.

7, 181–184 (2014).

14. Linke, O. et al. Constraints on simulated past Arctic amplification and

lapse rate feedback from observations. Atmos. Chem. Phys. 23,

9963–9992 (2023).

15. Boeke, R. C., Taylor, P. C. & Sejas, S. A. On the nature of the Arctic’s

positive lapse-rate feedback. Geophys. Res. Lett. 48,

e2020GL091109 (2021).

16. Dai, A. & Jenkins, M. T. Relationships among Arctic warming, sea-ice

loss, stability, lapse rate feedback, andArctic amplification.Clim.Dyn.

61, 5217–5232 (2023).

17. Stuecker, M. F. et al. Polar amplification dominated by local forcing

and feedbacks. Nat. Clim. Change 8, 1076–1081 (2018).

18. Zhou, W., Leung, L. R., Xie, S.-P. & Lu, J. An analytic theory for the

degree of Arctic Amplification. Nat. Commun. 15, 5060 (2024).

19. Ghatak, D. & Miller, J. Implications for Arctic amplification of changes

in the strength of the water vapor feedback. J. Geophys. Res.: Atmos.

118, 7569–7578 (2013).

20. Gong, T., Feldstein, S. & Lee, S. The role of downward infrared

radiation in the recent Arctic winter warming trend. J. Clim. 30,

4937–4949 (2017).

21. Monroe, E. E., Taylor, P. C. &Boisvert, L. N. Arctic cloud response to a

perturbation in sea ice concentration: The north water polynya. J.

Geophys. Res.: Atmos. 126, e2020JD034409 (2021).

22. Schweiger, A. J., Lindsay, R. W., Vavrus, S. & Francis, J. A.

Relationships between Arctic sea ice and clouds during autumn. J.

Clim. 21, 4799–4810 (2008).

https://doi.org/10.1038/s41612-026-01563-w Article

npj Climate and Atmospheric Science Article in Press

https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=download
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=download
https://www.metoffice.gov.uk/hadobs/hadcrut5/
https://psl.noaa.gov/data/gridded/data.noaaglobaltemp.html
https://berkeleyearth.org/data/
https://www.ncei.noaa.gov/products/extended-reconstructed-sst
https://www.ncei.noaa.gov/products/extended-reconstructed-sst
https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.metoffice.gov.uk/hadobs/hadisst/
https://climatedataguide.ucar.edu/climate-data/sst-data-cobe-centennial-situ-observation-based-estimates/
https://climatedataguide.ucar.edu/climate-data/sst-data-cobe-centennial-situ-observation-based-estimates/
https://climatedataguide.ucar.edu/climate-data/sst-data-cobe-centennial-situ-observation-based-estimates/
https://climatedataguide.ucar.edu/climate-data/merged-hadley-noaaoi-sea-surface-temperature-sea-ice-concentration-hurrell-et-al-2008
https://climatedataguide.ucar.edu/climate-data/merged-hadley-noaaoi-sea-surface-temperature-sea-ice-concentration-hurrell-et-al-2008
https://climatedataguide.ucar.edu/climate-data/merged-hadley-noaaoi-sea-surface-temperature-sea-ice-concentration-hurrell-et-al-2008
https://esgf-metagrid.cloud.dkrz.de/search
https://www.ncl.ucar.edu/
https://www.ncl.ucar.edu/
www.nature.com/npjclimatsci


23. Eastman, R. & Warren, S. G. Interannual variations of Arctic cloud

types in relation to sea ice. J. Clim. 23, 4216–4232 (2010).

24. Kay, J. E. et al. Recent advances in Arctic cloud and climate research.

Curr. Clim. Change Rep. 2, 159–169 (2016).

25. Jenkins, M. T., Dai, A. & Deser, C. Seasonal variations and spatial

patterns of Arctic cloud changes in association with sea ice loss

during 1950–2019 in ERA5. J. Clim. 37, 735–754 (2024).

26. Taylor, P.C. &Monroe, E. Isolating the surface type influenceonArctic

low-clouds. J. Geophys. Res.: Atmos. 128, e2022JD038098 (2023).

27. Feldl, N., Po-Chedley, S., Singh,H. K., Hay, S. &Kushner, P. J. Sea ice

and atmospheric circulation shape the high-latitude lapse rate

feedback. NPJ Clim. Atmos. Sci. 3, 41 (2020).

28. Cai,M.Dynamical amplification of polar warming.Geophys. Res. Lett.

32, (2005).

29. Yoshimori, M., Abe-Ouchi, A. & Laîné, A. The role of atmospheric heat

transport and regional feedbacks in the Arctic warming at equilibrium.

Clim. Dyn. 49, 3457–3472 (2017).

30. Alexeev, V., Langen, P. & Bates, J. Polar amplification of surface

warming on an aquaplanet in “ghost forcing” experimentswithout sea

ice feedbacks. Clim. Dyn. 24, 655–666 (2005).

31. Yang, X. Y., Fyfe, J. C. & Flato, G. M. The role of poleward energy

transport in Arctic temperature evolution.Geophys. Res. Lett. 37 (2010).

32. Acosta Navarro, J. C. et al. Amplification of Arctic warming by past air

pollution reductions in Europe. Nat. Geosci. 9, 277–281 (2016).

33. Zhong, Q., Schutgens, N., Veraverbeke, S. & van der Werf, G. R.

Increasing aerosol emissions from boreal biomass burning

exacerbate Arctic warming.Nat. Clim. Change 14, 1275–1281 (2024).

34. Screen, J. A. et al. Causes and consequences of Arctic amplification

elucidated by coordinated multimodel experiments. Commun. Earth

Environ. (2025).

35. Jenkins,M. T., Dai, A. &Deser, C. Arctic climate feedback response to

local sea-ice concentration and remote sea surface temperature

changes in PAMIP simulations. Clim. Dyn. 62, 10599–10620 (2024).

36. Kosaka, Y. & Xie, S.-P. Recent global-warming hiatus tied to

equatorial Pacific surface cooling. Nature 501, 403–407 (2013).

37. Yao, S.-L., Luo, J.-J., Huang, G. & Wang, P. Distinct global warming

rates tied to multiple ocean surface temperature changes. Nat. Clim.

Change 7, 486–491 (2017).

38. Meehl, G. A., Hu, A., Arblaster, J. M., Fasullo, J. & Trenberth, K. E.

Externally forced and internally generated decadal climate variability

associated with the Interdecadal Pacific Oscillation. J. Clim. 26,

7298–7310 (2013).

39. Lee, S., Gong, T., Johnson, N., Feldstein, S. B. & Pollard, D. On the

possible link between tropical convection and the Northern

Hemisphere Arctic surface air temperature changebetween 1958 and

2001. J. Clim. 24, 4350–4367 (2011).

40. Chylek, P., Folland, C. K., Lesins, G., Dubey, M. K. & Wang, M. Arctic

air temperature change amplification and the Atlantic Multidecadal

Oscillation. Geophys. Res. Lett. 36, (2009).

41. Fang, M., Li, X., Chen, H. W. & Chen, D. Arctic amplification

modulated by Atlantic Multidecadal Oscillation and greenhouse

forcing on multidecadal to century scales. Nat. Commun. 13, 1865

(2022).

42. Chen, X. & Dai, A. Quantifying contributions of external forcing and

internal variability to Arctic warming during 1900–2021. Earth’s. Fut.

12, e2023EF003734 (2024).

43. Spielhagen, R. F. et al. Enhancedmodern heat transfer to theArctic by

warm Atlantic water. Science 331, 450–453 (2011).

44. Li, X., Xie, S.-P., Gille, S. T. & Yoo, C. Atlantic-induced pan-tropical

climate change over the past three decades. Nat. Clim. Change 6,

275–279 (2016).

45. McGregor, S. et al. Recent Walker circulation strengthening and

Pacific cooling amplified by Atlantic warming. Nat. Clim. Change 4,

888–892 (2014).

46. Yao, S.-L., Luo, J.-J., Chu, P.-S. & Zheng, F. Decadal variations of

Pacific Walker circulation tied to tropical Atlantic–Pacific trans-basin

SST gradients. Environ. Res. Lett. 18, 064016 (2023).

47. Luo, J.-J., Sasaki, W. & Masumoto, Y. Indian Ocean warming

modulates Pacific climate change. Proc. Natl. Acad. Sci. 109,

18701–18706 (2012).

48. Zelinka, M. D. et al. Causes of higher climate sensitivity in CMIP6

models. Geophys. Res. Lett. 47, e2019GL085782 (2020).

49. Kay, J. E. et al. The Community Earth System Model (CESM) large

ensemble project: A community resource for studying climate change

in the presence of internal climate variability. Bull. Am.Meteorol. Soc.

96, 1333–1349 (2015).

50. Svendsen, L., Keenlyside, N., Bethke, I., Gao, Y. & Omrani, N.-E.

Pacific contribution to the early twentieth-century warming in the

Arctic. Nat. Clim. Change 8, 793–797 (2018).

51. Tokinaga, H., Xie, S.-P. & Mukougawa, H. Early 20th-century Arctic

warming intensified by Pacific and Atlantic multidecadal variability.

Proc. Natl. Acad. Sci. 114, 6227–6232 (2017).

52. Castruccio, F. S. et al. Modulation of Arctic sea ice loss by

atmospheric teleconnections from Atlantic multidecadal variability. J.

Clim. 32, 1419–1441 (2019).

53. He, Z., Dai, A., Rose, B. E. & Vuille, M. Influence of the Atlantic and

Pacific Multidecadal Variability on Arctic Sea Ice in Pacemaker

Simulations during 1920–2013. J. Clim. 37, 4481–4506 (2024).

54. Cai, Z. et al. Role of Atlantic multidecadal variability in modulating

Arctic sea ice loss and wetting. Sci. Adv. 12, eady7595 (2026).

55. Yao, S. L., Zhou,W., Jin, F. F. &Zheng, F. North Atlantic as a trigger for

Pacific-wide decadal climate change. Geophys. Res. Lett. 48,

e2021GL094719 (2021).

56. Yao, S.-L., Wu, R., Luo, J.-J. & Zhou, W. Competing impacts of

tropical Pacific and Atlantic on Southern Ocean inter-decadal

variability. npj Clim. Atmos. Sci. 7, 104 (2024).

57. Meehl, G. A. et al. Atlantic and Pacific tropics connected by mutually

interactive decadal-timescale processes.Nat. Geosci. 14, 36–42 (2021).

58. Ruprich-Robert, Y. et al. Assessing the climate impacts of the

observed Atlanticmultidecadal variability using the GFDLCM2. 1 and

NCARCESM1global coupledmodels. J. Clim. 30, 2785–2810 (2017).

59. Xie, S.-P. et al. Global warming pattern formation: Sea surface

temperature and rainfall. J. Clim. 23, 966–986 (2010).

60. Trenberth, K. E., Fasullo, J. T., Branstator, G. &Phillips, A. S. Seasonal

aspects of the recent pause in surface warming.Nat. Clim. Change 4,

911–916 (2014).

61. Jiménez-de-la-Cuesta, D. & Mauritsen, T. Emergent constraints on

Earth’s transient and equilibrium response to doubledCO2 frompost-

1970s global warming. Nat. Geosci. 12, 902–905 (2019).

62. Liang, Y., Gillett, N. P. &Monahan, A. H. Climate model projections of

21st century globalwarming constrainedusing the observedwarming

trend. Geophys. Res. Lett. 47, e2019GL086757 (2020).

63. Tokarska, K. B. et al. Past warming trend constrains future warming in

CMIP6 models. Sci. Adv. 6, eaaz9549 (2020).

64. Yao, S.-L., Huang, G., Wu, R.-G., Qu, X. & Chen, D. Inhomogeneous

warming of the tropical Indian Ocean in the CMIP5model simulations

during 1900–2005 and associated mechanisms. Clim. Dyn. 46,

619–636 (2016).

65. Weller, E. et al. Human-caused Indo-Pacific warm pool expansion.

Sci. Adv. 2, e1501719 (2016).

66. Power, S. et al. Decadal climate variability in the tropical Pacific:

Characteristics, causes, predictability, and prospects. Science 374,

eaay9165 (2021).

67. Bowman, K. W., Cressie, N., Qu, X. & Hall, A. A hierarchical statistical

framework for emergent constraints: Application to snow-albedo

feedback. Geophys. Res. Lett. 45, 13,050–013,059 (2018).

68. Kim, Y.-H., Min, S.-K., Gillett, N. P., Notz, D. & Malinina, E.

Observationally-constrained projections of an ice-free Arctic even

under a low emission scenario. Nat. Commun. 14, 3139 (2023).

https://doi.org/10.1038/s41612-026-01563-w Article

npj Climate and Atmospheric Science Article in Press

www.nature.com/npjclimatsci


69. Zhang, X. et al. Weather and climate extremes in a changing Arctic.

Nat. Rev. Earth Environ. 1–21 (2025).

70. Luo, D. et al. Weakened potential vorticity barrier linked to recent

winter Arctic sea ice loss and midlatitude cold extremes. J. Clim. 32,

4235–4261 (2019).

71. Luo, D., Zhang,W. & Luo, B. A nonlinear multi-scale interactionmodel

for atmospheric blocking: A tool for exploring the impact of changing

climate on mid-to-high latitude weather extremes. Adv. Atmos. Sci.

42, 2018–2035 (2025).

72. Luo, D. et al. Impact of Ural blocking on winter warm Arctic–cold

Eurasian anomalies. Part II: The link to theNorthAtlanticOscillation. J.

Clim. 29, 3949–3971 (2016).

73. Luo, B. et al. Origins of Barents-Kara sea-ice interannual variability

modulated by the Atlantic pathway of El Niño–Southern Oscillation.

Nat. Commun. 14, 585 (2023).

74. Bonan, D. & Blanchard-Wrigglesworth, E. Non-stationary

teleconnection between the Pacific Ocean and.Arctic sea ice, (2019).

75. Blessing, S., Greatbatch, R. J., Fraedrich, K. & Lunkeit, F. Interpreting

the atmospheric circulation trend during the last half of the twentieth

century: Application of anadjointmodel. J.Clim.21, 4629–4646 (2008).

76. Alexander,M. A. et al. The atmospheric bridge: The influenceof ENSO

teleconnectionsonair–sea interactionover the global oceans. J.Clim.

15, 2205–2231 (2002).

77. Klein, S. A., Soden,B. J. & Lau,N.-C.Remote sea surface temperature

variations duringENSO:Evidence for a tropical atmospheric bridge. J.

Clim. 12, 917–932 (1999).

78. Annamalai, H., Okajima, H. & Watanabe, M. Possible impact of the

Indian Ocean SST on the Northern Hemisphere circulation during El

Niño. J. Clim. 20, 3164–3189 (2007).

79. Bonan, D. B., Schneider, T., Eisenman, I. & Wills, R. C. Constraining

the date of a seasonally ice-free Arctic using a simple model.

Geophys. Res. Lett. 48, e2021GL094309 (2021).

80. Topál, D. & Ding, Q. Atmospheric circulation-constrained model

sensitivity recalibrates Arctic climate projections. Nat. Clim. change

13, 710–718 (2023).

81. Richter, I. et al. The tropical basin interaction model intercomparison

project (TBIMIP). Geosci. Model Dev. 18, 2587–2608 (2025).

82. Hersbach, H. et al. The ERA5global reanalysis.Q. J. R.Meteorol. Soc.

146, 1999–2049 (2020).

83. Morice, C. P. et al. An updated assessment of near-surface

temperature change from1850: TheHadCRUT5data set. J.Geophys.

Res.: Atmos. 126, e2019JD032361 (2021).

84. Lenssen,N. J. et al. Improvements in theGISTEMPuncertaintymodel.

J. Geophys. Res.: Atmos. 124, 6307–6326 (2019).

85. Rohde, R. A. & Hausfather, Z. The Berkeley Earth land/ocean

temperature record. Earth Syst. Sci. Data 12, 3469–3479 (2020).

86. Huang, B. et al. Extended reconstructed sea surface temperature,

version 5 (ERSSTv5): upgrades, validations, and intercomparisons. J.

Clim. 30, 8179–8205 (2017).

87. Hirahara, S., Ishii, M. & Fukuda, Y. Centennial-scale sea surface

temperature analysis and its uncertainty. J. Clim. 27, 57–75 (2014).

88. Rayner, N. A. et al. Global analyses of sea surface temperature, sea

ice, andnightmarineair temperature since the latenineteenthcentury.

J. Geophys. Res.: Atmos. 108 (2003).

89. Hurrell, J. W., Hack, J. J., Shea, D., Caron, J. M. & Rosinski, J. A new

sea surface temperature and sea ice boundary dataset for the

Community Atmosphere Model. J. Clim. 21, 5145–5153 (2008).

90. Deser, C., Guo, R. & Lehner, F. The relative contributions of tropical

Pacific sea surface temperatures and atmospheric internal variability

to the recent global warming hiatus. Geophys. Res. Lett. 44,

7945–7954 (2017).

91. Yao, S.-L., Wu, R., Wang, P. & Chen, S. Rapid high-latitude cooling in

the southeastern Pacific sector driven by North Atlantic warming

during 1979–2013 in CESM1. Environ. Res. Lett. 19, 064025 (2024).

92. Yao, S.-L. et al. Inter-tropical African precipitation regime shifts

dominated by tropical easterly jet. npj Clim. Atmos. Sci. (2026).

93. Ting, M., Kushnir, Y., Seager, R. & Li, C. Forced and internal twentieth-

century SST trends in theNorthAtlantic. J.Clim. 22, 1469–1481 (2009).

Acknowledgements
YESWe thank the World Climate Research Program working group on

coupled modeling for coordinating the CMIP6 experiments and the

individual climatemodeling groups for their efforts inmodel simulations.We

acknowledge the Community Earth SystemModel (CESM) large ensemble

community projectand theClimateVariability andChangeworkinggroup for

providing model outputs.

Author contributions
S.L.Y. conceived the study, conducted all the analyses, generated all the

figures, and wrote themanuscript. R.W., P.L., and H.T. provided comments

on and revised the manuscript. P.W. helped process datasets. All the

authors contributed to refining the results.

Funding
P.L. are supported by the National Natural Science Foundation of China

(grant no. 92358302) and the National Key Program for Developing Basic

Sciences (grant no. 2020YFA0608902). P.W. is supported by the National

Key R&D Program of China (grant no. 2022YFC3104805).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains

supplementary material available at

https://doi.org/10.1038/s41612-026-01563-w.

Correspondence and requests for materials should be addressed to

Shuai-Lei Yao, Renguang Wu or Pengfei Lin.

Reprints and permissions information is available at

http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0 International License,

which permits any non-commercial use, sharing, distribution and

reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative

Commons licence, and indicate if you modified the licensed material. You

do not have permission under this licence to share adapted material

derived from this article or parts of it. The images or other third party

material in this article are included in the article's Creative Commons

licence, unless indicated otherwise in a credit line to thematerial. If material

is not included in thearticle'sCreativeCommons licenceandyour intended

use is not permitted by statutory regulation or exceeds the permitted use,

you will need to obtain permission directly from the copyright holder. To

view a copy of this licence, visit http://creativecommons.org/licenses/by-

nc-nd/4.0/.

© The Author(s) 2026

This Article inPress is shared early to give you faster access to new research.

It is citable and carries apermanentDOI. The final edited versionwill replace it

automatically.

https://doi.org/10.1038/s41612-026-01563-w Article

npj Climate and Atmospheric Science Article in Press

https://doi.org/10.1038/s41612-026-01563-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjclimatsci

	Tropical Indo-western Pacific forcing expedites warming in the northern Canadian-Greenland Arctic
	Results
	Tropical IOWP dominance
	Key physical mechanisms
	Emergent constraints on future projected regional warming magnitudes
	Implications for emergent constraints on future pan-Arctic warming

	Discussion
	Methods
	Observations and reanalyses
	CMIP6 and CESM1 ensemble simulations
	Time-evolving and idealized pacemaker experiments
	Estimation of uncertainty range

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information


