
Jeong et al., Sci. Adv. 8, eabl8278 (2022)     26 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 11

C L I M A T O L O G Y

Distinct impacts of major El Niño events on Arctic 
temperatures due to differences in eastern tropical 
Pacific sea surface temperatures
Hyein Jeong1, Hyo-Seok Park1,2*, Malte F. Stuecker3, Sang-Wook Yeh1,2

The El Niño Southern Oscillation (ENSO) is a climate mode in the tropical Pacific. The ENSO teleconnections are 
known to affect Arctic temperature; however, the robustness of this relationship remains debated. We find that 
Arctic surface temperatures during three major El Niño events are remarkably well simulated by a state-of-the-art 
model when nudged to the observed pantropical sea surface temperatures (SSTs). SST perturbation experiments 
show that the 1982–1983 warm pan-Arctic and the 1997–1998 cold pan-Arctic during winter can be explained 
by far eastern equatorial Pacific SSTs being higher during 1997–1998 than 1982–1983. Consistently, during 
the 2017–2018 La Niña, unusually low SSTs in the same region contributed to pan-Arctic warming. These 
pan-Arctic responses to the SSTs are realized through latent heating anomalies over the western and eastern 
tropical Pacific. These results highlight the importance of accurately representing SST amplitude and pattern for 
Arctic climate predictions.

INTRODUCTION
The strong Arctic secular warming trend in recent decades, partic-
ularly pronounced in late boreal autumn and winter, is superim-
posed by interannual variability. Much attention has been paid to this 
trend because of its crucial regional impacts and possible effects on 
the mid-latitude atmospheric circulation (1–3). In addition, Arctic 
warming in boreal winter can affect sea ice extent during the subse-
quent summer season (4–6). Whereas the Arctic warming trend is 
simulated by climate models (7, 8), the causes of interannual Arctic 
temperature fluctuations remain largely elusive. A prominent can-
didate is variations in tropical diabatic heating, which can be a key 
driver of the interannual and decadal variations of extratropical cli-
mate involving atmospheric teleconnections (9, 10).

In particular, the El Niño–Southern Oscillation (ENSO) has been 
suggested as a potentially important factor in Arctic climate vari-
ability (11–13). For instance, composites of reanalysis data indicate 
that El Niño events are usually accompanied by anomalous Arctic 
cooling and La Niña events by anomalous Arctic warming (12). How-
ever, a recent study found that the observed relationship between 
ENSO and Arctic surface temperature does not appear in historical 
climate model simulations, suggesting that the observed correlation 
could be an artifact associated with the internal variability of sea 
ice (14).

On interannual time scales, tropical sea surface temperature (SST) 
anomalies were most pronounced during three major El Niño events, 
1982–1983, 1997–1998, and 2015–2016, providing an excellent test-
bed for elucidating how El Niño might affect Arctic climate. Despite 
their importance, there has been little modeling research on the 
tropics-to-Arctic teleconnection process during major El Niño events. 
So far, many previous studies attempted to illustrate the ENSO im-
pact on Arctic climate under a linear framework, such as using 

correlations between ENSO indices and Arctic temperatures (14, 15). 
However, a slight change in the zonal gradient of the eastern tropi-
cal Pacific convection during ENSO can lead to a very different ex-
tratropical teleconnection pattern, all the way up to the Arctic (16). 
Therefore, investigating similarities and differences between indi-
vidual El Niño events and potential nonlinear effects might provide a 
better understanding of the tropics-to-Arctic teleconnection process.

Using a state-of-the-art ocean-atmosphere coupled climate model, 
we identify how major El Niño events and the accompanying pan-
tropical SST anomalies affected Arctic climate. Specifically, this 
study presents new findings that each major El Niño event played a 
key role in observed Arctic winter temperatures and that slightly differ-
ent SST patterns over the far eastern equatorial Pacific between these 
events caused markedly different Arctic temperature responses.

RESULTS
Observed climate conditions during major El Niño events
Major El Niño events are characterized by anomalously warm SSTs 
that peak in boreal winter in the eastern equatorial Pacific (around 
160°E to 80°W). Figure 1 shows tropical SST anomalies averaged 
from December to March (DJFM) during 1982/1983 (Fig. 1A), 
1997/1998 (Fig. 1B), and 2015/2016 (Fig. 1C) boreal winter. All events 
have eastern equatorial Pacific SST anomalies of more than 3°C and 
are accompanied by pronounced tropical Indian Ocean (IO) warm-
ing. While the eastern equatorial SST anomalies look similar to each 
other, there are distinct spatial SST patterns in the remaining trop-
ics (fig. S1). At a closer look, there are also differences evident in the 
eastern equatorial Pacific. For instance, in 1982/1983 and 1997/1998, 
the eastern equatorial Pacific cold tongue was a lot warmer than 
usual, shifting the center of maximum SST anomalies toward the 
eastern side of the basin. These El Niño events are often referred to 
as Eastern Pacific (EP) El Niño (17–20). In contrast, the 2015/2016 
El Niño event (Fig. 1C) is often classified as a “mixed type of El Niño,” 
exhibiting both EP and central Pacific El Niño characteristics (21). 
The SST amplitude of the 2015/2016 El Niño event was very similar to 
those of the preceding two major El Niño events (22), but it decayed 
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a little earlier in winter (23). Therefore, the DJFM averaged warm 
SST anomalies in the equatorial Pacific are slightly smaller than 
those in 1982/1983 and 1997/1998.

El Niño events are usually accompanied by tropical IO warming 
(24). However, the IO warming patterns show some clear differences 
during the past three major El Niño events (25, 26). While off-equatorial 
south IO warming occurred in 1982/1983 DJFM (Fig. 1A), a posi-
tive IO dipole mode pattern was seen in 1997/1998 DJFM (Fig. 1B) 
(27, 28). A positive phase of the IO dipole mode refers to an SST 
pattern that features warm anomalies in the equatorial western IO 
and cold anomalies in the east (27). The IO dipole mode typically 
peaks in boreal autumn, but an anomalously strong event persisted 
throughout the winter of 1997/1998 (Fig. 1B). To investigate the 
Arctic response to not only the direct El Niño SST anomalies in the 
eastern equatorial Pacific but also associated pantropical SST anoma-
lies (29), we impose pantropical SST anomalies in a coupled climate 
model for these three events (see Materials and Methods for details).

During major El Niño winters, a positive phase of the Pacific- 
North America (PNA) pattern is often seen (30), which is accompa-
nied by cold surface temperature anomalies over the North Pacific 
and substantial warm anomalies over Canada and the northern 
United States during all three events (Fig. 1). Apart from these regions, 

the northern extratropics had widely varying surface air tempera-
ture (SAT) anomalies during these three major El Niño winters. In 
particular, the Arctic and the Eurasian continent were a lot warmer 
than usual in the winter of 1982/1983 (Fig. 1A), whereas almost 
the opposite SAT anomalies were evident over the Arctic and the 
Eurasian continent in the winter of 1997/1998 (Fig. 1B) (31). In the 
winter of 2015/2016 El Niño, SAT anomalies over the Arctic and 
the Eurasian continent were higher than usual (Fig. 1C).

The relative importance of remote tropical forcing and atmo-
spheric internal variability in the Arctic temperature variability re-
mains strongly debated. Several studies (14, 32) have argued that 
Arctic circulation changes and the accompanying temperature vari-
ability are mostly driven by internal variability in the historical and 
future CMIP5 (phase 5 of the Coupled Model Intercomparison Project) 
simulations. Specifically, a recent study (14) suggests that tempera-
ture variations over the Barents-Kara Sea are largely associated with 
the interaction between Arctic Sea ice cover and high- latitude atmo-
spheric circulations rather than by ENSO-induced tropics-to-Arctic 
teleconnections. Provided that the Arctic SAT anomalies during the 
winters of 1982/1983 and 1997/1998, both of which were EP El Niño, 
show almost the opposite patterns (Fig.  1,  A and B), internal 
atmospheric variability seems to play a key role for observed histor-
ical Arctic SAT variability. However, as will be shown later, we pro-
vide climate model evidence that part of the vastly different Arctic 
SAT anomalies seen during EP El Niño events can be explained by 
small but effective differences of the eastern equatorial Pacific SST 
anomalies during different events.

Model-simulated extratropical climate responses for major 
El Niño events
Changes in the diabatic heating field during El Niño are accom-
panied by large-scale divergence/convergence changes in the trop-
ics (fig. S2), which can have pronounced remote impacts on global 
climate (30). Figure 2 shows the 200-hPa geopotential height (Z200) 
anomalies for the observations (left column) and the Community 
Earth System Model version 2 (CESM2) simulation ensemble mean 
(right column) for each El Niño event in the Northern Hemisphere 
during DJFM. Here, the anomalies in the CESM2 simulation are 
calculated as the differences between the El Niño pacemaker simu-
lation and the control simulation. Throughout the manuscript, we 
consider the ensemble-mean (10 members for each experiment) 
response forced by tropical SST anomalies, whereas the ensemble 
spread is a measure of the unforced internal atmospheric variability 
in the model. The observed Z200 anomalies show a positive PNA-
like pattern with a trough over the North Pacific and a ridge over 
North America for all three events (Fig. 2, A, C, and E). The model 
simulated ensemble-mean nonzonal Z200 patterns forced by tropi-
cal SST anomalies during each El Niño event are in good agreement 
with the observed Z200 characteristics, that is, a ridge over the trop-
ical EP and the accompanying positive PNA-like pattern are well 
reproduced (Fig. 2, B, D, and F). The pattern correlation coefficients 
between the observed and CESM2 simulated nonzonal Z200 anom-
alies in the northern extratropics (30°N to 90°N) are 0.54, 0.75, and 
0.35 for 1982/1983, 1997/1998, and 2015/2016, respectively. Except 
for 2015/2016, CESM2 forced by observed tropical SST reproduces 
well the extratropical teleconnection patterns. Following a recent 
study (14), we also carried out additional pacemaker simulations in 
the Niño3.4 region (10°S to 10°N, 160°E to 90°W) for the 1982/1983 
and 1997/1998 El Niño events (fig. S3). In this case, the pattern 

A

B

C

Fig. 1. Observed tropical SST and extratropical surface air temperature anomalies 
during major El Niño events. Tropical (20°S to 20°N) SSTs (bottom; °C) and extra-
tropical (20°N to 90°N) surface air temperature (SAT) (top; °C) anomalies during 
boreal winter (DJFM) of (A) 1982/1983, (B) 1997/1998, and (C) 2015/2016. SSTs and 
SAT are detrended and anomalies are relative to the 1982–2018 climatology.
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correlations of nonzonal Z200 anomalies decrease from 0.54 to 0.43 
for 1982/1983 and from 0.75 to 0.66 for 1997/1998. Thus, we 
conclude that nudging the entire tropical belt is necessary to obtain 
a more accurate simulation of tropics-to-extratropics telecon-
nections during ENSO.

While the mid-latitude nonzonal Z200 anomalies show positive 
PNA patterns with a notable ridge in the tropical EP for all the ma-
jor El Niño events, the detailed Z200 anomalies at high latitudes are 
very different from each other. Although both the 1982/1983 and 
1997/1998 El Niño events are regarded as EP El Niño events with 
strong warming over the eastern equatorial Pacific, Z200 over 
Greenland was anomalously low in the winter of 1982/1983 and 
anomalously high in 1997/1998 (Fig. 2, A and C). These contrasting 
responses are well captured by the CESM2 ensemble average (Fig. 2, 
B and D), indicating that the differing tropical SST pattern is the 
dominant cause instead of internal Arctic variability. Because the 
structure and strength of the El Niño–driven PNA pattern are some-
what sensitive to the longitudinal location and strength of tropical 
convection (33), small differences of eastern equatorial Pacific SSTs 
between 1982/1983 and 1997/1998 (fig. S1) might induce very dif-
ferent tropics-to-Arctic teleconnection patterns.

The Z200 anomalies in 2015/2016 winter (Fig. 2E) were similar 
to those in 1982/1983 (Fig. 2A) and are generally well simulated 
by the CESM2 ensemble mean (Fig. 2F), except for a strong ridge 
over western Russia that is evident in the observations but not in the 
ensemble-mean model response. The strong ridge over western 

Russia during the winter of 2015/2016 could be due to atmospheric 
internal variability, which is unrelated to the tropical SST anoma-
lies. We emphasize that climate models have some limitations in 
simulating the exact wintertime ENSO teleconnection patterns over 
the Northern Hemisphere extratropics (34).

Model-simulated Arctic SAT responses to major  
El Niño events
A polar stereographic view of the Arctic Ocean shows that a basin- 
wide Arctic Ocean surface warming (~3° to 3.5°C) occurred in the 
winter of 1982/1983 (Fig. 3A), whereas pronounced Arctic cold anom-
alies, almost the opposite to 1982/1983 and 2015/2016, occurred in 
1997/1998 (Fig. 3B). The CESM2 ensemble-mean response repro-
duces the Arctic warm anomalies in 1982/1983 (Fig. 3D) and cold 
anomalies in 1997/1998 (Fig. 3E), suggesting that tropical heating 
was a key driver of Arctic SAT changes during these major El Niño 
events. Here, the mean response of 10 ensemble members is shown 
in Fig. 3 (D to F), for which most grid cells show statistically signif-
icant (P < 0.05) temperature anomalies (stippled). However, we em-
phasize that there are large SAT variations among the ensemble 
members, as expected from internal atmospheric variability. Figure 3G 
shows box plots for the Arctic Ocean–averaged ensemble-mean 
SAT anomalies simulated by CESM2, together with the ensemble 
spread. The interquartile SAT ranges are around 1.2° and 1.5°C in 
1982/1983 and 1997/1998, respectively. The interquartile range is 
largest in 2015/2016, which is around 1.8°C. The observed Arctic Ocean 

A

C

E

B

D

F

Fig. 2. Atmospheric teleconnection patterns during major El Niño events. Nonzonal component of 200-hPa geopotential height (in m) anomalies in the winter 
(DJFM) of (A and B) 1982/1983, (C and D) 1997/1998, and (E and F) 2015/2016, for the (A, C, and E) ERA5 reanalysis and (B, D, and F) CESM2 experiment ensemble mean. 
For the CESM2 experiment, statistically significant values (P < 0.05) are stippled.
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SAT anomalies fall within these model-simulated interquartile 
SAT ranges (black dots in Fig. 3G), although the CESM2-simulated 
Arctic SAT ensemble mean somewhat underestimates the 
cold anomalies during the winter of 1997/1998. In the winter of 
2015/2016, SAT anomalies over the Barents-Kara seas were 
particularly high, up to 4°C higher than usual, whereas SAT over 
the Pacific sector of the Arctic was slightly lower than usual 
(Fig. 3C). CESM2 with tropical SST forcing does not simulate this 
strong warming over the Barents-Kara seas in the ensemble mean 
but simulates moderately strong warming over the Greenland seas 
(Fig. 3F).

The natural question arises of how the upper-level circulation 
anomalies regulate Arctic temperatures for these cases. Potential 
candidates are (i) dynamical warming or (ii) moisture transport and 
subsequent changes in downward longwave radiation. Previous 

studies have shown that Arctic surface warming can be caused by 
lower latitude forcing due to mid-tropospheric warming induced 
by anomalous poleward heat and moisture transport (35, 36). Adia-
batic warming is often suggested as a key linkage between mid- 
tropospheric warming and near-surface warming in the Arctic (37). 
Here, we calculate the lower-tropospheric heat budget for both the 
observations (fig. S4) and our CESM2 simulations (fig. S5), showing 
that the Arctic SAT anomaly pattern can be largely explained by 
increased downward longwave radiation. Horizontal temperature 
advection partly explains the SAT changes, especially the anoma-
lously low SAT over the Pacific sector during the 1997/1998 El Niño 
(figs. S4 and S5). While it is difficult to rule out the role of adiabatic 
warming (37), lower tropospheric moisture flux into the Arctic was 
likely a key driver for the Arctic warming in 1982/1983 and cooling 
in 1997/1998.

A

D

B

E

C

F

G

Fig. 3. Arctic Ocean surface temperature responses to major El Niño events. SAT (°C) anomalies in the Arctic Ocean averaged in the winter (DJFM) of (A and 
D) 1982/1983, (B and E) 1997/1998, and (C and F) 2015/2016 from (A to C) ERA5 reanalysis and (D to F) CESM2 simulation ensemble mean. For the CESM2 experiment, 
statistically significant values (P < 0.05) are stippled. Solid pink lines denote the climatological sea ice edges that correspond to 15% of sea ice concentration. (G) Box plots 
for ensemble mean and ensemble spread of CESM2-simulated SATs averaged over the Arctic Ocean (north of 60°N) in the winters of 1982/1983 (red), 1997/1998 (blue), 
and 2015/2016 (yellow). Shown in each box plot are the median (middle solid line), the 25th and 75th percentile (lower and upper hinge), and the 5th and 95th percentiles 
(whiskers) for the ensemble. The black dots indicate the SAT averaged over the Arctic Ocean for ERA5.
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Sensitivity of Arctic temperature to different tropical 
SST pattern
The almost opposite ensemble-mean response of Arctic Ocean sur-
face temperatures between the winters of 1982/1983 (Fig. 3, A and 
D) and 1997/1998 (Fig. 3, B and E) indicates that there must be an 
important difference in the deep tropical SST pattern between 
1982/1983 and 1997/1998. In this section, we attempt to find out the 
key tropical SST pattern causing this difference by performing sev-
eral idealized perturbation experiments.
Role of tropical IO warming
The most notable feature of pantropical SSTs during the 1997/1998 
El Niño, compared to 1982/1983, was an anomalously warm north IO 

and a positive IO dipole pattern throughout the winter (Fig. 1B). To 
verify the impact of the tropical IO SST anomalies on Arctic tempera-
tures during the winter of 1997/1998, we performed another idealized 
pacemaker experiment in which climatological SSTs were prescribed 
in the tropical IO, while other tropical SSTs in the other basins were 
restored to the observed SSTs. We can identify the impact of the trop-
ical IO SST anomalies in 1997/1998 on extratropical climate by exam-
ining the ensemble-mean differences between the original experiment 
in which pantropical SSTs were prescribed (Fig. 4J) and this experiment 
in which tropical IO SSTs were prescribed as climatology (Fig. 4K). 
The difference of SSTs shows anomalously warm SSTs and the strength-
ening of diabatic heating over the tropical western IO (Fig. 4, L and I).

A B C

D E F

G H I

J K L

Fig. 4. Impacts of the tropical IO SST warming on the extratropics. (A to C) (Top) SAT anomalies over the Arctic Ocean, (D to F) (second row) 200-hPa geopotential 
height (shading; m) with wave activity flux (vector; m2 s−2) anomalies, (G to I) (third row) diabatic heating (W m−2) integrated from 1000 to 200 hPa, and (J to L) (bottom) 
tropical SST anomalies in the winter (DJFM) of 1997/1998 for (A, D, G, and J) (left) the El Niño pacemaker simulation, (B, E, H, and K) (middle) cIO simulation, in which the 
climatological mean SSTs are restored to the tropical IO, and (C, F, I, and L) (right) differences between the El Niño pacemaker and the cIO experiments. Statistically signif-
icant values (P < 0.05) are stippled.
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SAT over the Eurasian-Pacific sector of the Arctic decreases both 
in the pantropical SST forcing (Fig. 4A) and the tropical Pacific/
Atlantic-only SST forcing (Fig. 4B). The difference between these 
experiments shows moderate warming in the eastern Arctic Ocean 
and the Beaufort Sea (Fig. 4C). This indicates that the western IO 
warming in 1997/1998 cannot serve as an explanation for the nota-
ble Arctic cold anomalies in 1997/1998 DJFM but instead likely 
contributed to mitigating the Arctic cold anomalies. Wave activity 
fluxes (38) show anomalously strong wave activity over the western 
IO and the subsequent north-eastward propagation of a wave train 
(Fig. 4F), which was a key factor for warming the eastern Arctic. This 
result is generally consistent with a recent study (39), which im-
posed a uniform 1°C SST warming in the tropical IO in a coupled 
climate model and found a moderate Arctic warming as a response. 
Note that the wave activity flux anomalies indicate not only a single 
wave train from the western IO to the eastern Arctic but also sub-
stantial changes in wave activities farther downstream, including 
the North Atlantic and Europe (Fig. 4F).
Role of far eastern equatorial Pacific warming
Another notable difference in tropical SSTs between the 1997/1998 
and 1982/1983 El Niño events is that the equatorial Pacific SST 
anomaly in 1997/1998 El Niño was more oriented eastward, near 
South America (Fig. 1, A and B). Specifically, the maximum SST 
anomaly during the 1982/1983 El Niño was located around 135°W to 
120°W, whereas the maximum SST anomaly during the 1997/1998 
El Niño was located around 105°W (fig. S6). The SST difference 
between 1997/1998 and 1982/1983 shows that the far eastern equa-
torial Pacific was a lot warmer in 1997/1998 (fig. S1), which was 
accompanied by different diabatic heating fields in the tropics 
(fig. S2).

To identify the impact of the anomalously warm SSTs in the far 
equatorial EP during 1997/1998 on extratropical climate, we per-
formed another idealized pacemaker experiment. Here, the anoma-
lously warm SSTs in the far eastern equatorial Pacific were reduced 
(see Materials and Methods for details) so that the position of the 
maximum SST anomaly is shifted a little westward. By this method, 
the tropical SST anomalies in the winter of 1997/1998 (Fig. 5J) are 
modified to those seen in Fig. 5K (the difference between these two 
are presented in Fig. 5L).

The anomalously cold Arctic Ocean in the winter of 1997/1998 
(Fig. 5A) changes to the anomalously warm Arctic Ocean in the re-
duced SST experiment (Fig. 5B). The difference of ensemble-mean 
SAT anomalies between these two simulations shows a pronounced 
cooling over almost the entire Arctic Ocean (Fig. 5C), indicating 
that the warm SST anomaly in the far eastern equatorial Pacific 
(Fig. 5L) is a key driver of the Arctic Ocean cooling. Z200 anomalies 
indicate that the positive PNA pattern shifts slightly eastward, lead-
ing to a weakening of the Aleutian Low and strengthening of the 
ridge over Greenland (Fig. 5F). Previous studies showed that shift-
ing the maximum SST warm anomalies from the western Pacific to 
the EP can result in the PNA pattern shifting eastward (40–42). This 
study further shows that only modestly more SST warming in the 
far eastern equatorial Pacific (Fig. 5L) can cause a notable eastward 
shift of the PNA pattern (Fig. 5F).

Although the SST anomalies in the far eastern equatorial Pacific 
are relatively small between these two experiments, generally within 
0.5°C, they have large influences on wave activity flux (Fig. 5F) and 
cause a ridge over Greenland, which can cause Arctic/Eurasian con-
tinent cooling (Fig. 5C). As warm SST anomalies expand further to 

the EP, diabatic heating also expands into the EP (Fig. 5I), lead-
ing to a more zonally elongated heating pattern (Fig. 5G). The 
300-hPa stream function climatology and anomalies indicate that 
the 1997/1998 El Niño–induced extratropical wave anomalies are 
out of phase with the climatological stationary waves (fig. S7). This 
is generally consistent with previous studies (16, 43) showing that 
anomalously strong convective heating over the eastern equatorial 
Pacific destructively interferes with stationary waves, which can weaken 
poleward atmospheric energy transport (12, 16, 43).

So far, both the 1982/1983 and 1997/1998 El Niño events have 
been categorized as EP-type El Niño events. The present study, how-
ever, demonstrates that slightly more warming in the far eastern 
equatorial Pacific in 1997/1998 can cause a very different climate 
response in the northern extratropics including the Arctic, which 
might explain the observed extratropical SAT differences between 
these events (Fig. 1, A and B).

Potential Arctic temperature predictability resulting 
from the eastern equatorial Pacific SST pattern
If the far eastern equatorial Pacific warming during El Niño can 
cause pan-Arctic cooling, would the far eastern equatorial Pacific 
cooling during La Niña contribute to pan-Arctic warming? To an-
swer this question, we examine two La Niña events in recent 
decades as case studies, specifically the winters of 2007/2008 and 
2017/2018 (Fig. 6). 2007/2008 is recorded as one of the strongest La 
Niña winters since the satellite era. While both the 2007/2008 and 
2017/2018 La Niña events are often classified as EP type of La Niña 
(18, 20), the regional-scale SST patterns show distinctions. The cen-
ter of the negative SST anomalies was located at around 170°W in 
2007/2008 (Fig. 6A), whereas the negative SST anomaly center in 
2017/2018 was located at around 110°W, which is about 60° east of 
the 2007/2008 center.

The extratropical Z200 anomalies during these two La Niña 
winters are very different from each other. During the 2007/2008 
winter, the Z200 anomalies in the Northern Hemisphere high lati-
tudes are negative, projecting onto a positive Arctic Oscillation 
pattern (Fig. 6A). In contrast, during the 2017/2018 winter, the 
Z200 anomalies in the Northern Hemisphere high latitudes are pos-
itive, implying that the Arctic troposphere is warmer than usual. 
These contrasting responses are reproduced by our CESM2 experi-
ments nudged to the observed pantropical SST (Fig. 6, C and D). 
The experiments also reproduce the anomalously high SAT in 
2017/2018 over the Arctic Ocean (fig. S8), although the spatial pat-
tern of the simulated Arctic SAT anomaly is somewhat different 
from the observations.

To further verify the effect of the far eastern equatorial cooling 
during the 2017/2018 La Niña on Arctic warming, we performed an 
additional idealized experiment. Here, the anomalously low SSTs in 
the far eastern equatorial Pacific (east of 120°W) were increased by 
0.4°C (fig. S9). In this case, the simulated Z200 anomaly pattern in 
the Northern Hemisphere extratropics is very different from that 
of the original pacemaker simulation: The anomalously high Arctic 
Z200 in the original pacemaker simulation (Fig. 6D) flips into 
anomalous negative (fig. S9). In addition, the anomalously high 
Arctic SAT in the original pacemaker simulation changes into neg-
ative over the Pacific sector of the Arctic (fig. S9). These results sup-
port the hypothesis that the strong far EP cooling relative to the 
central Pacific cooling during 2017/2018 La Niña contributed to 
warming the pan-Arctic.
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DISCUSSION
In summary, our CESM2 pacemaker simulations demonstrate that 
wintertime Arctic temperature anomalies are strongly controlled by 
tropical SSTs during major El Niño events. In particular, the pro-
nounced Arctic warming in the winter of 1982/1983 and cooling in 
1997/1998 had large contributions from tropical SST anomalies. By 
performing additional model experiments, this study further shows 
that the anomalously high SSTs in the far eastern equatorial Pacific 
in the winter of 1997/1998 played a key role for the observed Arctic 
cooling by enhancing convective heating over the eastern tropi-
cal Pacific.

In the experiment in which the far eastern equatorial Pacific 
warming (near South America) in 1997/1998 was reduced, the sim-
ulated Arctic cooling is changed to Arctic warming, highlighting 
the extreme sensitivity of Arctic temperatures to the far eastern 
equatorial Pacific SSTs. So far, both the 1982/1983 and 1997/1998 
El Niño have been categorized as EP El Niño, but this present study 
indicates that EP El Niño events need to be divided into “regular EP 
El Niño” and “far EP El Niño” events to better quantify their im-
pacts on Arctic climate. Specifically, a far EP El Niño event can 
cause a ridge over Greenland and effectively decrease SAT over the 
Arctic and the Eurasian continent as shown in Fig. 5.

A B C

D E F

G H I

J K L

Fig. 5. Impacts of far eastern equatorial Pacific SST anomalies on the extratropics. (A to C) (Top) SAT anomalies over the Arctic Ocean, (D to F) (second row) 200-hPa 
geopotential height (shading; m) with wave activity flux (vector; m2 s−2) anomalies, (G to I) (third row) diabatic heating (W m−2) integrated from 1000 to 200 hPa, and (J to 
L) (bottom) tropical SST anomalies in the winter (DJFM) of 1997/1998 for (A, D, G, and J) (left) the El Niño pacemaker simulation, (B, E, H, and K) (middle) dEP (decreased 
SST over the equatorial EP) simulation, in which the far equatorial EP SST anomalies are reduced, and (C, F, I, and L) (right) differences between the El Niño pacemaker and 
the dEP experiments. Statistically significant values (P < 0.05) are stippled.
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This study has further shown that the eastern equatorial Pacific 
SST pattern also modulates the tropics-to-Arctic teleconnection 
during La Niña events. Our idealized model experiment shows that 
the relatively cold SST over the far eastern equatorial Pacific in 
2017/2018 La Niña contributed to warming the pan-Arctic. These 
results suggest a largely linear relationship between the eastern 
equatorial Pacific SST pattern and the Arctic temperature such that 
the relatively warm eastern equatorial Pacific SST during El Niño 
can result in a relatively cold pan-Arctic, whereas relatively cold 
eastern equatorial Pacific SST during La Niña can result in a rela-
tively warm pan-Arctic. This is generally consistent with existing 
theory (12) and further elucidates the key SST pattern that can ex-
plain how ENSO events can affect Arctic climate.

Our CESM2 simulations also suggest that tropical SST forcing 
may have a larger influence on Arctic SAT variability than previ-
ously thought. While numerous studies found dynamic linkages be-
tween tropical SST anomalies and the Arctic temperature and sea ice 
variability (11–13, 37, 42), a recent study questions the causality of 
the observed relationship between ENSO and Arctic surface tem-
perature (14). This study indicates that if tropical SST anomalies are 
substantially large, as in these past three major El Niño events, the 
tropics-to-Arctic teleconnection can explain a large fraction of Arc-
tic SAT variability. A potential caveat to note is that we only used 

one model, thus not providing a quantification of structural model 
uncertainty. We believe that this finding provides a conceptual frame-
work toward a better understanding of Arctic climate variability on 
interannual time scales.

MATERIALS AND METHODS
CESM2: Fully coupled model simulations
A fully coupled climate model, CESM2, was used to identify the role 
of major ENSO events in changing extratropical climate, espe-
cially the Arctic temperature during the boreal winter of 1982–1983, 
1997–1998, 2007–2008, 2015–2016, and 2017–2018. The CESM2 
consists of the atmosphere (CAM6; Community Atmosphere Model 
version 6) (44), ocean (POP2; Parallel Ocean Program version 2) 
(45), land (CLM5; Community Land Model version 5) (46), and sea 
ice (CICE5; Community Ice CodE version 5) (47) components. In 
this study, we used the “BHIST” compset, in which each component 
model is active. In the BHIST compset, historical emissions for an-
thropogenic and natural greenhouse gases are prescribed.

We used resolution “f09_g17” as a scientifically supported grid 
in CESM2. The atmospheric (CAM6) component uses a nominal 
1° (1.25° in longitude and 0.9° in latitude) horizontal resolution with 
32 vertical levels. The ocean (POP2) and sea ice (CICE5) component 

A

C

B

D

Fig. 6. Impacts of tropical SST anomalies on the Northern Hemisphere extratropics during two La Niña events. (A and B) Observed and (C and D) CESM2-simulated, 
tropical (15°S to 15°N) SST (bottom; °C) and extratropical (15°N to 90°N) 200-hPa geopotential height anomalies (top; m) in the winter (DJFM) of (A and C) 2007/2008 and 
(B and D) 2017/2018.
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models share the same horizontal resolution, which is nominal 1° 
with a uniform resolution of 1.125° in the zonal direction. The hor-
izontal resolution in the meridional direction varies with the finest 
resolution of 0.27° at the equator. The ocean and sea ice compo-
nents have 60 and 8 vertical levels, respectively. The frequency of the 
model output varies by variable. Most are saved as monthly averages, 
and a subset of variables is stored at intervals of 3-hourly, 6-hourly, 
or daily.
ENSO pacemaker simulations
We performed pacemaker ensemble simulations forced by tropical 
SST variability to identify the tropics-to-Arctic teleconnections for 
each major El Niño and La Niña event, by restoring the observed SSTs, 
from National Oceanic and Atmospheric Administration (NOAA) 
Optimum Interpolation Sea Surface Temperature (OISST) version 2 
(48), in all three tropical ocean basins between 15°S and 15°N (fig. S10). 
The model-simulated tropical SSTs between 15°S and 15°N are re-
stored to the observed SSTs by applying a 5-day relaxation time scale. 
For the 1982–1983 El Niño event, for example, the model-simulated 
tropical SSTs are restored to the observed tropical SSTs from April 
1982 to March 1983. The simulation period for each El Niño and La Niña 
event is summarized in Table 1.

Following a recent study (14), we carried out additional pacemaker 
simulations, in which observed SSTs are nudged only over the 
Niño3.4 region (10°S to 10°N, 160°E to 90°W) (fig. S10) for the 
1982–1983 and 1997–1998 El Niño events. Information for this ad-
ditional pacemaker simulation is summarized in table S1.
Control simulations
For the control simulation, the tropical SSTs between 15°S and 15°N 
are restored to the observed climatological mean SSTs. Because of 
the increasing tropical SST trend, the climatological mean SSTs for 
the three El Niño and two La Niña events are defined differently: 
1981–1999 average for 1982/1983 El Niño; 1986–2005 average for 
1997/1998 El Niño; and 2000–2018 for 2007/2008 La Niña, 2015/2016 
El Niño, and 2017–2018 La Niña events, respectively. These experi-
ments are summarized in Table 1.
Idealized pacemaker experiments
To identify the tropical SST pattern contributing to the Arctic cooling 
in the winter of 1997/1998, two idealized perturbation experiments 
were performed. In addition, one idealized perturbation experiment 
was carried out for the Arctic warming in the winter of 2017/2018.

Climatological SST over the IO. To identify the impact of SST 
anomalies over the tropical IO on extratropical climate during the 
1997/1998 DJFM, we conducted an idealized pacemaker simulation 
in which the model-simulated SSTs in the tropical IO were restored 
to the observed climatological mean SSTs. This “cIO” (climatological 
SST over the IO) experiment is the same as the pacemaker experi-

ment for 1997/1998 except that the climatological mean SSTs are 
restored to the tropical IO.

Decreased SST over the equatorial EP. This experiment was de-
signed to identify the impact of the far eastern equatorial Pacific 
SST warming on extratropical climate. In 1997/1998, the center of 
the equatorial Pacific SST anomalies is around 105°W (fig. S6). Here, 
the SST anomalies east of 105°W are replaced by the 1982/1983 SST 
anomalies. In addition, the positive SST anomalies from 120°E to 
105°W were reduced by subtracting 50% of the SST difference be-
tween 1997/1998 and 1982/1983 from 120°E to 105°W. The result-
ing SST anomalies look like a mixture of 1997/1998 and 1982/1983 
(fig. S6D): The center of the SST anomalies is 115°W, which is be-
tween the centers of 1982/1983 (128°W) and 1997/1998 (105°W). 
These two experiments are summarized in table S2.

Increased SST over the equatorial EP. This experiment was per-
formed to identify the impact of the far eastern equatorial Pacific 
SST cooling on the Northern Hemisphere extratropical climate 
during the 2017/2018 winter. In 2017/2018, the center of the 
minimum equatorial Pacific SST anomaly is around 110°W (Fig. 6). 
Here, the SST anomaly east of 120°W is increased by 0.4°C so that the 
resulting SST anomaly has the pattern of a Central Pacific La Niña. De-
tailed information of this experiment is summarized in table S3.

Each simulation (experiment) has 10 ensemble members with 
different initial conditions. The anomalies are calculated from the 
differences between the El Niño pacemaker simulation and the con-
trol simulation.

Validation
The observed SST from the OISST (48) was used as references 
for comparison verification. For comparison of atmospheric fields, 
we used the latest climate reanalysis from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) Reanalysis version 5 
(ERA5) (49). To validate the simulated sea ice extent, we used the 
satellite- observed sea ice extent provided by the National Snow and 
Ice Data Center (NSIDC) (50). Throughout the manuscript, observed 
SSTs, SAT, and Z200 are detrended and then the anomalies are calcu-
lated by subtracting the long-term (1982–2018) climatological mean.

Statistical significance test
The standard bootstrap-based t test (51) was used for testing the statis-
tical significance. The 10 ensemble member realizations of the Z200 
and SAT variables from the two CESM2 pacemaker experiments are 
resampled randomly to construct 10,000 realizations for the popu-
lation means and SDs. On the basis of the calculated t value from 
the population means and SDs, statistically significant values are 
calculated at the 95% confidence level.

Table 1. Time periods of CESM2 pacemaker simulations over pantropics. The three different periods for each El Niño pacemaker simulation and the 
corresponding averaging periods for calculating the climatological-mean SSTs. 

Experiments Target SST 1982/1983 El Niño 1997/1998 El Niño 2015/2016 El Niño 2007/2008 La Niña 2017/2018 La Niña

ENSO pacemaker 
simulations

Observed SSTs in 
the deep tropics 1982.04–1983.03 1997.04–1998.03 2015.04–2016.03 2007.04–2008.03 2017.04–2018.03

Control simulation
Climatological-

mean SSTs in the 
deep tropics

Avg. (1981–1999) Avg. (1986–2005) Avg. (2000–2018) Avg. (2000–2018) Avg. (2000–2018)
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Diabatic heating
To analyze the distribution of atmospheric convective heating asso-
ciated with warm SST anomalies in the tropics, we calculated the 
total diabatic heating (Q) integrated from 1000 to 200 hPa, which is 
composed of radiation, latent heating, surface heat flux, and con-
vergence of heat flux (52, 53)

   Q =  c  p    ∫ P  2    
 P  1  

    (     ∂ T ─ ∂ t   −  (     RT ─  c  p   p   −   ∂ T ─ ∂ p   )   + V ∙ ∇ T )     
dp

 ─ g     

where cp is the specific heat of dry air at constant pressure (1004.64 J 
K−1 kg−1), P1 and P2 are 1000 and 200 hPa, respectively, T is the 
temperature, t is the time,  is the vertical p velocity in units of 
Pa s−1, R is the gas constant (287.04 J K−1 kg−1), p is the pressure, V is 
the horizontal velocity vector, ∇ is the horizontal gradient operator, 
and g is the acceleration due to gravity (9.80665 ms−2).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl8278
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