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RESULTS

Weakened ENSO amplitude and underlying mechanisms
In the FC run, El Niño events have smaller anomalies of SST and 
precipitation in the central- to- eastern equatorial Pacific (CEP) 
during October to February (ONDJF) when ENSO usually ma-
tures (Fig. 1, A and C), compared to the FI run with sea ice–air 
interactions being cut o�. Speci�cally, the ONDJF- mean SST and 
precipitation anomalies over the Niño3.4 region (5°S to 5°N and 
170° to 120°W) are 0.25°C (11.7%) and 0.57 mm day−1 (16.6%) 
weaker for El Niño events in FC than in FI, respectively. �e as-
sociated anomalies in zonal wind stress and subsurface ocean tem-
peratures in the equatorial Paci�c also become weaker (�g. S1, A 
and E) for El Niño events when sea ice–air interactions are present 
in the FC run. For La Niña events, these di�erence patterns are 
similar but with nearly opposite sign and slightly smaller magni-
tude (Fig. 1, B and D, and �g. S1, B and F), implying some asym-
metric responses of ENSO- related �elds (27).

�e interannual variability as measured by SD of SSTs and pre-
cipitation over the Niño3.4 region during ONDJF is weakened by 

about 12 to 15% due to the sea ice–air interactions (Fig. 1, E and F). As 
there is little change in the ENSO period or frequency (�g. S2), this 
reduction in ENSO activity comes mainly from its reduced amplitude. 
�is indicates that Arctic sea ice–air interactions can remotely damp-
en ENSO- associated variations over the equatorial Paci�c, thus lead-
ing to fewer strong El Niño and La Niña events (with SST anomalies 
outside the range of ±2°C; Fig. 1E). Although there is little change in 
ENSO occurrence frequency as re�ected by the similar number of 
ENSO events (80 and 79 El Niños plus 65 and 68 La Niñas in the FC 
and FI runs, respectively), the ratio of the number of CP El Niño 
events to eastern Paci�c (EP) El Niño events increases by about 50% 
in FC relative FI (see Materials and Methods), implying that CP El 
Niño events would occur more frequently under strong sea ice–air 
interactions. Overall, these results suggest that Arctic sea ice–air in-
teractions can weaken the amplitude of ENSO- related anomalies over 
the CEP substantially by 12 to 17% during ONDJF, which is unlikely 
to provide a noticeable feedback e�ect on Arctic sea ice. �is dampen-
ing e�ect is found to be stronger during the developing and mature 
stages of both El Niño and La Niña events, especially from June to 
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Fig. 1. ENSO- related di�erence induced by Arctic sea ice–air interactions in CESM1 model. (A and B) The di�erence of the 7- year high pass–�ltered ONDJF- mean SST 

anomalies (dSST; shading, in degrees Celsius) over the tropical Paci�c averaged over (A) El Niño and (B) La Niña events between the FC and FI runs during years 1 to 500. 

(C and D) Same as (A) and (B), but for the similarly �ltered ONDJF- mean precipitation (PREC) anomalies (dPREC; shading, in millimeters per day). The contours show the 

composite anomalies from FC. (E and F) Probability density function (PDF) of similarly �ltered ONDJF- mean anomalies of (E) SST (in degrees Celsius) and (F) precipitation 

(in millimeters per day) averaged over the Niño3.4 region (5°S to 5°N, 170° to 120°W) in FC (red bars) and FI (gray bars) during years 1 to 500. The x axis is for the anomalies, 

and the y axis is for the occurrence frequency (percentage of all years). The absolute and percentage di�erences of the SD of anomalies in FC relative to FI are also given 

on the top- left corner. (G) The ENSO growth rate and its contributing terms (in year−1; see Materials and Methods) over the CEP (5°S to 5°N, 180° to 80°W) averaged from 

JJAS during years 1 to 500 from the FC (red bars, left y axis) and FI (gray bars, left y axis) runs and their di�erences (blue bars, right y axis; i.e., FC minus FI). The CD, TD, ZA, 

TH, EK, and GR represent mean current damping, thermodynamic damping, zonal advective feedback, thermocline feedback, EK feedback, and linear growth rate (the 

sum of all processes), respectively. EQ, equator. The dots in (A) to (D) and (G) indicate the di�erence is statistically signi�cant at the 5% level based on a Student’s t test and 

a resampling technique, respectively (see Materials and Methods).
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September (JJAS) when Arctic sea ice melts seasonally, than their 
other stages (�g. S3).

To reveal the mechanisms underlying the weakening of ENSO am-
plitude, we further analyze the ENSO growth rate based on the 
Bjerknes stability index (BJ index), a widely used measure of ENSO’s 
growth rate (see Materials and Methods) (28), over the eastern equa-
torial Paci�c region during JJAS before ENSO peaks. We found that 
the ENSO growth rate is reduced by 0.09 year−1 (~8.5%) in FC relative 
to FI (Fig. 1G), indicating that sea ice–air interactions decrease the 
ENSO growth rate during JJAS and thus result in a weak ENSO event, 
consistent with the reduced ENSO amplitude. Among all the contrib-
uting factors (Fig.  1G), a substantial decrease (−0.1 year−1) in the 
thermocline (TH) feedback plays a dominant role in weakening 
ENSO, followed by the decreased zonal advective (ZA) feedback 
(−0.06 year−1) and Ekman (EK) feedback (−0.03 year−1), and they are 
partly o�set by the reduced (i.e., weaker) damping e�ect from mean 
currents and thermodynamic processes. �is means that Arctic sea 
ice–air interactions weaken ENSO amplitude primarily through two 
previously known processes that can a�ect ENSO variability (17, 29, 

30): deepening the mean thermocline over the central- to- western 
equatorial Paci�c and increasing the zonal gradient of background 
SSTs in the equatorial Paci�c (Fig. 2, A and B), which may be associ-
ated with mean trade wind changes (28–31).

To understand these ENSO growth rate changes, we examine the 
tropical Paci�c mean- state di�erences caused by the sea ice–air cou-
pling, focusing on JJAS. �e climatological trade winds, which fea-
ture strong cross- equator southeasterly winds in the central- eastern 
tropical Paci�c (�g. S4A), are markedly intensi�ed by sea ice–air in-
teractions, with surface southeasterly wind anomalies extending 
from the southeastern to northeastern tropical Paci�c (Fig. 2A). Ac-
cordingly, more warm surface waters would pile up over the central- 
western Paci�c (32) with strong warmer anomalies at the depth of 
about 100 to 200 m (Fig. 2C) due to the enhanced mean easterly 
wind. �us, the mean thermocline is substantially deepened (al-
though with small magnitude) over the central- western tropical 
Paci�c (Fig. 2, B and C). �is deepening can dampen the TH feedback 
as it reduces the thermocline's sensitivity to wind stress anomalies 
during ONDJF (17, 29, 33); that is, ENSO- related zonal wind stress 
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Fig. 2. The mean- state di�erence over the tropical Paci�c based on CESM1 and observations. The FC minus FI di�erence of JJAS- mean (A) SST (shading, in degrees 

Celsius) and surface winds (vectors; in meters per section), (B) thermocline depth (THD; measured by the depth of 20°C isotherm; shading, in meters), and (D) precipitation 

(PREC; shading, in millimeters per day) during years 1 to 500. The red contours in (D) denote climatological mean precipitation in FC. (C) Same as (A), but for JJAS- mean 

ocean temperature di�erence (TEMP; shading, in degrees Celsius) averaged over the equatorial Paci�c (5°S to 5°N) as a function of longitude and depth. The blue solid and 

black dashed contours in (C) denote the 20°C isotherm in FC and FI, respectively. (E and F) The multidecadal di�erences of JJAS- mean anomalies (with the forced compo-

nent removed; see Materials and Methods) of (E) SST (shading, in degrees Celsius) and surface wind stress (vectors, 10−2 N m−2) and (F) sea surface height (SSH; shading, 

in centimeters) between 1921–1960 (P1, with strong interactions and weak ENSO activity) and 1971–2000 (P2, with weak interactions and strong ENSO activity) (i.e., P1 

minus P2). The black vectors in (A) and (E) and the stippling in all panels indicate that the di�erence is statistically signi�cant at the 5% level based on a Student’s t test.
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anomalies (also weakened) in the west cannot produce large subsur-
face ocean temperature anomalies over the equatorial Paci�c (�g. S1, 
C to F). Meanwhile, the strong subsurface ocean warming over the 
CP also decreases the upper- ocean strati�cation (�g. S4B), which can 
dampen the ocean response to a wind stress forcing (15) and, thus, 
the EK feedback. �ese suppressed positive feedbacks ultimately 
weaken ENSO growth and its amplitude.

On the other hand, the strengthened mean southeasterly winds in 
the central- eastern tropical Paci�c also increase the surface evapora-
tion and thus latent heat release from the ocean to the atmosphere 
(�g.  S4C) to cool SSTs there (Fig.  2A), namely, through the wind- 
evaporation- SST (WES) feedback (34). �ese colder SSTs are found to 
be stronger to the south of the equator than to the north in the EP, 
especially near the South American coast, which is likely due to the 
enhanced local upwelling (�g. S4D) under stronger mean trade winds. 
�us, the south- north SST gradient is enlarged in the EP, and this 
would further increase the mean trade winds and, thus, colder SSTs 
there through the WES feedback. Similarly, the mean SSTs become 
warmer in the western tropical Paci�c due to weakened local mean 
winds and decreased surface upward latent heat flux (fig. S4C). 
Warmer mean SSTs in the western tropical Paci�c and colder mean 
SSTs in the east increase background west- minus- east zonal SST con-
trast in the tropical Paci�c and thus enhance the mean easterly wind. 
In addition, the mean precipitation is also moderately suppressed 
over the central equatorial Paci�c (Fig. 2D) due to sea ice–air interac-
tions. Because of these mean- state changes, ENSO- related SST anom-
alies cannot e�ectively cause large precipitation anomalies over the 
CEP (Fig. 1, C and D) (33), together with weak zonal wind stress 
anomalies in the west and thus weakened ZA feedback (�g. S1, A and 
B), leading to weak ENSO activity.

In summary, the intensi�ed climatological trade winds over the 
CEP induced by sea ice–air interactions play a crucial role in weaken-
ing ENSO amplitude mainly through dampening the TH and ZA 
feedbacks. Our results are consistent with previous �ndings that 
ENSO would become weaker under stronger mean trade winds due 
to reduced TH and/or ZA feedbacks (17, 29, 33). Below, we will show 
that these tropical mean- state changes originate from anomalous 
warming over the northern North Paci�c induced by sea ice–air in-
teractions.

Using observational and reanalysis data, we also found that ENSO 
activity increased from 1921–1960 (period 1 or P1) to 1971–2000 (pe-
riod 2 or P2). Although this increased ENSO activity can be caused by 
the background global warming (15, 35), the correlation of ENSO ac-
tivity with the externally forced global mean Tas is not overly strong 
(with a correlation of 0.33, P < 0.01; �g. S5). �is implies that anthro-
pogenic warming may only have played a partial role (accounting for 
about 11%) in driving these historical changes, and internally gener-
ated multidecadal changes are likely a major contributor. We found 
that SIC variations decreased from P1 to P2 along the marginal ice 
zones (MIZ) over the Paci�c sector of the Arctic during JJAS, e.g., the 
Bering- Okhotsk Sea (BOS) region (�g.  S5), with a correlation of 
−0.73 (P < 0.01) between the variability of ENSO and BOS SIC, im-
plying a signi�cant connection between the two. Note that the strong 
SIC variations during P1 may imply enhanced sea ice–air interac-
tions, as these interactions greatly amplify the variability of SIC, 
surface albedo, surface heat �uxes (�g. S6, A to D), and surface tem-
perature (21), while a constant SIC would represent no two- way inter-
actions, which is the case in the FI run. �us, the P1 minus P2 
di�erence can be used as a measure of the impact from the stronger 

sea ice–air interactions in P1 relative to P2, qualitatively resembling 
the FC (with the sea ice–air coupling) minus FI (without the two- way 
coupling) di�erence.

�e multidecadal di�erences between these two periods (i.e., P1 
minus P2) show that the weak ENSO amplitude during P1 is accom-
panied by strengthened background winds with colder SSTs in the EP 
and thus enhanced climatological zonal SST gradients over the equa-
torial Pacific and a deepened thermocline in the central tropical 
Paci�c (Fig. 2, E and F), similar to the CESM1 FC minus FI di�erences 
(Fig. 2, A and B). Although these multidecadal di�erences in the real 
world could be caused by many factors, their association with the SIC 
variability change suggests that these results are qualitatively consis-
tent with our CESM1 results and implies that Arctic sea ice variability 
(as a measure of sea ice–air interaction strength) could modulate 
ENSO activity, although it is di�cult to disentangle the cause- and- 
e�ect relationship in the fully coupled real world.

Mean- state changes over the Arctic and high- latitude 
North Paci�c
�e above results highlight the important role of sea ice–air interac-
tions in causing tropical mean- state changes relevant to ENSO forma-
tion. Here, we examine the mean- state changes in and around the 
Arctic. Sea ice–air interactions substantially increase the mean SST 
and Tas along the MIZ during JJAS (Fig. 3, A and B), especially over 
the BOS region and the subpolar North Atlantic, whereas little change 
is seen over the central Arctic.

Although the atmosphere “sees” similar mean SIC in the two 
runs by design (see Materials and Methods), the positive and nega-
tive SIC anomalies appear to have di�erent impacts on shortwave 
(SW) radiation in the FC run: �e negative SIC anomalies are as-
sociated with higher clear- sky surface downward (and net) SW ra-
diation and fewer low clouds than the positive SIC anomalies 
(Fig. 3C). �is implies that lower SIC tends to occur during rela-
tively sunny and warm conditions (e.g., during daytime or sunny 
days), which allows the SIC decrease to increase surface SW ab-
sorption greatly. In contrast, higher SIC mainly occurs under 
cloudy and cool conditions (e.g., at night or during cloudy days) 
with low incoming surface SW radiation, which results in a smaller 
amount of reduction in surface absorbed SW radiation. As a result, 
the SIC variations from sea ice–air interactions in the FC run sub-
stantially increase the mean surface absorbed SW radiation aver-
aged over both negative and positive SIC anomalies in comparison 
to the �xed SIC case in the FI run (Fig. 3D). �us, the di�erent oc-
currence timing of the positive and negative SIC anomalies from 
the SIC variations in FC can lead to a mean change in absorbed 
surface SW radiation relative to FI. Meanwhile, these interactions 
also moisten the lower troposphere and thus increase low cloud 
amount over the central Arctic (�g.  S7, A and B), which greatly 
dampens the increased surface SW absorption there (Fig. 3, D and 
E), although both are triggered by sea ice–air interactions. �us, 
the increase in surface net downward SW radiation is con�ned only 
to the MIZ, especially over the BOS region and the subpolar North 
Atlantic (Fig.  3E), leading to warmer mean SST there (Fig.  3A). 
�is increased surface temperature (Fig. 3A and �g. S7C) slightly 
enhances turbulent heat �uxes into the air (Fig. 3F). Furthermore, 
the local surface- air temperature gradient is enlarged (�g.  S7D), 
which increases (net) upward longwave (LW) radiation (Fig. 3, G 
and H) to cause warmer Tas over the North Pacific and North 
Atlantic high latitudes (Fig. 3B). �e resultant warmer air would, in 
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turn, increase downward LW radiation (Fig. 3I) to further warm 
the surface over the BOS region and the subpolar North Atlantic.

A surface energy budget analysis (see Materials and Methods) over 
the BOS region further reveals that surface net upward energy is in-
creased by 1.74 W m−2 during JJAS mainly due to the increase in net 
upward LW radiation (1.94 W m−2) and turbulent heat �ux (1.14 W m−2) 
initiated by more SW absorption at the surface (1.34 W m−2) under sea 
ice–air interactions as discussed above. �is leads to lower tropospher-
ic warming over the BOS (Fig. 4A), which is caused by increased SST 
because of enhanced surface absorption of SW radiation during JJAS 
induced by the sea ice–air coupling in FC relative to FI.

Associated with the observed weak ENSO activity during P1 rela-
tive to P2, enhanced surface net upward �uxes of energy also ap-
peared along the MIZ over the BOS (�g. S6E), which could be partly 
caused by the stronger sea ice–air interactions during P1 (�g. S6, A to 
D). We should note that this increased surface net upward energy 
comes mainly from the increased net upward SW radiation there 
(�g. S6, E to G), rather than the enhanced net upward LW radiation 
and turbulent heat �uxes as in our CESM1 simulations. As a result, 
there is more SW radiation absorbed by the atmosphere (�g. S6H) 
that would cause lower tropospheric warming over the northern 
North Paci�c during P1 (Fig.  4E). �is indicates that anomalous 

CBA

FED

IHG

Fig. 3. CESM1- simulated di�erences of temperature and surface energy �ux over the Arctic. (A and B) The FC minus FI di�erences of JJAS- mean (A) SST (in degrees 

Celsius) and (B) Tas (in degrees Celsius) north of 50°N during years 1 to 500. (C) Composites of JJAS- mean clear- sky surface downward (SWdown; red bars) and net (SWnet; 

pink bars) SW radiation (in watts per square meter, left y axis) and low cloud amount (gray bars; in percentage, right y axis) over the grid boxes of the BOS [outlined in (A)] 

with JJAS- mean SIC > 0 in FC averaged over years with the negative and positive SIC anomalies (dSIC; relative to the FC mean) outside the ±1.5 SD range. (D to I) Same as 

(A) and (B), but for (D) clear- sky and (E) all- sky surface SWnet, (F) turbulent (sensible plus latent) heat �ux (SH + LH), and surface (G) net (LWnet), (H) upward (LWup) and (I) 

downward (LWdown) LW radiation. All the surface radiation and heat �ux are in watts per square meter. Note that SWdown, SWnet, and LWdown are positive downward, and 

LWnet, LWup, and SH + LH are positive upward. The outlined areas in each panel [except (C)] de�ne the BOS region within 170°E to 155°W and 58° to 70°N for the Bering Sea 

and 135° to 170°E and 50° to 62°N for the Okhotsk Sea, and the black contour denotes the climatological JJAS- mean SIC edge (for SIC = 5%) from FC. The hatching indi-

cates the di�erence is statistically signi�cant at the 5% level based on a Student’s t test.
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heating along the MIZ over the Bering Sea in P1 (relative to P2) and 
FC (relative to FI) may result from di�erent surface heat �ux changes 
induced by sea ice–air interactions, possibly due to di�erences in the 
sea ice–air coupling between the reanalysis, which was generated by 
using speci�ed SST and SIC from observations, and the fully coupled 
CESM1 FC run, which has two- way surface interactions.

Arctic–to–tropical Paci�c teleconnection
How would the above mean- state changes over the Arctic and north-
ern North Paci�c (mainly the BOS region) cause remote mean- state 
changes over the tropical Paci�c? During JJAS, the increased surface 
net upward energy over the BOS in FC due to the sea ice–air cou-
pling causes tropospheric warming that is largest near the surface 
and extends to ~200 hPa (Fig.  4A and �g.  S8A), which leads to a 
positive 200- hPa geopotential height (Z200) anomaly (Fig. 4B and 
�g. S8B) and a negative sea level pressure (SLP) anomaly over the 
BOS (mainly the Sea of Okhotsk) (Fig.  4C) and thus ascending 
anomalies there (�g. S8C). �e concurring anomalous divergence in 

the upper troposphere over most of the BOS region can locally generate 
a negative Rossby wave source (RWS) through the vortex squeezing 
(see Materials and Methods and �g. S9) and, thus, an anomalous 
Rossby wave propagating equatorward into the tropical Paci�c. Con-
currently, decreased air temperature (T) and Z200 with increased 
SLP are seen over a southwest- northeast zone just south of the BOS, 
while a negative SLP anomaly is located along ~20°N with weak pos-
itive Z200 anomaly (Fig. 4, A to C), featuring a northward tilted 
structure of such an anomalous Rossby wave (�g. S8B). Note that the 
increased SLP over the midlatitude North Paci�c due to sea ice–air 
interactions is nearly opposite to that induced by Arctic sea ice loss 
(i.e., a negative SLP anomaly) noticed previously (24, 25), implying 
their competing e�ects on the tropical Paci�c mean state and, thus, 
ENSO variability. �e above T changes over the North Paci�c north 
of ~20°N reduce the south- north T gradient and thus upper- level 
zonal wind along 40°N (�g. S8D), which decelerates the southern 
part of the mean westerly jet to facilitate the southeastward propaga-
tion of the anomalous Rossby wave.

A B

C

E

D

F

Fig. 4. Physical processes for the Arctic–to–tropical Paci�c teleconnection. (A to D) The FC minus FI di�erences of JJAS- mean (A) air temperature (T; shading, in de-

grees Celsius) averaged over 1000 to 850 hPa, (B) 200- hPa geopotential height (Z200; shading, geopotential meters) and the corresponding wave activity �ux (vectors, 

10−3 m2 s−2), (C) SLP (shading, in hectopascals) and surface winds (vectors, in meters per second), and (D) SST (in degrees Celsius) over the North Paci�c north of 10°N 

during years 1 to 500. (E and F) The multidecadal di�erences of the JJAS- mean (E) 1000-  to 850- hPa T (in degrees Celsius) and (F) Z200 (shading, geopotential meters) and 

the wave activity �ux (vectors, 10−2 m2 s−2) between P1 and P2 (i.e., P1 minus P2) based on 20th Century Reanalysis version 3 (20CRv3). Note that only vectors with mag-

nitude greater than 3 × 10−3 and 3 × 10−2 m2 s−2 are shown in (B) and (F), respectively. The black vectors in (C) and the hatching in all panels indicate the di�erence is 

statistically signi�cant at the 5% level based on a Student’s t test.
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Along with increased SLP over the midlatitude North Paci�c, the 
anticyclonic surface circulation anomaly extends from the east of 
Japan to the west of North America (Fig. 4C). On one hand, the south-
westerly wind anomaly on its northwestern side can transport more 
warm and moist airmass poleward (�g.  S7E) to further warm the 
SSTs in the BOS region through increased downward LW radiation 
(Fig. 3I); on the other hand, the northeasterly wind anomaly in the 
south would strengthen the prevailing trade wind along ~30°N over 
the North Paci�c (Fig. 4C), thus causing cooler SSTs there (Fig. 4D) 
via the WES feedback (34). Meanwhile, anomalous cyclonic circula-
tion is found in the western tropical Paci�c along ~20°N together 
with a negative SLP anomaly there (Fig. 4C) and anomalous subsid-
ence to its south near ~10°N (�g. S8C). �us, the anomalous south-
westerly wind along its southern �ank (north of 10°N) could weaken 
the prevailing northeasterlies (Fig. 4C), while the anomalous north-
erly wind to its south (south of 10°N) decreases the mean cross- 
equator southerlies in the western equatorial Paci�c (Fig. 2A). �ese 
mean surface wind changes ultimately lead to warmer mean SSTs 
near the warm pool (Fig. 4D) via the WES feedback. �is increases 
zonal SST gradients that strengthen mean trade winds over the 
central- eastern tropical Paci�c to induce colder SSTs in the east 
(Fig. 2A), which would, in turn, further intensify surface winds and 
thus form a positive feedback loop (i.e., the Bjerknes feedback). Such 
an SST response pattern over the tropical and North Paci�c resem-
bles that induced by winter SIC anomalies over the Sea of Okhotsk 
through increased surface heat �uxes (36), although they appear in 
di�erent seasons. In addition, the concurring negative anomalies of 
wind stress curl (�g. S4E) also deepen the thermocline over the cen-
tral tropical Pacific via Ekman pumping. These mean changes in 

equatorial trade winds and thermocline depth can substantially 
weaken ENSO amplitude through dampening the TH and ZA feed-
backs as discussed above. �e southeastward propagating anomalous 
Rossby wave (Fig. 4B), excited by anomalous heating over the BOS 
and northern North Paci�c due to sea ice–air interactions, serves as 
a key bridge that connects the Arctic and tropical Paci�c mean- state 
changes.

To con�rm the formation of such a teleconnection anomaly pat-
tern, we also use a linear baroclinic model (LBM) to simulate mean- 
state responses to anomalous heating resembling that induced by sea 
ice–air interactions over the North Paci�c (see Materials and Meth-
ods). With the imposed tropospheric warming (mainly in the low 
level) over the northern North Paci�c resembling that in FC induced 
by the sea ice–air coupling (Fig. 5, A and B), Z200 shows strong anti-
cyclonic circulation response over the northern North Paci�c that 
propagates equatorward but with weak cyclonic response to its south 
(Fig. 5C). When the tropospheric cooling over the subtropical North 
Paci�c (due to local air- sea interactions) is also included (Fig. 5, D and 
E), the cyclonic Z200 response becomes stronger in the subtropical 
North Paci�c (Fig. 5F). �ese responses are similar to the Z200 di�er-
ence between the FC and FI runs (Fig. 4B). �us, the LBM modeling 
con�rms that the anomalous Rossby wave, which connects the mean- 
state changes between the high- latitude North Paci�c and tropical 
Paci�c, originates from the tropospheric heating over the northern 
North Paci�c induced by sea ice–air interactions and is enhanced by 
the subtropical cooling over the North Paci�c.

Consistent with the CESM1 results, historical data show that the 
increased surface upward energy over the BOS during P1 also leads to 
strong lower tropospheric warming over the northern North Paci�c 

A B C

D E F

Fig. 5. Atmospheric responses to lower- tropospheric heating simulated by LBM. (A) Spatial distribution of atmospheric heat forcing (in kelvin per day) used in LBM 

to represent the lower tropospheric warming over the North Paci�c high- latitudes induced by sea ice–air interactions (Fig. 4A) and (B) the vertical pro�le of the heating 

rate (in kelvin per day) in sigma (σ) levels at location 1 (L1; near 52°N and 149°E) with the maximum warming. (C) The response of Z200 (shading, geopotential meters) to 

the heat forcing in (A) and its associated wave activity �ux (vectors, 10−2 m2 s−2; only shown with magnitude greater than 1 × 10−2 m2 s−2). (D and E) Same as (A) and (B), 

respectively, but with additional tropospheric cooling over the subtropical North Paci�c to further present air- sea interaction feedback in the region (Fig. 4A), with the 

maximum cooling at location 2 (L2; near 32°N and 160°E). (F) Same as (C), but for the Z200 response to the heat forcing in (D) and the related wave activity �ux. Note the 

smaller scale for negative values in (C) and (F) for clarity.
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relative to P2 (Fig. 4E). �is warming can increase Z200 and generate 
an anomalous upper- tropospheric Rossby wave that propagates into 
the tropical Paci�c (Fig.  4F), forming an Arctic–to–tropical Paci�c 
teleconnection similar to that caused by sea ice–air interactions in our 
CESM1 simulations (Fig. 4B). �ese Arctic–to–tropical Paci�c changes 
ultimately weaken ENSO amplitude during P1 through the mecha-
nisms analyzed above for the model simulations (Fig.  2, E and F). 
Again, we should note that it is di�cult to clearly isolate the impact of 
sea ice–air interactions in the real world, and these historical changes 
can be caused by many other factors, but these results are at least qual-
itatively consistent with those seen in our FC and FI runs. �us, the 
relatively weak ENSO amplitude during P1 might be partly caused by 
the anomalous tropospheric warming over the northern North Paci�c 
tied to the increased surface net upward energy �ux over the BOS 
(likely due to stronger sea ice–air interactions) through the Arctic–
to–tropical Paci�c teleconnection described above.

DISCUSSION

In summary, our model experiments reveal that Arctic sea ice–air in-
teractions can remotely weaken ENSO’s amplitudes and associated 
variability in other �elds in the tropical Paci�c by 12 to 17% by 

modulating the tropical Paci�c mean state. �e main processes, sum-
marized in Fig. 6, are as follows. During JJAS, sea ice–air interactions 
would lead to enhanced surface SW absorption, warmer SST, and in-
creased upward energy �uxes over the northern North Paci�c (main-
ly the BOS region) near the MIZ, causing anomalous warming from 
the surface to around 200 hPa there. Such a heating anomaly forces an 
anomalous cyclone at the surface over the BOS and an anticyclonic 
anomaly in the upper troposphere locally; it also excites an anoma-
lous atmospheric Rossby wave propagating equatorward into the 
tropical Paci�c. �e Rossby wave creates alternating SLP patterns to-
ward the tropical Paci�c, with an anticyclonic response in the mid-
latitude North Paci�c and a cyclonic anomaly around 20°N in the 
western- central Paci�c. �e anomalous southwesterly winds over the 
western- central tropical Paci�c act to weaken the mean northeasterly 
trades, leading to warmer SSTs in the western- central tropical Paci�c 
via the WES feedback and, thus, the enlarged zonal SST gradients 
over the tropical Paci�c. �is causes stronger mean trade winds 
and colder SSTs in the CEP through both Bjerknes and WES feed-
backs, together with a slightly deeper mean thermocline in the 
western- central tropical Paci�c by an accumulation of warm waters 
and Ekman pumping there. As a result, the ENSO amplitude is damp-
ened because of the weakened TH feedback by the deeper mean 
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Fig. 6. Schematic diagram for the Arctic–to–tropical Paci�c teleconnection during JJAS. The longitude- latitude and longitude- depth panels are the same as Figs. 4D 

and 2C, respectively. The key processes shown here include the following: (1) Sea ice–air interactions increase surface SW absorption over the northern North Paci�c near 

the MIZ (indicated by dashed lines), but with little SW changes over the central Arctic due to the damping e�ect of increased low clouds there, leading to strong warming 

con�ned to the northern North Paci�c (mainly the BOS region); (2) the resultant anomalous atmospheric heating over the BOS excites an anomalous Rossby wave propa-

gating equatorward (gray curve arrows) into the tropical Paci�c, with an anticyclone response (labeled as A) over the northern North Paci�c and a cyclonic response (la-

beled as C) over the subtropical Paci�c in the upper troposphere (colored solid circles), and the corresponding circulation response at the surface (black dashed circles) is 

nearly the opposite to that at 200 hPa; (3) the associated low- level southwesterly wind anomaly (solid black arrows between 10° and 20°N) weakens the subtropical mean 

northeasterly trades and leads to warmer SSTs over the western tropical Paci�c and thus increased zonal SST gradients in the equatorial Paci�c; (4) the resultant stronger 

mean trade winds (solid black arrows along the equator) cause colder SSTs in the eastern tropical Paci�c that further enlarge zonal SST gradients and thus weaken the ZA 

feedback; (5) the thermocline over the central- western tropical Paci�c is deepened because of the accumulation of warm waters under stronger mean trade winds and 

the negative anomalies of surface wind stress curl (black circular) through Ekman downwelling (dashed black downward arrows) and thus weakened TH feedback. These 

processes ultimately weaken ENSO activity.
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thermocline and the weakened ZA feedback by the enlarged zonal 
SST gradient under stronger mean trade winds.

Historical changes from P1 (with weak ENSO, strong SIC varia-
tions, and likely strong sea ice–air interactions) to P2 (with strong 
ENSO, weak SIC variations, and likely weak sea ice–air interac-
tions) based on observational and reanalysis data are qualitatively 
consistent with the model results, such as the surface heat �ux–in-
duced teleconnection between the Arctic and tropical Paci�c. �e 
historical changes between P1 and P2 appear to be linked to 
changes in the strength of the sea ice–air interactions over the 
Paci�c sector of the Arctic. Compared with P1, ENSO activity has 
already strengthened in P2 when the SIC variations become much 
weaker during JJAS (implying a weakening of the sea ice–air inter-
actions) (�g. S5), although many other factors may also play a role 
in the real world. Note that the SIC variations have also become 
relatively stronger a�er the 1990s (but much weaker than P1 due to 
large sea ice loss). �is implies that the associated stronger sea ice–
air interactions might lead to weakened ENSO amplitude and in-
creased CP El Niño occurrence in recent decades (24, 31), which is 
qualitatively consistent with our model results. However, this ob-
served multidecadal relationship of the SIC variations with ENSO 
activity and diversity needs further investigation in multiple cou-
pled climate models.

Our results suggest asymmetric impacts of the SIC anomalies 
on surface SW radiation under the sea ice–air interactions, which 
plays a crucial role in causing the mean- state changes over the 
BOS and other Arctic regions. However, the monthly model data 
available to this study limit our ability to further disentangle such 
an asymmetry in the impact of SIC on surface SW radiation be-
tween daytime and night or between sunny and cloudy days. We 
plan to further investigate this potentially important phenomenon 
related to sea ice’s impacts on our climate using high- frequency 
(e.g., hourly or daily) reanalysis and model data over the BOS and 
other MIZ.

Last, ENSO is projected to strengthen in future warmer climates 
by many coupled climate models (15, 37), with an intensi�cation 
of the ENSO- related teleconnections such as the Paci�c–North 
American pattern (38, 39). In particular, strong El Niño events 
would occur more frequently because of large Arctic sea ice loss 
(25), which represents a lack of or weakening in sea ice–air in-
teractions. Our results imply that a substantial portion of the 
strengthened ENSO activity in future warmer climates may result 
from the weakened sea ice–air interactions as Arctic sea ice disap-
pears during the warm season. �at is, if the Arctic becomes sea-
sonally ice- free in the upcoming decades (26), then ENSO activity 
will likely be ampli�ed as the sea ice–air interactions and the as-
sociated damping e�ect reported above diminish, which may 
have implications for the strengthened Paci�c–North American 
pattern in the future. �is is in addition to the impacts of Arctic 
sea ice loss and the resultant warming (24, 25); that is, as the ice- 
air interactions weaken with diminishing sea ice, the two e�ects 
(from the mean sea ice loss and ice- air interactions) should both 
lead to stronger ENSO. �e ENSO’s close link to Arctic sea ice–air 
interactions highlights the need to examine more closely the im-
pact of the diminishing sea ice on ENSO under anthropogenic 
warming. �is requires coupled climate models to realistically 
simulate the internal interactions among sea ice, ocean, and the 
atmosphere, which may help reduce the intermodel spread in fu-
ture ENSO projections (37, 40).

MATERIALS AND METHODS

Observational and reanalysis data
To check whether any of our model results are qualitatively consis-
tent with the real world, we analyzed historical changes between 
1921–1960 (P1; with weak ENSO activity) and 1971–2000 (P2; 
with strong ENSO activity) using observational and reanalysis data. 
Monthly mean sea surface height (SSH) and surface wind stress from 
1900 to 2008 were derived from the Simple Ocean Data Assimilation 
(SODA) on 0.5° grids (41). Monthly mean atmospheric �elds were 
obtained from the 20th Century Reanalysis version 3 (20CRv3) from 
1900 to 2014 on 1° grids (42). �e 20CRv3 is the latest long- term re-
analysis product generated by an atmospheric general circulation 
model (AGCM) forced by observed SST, SIC, and surface pressure 
data. For data consistency, we also used monthly mean SST and SIC 
data during 1900–2014 within the 20CRv3 reanalysis, which were 
derived from observations (namely, SODAsi.3 and HadISST2 datas-
ets) (42) and used as ocean boundaries of the AGCM to produce at-
mospheric �elds in 20CRv3.

As the externally forced global warming only accounts for about 
11% of the historical change of ENSO activity during 1910–2003 
(�g. S5), here, we focus on the multidecadal mean- state di�erences 
(a�er removing the forced changes) between P1 and P2, which should 
be generated by internal processes such as sea ice–air interactions dis-
cussed in this study. �e externally forced component in the analyzed 
�elds was removed from observations and reanalysis before further 
analyses using a linear regression method used previously (21, 43). 
We used the anomaly time series of the global mean Tas averaged over 
25 all- forcing historical runs from 25 Coupled Model Intercompari-
son Project phase 6 (CMIP6) (44) models during 1900–2014 as the 
forced signal (x), used linear regression between x and the anomaly 
time series of a given variable (such as SST or SSH as variable y) at 
each grid box to obtain the externally forced component in variable y, 
and then subtracted it from the original y time series before further 
analyses.

CESM1 simulations
We used a fully coupled model, namely, the CESM1 (45) from the 
(NCAR) National Center for Atmospheric Research, with the Com-
munity Atmosphere Model version 4 (CAM4) as its atmospheric 
component. �e CESM1 has been shown to reasonably simulate the 
mean climate and variability over both the Arctic and tropics, and it 
has been widely used to investigate Arctic (21, 22, 46, 47) and tropical 
climate (31, 40) and their teleconnection (25). �e CESM1 used in 
this study has a grid increment of 2.5° × ~2.0° (longitude × latitude) 
for CAM4 and ~1.0° × ~0.5° (longitude × latitude) for the sea ice and 
ocean models.

We conducted two 500- year CESM1 preindustrial control simula-
tions with CO2 �xed at 284.7 parts per million by volume (ppmv), 
including a fully coupled preindustrial control run (referred to as FC) 
with dynamic sea ice and a sensitivity �xed- ice run (referred to as FI), 
which is same as the FC run except that �xed SIC is used only in the 
coupler of the model for determining the area weights of ice and water 
surface types in calculating the mean �uxes for grid boxes north of 
30°N. �is �xed- ice setup used here has already been described in 
detail and used in our previous studies (21, 22, 47, 48).

We emphasize that SIC or mass inside the model was not �xed or 
altered by us, only the ice fractional weighting in the coupler was 
�xed, which only a�ects the box mean values of the exchange �uxes 
(grid box mean �ux = ice fraction × �ux over ice + water fraction × 
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�ux over water) and has no e�ects on the ice mass or energy conserva-
tion. In addition, the calculation of the �uxes over ice or water sur-
faces was not altered by us. �e �xed SIC was derived from the FC 
monthly climatology. �us, the atmosphere should see similar mean 
SIC (and thus albedo) in the two runs, but the atmosphere sees the 
same mean SIC all the time (except for the mean seasonal cycle) 
through the coupler in the FI run instead of the time- varying SIC in 
the FC run. Our tests showed that linearly interpolating the monthly 
SIC climatology to daily SIC resulted in a small (0.0 to −0.4%) nega-
tive bias in the resultant monthly SIC climatology, which is an order of 
magnitude smaller than the SIC di�erence shown in �g. S7F for most 
of the Arctic regions. Furthermore, the SIC interpolation bias is nega-
tive, while the SIC di�erence over the BOS region is positive. �us, 
the interpolation error is not a major source of the SIC di�erence 
(�g. S7F). In the FI run, our intervention was only applied to the cou-
pler of the model, and we did not attempt to override or alter SIC or 
any other �elds inside the sea ice model. �at is, any sea ice–related 
processes (including sea ice itself and �uxes over sea ice) inside the sea 
ice model are still allowed to evolve dynamically and can also respond 
freely to any changes from the atmosphere or ocean induced by this 
intervention, in contrast to previous studies (49, 50).

While the use of �xed SIC may alter the surface exchange �uxes 
between the atmosphere, ocean, and sea ice reservoirs, it does not lead 
to energy loss or creation as any reduced (increased) �ux will allow 
more (less) energy to stay in the original reservoir. �e same applies to 
water exchange �uxes. For example, if the upward energy �ux is re-
duced by 5 W m−2 because of the use of �xed SIC compared with us-
ing internal SIC, then that 5 W  m−2 of energy will remain in the 
surface reservoir (i.e., fractional ocean or sea ice surface depending 
on the SIC used in the coupler), and the atmosphere will receive 
5 W m−2 less energy compared with the case using internal SIC. �us, 
our �xed- ice setup does not alter any physical laws such as the conser-
vation of mass, momentum and energy between the atmosphere and 
underlying ice and ocean surfaces. To some degree, it is similar to 
changing a land surface type (e.g., from natural forest to cropland), 
using a �xed land cover type (instead of a time- varying vegetation 
cover as in the real world) over a region, or using climatological SST 
(instead of time- varying SST) in an AGCM simulation. Although the 
use of this land- surface type or SST may alter the exchange �uxes and 
thus a�ect the climate, it does not violate the energy and mass conser-
vation laws as the altered exchange �uxes do not lead to loss or cre-
ation of energy or mass among the reservoirs. �e same occurs in our 
FI run: �e use of �xed SIC alters the exchange �uxes, but it does not 
lead to loss or creation of energy of mass.

By using a �xed SIC in the coupler, instead of using its internal 
values as in the FC run, we were able to e�ectively cut o� the two- way 
interactions between the atmosphere and sea ice caused by SIC �uc-
tuations. �us, any di�erences (including the SIC di�erence; �g. S7F) 
between the FC and FI runs (i.e., FC minus FI) are triggered by the sea 
ice–air two- way interactions through surface �ux changes that exist in 
the FC run but absent in the FI run. In addition, any delayed e�ect 
from the cold season on the warm- season SST and other �elds should 
have been already included in these di�erences.

ENSO de�nition
We used the Niño3.4 index to quantify ENSO activity (amplitude and 
frequency) and the Niño3 and Niño4 indexes to measure ENSO di-
versity. �e Niño3.4 index was de�ned as the monthly SST anomaly 
averaged within 5°S to 5°N and 170° to 120°W. �e Niño3 and Niño4 

indexes were similarly de�ned but averaged over the regions of 5°S to 
5°N, 150° to 90°W and 5°S to 5°N, 160°E to 150°W, respectively. �e 
anomaly was obtained by removing the monthly climatology and 
then applying a 7- year Lanczos high- pass �lter with 21 weights for 
each month to focus on the interannual variability. Accordingly, El 
Niño and La Niña events were identi�ed when the November- 
December- January mean Niño3.4 index was above +1 (below −1) SD 
in each simulation. �us, there are 145 (80 El Niños and 65 La Niñas) 
ENSO events for the FC run and 147 (79 El Niños and 68 La Niñas) 
ENSO events for the FI run. �e composites of El Niño or La Niña 
events were derived using similarly �ltered �elds. We also calculated 
the occurrence of CP and EP El Niño events. If the normalized Niño4 
index was higher than the normalized Niño3 index, then the corre-
sponding El Niño event was classi�ed as CP El Niño; otherwise, it was 
identi�ed as EP El Niño (51). We found that the ratio of the number 
of CP to EP events is 0.9 (38 CP events versus 42 EP events) for the FC 
run and 0.6 (31 CP events versus 48 EP events) for the FI run. �us, 
the sea ice–air interactions increase the ratio of CP to EP El Niño 
events by about 50% in FC (relative to FI), although there is little 
change in total El Niño occurrence (80 events versus 79 events).

ENSO growth rate and feedback
To investigate the mechanisms of the weakened ENSO amplitude 
caused by sea ice–air interactions, we analyzed the ENSO growth rate 
measured by the BJ index (28) in each simulation, which has been 
widely used to diagnose ENSO activity under di�erent background 
states (17, 52, 53). �e BJ index (28) is de�ned as

where T  is the mean ocean mixed- layer temperature; u , v , and w are 
mean ocean mixed- layer zonal, meridional, and vertical velocity, re-
spectively; 〈∙〉 denotes volume average quantities over the CEP (5°S to 
5°N and 180° to 80°W), where the largest SST di�erences are found 
for both El Niño and La Niña events (see Fig. 1, A and B); Lx and Ly 
are the longitudinal and latitudinal length of the CEP box, respectively; 
H1 is the ocean mixed layer depth and �xed at the depth of 50 m 
(H1 = 50 m) in this study; a1 and a2 are estimated using SST anoma-
lies averaged zonally and meridionally at boundaries of the CEP box 
and area- averaged SST anomalies over the box, respectively; αs is the 
thermal damping coe�cient; μa is a response of zonal wind stress to 
ENSO- related anomalous SSTs; βu, βw, and βh are responses of ocean 
surface zonal current, ocean upwelling, and zonal TH slope to anom-
alous zonal wind stress, respectively; ah is a response of ocean subsur-
face temperature to thermocline depth anomalies. More details about 
Eq. 1 can be found in (28).

On the basis of Eq. 1, the linear ENSO growth rate can be esti-
mated as the sum of, from le� to right, the mean current damping 
(CD) e�ect, the thermodynamic damping (TD) e�ect, the ZA feed-
back, the EK feedback, and the TH feedback. A higher (lower) 
ENSO growth rate (or BJ index) corresponds to stronger (weaker) 
ENSO activity with larger (smaller) amplitude. As shown in Fig. 1G, 
CD and TD are negative terms that are unfavorable for ENSO 
growth. �e three positive dynamical feedback terms (i.e., the ZA, 
EK, and TH feedbacks) facilitate ENSO growth, and they depend on 

2BJ= −
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the climatological background states, the atmospheric response to 
ENSO- related SST anomalies, and the ocean response to anomalous 
wind stress (28). Speci�cally, the ZA feedback is associated with 
anomalous temperature advection by ocean anomaly currents, the 
EK feedback is associated with the mean vertical thermal strati�ca-
tion, and the TH feedback is related to ocean mixed- layer tempera-
ture sensitivity to thermocline variations (mainly controlled by the 
mean thermocline depth).

Surface energy balance
To quantify mean change of surface net energy �ux (Fs) and relative 
contributions from surface radiation and heat �uxes induced by the 
sea ice–air coupling, we conducted the surface energy balance analy-
sis (54). �e surface energy budget equation is given by

where SWnet is surface net SW radiation, LWnet is surface net LW 
radiation, SH is sensible heat �ux, and LH is latent heat �ux. Here, 
both SWnet and LWnet are de�ned as upward minus downward ra-
diation, and all the radiation and heat �uxes in Eq. 2 are positive 
upward (i.e., the atmosphere receives heat from the ocean).

Linear baroclinic model
We used an LBM (55) to verify whether the anomalous heating due to 
sea ice–air interactions over the northern North Paci�c (mainly over 
the BOS) could generate the teleconnection anomaly pattern. LBM is 
based on atmospheric primitive equations linearized around a mean 
state and can simulate the steady linear response to a prescribed forc-
ing, and it has been widely used in simulating atmospheric responses 
to speci�ed diabatic heating (55, 56). In this study, LBM has a resolu-
tion of T42L20 with a ~2.8° grid in the horizontal and 20 σ levels in 
the vertical, and the climatological JJAS mean state is derived from 
National Centers for Environmental Prediction (NCEP)/NCAR re-
analysis (57).

We conducted two LBM simulations: One is forced by tropo-
spheric warming over the high- latitude North Paci�c (~40° to 
60°N, 130°E to 150°W) with a maximum heating rate of about 1.6 K 
day−1 at location 1 (L1) near 52°N and 149°E (Fig. 5A), and the 
other one is the same but with additional tropospheric cooling 
over the subtropical North Paci�c (~25° to 40°N, 130°E to 150°W) 
with a maximum heating rate of about −0.8 K day−1 at location 2 (L2) 
near 32°N and 160°E (Fig.  5D). The horizontal pattern of the 
heat forcing over the target region in both LBM simulations is 
identical to that of the JJAS- mean FC minus FI di�erence of air 
temperature (∆T) averaged over 1000 to 850 hPa (Fig. 4A), with 
heating rate being set to the ∆T multiplied by a factor of ten (e.g., 
a heating rate of 1 K day−1 is used for a 0.1°C ∆T); thus, such a 
heating rate pattern used in LBM only represents the spatial vari-
ations of ∆T, but they are not physically identical since we only 
focus on whether the anomalous low- level warming over the 
northern North Paci�c could generate anomalous Rossby wave 
propagating into the tropics. Meanwhile, the vertical heating pro-
�le is given as a gamma function with peaks at the bottom of the 
model (σ = 0.995; Fig. 5, B and E) since the strongest ∆T induced 
by the sea ice–air coupling mainly occurs near the surface (and 
the lowest level). Both LBM simulations are integrated for 150 days, 
which reach a steady response a�er about 10 days. �e LBM re-
sults are shown in Fig. 5.

RWS and activity �ux
To investigate the formation of anomalous Rossby wave excited by the 
sea ice–air coupling, we calculated the RWS (58) on a pressure level 
(e.g., 200 hPa as shown in �g. S9B) based on the nonlinear vorticity 
equation, which is given by

where f, ζ, and their sum (f + ζ) are the planetary vorticity (or the 
Coriolis parameter), relative vorticity, and absolute vorticity, respec-
tively, Vχ is the divergent wind, and D is the horizontal divergence. 
On the basis of Eq. 3, the RWS is composed of the vortex stretching 
term due to local divergence/convergence [i.e., −(f + ζ)D] and the 
absolute vorticity advection term induced by large- scale divergent 
�ow [i.e., −Vχ ∙ ∇ (f + ζ)] (�g. S9, C and D). Given that f is always 
positive in the Northern Hemisphere and is normally an order of 
magnitude larger than ζ for large- scale circulation, the sign of the 
vortex stretching term is mainly determined by D; that is, a horizon-
tal divergence (convergence) would cause the vortex squeezing 
(stretching) to increase negative (positive) vorticity, thus leading to 
a negative (positive) RWS.

We also calculated the horizontal components of the stationary 
Rossby wave activity �ux (W) (59), which is de�ned as

where a is Earth’s radius and ϕ and λ are latitude and longitude, re-
spectively. For the CESM1 runs, U and V are the climatological JJAS- 
mean zonal and meridional components of horizontal wind averaged 
over years 1 to 500 based on the FI run, respectively, and ψ′ is the 
JJAS- mean di�erence of 200 hPa (thus, p = 200 hPa/1000 hPa) stream 
function between the FC and FI runs during years 1 to 500. For the 
LBM runs, U and V are the similar climatological horizontal winds 
obtained from NCEP/NCAR reanalysis, and ψ′ is the JJAS- mean 
stream function response in each runs. For the multidecadal di�er-
ences in 20CRv3 reanalysis, U and V are the climatological horizontal 
winds averaged over P2, and ψ′ is the P1 minus P2 di�erence of de-
trended JJAS- mean stream function anomalies.

Statistical analysis
We used Student’s t tests to test whether the mean state or com-
posite di�erences are statistically signi�cant based on a 5% sig-
ni�cance level. �e signi�cance of the di�erence of each term in 
the ENSO grow rate equation (see Eq. 1) was tested on the basis of 
a resampling technique: we reconstructed new X and Y of length 
N (= 500 years) by randomly sampling the data from the original 
time series X from the FC run and Y from the FI run and then 
calculated the ENSO growth rates (including each term) and their 
di�erence using the randomly reconstructed new sample X and Y 
of the variables required in Eq.  1. We repeated this resampling 
procedure for 10,000 times to create a di�erence distribution that 
could occur by chance, and the 2.5th and 97.5th percentile values 
of this distribution were de�ned as the lower and higher con�dence 

Fs = SWnet + LWnet + SH + LH (2)

RWS = − ∇ ∙ (f + ζ)Vχ = − (f + ζ)D − Vχ ∙ ∇ (f + ζ) (3)

W=
p cosϕ

2 ∣U∣
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bounds, respectively, for a 5% signi�cance level based on a two- 
tailed test.

Supplementary Materials
This PDF �le includes:

Figs. S1 to S9
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