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Enhanced impact of the Aleutian Low on increasing the
Central Pacific ENSO in recent decades
Shangfeng Chen 1, Wen Chen 1,2✉, Bin Yu3, Renguang Wu 4, Hans-F. Graf5 and Lin Chen6

In this study, we reveal a marked enhanced impact of the early-spring Aleutian Low (AL) on the following winter El Niño and
Southern Oscillation (ENSO) after the late-1990s. This enhanced impact of the early-spring AL may have an important contribution
to the increased emergence of the central Pacific ENSO during recent decades. After the late-1990s, decrease (increase) in the early-
spring AL strength tends to induce an anomalous cyclone (anticyclone) over subtropical North Pacific via wave-mean flow
interaction. The associated westerly (easterly) wind anomalies to the south side of the subtropical anomalous cyclone (anticyclone)
over the tropical western Pacific contribute to occurrence of central Pacific-like El Niño (La Niña) in the following winter via tropical
Bjerknes feedback. Further, the subtropical anomalous cyclone (anticyclone) leads to sea surface temperature (SST) increase
(decrease) in the equatorial Pacific in the following summer via wind-evaporation-SST (WES) feedback, which further contributes to
succeeding central Pacific-like El Niño (La Niña). Enhanced impact of early-spring AL on ENSO is attributable to enhancement of the
mean circulation over the North Pacific, which leads to increased wave-mean flow interaction and strengthened WES feedback after
the late-1990s. The results offer the potential to advance our understanding of the factors for the reduced prediction skill of ENSO
since the late-1990s.
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INTRODUCTION
The El Niño and Southern Oscillation (ENSO) is the dominant
mode of the tropical air-sea coupling system1–4, featured by large
sea surface temperature (SST) anomalies in the tropical central
and eastern Pacific, and accompanied by notable changes in the
tropical atmospheric circulation and convection. ENSO has
tremendous impacts on the climate, agriculture, ecosystems,
water resource and the livelihoods of people worldwide5–10.
Therefore, identifying the factors leading to the occurrence of
ENSO events and improving the prediction skill of ENSO are of
critical importance.
The prediction skill of ENSO is found to decrease obviously since

the late-1990s11,12, corresponding to the time when the central
Pacific (CP) type of El Niño has become more frequent13–15.
Extratropical atmospheric forcings over the North Pacific, particu-
larly the North Pacific Oscillation (NPO, the second Empirical
Orthogonal Function [EOF] mode of sea level pressure anomalies
[SLP] over the North Pacific)16, are suggested to contribute
significantly to the occurrence of the CP ENSO via the seasonal
footprinting mechanism and trade wind charging mechan-
ism17–25. However, two recent studies indicated that the impact
of the winter NPO on the following winter ENSO weakens largely
after the late-1990s26,27, suggesting that extratropical atmospheric
variability related to the winter NPO cannot totally explain the
recent increased emergence of the CP ENSO.
Then, what might be other sources of atmospheric variability

over the North Pacific that contributed to the recent frequent
occurrence of CP ENSO events? This study finds that the early-
spring (March) Aleutian Low (AL) may play an important role
though prevailing view generally suggested a marked impact of
the ENSO on the AL rather than the opposite effect6,28,29. The AL

intensity variation represents the first leading mode of atmo-
spheric variability over the North Pacific and explains more
variance than the NPO18 (Supplementary Fig. 1). A recent study
has preliminarily recognized that variation in the early-spring AL
intensity has a marked impact on the following winter ENSO
according to multiple reanalysis and observational data over 1979-
201630. However, whether the recent increased occurrence of CP
ENSO after the late-1990s is related to the impact of the early-
spring AL remains unclear. In this study, we demonstrate that the
impact of the early-spring AL on the following winter ENSO shows
a marked enhancement after the late-1990s. We suggest that this
enhanced impact of the early-spring AL may play an important
role in the increased occurrence of the CP type ENSO events
during recent decades. The physical mechanism for the enhanced
impact of the early-spring AL is also examined. Results of this
study may further improve our understanding of the change in
the ENSO type and improve the understanding of the process for
the impact of mid-high latitude atmospheric variability on
ENSO type.

RESULTS
Strengthened impact of the March AL on ENSO
The connection of the March AL intensity index (ALI, defined as
region-mean SLP anomalies over 30o–65oN and 160oE–140oW)
with the following winter ENSO shows a stepwise increase during
1948–2020 (Fig. 1a, note that hereafter ENSO signal in preceding
winter has been removed from the March ALI to avoid the impact
of the ENSO cycle, please see “Methods”). The significant
relationship of the March ALI with the following winter Niño-3.4
SST index can only be observed after the late-1990s (Fig. 1a), in

1Center for Monsoon System Research, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China. 2Department of Atmospheric Sciences, Yunnan
University, 650500 Kunming, China. 3Climate Research Division, Environment and Climate Change Canada, Toronto, ON, Canada. 4School of Earth Sciences, Zhejiang
University, Hangzhou, China. 5Center for Atmospheric Science, University of Cambridge, Cambridge, UK. 6Key Laboratory of Meteorological Disaster of Ministry of Education,
Nanjing University of Information Science and Technology, Nanjing, China. ✉email: chenwen-dq@ynu.edu.cn

www.nature.com/npjclimatsci

Published in partnership with CECCR at King Abdulaziz University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00350-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00350-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00350-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00350-1&domain=pdf
http://orcid.org/0000-0003-4347-8592
http://orcid.org/0000-0003-4347-8592
http://orcid.org/0000-0003-4347-8592
http://orcid.org/0000-0003-4347-8592
http://orcid.org/0000-0003-4347-8592
http://orcid.org/0000-0001-9327-9079
http://orcid.org/0000-0001-9327-9079
http://orcid.org/0000-0001-9327-9079
http://orcid.org/0000-0001-9327-9079
http://orcid.org/0000-0001-9327-9079
http://orcid.org/0000-0003-4712-2251
http://orcid.org/0000-0003-4712-2251
http://orcid.org/0000-0003-4712-2251
http://orcid.org/0000-0003-4712-2251
http://orcid.org/0000-0003-4712-2251
https://doi.org/10.1038/s41612-023-00350-1
mailto:chenwen-dq@ynu.edu.cn
www.nature.com/npjclimatsci


line with the time that CP type ENSO events became more
frequent13–15,18–20. After the late-1990s, 7 out of 8 weakened AL
years (“Methods”) are followed by El Niño events in the
subsequent winter (Supplementary Table 1). The occurrences of
the recent five CP El Niño events (i.e., 2002–03, 2004–05, 2006–07,
2009–10 and 2015–16, “Methods”) are all preceded by weakened
spring AL years. In addition, 6 out of the 7 enhanced AL years are
followed by La Niña events (Supplementary Table 1). This result
suggests that the occurrence ratio of ENSO events is near 90%
associated with the March AL after the late-1990s. Thus, the
impact of the March AL on the tropical Pacific SST is suggested to
be an important factor for the increased occurrence of the CP-type
ENSO events since the late-1990s.
Studies generally suggested that the recent increased occur-

rence of the CP ENSO events was related to the winter NPO-
related atmospheric forcing19,20. The correlation of the winter NPO
index (“Methods”) with the following winter Niño-3.4 SST index
becomes weaker and insignificant after the late-1990s (Fig. 1b),
consistent with recent studies26,27. Particularly, the correlation
between the winter NPO index and following winter Niño-3.4 SST
index is only 0.34 (cannot past the 90% confidence level) after the
late-1990s, about half of the correlation between the March ALI
and the following winter Niño-3.4 SST index (r= 0.63). In addition,
after the late-1990s, only 3 of 6 (4 of 7) positive (negative) winter
NPO years are followed by El Niño (La Niña) events (Supplemen-
tary Table 1). The occurrence ratio of ENSO events is about 50%
under condition of the winter NPO after the late-1990s, much
lower than that of March ALI. Moreover, the three positive winter
NPO years (i.e., 2005–06, 2010–11, and 2011–12) are even followed
by La Niña events in the following winter. Above results suggest
that the March AL may play a more important role for the

increased occurrence of the CP ENSO events after the late-1990s
compared to the NPO.

Mechanisms for the strengthened impact of the AL on ENSO
It is necessary to understand the causes for occurrence of the
recent enhanced impact of the March AL on the following winter
ENSO. According to Fig. 1a, we separate the entire period into two
sub-periods: 1949–1995 and 1996–2020. The difference in the
correlation coefficient between periods 1996–2020 (r= 0.63) and
1949–1995 (r= 0.12) is significant at the 99% confidence level
according to the Fisher’s r-z transformation (“Methods”).
We then examine evolutions of SST, 850-hPa winds and

precipitation related to the March AL in the above two periods.
After the late-1990s, the weakened AL in preceding spring is
associated with a dipole atmospheric anomaly pattern over the
North Pacific (Fig. 2a). Formation of the anomalous cyclone over
the subtropical North Pacific is attributable to the interaction
between mean flow and synoptic-scale eddy activity30. Particu-
larly, weakened AL in Mar(0) is associated with anomalous easterly
winds (Fig. 2a) and EP flux convergence anomalies around
30°–40°N over the North Pacific (see extended EP flux in
“Methods”) (Fig. 3a). These EP flux convergence anomalies are
accompanied by pronounced positive geopotential height ten-
dencies to the north and negative geopotential height tendencies
to the south (Fig. 3b, see geopotential height tendencies in
“Methods”), explaining formation of the cyclonic circulation
anomaly over the subtropical North Pacific30. Westerly wind
anomalies to the south of the subtropical anomalous cyclone over
the tropical western Pacific could lead to SST warming in the
tropical central-eastern Pacific via zonal oceanic advection and
triggering eastward propagating and downwelling Kelvin waves,
which is confirmed by an analysis of the mixed layer heat budget
(Supplementary Fig. 2, “Methods”). In addition, the subtropical
cyclonic anomaly reduces the total wind speed and leads to ocean
surface warming over subtropical northeastern Pacific in the late-
spring via reduction of surface heat flux (Fig. 2g). SST anomaly
pattern in Fig. 2g bears a resemblance to the Pacific meridional
mode (PMM)31,32. The late-spring ocean surface warming in the
subtropical North Pacific extends southward to the equatorial
central Pacific via wind-evaporation-SST feedback mechan-
ism31,33,34, which further develops to an El Niño event in the
following winter via the Bjerknes-like positive air-sea interaction
(Fig. 2b–e, g–j). Note that SST anomalies in the tropical Pacific and
850-hPa winds anomalies in the subtropical North Pacific are weak
in preceding winter (Supplementary Fig. 3), suggesting that the
impact of the March AL on the following winter ENSO is not due to
the ENSO cycle.
Before the late-1990s, an atmospheric dipole anomaly pattern

also appears over the North Pacific (Supplementary Fig. 4a).
However, the subtropical anomalous cyclone is much weaker.
Correspondingly, ocean surface warming is less obvious in the
subtropical northeastern Pacific (Supplementary Fig. 4g) com-
pared to that after the late-1990s (Fig. 2g). Therefore, March AL-
related SST and atmospheric anomalies cannot extend to the
tropical central Pacific, and thus have weak impacts on the
following winter ENSO23,30 (Supplementary Fig. 4g–j).
The most important system in connecting the March AL to the

following winter ENSO is the cyclonic anomaly over the
subtropical North Pacific, and associated westerly wind anomalies
to its south over the tropical western-central Pacific (TWCP).
Figure 4a shows a scatter plot between the 23-year moving
correlations of the March AL with the following winter ENSO
against the corresponding AL-related westerly wind anomalies
over the TWCP in AM(0). It shows that in decades when the March
AL-related westerly wind anomalies over the TWCP are strong
(weak), impact of the March AL on the following winter ENSO is
strong (weak) (Fig. 4a).

Fig. 1 Correlations of ENSO with preceding AL and NPO. Running
correlation coefficients of a early-spring (Mar(0)) AL intensity (ALI)
index and b winter (D(−1)JF(0)) NPO index with the following winter
(D(0)JF(+1)) Niño-3.4 SST index with different moving lengths. Time
notations “−1”, “0” and “+1” refer to the preceding, current and
following years, respectively. Dashed lines indicate the correspond-
ing running correlations significant at the 95% confidence level.
Effective degree of freedom was considered when estimating
significance level of correlation (see “Effective degree of freedom”
in “Methods”). Years in a, b are labeled according to the central years
of the running correlation.
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What are the plausible factors for the change of the March AL-
related westerly wind anomalies over the TWCP? The amplitude of
the March AL-related cyclonic anomaly over the subtropical
western-central North Pacific after the late-1990s (Fig. 2a) is
approximately two times stronger than that before the late-1990s
(Supplementary Fig. 4a). The stronger cyclonic anomaly over the
subtropical North Pacific can lead to stronger westerly wind
anomalies to its south side over the TWCP. This is verified by a
scatter plot of the March AL-related westerly wind anomalies over
the TWCP against the March AL-related SLP anomalies over the
subtropical western-central North Pacific (Fig. 4b). In decades
when the March AL-generated cyclonic anomaly over the
subtropical western-central North Pacific is stronger, stronger
westerly wind anomalies are induced over the TWCP (Fig. 4b). This
further contributes to a stronger influence of the March AL on the
following winter ENSO (Fig. 4c).
The interaction between the synoptic-scale eddy activity and

low frequency mean flow plays an important role in the formation
of the March AL-related cyclonic anomaly over the subtropical
North Pacific30. A stronger cyclonic anomaly implies a stronger
synoptic-scale eddy activity feedback to the mean flow. This is
confirmed by a comparison of the geopotential height tendency
anomalies related to the early-spring ALI before and after the late-
1990s (Fig. 3c, d). Particularly, negative geopotential height
tendency anomalies over the subtropical North Pacific are more
prominent and extend more southward during 1996–2020

(Fig. 3c) compared to those before the late-1990s (Fig. 3d),
suggesting an enhanced high-frequency transient eddy vorticity
feedback to the mean flow and explaining enhancement of the
Mar(0) ALI-generated cyclonic anomalies over subtropical North
Pacific after the late-1990s. Strength of the synoptic-scale eddy
activity feedback to mean flow is impacted by the zonal wind
anomalies induced by the AL and the mean state of the
background zonal wind over the mid-latitude North Pacific35–39.
Stronger zonal wind anomalies can lead to strengthened feedback
of the synoptic-scale eddy to low frequency flow if background
mean flow is the same37–39. Similarly, if the amplitude of the zonal
wind perturbation is the same, strength of the synoptic-scale eddy
feedback to mean flow is closely associated with the intensity of
the background zonal wind37–39.
A scatter plot of the March AL-related SLP anomalies averaged

over the subtropical western-central North Pacific against the AL-
related SLP anomalies averaged over the mid-latitude North
Pacific shows that the change in the strength of the March AL-
related atmospheric anomaly over subtropical North Pacific is not
due to change in the amplitude of the AL (Supplementary Figs.
5–6). It implies that the change in the background zonal wind
should be a factor for the difference in the AL-related cyclonic
anomaly over the subtropical North Pacific. To confirm this, we
construct a scatter plot of the March AL-related SLP anomalies
over the subtropical western-central North Pacific against the
strength of the climatological 500-hPa zonal wind averaged over

Fig. 2 Evolutions of SST and atmospheric anomalies related to the early spring ALI. Anomalies of 850-hPa stream function (shading) and
winds (vector) in a Mar(0), b AM(0), c JJA(0), d SON(0), and e D(0)JF(1) regressed upon the normalized ALI in Mar(0) over 1996–2018. f–j as in
a–e, but for the evolutions of SST (shading) and precipitation (stippling) anomalies. Only the SST, precipitation and stream function anomalies
exceeding the 95% confidence level are shown.
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the mid-latitude North Pacific in Fig. 4d. Overall, when the mid-
latitude background zonal wind is stronger, the easterly wind
anomalies over the mid-latitude North Pacific lead to a stronger
cyclonic anomaly over the subtropical North Pacific (Fig. 4d) via
wave-mean flow interaction30,35–39, which contributes to stronger
westerly wind anomalies over the TWCP (Fig. 4b) and results in a
marked impact of the March AL on the winter ENSO (Fig. 4c).
In addition, the air-sea interaction (i.e., the WES feedback) in the

subtropical northeastern Pacific also plays a crucial role in
maintaining and extending the March AL-related atmospheric
and SST anomalies over the subtropics to the deep tropics, which
further exert impacts on the occurrence of the following winter
ENSO31,40,41. The weakened March AL-generated cyclonic anomaly
before the late-1990s cannot induce clear SST warming in the
subtropical northeastern Pacific (Supplementary Fig. 4g). This is in
sharp contrast to the pronounced warming in the subtropical
northeastern Pacific after the late-1990s (Fig. 2g). This implies that
the air–sea interaction strength (i.e., WES feedback strength,
“Methods”) should be stronger after the late-1990s. The stronger
WES feedback over the subtropical northeastern Pacific is
favorable to the southwestward propagation of atmospheric
variability from the extratropical North Pacific to the tropical
central Pacific (Supplementary Fig. 7), and thus exerts impacts on
ENSO41,42. Connections of the air-sea coupling strength over the
subtropical northeastern Pacific with the March AL-related low-
level westerly wind anomalies over the TWCP (Fig. 4e) and with
the running correlations between the March ALI and winter
Niño3.4 SST index (Fig. 4f) clearly show that when the air-sea
coupling is stronger over the subtropical northeastern Pacific, the
March AL-generated westerly wind anomalies are stronger over
the TWCP (Figs. 2g and 4e), which further contribute to a stronger
impact of the AL on the winter ENSO (Fig. 4f).
Mean state of the circulation, especially the climatology of trade

wind over subtropical northeastern Pacific, plays a dominant role
in determining the strength of the WES feedback

(“Methods”)21,40,43. Particularly, the strength of the WES feedback
is determined by the ratio of the background wind perturbation
and the mean zonal wind (“Methods”). The stronger mean zonal
wind (i.e., easterly) leads to an enhanced upward latent heat flux
for the similar wind speed anomalies, corresponding to a stronger
air-sea coupling strength and the increased WES feedback
efficiency. Therefore, the stronger the subtropical high and the
northeasterly trade wind over the subtropical northeastern Pacific
results in a larger air-sea coupling strength, which contributes to
stronger March AL-related westerly wind anomalies over the
TWCP, and thus leads to an increased impact on the following
winter ENSO.
The background spring SLP over the subtropical northeastern

Pacific (east of the Hawaiian Islands) is indeed significantly higher
after than before the late-1990s, indicating a strengthened
subtropical high there (Fig. 5a). Correspondingly, notable easterly
wind differences are seen over the subtropical northeastern
Pacific, indicating strengthened trade winds (Fig. 5b). The
strengthened subtropical high and northeasterly trade winds
increase the efficiency of the WES feedback, which contributes to
stronger westerly wind anomalies over the TWCP in association
with the March AL variation. This assertion is further confirmed by
scatter plots of the March AL-related spring 850-hPa zonal wind
anomalies over the TWCP against climatological mean spring SLP
and spring 850-hPa zonal wind over the subtropical northeastern
Pacific in Fig. 5c, d, respectively. The correlation coefficients of the
March AL-related westerly wind anomalies averaged over the
TWCP with the spring climatological mean SLP and 850-hPa
averaged over the subtropical Northeastern Pacific for the 23-year
running period are as high as 0.86 and 0.8. Hence, changes in the
mean state of the subtropical high and northeasterly trade winds
over the subtropical northeastern Pacific are suggested to play an
important role in the formation of the TWCP westerly wind
anomalies related to the spring AL, via modulating efficiency of
the WES feedback. This further determines the strength of the

Fig. 3 Interaction between synoptic-scale eddy and low frequency flow over North Pacific associated with the early-spring ALI. Anomalies
of a extended EP flux (vectors, m2 s−2) and divergence of the extended EP flux (shadings, m s−2), and b geopotential height tendency
(m day−1) at 300 hPa in Mar(0) regressed onto the normalized ALI in Mar(0) over 1979–2018. c–d as in b, but over 1979–1995 and 1996–2018,
respectively. Stippling region in a indicates EP flux divergence anomalies significant at the 95% confidence level. Stippling regions in
b–d indicate geopotential height tendency anomalies significant at the 95% confidence level.
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impact of the March AL on the following winter ENSO. It is noted
that the strengthened subtropical high around the late-1990s
could have also contributed to the strengthened climatology
westerly wind over the mid-latitude North Pacific, which leads to
increased wave-mean flow interaction and results in stronger AL-
related cyclonic anomaly over the subtropical North Pacific as
discussed above.

Factors leading to the strengthened trade winds after the
late-1990s
Above analysis indicates that the strengthened air-sea coupling
over the subtropical northeastern Pacific due to the strengthened
trade winds is crucial for the increased impact of the March AL on
the following winter ENSO after the late-1990s. The late-1990s is
also the time that the Atlantic Multidecadal Oscillation (AMO)

shifts from its negative to positive phase44,45 (Fig. 6a). Spring SLP
and easterly winds over the subtropical northeastern Pacific are
significantly stronger during a positive AMO phase compared to a
negative AMO phase (Fig. 6c, e). Thus, the AMO phase shift may
lead to strengthened subtropical high and background trade
winds over the subtropical Northeastern Pacific, which can result
in increased efficiency of the WES feedback, favorable for strong
impacts of the March AL on the winter ENSO after the late-1990s.
We have further examined the impacts of AMO on the

subtropical high and trade winds over the subtropical North
Pacific via North Atlantic pacemaker experiments conducted by
version 6 of the Institute Pierre Simon Laplace model (IPSL-CM6A-
LR) that participated in CMIP6 Decadal Climate Prediction Project
(DCPP) (see “Pacemaker experiments” in “Methods”). For the North
Atlantic pacemaker experiments (NATL-PMExp), the model was
forced by time-varying historical radiative forcings based on
CMIP6 protocol, but SST was restored to the observed historical
SST variation in the North Atlantic. In other regions, the model is
free coupled. The NATL_PMExp covers the period from 1920 to
2014, and consists of ten realizations in which the integrations
begin from different initial conditions. The NATL_PMExp can well
reproduce phase evolution of AMO index (Fig. 7a; see “Methods”
for the definition of AMO). We used ensemble mean of the ten
realizations of NATL_PMExp to examine the impacts of AMO.
Similar to the observations, subtropical high and background
trade winds over subtropical Northeastern Pacific are stronger
during positive than negative AMO phases in the NATL-PMExp
(Fig. 7b, c). The NATL_PMExp also shows strengthened zonal wind
over the mid-latitude North Pacific, which contribute to increased
wave-mean flow interaction and stronger AL-related cyclonic
anomaly over the subtropical North Pacific as discussed above.
Thus, the NATL_PMExp further suggests that the AMO may play an
important role in the enhanced impact of the March ALI on the
following winter ENSO after the late-1990s via enhancement of
North Pacific mean circulation and associated enhanced wave-
mean flow interaction and air-sea coupling.
In addition to the AMO, Pacific Decadal Oscillation (PDO) and

North Pacific Gyre Oscillation (NPGO) are also important
interdecadal climate variability modes over the North Pacific.
PDO index is in its positive phase around the late 1990s
(Supplementary Fig. 8a). It indicates that change in the PDO
phase occurred at a time different from the change in the
connection of March AL with the ENSO. Further, SLP and zonal
wind anomalies over the subtropical northeastern Pacific are weak
around 10o–20oN between positive and negative PDO phases
(Supplementary Fig. 8b, c). This suggests that the phase change of
the PDO does not likely contribute to enhanced trade winds and
the associated increased air-sea coupling after the late-1990s. By
contrast, a positive NPGO phase contributes to stronger spring SLP
and easterly winds over the subtropical northeastern Pacific (Fig.
6d, f). This implies that the change of the NPGO from its negative
to positive phases around the late-1990s may also has a
considerable contribution to the increased air-sea coupling and
the strengthened spring AL-ENSO connection via enhancing the
subtropical high and trade winds. In addition, the NPGO is in its
negative phase before the early-1960s, which contributes to
weakened subtropical high and trade winds over the subtropical
northeastern Pacific. The possible interference of the negative
NPGO phase may be a reason why the previous positive phase of
the AMO (during 1930s–1960s) was not accompanied by
enhanced spring AL-winter ENSO connection.
Recent studies indicated that the global warming would

enhance the air-sea coupling strength over the subtropical North
Pacific and lead to strengthened impact of the PMM on winter
ENSO occurrence46–48. Further, studies indicated that occurrence
of the CP ENSO events49 and winter AL intensity will increase
under greenhouse warming50. This suggests that the enhanced
impact of the early-spring AL on the following winter ENSO during

Fig. 4 Factors contribute to enhanced impact of AL on ENSO.
Scatter plots of the Mar(0) ALI-related 850-hPa winds anomalies in
AM(0) averaged over tropical western-central Pacific (TWCP, box in
Fig. 2b) for 23-year running period against a the 23-year running
correlations between the Mar(0) ALI and D(0)JF(+1) Niño-3.4 SST
index, and against b the Mar(0) SLP anomalies averaged over
subtropical North Pacific (box in Fig. 2a). Scatter plots of the Mar(0)
SLP anomalies averaged over subtropical North Pacific against c the
23-year running correlations of the Mar(0) ALI and D(0)JF(+1)
Niño3.4 SST index, and against d the climatology of 500-hPa zonal
wind averaged over mid-latitude North Pacific
(27.5°N–32.5°N,135°E–130°W). Scatter plots of the air-sea coupling
strength over the subtropical northeastern Pacific (see “Methods”)
against e the 850-hPa zonal wind anomalies averaged over the
TWCP, and against f the 23-year running correlations between the
Mar(0) ALI and D(0)JF(+1) Niño-3.4 SST index. Red lines indicates the
best linear fit. Blue lines indicate the 95% confidence range of the
linear regression.
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recent decades may be due to the global warming. We have
preliminarily examined whether global warming has a contribu-
tion to the enhancement of the background mean easterly winds
over the subtropical North Pacific. We calculated the differences in
mean spring 850-hPa zonal wind between historical simulations
over 1920–1999 and SSP-585 simulations over 2020–2099 from 34
CMIP6 models (Supplementary Table 2). All the individual CMIP6
models, as well as their ensemble mean, project weakened trade
winds over the subtropical Northeastern Pacific under the global
warming (Fig. 8). To exclude the possible impact of the internal
climate variability, we have also used the 50-member large
ensemble simulations conducted with the CanESM2 (“Methods”).
Differences in mean spring 850-hPa zonal wind over periods
2045–2100 (following RCP85 scenario) and 1950–2005 (historical
simulation) in the 50 individual members and their ensemble
mean confirm a weakened springtime trade wind over the
subtropical northeastern Pacific under global warming (Supple-
mentary Fig. 9). Above evidences indicate that global warming
tends to lead to decrease in climatological mean trade winds. This
implies that the enhanced trade wind over subtropical North
Pacific after the late-1990s may not be related to greenhouse
warming. Nevertheless, it is still unclear whether global warming
could exert impact on the March AL-ENSO connection via other
mechanisms. The relative roles of the internal climate variability
and global warming in contributing to the recent enhanced
impact of the early spring AL on the following winter ENSO
around the late-1990s should be further investigated.
Subtropical wind stress curl anomalies induced by the early-

spring AL may be able to lead to a charge or discharge of the
subsurface ocean heat content in the tropical central Pacific21–23.
Particularly, decrease in the intensity of AL in March lead to
cyclonic anomalies and southwesterly wind anomalies over the
subtropical North Pacific. This could provide negative surface wind

stress curl anomalies to its south over the tropical North Pacific.
These negative wind stress curl anomalies lead to downward
Ekman Pumping and meridional Sverdrup transport toward the
tropical central Pacific21–23, which would increase the subsurface
temperature over the tropical Pacific that is conducive to the El
Niño onset. We compare this mechanism by regressing MAM(0)
surface wind stress curl anomalies over the tropical North Pacific
onto the normalized Mar(0) ALI over 1979–1995 and 1996–2018. It
shows that weakened ALI could induce negative surface wind curl
anomalies over tropical North Pacific during both 1979–1995 and
1996–2018 (Supplementary Fig. 10a, b). However, the negative
surface wind curl anomalies during 1996–2018 are much weaker
and located more northward compared to those before the late-
1990s (Supplementary Fig. 10c). This implies that enhanced
impact of the early-spring ALI on the following winter ENSO is
not likely attributed to change in the trade wind charging
mechanism.

DISCUSSION
This study reveals a pronounced enhanced impact of the March
AL on the subsequent winter ENSO after the late-1990s, which
may play a critical role for the increased occurrence of CP ENSO
events during recent decades. The change in the March AL-winter
ENSO connection is found to be related to the change in the mean
state of atmospheric circulation over the North Pacific. The
stronger mean zonal wind over the mid-latitude North Pacific after
the late-1990s leads to increased wave-mean flow interaction, and
results in strengthened cyclonic anomaly over the subtropical
North Pacific and westerly wind anomalies over the TWCP. This
contributes to a stronger impact of the March AL on the following
winter ENSO. In addition, stronger mean trade winds after the late-
1990s lead to increased air-sea coupling and WES feedback over

Fig. 5 Pacific mean states change. Differences in the climatology of spring a SLP and b 850-hPa zonal wind between periods 1996–2018 and
1949–1995. Stippling regions in a, b indicate the differences that are significantly different from zero at the 95% confidence level. Scatter plots
of the Mar(0) ALI-related 850-hPa zonal wind anomalies in AM(0) averaged over the TWCP against the climatology of spring c SLP and d 850-
hPa zonal wind over the subtropical northeastern Pacific for the 23-year running period. Red lines indicate the best linear fit. Blue lines
indicate the 95% confidence range of the linear regression.
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the subtropical northeastern Pacific. Thus, the March AL-
generated cyclonic anomaly and ocean surface warming in the
subtropics can easily penetrate to the deep tropics and impact the
following winter ENSO. Our analysis also indicates that changes of
both the AMO and NPGO from positive to negative phases around
the late-1990s contribute to the enhancement of the mean trade
wind and WES feedback over the subtropical northeastern Pacific.
This study indicates the early-spring AL has an impact on ENSO.

It is noted that AL tends to peak in boreal winter (Supplementary
Fig. 11). Variability of the AL intensity in boreal winter is also larger
than that in early-spring (Supplementary Fig. 12). Standard
deviation of the March ALI is about 74% of that in boreal winter.
A question is whether AL variabilities in boreal winter and other
months also have an impact on the following ENSO. To address
this issue, we have examined running correlations of the monthly
ALI from November to April with the following winter Niño-3.4 SST
index (Supplementary Fig. 13). It shows that, besides March ALI,
ALI in other months has a weak relationship with the D(0)JF(+1)
Niño-3.4 SST index over the whole analysis period (Supplementary
Fig. 13a–f). It is still unclear why only March ALI has a significant
effect on the following ENSO, which deserves further study. Notice
that the similar results are obtained based on the ALI in FMA (i.e.
February-March-April-average), MA (March-April-average) or MAM
(March-April-May-average), but with a slight weaker amplitude of
the signals (Supplementary Fig. 13g–j).

ENSO has a strong asymmetric feature in its amplitude and
climatic impacts51. A natural question is whether the impact of the
early-spring ALI on the following winter ENSO is asymmetry or not.
In section 2, we have shown that 7 out of 8 weakened March AL
years are followed by El Niño events in the subsequent winter
after the late-1990s (Supplementary Table 1). In addition, 6 out of
the 7 enhanced March AL years are followed by La Niña events
(Supplementary Table 1). Thus, the occurrence ratio of weakened
AL years preceding El Niño (87.5%) is comparable to that of
strengthened AL years followed by La Niña (85.7%). This suggests
that the impacts of March ALI on both El Niño and La Niña are
evident after the late-1990s. We have further examined evolutions
of SST anomalies related to the weakened and strengthened ALI
years (Supplementary Fig. 14). It shows that decrease in the AL
intensity in March is followed by a significant El Niño SST warming
pattern in the tropical Pacific (Supplementary Fig. 14a–e). Similarly,
a La Niña SST cooling pattern is seen when ALI is stronger than
normal in preceding March (Supplementary Fig. 14f–j). We note
that amplitude of the La Niña cooling (Supplementary Fig. 14j) is
much weaker than that of El Niño warming (Supplementary Fig.
14e), suggesting a stronger impact of AL on the El Niño amplitude.
As described above, weakened March AL-generated westerly

wind anomalies in the equatorial western Pacific (Fig. 2a) can
directly impact following winter El Niño via triggering eastward
propagating and downwelling equatorial Kelvin and zonal oceanic
advection. In addition, the early-spring ALI-induced cyclonic

Fig. 6 Modulations of the AMO and NPGO on the Pacific mean states in the observations. Normalized time series of the annual mean
a AMO index and b NPGO index with 9-year running mean. Differences in the climatology of spring SLP c between positive and negative AMO
phases, and d between positive and negative NPGO phases. e, f as in c, d, but for differences in the climatology of spring 850-hPa zonal wind
between different phases of the AMO and NPGO. Stippling regions in c–f indicate the differences that are significantly different from zero at
the 95% confidence level.
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anomalies could lead to SST warming in following late-spring
(Fig. 2g) in the subtropical North Pacific via modulation of surface
heat fluxes30. This subtropical North Pacific SST warming could
propagate to tropical Pacific, which also play a role in modulating
following winter El Niño occurrence. We have further examined
the important role of the WES feedback. We first defined a
subtropical North Pacific (SNP) SST index as region-mean SST
anomalies in AM(0) averaged in SNP (region shown in Fig. 2g).
Then, we calculated evolution of SST anomalies regressed upon
the Mar(0) ALI after removal of the AM(0) SNP SST index. Mar(0) AL
variability still can induce El Niño-like SST warming pattern in the
tropical Pacific after removing the effect of the SNP SST anomalies,
but with much weaker amplitude and less significant in the
tropical Pacific (Supplementary Figs. 15–16). This indicates that
WES feedback process also play an important role in relaying the
impact of early-spring AL on the following winter ENSO.
Our study indicates that, after the late-1990s, a weaker

(stronger) early-spring AL intensity tends to induce an El Niño
(La Niña) event in the following winter. Previous studies
demonstrated that an El Niño (a La Niña) event tends to lead to
a strengthened (weakened) AL6,28,29. Hence, an El Niño event in
the first year can be followed by a La Niña event in the second
year with the feedback from the strengthened spring AL. Similarly,

a La Niña in the first year can be followed by an El Niño event in
the second year with a feedback from the weakened spring AL.
This implies that the AL-ENSO interaction may serve as an
important phase-transition mechanism during the ENSO cycle
with a period of about 2 years, resulting in the quasi-biennial
component of the ENSO. Previous studies have demonstrated that
the CP type of ENSO shows a significant quasi-biennial
component45,52. In addition, the quasi-biennial component of
ENSO is suggested to be the major factor responsible for the
spring persistence barrier of ENSO52. Therefore, the spring AL may
to some extent help reduce the spring predictability barrier of
ENSO in the current coupled climate models and improve the
prediction of ENSO. However, in order to employ the spring AL to
forecast ENSO events, the current state of the art coupled climate
models should be able to realistically simulate the AL variation as
well as the physical process linking the early-spring AL with the
following winter ENSO. These issues will be explored in the near
future.
The increased occurrence of CP El Niño after the late-1990s has

been extensively studied, but the mechanisms of this decadal
change in El Niño properties remain under debate53. Several
mechanisms have been proposed, including a steeper equatorial
thermocline54, and a strengthening of eastern Pacific cross-
equatorial winds55. The strengthened impact of the early spring
AL proposed here is an alternative one. It is possible that all the
above mechanisms can have contributions in the observations.

METHODS
Observations and reanalysis data
We use the monthly mean SLP, winds at 850-hPa and 500-hPa,
precipitation rate, surface heat fluxes (including surface latent and
sensible heat fluxes, net surface shortwave and longwave
radiations) provided by the National Centers for Environmental
Prediction-National Center for Atmospheric Research reanalysis
dataset from January 1948 to the present (NCEP-NCAR)56. Values
of the surface heat fluxes were taken to be positive (negative)
when their directions are downward (upward), which contribute
to surface warming (cooling). We also employ the daily mean
geopotential height and winds from the NCEP-NCAR reanalysis to
calculate synoptic-scale eddy activity (also called storm track).
Monthly mean SST provided by the National Oceanic and
Atmospheric Administration (NOAA) Extended Reconstructed
SST version 5 from January 1854 to the present57. Monthly mean
precipitation data from January 1979 to the present are obtained
from the Climate Prediction Center Merged Analysis of Precipita-
tion (CMAP) dataset58. In addition, monthly mean surface wind
stress, mixed layer depth, zonal current, meridional current,
vertical current, and subsurface sea water potential temperature
are extracted from the Global Ocean Data Assimilation System
reanalysis dataset from January 1980 to the present59. The
variables from the GOADS all have a zonal resolution of 1° and
meridional resolution of 1/3°.

CMIP6 data
To examine the effect of global warming on the background
circulation, we compare the historical simulations and the climate
change projection simulations under the SSP585 scenario from 34
coupled climate models that participated in CMIP660 (Supplemen-
tary Table 2). As a number of models only provide one member in
the historical simulation or the climate change simulation, we only
employ the first run from these 34 CMIP6 models. Mean state
differences of interested variables between SSP585 scenario
(2020–2099) and historical (1920–1999) simulations from the 34
CMIP6 models are used to represent the influence of the global
warming. We use the 80-year mean to reduce the impact of
internal climate variability as much as possible.

Fig. 7 Modulations of the AMO on the Pacific mean states in the
pacemaker experiments. a Annual mean AMO index with 9-year
running average derived from the observation and ensemble mean
of the NATL-PMExp (see “Pacemaker experiments” in “Methods”).
Differences of the background mean b SLP and c surface zonal wind
in JFMAM(0) between positive and negative AMO phases in NATL-
PMExp. Stippling regions in b, c indicate the differences that are
significantly different from zero at the 95% confidence level.
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Large ensemble experiments of CanESM2
We use the 50-member large ensemble climate simulations
conducted with the second-generation Canadian Earth System
Model to further confirm the effect of the global warming on the
mean climate, which largely exclude the contribution of the
internal climate variability (CanESM2)61,62. The 50-member climate
simulations of CanESM2 are briefly summarized as follows. First,
five simulations are constructed over 1850–1950 to develop five
different oceanic conditions in 1950. Second, ten simulations are
further performed from each of the above five simulations with
small different initial conditions in 1950. Due to the chaotic nature
of climate systems, the small different initial condition in 1950
results in quite different atmospheric states a few days later. This
produces 50 members of simulations over the period 1950–2100.
Over 1950–2005, each of the simulations is forced with the same
historical radiative forcings, sulfate aerosols, and greenhouse gas
concentration. Over 2006–2100, the simulations are forced by the
RCP8.5 scenario forcing63. We compare the mean state differences
between 2045–2100 and 1950–2005 in the CanESM2 simulations.
Because each of the simulations is forced by the same external
forcing with only slight differences in the initial condition, the
difference of the projected changes among the 50 members is
due solely to internal climate variability. In addition, projected
changes due to the external forcing can be obtained by averaging
the results of the CanEMS2 50 members.

Synoptic scale eddy activity
Synoptic scale eddy activity (also called storm track) is calculated
as the root mean square of the 2–8 day band-pass filtered
geopotential height anomalies at a given pressure level64.

Extended EP flux
The Extended Eliassen-Palm (EP) flux35,65 was employed to
qualitatively evaluate the dynamical interaction between
synoptic-scale eddy activity and low frequency mean flow, which
is expressed as follows:

Eu ¼ 1
2

v02 � u02
� �

i
!
;�u0v0 j

!� �
´ cosϕ (1)

where u′, and v′ indicate synoptic-scale zonal and meridional
winds, respectively, obtained by applying a band-pass filter to the
raw daily fields to isolate variation on the 2–8-day timescale. φ
denotes the latitude. The overbar represents the monthly mean.

Geopotential height tendency
Feedback of the synoptic-scale eddy activity to low frequency
mean low can be quantitatively estimated by the feedback term in
the geopotential height tendency equation35,36. The geopotential
height tendency due to the eddy vorticity flux forcing is expressed

Fig. 8 Change in the mean state of low-level zonal wind under global warming in CMIP6. Differences in the background mean spring 850-
hPa zonal wind between present-day climate period (historical simulations over 1920–1999) and future climate period (SSP-585 simulations
over 2020–2099) for 34 CMIP6 models (Supplementary Table 2) and their MME. Stippling regions indicate the differences that are significantly
different from zero at the 95% confidence level.
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as follows:

F ¼ f
g
∇�2 �∇ � V0!ζ 0

� �� �
(2)

Here f and g denote is the Coriolis parameter and the
acceleration of gravity, respectively. ζ 0 and V0! represent the
synoptic-scale vorticity and winds, respectively.

Mixed layer height budget
To examine the processes for the formation of SST anomalies in
the tropical Pacific induced by the Mar(0) ALI, we diagnose the
mixed layer heat budget66,67. The mixed layer heat budget
equation is written as follows:

∂Ta
∂t|{z}

Tendency

¼ � ua
∂Ta
∂x

þ va
∂Ta
∂y

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Horizontal advection

þ kH
∂2Ta
∂x2

þ ∂2Ta
∂y2

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Horizontal mixing

� 1
h

kZ
∂Ta
∂z

� �
�h|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

Vertical mixing

� Ta � T�h

h

� �
∂h
∂t

þ w�h þ u�h
∂h
∂x

þ v�h
∂h
∂y

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Entrainment

þ q0 � qpen
ρ0Cph|fflfflfflfflffl{zfflfflfflfflffl}

Netheatflux

(3)

where, ua, va and Ta denote the zonal and meridional current
velocities and oceanic temperature averaged in the mixed layer
depth (h), respectively. h is the temporally and spatially varying
mixed layer depth. T-h, u-h, v-h and w-h are the oceanic
temperature, zonal, meridional, and vertical velocity at the base
of the mixed layer, respectively. Cp denotes the ocean heat
capacity, ρ0 is sea water density, qpen is the penetrative loss of
shortwave radiation, and q0 denotes the surface net heat flux. q0 is
the sum of the surface net shortwave radiation, surface net
longwave radiation, surface sensible heat flux and the surface
latent heat flux. kZ and kH denote the vertical and horizontal eddy
diffusivities, respectively.
The terms of horizontal mixing kH

∂2Ta
∂x2 þ ∂2Ta

∂y2

� �� �
, vertical mixing

1
h kZ

∂Ta
∂z

	 

�h

� �
, and penetrating shortwave radiation (qpen) are

much smaller compared to other terms66,67. Therefore, the terms
of horizontal mixing, vertical mixing and penetrating shortwave
radiation could be omitted. Thus, the above mixed layer heat
budget equation can be further simplified as follows:

∂Ta
∂t

¼ �ua
∂Ta
∂x

� va
∂Ta
∂y

� we
Ta � T�h

h
þ q0
ρ0Cph

þ R (4)

we ¼ ∂h
∂t

þ w�h þ u�h
∂h
∂x

þ v�h
∂h
∂y

(5)

In Eq. (4), ∂Ta
∂t is oceanic temperature tendency term; �ua

∂Ta
∂x �

va
∂Ta
∂y represent horizontal advection term; �we

Ta�T�h
h is entrain-

ment term; q0
ρ0Cph

represent net heat flux term. R denotes the

residual term which represents unresolved processes, including
vertical and lateral diffusion and high frequency eddies. we is
calculated via Eq. (5), including vertical advection (w-h), lateral

induction u�h
∂h
∂x þ v�h

∂h
∂y

� �
and mix layer tendency ∂h

∂t

� �
.

Pacemaker experiments
We examined the impact of AMO on the Pacific mean states via
North Pacific Pacemaker experiments (denoted as NATL-PMExp)
conducted by version 6 of the Institut Pierre Simon Laplace model
(IPSL-CM6A-LR) that participated in CMIP6 Decadal Climate
Prediction Project (DCPP)68. In the NATL-PMExp, the model was
forced by time-varying historical radiative forcings based on
CMIP6 simulation protocol, with the SST was restored to the
observed historical SST variation in the North Atlantic. In other

regions, the model is free coupled. The detailed design of the
Pacemaker experiments is referred to69. The NATL_PMExp cover
the period from 1920 to 2014, and consist of ten realizations that
the integrations begin with different initial conditions. We used
ensemble mean of the ten realizations of NATL_PMExp to examine
the impacts of AMO.

PMM and air–sea coupling strength
Studies have indicated that the PMM is the first leading air-sea
coupling mode over the subtropical Northeastern Pacific31,32,41.
The PMM is defined as the first singular value decomposition
(SVD, also called maximum covariance analysis, MCA) mode of
the SST and surface winds anomalies over the subtropical
Northeastern Pacific31,32,41. As in previous studies, strength of
the air-sea coupling (i.e., WES feedback) over the subtropical
northeastern Pacific is defined as the correlation coefficient
between the PMM-SST and PMM-wind indices41,42,70. The PMM-
SST (PMM-wind) index is represented by expansion coefficient
time series of SST (surface winds) corresponding to the first SVD
of SST and surface winds over the subtropical Northeastern
Pacific.

Efficiency of the WES feedback
Following previous studies21,40,43, the efficiency of the WES
feedback (α, representing change in the surface latent heat flux
per unit anomalies of the surface wind) is expressed as follows:

α ¼ � ∂LH
∂u

� � uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ w02p ¼ � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ w0
u

� �2q (6)

Here w′ represents the background wind speed perturbation, u
is the background mean zonal wind. It should be mentioned that
the zonal wind component dominants the change in the WES
feedback, and thus the contribution of the meridional wind is not
considered21,40,43.

AL and NPO
We use EOF analysis to obtain the AL and NPO variation patterns.
The first two leading EOF modes of March SLP anomalies over
North Pacific (20o–70oN, 120oE–100oW) during 1979–2019 are
shown in Supplementary Fig. 1. EOF1 is characterized by same-
sign SLP anomalies over mid-high latitudes of the North Pacific,
with the largest loading around the region where the climatolo-
gical Aleutian Low generally is located. Thus, EOF1 represents
variation of the Aleutian Low intensity(ALI). According to the
spatial pattern shown in Supplementary Fig. 1a, we define an ALI
as region-mean SLP anomalies over the area of 30o–65oN,
160oE–140oW. Note that positive value of ALI corresponds to a
weakened AL intensity. The correlation coefficient between the
ALI and the principal component (PC) time series of EOF1 is as
high as 0.95 over 1979–2019. EOF2 of the SLP anomalies over the
North Pacific is featured by a meridional dipole pattern, which
represents the NPO (Supplementary Fig. 1b). The NPO index is
defined as the PC time series corresponding to the EOF2 of SLP
anomalies.

AMO
The Atlantic Multidecadal Oscillation (AMO) is the dominant SST
variability on the multidecadal time scale in the North Atlantic44.
Monthly mean smoothed AMO index since the January 1948 is
obtained from the NOAA Physical Science Division (Fig. 6a). A
positive (negative) AMO phase is defined as those years when the
normalized AMO index is larger (smaller) than zero. In the
NATL_PMExp, the AMO index is defined as detrended SST
anomalies averaged in North Atlantic (0o–70oN and 0o–60oW)71.
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PDO
The Pacific Decadal Oscillation (PDO) is the first leading mode of
SST variability on the decadal time scale over the North Pacific72.
Monthly mean PDO index is extracted from the NOAA Physical
Sciences Laboratory available from January 1948 to the present
(Supplementary Fig. 8a). A positive (negative) PDO phase is
defined as those years when the normalized PDO index is larger
(smaller) than zero.

NPGO
The North Pacific Gyre Oscillation (NPGO) is the second EOF mode
of sea surface height variation over the North Pacific, and it is
characterized by interdecadal changes in the oceanic gyres over
the subtropical and subpolar North Pacific73. Monthly mean North
Pacific Gyre Oscillation (NPGO) index is derived from http://
www.o3d.org/npgo/, covering the period from January 1950 to
the present (Fig. 6b). A positive (negative) NPGO phase is defined
as those years when the normalized NPGO index is larger (smaller)
than zero.

ENSO variability
ENSO variability is characterized by the Niño-3.4 SST index, which
is defined as region-mean SST anomalies over 5oS–5oN,
120o–170oW. As ENSO has a strong quasi-biennial oscillation
feature and has a strong impact on the AL, we remove preceding
winter (December-March-mean, DJFM) Niño-3.4 SST index influ-
ence from the March AL index and all other variables based on a
linear regression. This ensures that the connection of the March AL
with the following winter ENSO is independent of the influence of
preceding ENSO.

Statistical significance
Long-term linear trend and climatological seasonal cycle of all
variables have been removed. Significance levels of regression
and correlation coefficients are estimated by a two-tailed
Student’s t test.

Effective degree of freedom
Considering the auto-correlation of the time series, the effective
degree of freedom (N*) is estimated as follows74:

N� ¼ N ´
1� r1 ´ r2
1þ r1 ´ r2

(7)

where N is the raw length of the time series. r1 and r2 are the lag
one auto-correlation coefficients of the two time series used to
calculate the correlation.

Fisher’s r-z transformation
Fisher’s r-z transformation is used to estimate significance level of
the difference between two correlation coefficients (denoted as R1
and R2). The Fisher transform of R1 and R2 can be written as
follows75:

Z1 ¼ 1
2
ln

1þ R1
1� R1

� �
; (8)

Z2 ¼ 1
2
ln

1þ R2
1� R2

� �
: (9)

Then, the standard parametric test is employed to estimate the
null hypothesis of the equality of the Z1 and Z2. The test statistic u

is written as:

u ¼ Z1 � Z2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N1�3 þ 1
N2�3

q ; (10)

Here, N1 and N2 are the sizes of the data used to calculate R1
and R2, respectively. The test statistic u is normal distribution.
Hence, the significance levels are evaluated based on the two-
tailed Student’s t test.
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