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Previous studies indicated that Arctic Oscillation (AO) in boreal spring is an important
extratropical trigger for the outbreak of El Niño and Southern Oscillation (ENSO) events in
the succedent winter. This study reveals that the Pacific Decadal Oscillation (PDO) has a
strong modulation on the linkage between the spring AO and the following winter ENSO.
Particularly, impact of the spring AO on the succedent winter ENSO is strong during
positive PDO phase (+PDO). By contrast, the spring AO-winter ENSO connection is weak
during negative PDO phase (−PDO). During +PDO, positive spring AO induces a marked
anomalous cyclone over the subtropical North Pacific via wave-mean flow interaction. The
subtropical cyclonic anomaly leads to sea surface temperature (SST) warming and
enhanced atmospheric heating there, which could further propagate southward to the
tropical central Pacific via wind-evaporation-SST feedback mechanism and, thus, impact
the following winter El Niño via the tropical process. During −PDO, the spring AO-
generated SST, the atmospheric circulation, and the heating anomalies over the North
Pacific are much weaker. As such, spring AO has weak impacts on the winter ENSO. The
spring climatological storm track is stronger during +PDO than −PDO years due to an
increase in the mean meridional temperature gradient over the North Pacific. Stronger
storm track intensity during +PDO leads to stronger synoptic-scale eddy feedback to the
mean flow, which results in stronger AO-related SST and atmospheric anomalies over the
North Pacific and, thus, the stronger impact of the spring AO on the following winter ENSO.

Keywords: Arctic Oscillation, El Niño and Southern Oscillation (ENSO), Pacific decadal oscillation, storm track,
air–sea interaction

INTRODUCTION

The El Niño and Southern Oscillation (ENSO) is the leading atmosphere–ocean coupling pattern
over the tropical Pacific on the interannual timescale (Bjerknes, 1969; Philander, 1990; Neelin, 1998;
Wang et al., 2000; Chen and Lian 2020; Fang and Xie 2020; Zhang et al., 2020; Hu et al., 2021). ENSO
events could notably impact occurrences of extreme weather and climate events over many parts of
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the world via modulating the tropical Walker circulation and
triggering extratropical atmospheric teleconnections, and usually
exert severe damages to the agriculture, terrestrial and marine
ecosystems, and economic development (Zhang et al., 1996;
Horel and Wallace, 1981; Zhang et al., 1997; Chen et al., 2000;
Wang et al., 2000; Alexander et al., 2002; Huang et al., 2004; Yu
and Zwiers, 2007; Zhou and Chan, 2007; Zhang et al., 2011, 2012;
Cheung et al., 2012; Chen et al., 2013; Zhai et al., 2016; Chen et al.,
2017; Song et al., 2017; Tang et al., 2018, Chen et al., 2019a, Chen
et al., 2019b; Hu et al., 2020; Wei et al., 2020; Hu et al., 2021; Yang
and Huang 2021, and references therein). Therefore,
understanding the impact factors for the ENSO variability and
improving the prediction skill of ENSO occurrence are of great
importance.

In addition to the well-known positive atmosphere–ocean
interaction and the oceanic processes within the tropical
Pacific (Bjerknes, 1979; Philander, 1990; Schopf and Suares,
1988; Jin, 1997; Ren et el. 2016), more and more recent
studies reported that the atmosphere–ocean forcings over
extratropics also play considerable roles in modulating the
onset, development, and phase transition of a specific ENSO
event (Vimont et al., 2001, 2003; Alexander et al., 2010; Wang
et al., 2011; Chang et al., 2007; Yu et al., 2012; Chen et al., 2014,
Chen et al., 2020a, Chen et al., 2020b; Su et al., 2014; Yeh et al.,
2015; Ding et al., 2015; Min et al., 2017; Zheng Y. Q. et al., 2021,
Zheng Y et al, 2021; and references therein). For instance, Li et al.
(1990) indicated that a stronger East Asian winter monsoon
(EAWM) is more favorable for occurrence of an El Niño
event in the following winter via triggering westerly wind
bursts over the tropical western Pacific. The wintertime North
Pacific Oscillation (NPO), the second Empirical Orthogonal
Function (EOF) mode of sea level pressure (SLP) anomalies
over extratropical North Pacific (Wallace and Gutzler 1981;
Linkin and Nigam, 2008; Song et al., 2016; Chen and Wu,
2018), was suggested to exert a marked impact on the
outbreak of ENSO events during the following winter via the
seasonal footing mechanism (SFM) (Vimont et al., 2001, Vimont
et al., 2003; Alexander et al., 2010). Wang et al. (2011) suggested
that summertime sea surface temperature (SST) anomalies in the
mid-latitude North Atlantic could trigger a Eurasian atmospheric
teleconnection, which impacts the EAWM and the following
winter ENSO occurrence. Studies also indicated that
atmosphere–ocean systems over extratropics of Southern
Hemisphere have a close relation with the following winter
ENSO (e.g., Ding et al., 2015; Min et al., 2017).

The Arctic Oscillation [AO, also known as the Northern
Annular Mode (NAM)] is the first EOF mode (EOF1) of
atmospheric variability over extratropical Northern
Hemisphere (Thompson and Wallace, 1998, Thompson and
Wallace, 2000). Spatial structure of the AO is featured by an
oscillation in the SLP and geopotential height anomalies between
high- and mid-latitudes of Northern Hemisphere with a vertical
barotropic structure (Thompson and Wallace, 1998, Thompson
and Wallace, 2000). The wave-mean flow interaction is an
important source in forming and maintaining the AO-related
atmospheric circulation anomalies over mid-high-latitudes
(Limpasuvan and Hartmann 1999; Lorenz and Hartmann

2003; Thompson et al., 2003). In addition to the significant
impact of the AO on the weather and climate anomalies over
extratropics (Thompson and Wallace, 1998, Thompson and
Wallace, 2000), recent studies indicated that climate systems
over tropics are also remarkably modulated by the AO
(Nakamura te al. 2006; Gong et al., 2011; Choi et al., 2012;
Chen et al., 2014). In particular, Nakamura et al. (2006)
demonstrated that the boreal spring AO has a significant
impact on the following winter ENSO outbreak via
modulating the westerly wind anomalies over the tropical
western Pacific. Chen et al. (2014) further analyzed the
physical processes for the impact of the spring AO on the
subsequent winter ENSO in detail. They demonstrated that the
interaction between synoptic-scale eddy and low-frequency mean
flow and related vorticity transportation play a key role in the
generation of the atmospheric anomalies over the subtropical
North Pacific and zonal wind anomalies over the equatorial
western Pacific. The zonal wind anomalies over the equatorial
western Pacific further impacts following winter ENSO outbreak
via triggering eastward propagating and downwelling Kelvin
waves (Barnett et al., 1989; Huang et al., 2001; Lengaigne
et al., 2004; Nakamura et al., 2006; Chen et al., 2015). Chen
et al. (2016a) revealed that the strong AO event in spring of 2015
plays an important role in the outbreak of the strong 2015–2016
EL Niño event via triggering strong westerly wind burst over the
equatorial western Pacific.

However, the relationship between the spring AO and winter
ENSO is unstable (Chen et al., 2015, Chen et al., 2020c).
Specifically, Chen et al. (2015) reported that the spring
AO–winter ENSO connection has undergone a pronounced
interdecadal change around the 1970s. Spring AO-related
atmospheric circulation anomalies over the North Pacific are
much stronger after than before the 1970s (Chen et al., 2014),
contributing to a stronger spring AO–winter ENSO connection
after the interdecadal change. Moreover, studies have
demonstrated that change in the connection between the
spring AO and winter ENSO is essentially attributed to change
in the climatology of the storm track intensity over North Pacific
(Chen et al., 2015, Chen et al., 2017, Chen et al., 2020b). In
particular, stronger springtime North Pacific storm track
intensity could lead to a stronger feedback of the synoptic-
scale eddy to mean flow (Chen et al., 2015, Chen et al., 2017).
This leads to stronger atmospheric anomalies over North Pacific
related to the spring AO, including the zonal wind anomalies over
the equatorial western Pacific, and thus results in a stronger
impact of the spring AO on the winter ENSO (Chen et al., 2015,
Chen et al., 2017).

The Pacific Decadal Oscillation (PDO) is the leading EOF
mode of SST anomalies in the North Pacific on the decadal time
scale (Mantua et al., 1997). Studies have indicated that the PDO
has a strong impact on the North Pacific storm track intensity and
North Pacific atmosphere on the decadal time scale (Budikova
2005; Zhou et al., 2007; Wang et al., 2008; Lee et al., 2012; Ding
et al., 2014; Kim et al., 2014). Hence, we speculate that the PDO
may have an impact on the spring AO–winter ENSO connection
viamodulation of the North Pacific storm track intensity and via
modulation of the spring AO-related atmospheric anomalies over

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 8102852

Chen et al. Modulation of PDO on AO-ENSO Relation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


the North Pacific. In this analysis, we will present observational
evidences to show that the PDO indeed has a marked modulation
effect on the spring AO-winter ENSO connection. The physical
processes for the modulation of the PDO are also examined.

The structure of the rest of this paper is organized as follows.
TheData and methodology section describes the data andmethods
employed in this study. The Spring AO–ENSO connection in
different phases of PDO section investigates the interdecadal
modulation effect of the PDO on the spring AO–winter ENSO
connection. The Mechanisms for the modulation of the PDO
section examines the physical mechanisms for the modulation
of the PDO on the spring AO–winter ENSO relation. The
Summary section provides a summary.

DATA AND METHODOLOGY

This study employs the monthly average SST from the National
Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST version five dataset (ERSSTV5) (Huang et al.,
2017; https://www.esrl.noaa.gov/psd/data/). ERSSTV5 SST data
have a resolution of 2 × 2 and a span from 1854 to the present.
Monthly and daily average SLP, geopotential height, winds,
precipitation rate, and surface heat fluxes are extracted from
the National Centers for Environmental Prediction and National
Center for Atmospheric Research (NCEP-NCAR) reanalysis
(Kalnay et al., 1996), with a horizontal resolution of 2.5 × 2.5
and available from 1948 to the present (https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis.html). The monthly average PDO
index from 1900 to the present is obtained from the Joint Institute
for the Study of the Atmosphere and Ocean (http://research.jisao.
washington.edu/pdo/).

The Niño-3.4 SST index, defined by SST anomalies averaged
over 5°S–5°N and 170°–120°W, is employed to represent the
ENSO variability. An El Niño (a La Niña) event is identified
when the 3-month running mean of the Niño-3.4 SST index are
above 0.5°C (below −0.5°C) on five consecutive 3-month periods.
The spring AO is defined as the first EOF mode of spring SLP
anomalies north of 20°N. Correspondingly, the spring AO index
is defined as the principal component (PC) time series of the first
EOF mode. Positive (negative) spring AO years are selected when
the normalized spring AO index are larger (less) than 0.5.
Synoptic scale eddy activity (also called storm track) is
calculated as the 2- to 8-day band-pass filtered daily
geopotential height (Chang and Fu 2002; Lee et al., 2012;
Chen et al., 2014). Positive (negative) PDO years are selected
when the 9-year running mean PDO index is larger (less) than
zero. Long-term trends and interdecadal components of all the
variables, except PDO index, are removed by a 9-year high-pass
Lanczos filter (Duchon, 1979). Significance levels of the linear
regression and correlation are estimated based on the two-tailed
Student’s t-test. To ensure that the close connection between the
spring AO and following winter ENSO is not due to the ENSO
cycle, the preceding winter ENSO signal (represented by the
Niño-3.4 SST index) has been linearly removed from the spring
AO index and other variables. For example, the preceding winter
ENSO signal was removed from the spring AO index as follows:

AOres = AO- Reg × Niño-3.4.Here, AO indicates the spring AO
index,Niño-3.4 indicates the preceding winter Niño-3.4 SST index.
Reg is the regression coefficient between the preceding winter
Niño-3.4 SST index and the spring AO index. AOres is the part
of the spring AO that ENSO signal has been linearly removed.

SPRING ARCTIC OSCILLATION–EL NIÑO
AND SOUTHERN OSCILLATION
CONNECTION IN DIFFERENT PHASES OF
THE PACIFIC DECADAL OSCILLATION

Standardized time series of the spring [March–April–May,
MAM(0)] AO index and subsequent winter
[December–January–February, D(0)JF(1)] Niño-3.4 SST index
are exhibited in Figure 1A. From Figure 1A, many positive
spring AO years (i.e., 1953, 1963, 1968, 1972, 1977, 1982, 1994,
1997, 2002, 2009, 2014, and 2015) are followed by El Niño events
in the following winter. In addition, a number of La Niña events
are preceded by negative spring AO years (i.e., 1955, 1970, 1983,
1984, 1988, 1995, 1999, 2005, 2008, 2010, 2016). The correlation
coefficient between the spring AO index and the following winter
Niño-3.4 SST index is about 0.27 for the period of 1950–2016,
significant at the 95% confidence level. Hence, this suggests that
the spring AO has a close connection with the following winter
ENSO, in concert with previous studies although according to

FIGURE 1 | (A) Standardized time series of the spring (MAM-average)
Arctic Oscillation (AO) index and the following winter (DJF-average) Niño-3.4
sea surface temperature (SST) index over 1950–2019. (B) Nine-year running
mean of the spring Pacific Decadal Oscillation (PDO) index over
1950–2019. Positive (negative) phase of the PDO (+PDO and −PDO) is
defined when the PDO index is larger (less) than zero.
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different datasets and time periods (Nakamura et al., 2006; Chen
et al., 2014, Chen et al., 2017).

According to Figure 1A, positive (negative) spring AO years
are not always followed by an 1) El Niño (La Niña) event in the
succedent winter. This indicates that the spring AO–winter
ENSO connection is unstable. Chen et al. (2015) reported that
the impact of the spring AO on the subsequent winter ENSO
enhanced significantly after the 1970s, corresponding to
transition of the PDO from its negative to positive phases
(Figure 1B). Moreover, during the positive phase of the PDO
(+PDO) (Figure 1B), the positive spring AO years in 1982, 1997,
and 2015 are followed by strong El Niño events (Figure 1A). By
contrast, during the negative phase of the PDO (−PDO), the
positive spring AO years in 1959, 1967, 1990, and 2011 are not
followed by El Niño events (Figures 1A,B). The correlation
coefficient between the MAM(0) AO index and the D(0)JF(1)
Niño-3.4 SST index reaches 0.58 for the +PDO years (33 years),
significant at the 99.9% confidence level (Figure 2A). However,
the relationship of the spring AO with the following winter Niño-

3.4 SST index is very weak for the −PDO years (37 years), with a
correlation coefficient of only 0.07 (Figure 2B). Particularly,
difference in the correlation coefficient of the spring AO index
with the Niño-3.4 SST index between +PDO and -PDO years are
significant at the 99% confidence level according to Fisher’s r-z
transformation.

Therefore, above statistical analyses indicate that the PDO acts
as an important modulator for the impact of the spring AO on the
following winter ENSO. Under +PDO background, spring AO
has a close connection with the following winter ENSO. In sharp
contrast, impact of the spring AO on the following winter ENSO
is very weak under −PDO background.

Mechanisms for the Modulation of the
Pacific Decadal Oscillation
In this section, the plausible mechanisms for the modulation of the
PDO on the spring AO-winter ENSO connection are examined.
Evolutions of 850-winds, SST, and precipitation anomalies from
simultaneous spring to the following winter regressed upon the
spring AO index for the +PDO and −PDO years are shown in
Figures 3–5, respectively. Evolutions of the winds, SST, and
precipitation anomalies in association with the spring AO for
the +PDO years are similar to those reported in previous
studies (Chen et al., 2014, Chen et al., 2015, Chen et al., 2017),
showing a marked impact of the spring AO on the following winter
ENSO. For the +PDO years, positive spring AO years are related to
a notable meridional dipole atmospheric anomaly pattern over
North Pacific with a strong anticyclonic anomaly over mid-high-
latitudes North Pacific (corresponding to the North Pacific
component of the spring AO) and a marked cyclonic anomaly
over subtropical North Pacific (Figure 3A). Note that spatial
structures of the spring AO-related atmospheric anomalies at
the 500-hPa and 200-hPa (not shown) are highly similar to
those at the 850-hPa (Figure 3A), indicative of a barotropic
vertical structure (Thompson and Wallace 1998, Thompson and
Wallace 2000). As reported in previous studies (Chen et al., 2014,
Chen et al., 2015, Chen et al., 2017), generation of the spring AO-
related cyclonic anomaly over subtropical North Pacific is
attributable to the interaction between synoptic-scale eddy
activity and low frequency mean flow as well as the associated
vorticity transportation. Specifically, the anticyclone anomaly over
the mid-high-latitudes North Pacific is associated with strong
easterly wind anomalies to its south side between 35°–45°N
(Figures 3A and 6B). These easterly wind anomalies are
accompanied by significant decrease in the storm track activity
(Figures 6A–D) (Chen et al., 2014). As has been demonstrated by
previous studies (Lau 1988; Cai et al., 2007; Chen et al., 2014, Chen
et al., 2015), the decrease in the storm track activity is immediately
accompanied by cyclonic vorticity forcing to its south side and
anticyclonic vorticity forcing to its north side. Therefore, the
cyclonic vorticity forcing to the south side of the storm track
explains the formation of the spring AO-related cyclonic anomaly
over the subtropical North Pacific (Chen et al., 2014). In addition,
the anticyclonic vorticity forcing to the north side of the storm
track helps maintain the anticyclonic anomaly over mid-high-
latitude North Pacific (i.e., North Pacific component of the spring

FIGURE 2 | Scatter plots of the spring AO index with the following winter
Niño-3.4 SST index for the (A) +PDO and (B) −PDO years, respectively. Red
lines indicate the best linear fit. Blue lines indicate the 95% confidence range of
the linear regression.

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 8102854

Chen et al. Modulation of PDO on AO-ENSO Relation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


AO). Hence, the interaction between synoptic scale eddy andmean
flow help maintain the spring AO-related atmospheric anomalies
over North Pacific. This is consistent with the prevailing view that
the wave-mean flow interaction plays an important role in the
generation and maintenance of the AO-related atmospheric
anomalies over extratropics (Limpasuvan and Hartmann 1999;
Lorenz and Hartmann 2003).

The cyclonic anomaly over the subtropical North Pacific
generated by the spring AO could directly lead to strong
westerly wind anomalies over the tropical western Pacific
(Figure 3A). These westerly wind anomalies over the tropical
western Pacific could exert notable impacts on the occurrence of

the following winter El Niño event (Figures 4C,D) via
stimulating eastward propagating and downwelling warm
equatorial Kelvin waves (Lengaigne et al., 2004; Chen et al.,
2014, Chen et al., 2016b, Chen et al., 2016c). In addition, the
spring cyclonic anomaly over the subtropical North Pacific would
lead to SST warming over the subtropical central North Pacific
(Figure 4A) via modulating surface heat flux (dominated by the
surface latent heat flux). Specifically, the southwesterly wind
anomalies over the subtropical central North Pacific oppose
the mean northeasterly trade winds, reduce the total wind
speed (Figure 7C), and upward surface latent heat
(Figure 7A) and, thus, result in spring SST warming there

FIGURE 3 |Winds of 850-hPa (vectors, ms−1) and 850-hPa zonal wind (shadings, ms−1) anomalies in (A,E) spring [MAM(0)], (B,F) summer [JJA(0)], (C,G) autumn
[SON(0)], and (D,H) winter [D(0)JF(1)] regressed upon the spring AO index for the (left column) +PDO and (right column) −PDO years. We only show the 850-hPa zonal
wind anomalies that are significant at the 95% confidence level.
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(Figure 4A), suggestive of the wind-evaporation-SST (WES)
feedback (Xie and Philander 1994).

The spring AO-related SST anomalies in the subtropical North
Pacific for the +PDO years bear a close resemblance to that
related to the North Pacific Meridional Mode (PMM) (Chiang
and Vimont 2004; Chang et al., 2007; Zheng et al., 2021), which is
the dominant mode of air–sea coupling system over the
subtropical Northeastern Pacific and is suggested to be an
important channel in relaying impact of the extratropical
forcings on the tropical ENSO events (Xie and Philander 1994;
Chiang and Vimont 2004; Chang et al., 2007). This suggests that

spring AO can exert impacts on the following winter ENSO via
modulating the PMM for the +PDO years. In particular, the
spring AO-generated SST warming in the subtropical central
North Pacific leads to an increase in the atmospheric heating
there (indicated by positive precipitation anomalies in
Figure 5A). The enhanced atmospheric heating over the
subtropical central North Pacific (Figure 5A) could maintain
the spring AO-induced subtropical cyclonic anomaly (Figure 3A)
via Gill-type atmospheric response, (Gill, 1980) which in turn
maintains the SST warming in the subtropical central North
Pacific (Figure 4A). The spring AO-related SST warming

FIGURE 4 | SST anomalies (°C) in (A,E) spring [MAM(0)], (B,F) summer [JJA(0)]), (C,G) autumn [SON(0)], and (D,H)winter [D(0)JF(1)] regressed upon the spring AO
index for the (left column) +PDO and (right column) −PDO years. We only show the SST anomalies that are significant at the 95% confidence level.
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maintains and further extends southward to the tropical central
Pacific in the following summer via the WES feedback
mechanism (Figure 4B). Then, the tropical SST warming can
develop to an El Niño-like warming in the following winter via
the Bjerknes-like positive air–sea interaction (Figures 3B–D,
Figures 4B−D, and Figures 5B−D) (Bjerknes 1969).

In brief summary, during +PDO years, spring AO can induce a
strong cyclonic anomaly over the subtropical North Pacific via
wave-mean flow interaction. On one hand, this cyclonic anomaly
could directly induce strong westerly wind anomalies over the
tropical western Pacific and impact following winter ENSO
occurrence via triggering eastward propagating warm
equatorial Kelvin wave. On the other hand, the cyclonic

anomaly generated by the spring AO could induce a PMM-
like SST warming in the subtropical North Pacific, which further
expand southward to the tropical central Pacific via the WES
feedback mechanism and thus impact following winter ENSO via
tropical positive air–sea interaction.

For the −PDO years, significant westerly wind anomalies in
spring can be seen north of 60oN during positive phase of the
spring AO (Figure 3E), similar to that for the +PDO years
(Figure 3A). However, atmospheric anomalies over the North
Pacific, especially the cyclonic anomalies over the subtropical
North Pacific and westerly wind anomalies over the tropical
western Pacific are very weak for the −PDO years. As such,
the weak cyclonic anomalies (Figure 3E) could not induce clear

FIGURE 5 | As in Figure 4, but for precipitation anomalies (mm day−1). Stippling regions indicate precipitation anomalies significant at the 95% confidence level.
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FIGURE 6 | Surface latent heat flux anomalies (W m−2) in spring regressed upon the spring AO index for the (A) +PDO and (B) −PDO years, respectively. (C,D) are
as in (A,B), but for surface wind speed anomalies (m s−1). We only show the values that are significant at the 95% confidence level.

FIGURE 7 | Storm track anomalies (m) of 200 hPa in spring regressed upon the spring AO index for the (A) +PDO and (B) −PDO years, respectively. (C,D) are as in
(A,B), but for 200 hPa zonal wind anomalies (m s−1).
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spring SST warming and atmospheric heating in the subtropical
North Pacific (Figures 4E and 5E) due to the weak surface wind
speed and surface heat flux anomalies (Figures 7B,D). Therefore,
the spring AO cannot exert clear impacts on the SST and
atmospheric circulation over the tropical Pacific and, thus,
have weak influences on the ENSO.

The above analysis indicates that the PDO has a notable
influence on the spring AO-winter ENSO connection via
changing the spring AO-related atmospheric anomalies over
the North Pacific. In particular, the North Pacific component
of the spring AO (i.e., the anticyclonic anomaly over the mid-
high-latitudes North Pacific) and the generated cyclonic
anomalies to its south side over the subtropical North Pacific
are much weaker for the −PDO than the +PDO years, which can
also be confirmed in Figure 8 showing regressions of the spring
SLP and 500-hPa geopotential height anomalies upon the spring
AO index. For both +PDO and −PDO, significant positive SLP
and geopotential height anomalies are apparent over the North
Atlantic, and marked negative SLP and geopotential height

anomalies appear over the Arctic (Figure 8). However, the
positive SLP and geopotential height anomalies over mid-high-
latitudes North Pacific are much stronger for the +PDO than
−PDO years (Figures 7A,B).

Studies have indicated that the interaction between synoptic-
scale eddy and low-frequency mean flow plays an important role
for the formation and maintenance of the spring AO-related
atmospheric anomalies over North Pacific (Lau 1988; Chen et al.,
2014, Chen et al., 2015). The weaker atmospheric anomalies
related to the spring AO over the North Pacific for the −PDO
years imply a weaker wave-mean flow interaction and a weaker
feedback of synoptic-scale eddy to mean flow compared with
those for the +PDO years. Feedback strength of the synoptic scale
eddy to mean flow has a close connection with the climatological
intensity of the storm track as has been demonstrated by previous
studies (Jin et al., 2006a, Jin et al., 2006b; Jin, 2010; Chen et al.,
2015). In particular, if strength of the low-frequency mean flow is
similar, feedback strength of the synoptic scale eddy activity to
mean flow is much stronger during the periods with stronger

FIGURE 8 | Sea level pressure (SLP) anomalies (hPa) in spring regressed upon the spring AO index for the (A) +PDO and (B) −PDO years, respectively. (C,D) are as
in (A,B), but for 500 hPa geopotential height anomalies (m).
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climatological storm track intensity, and vice versa (Chen et al.,
2015, Chen et al., 2017). Climatology of the spring storm track
activity over 1950–2019 (indicated by the contours) as well as the
difference in the spring mean storm track between +PDO and
−PDO years (indicated by the shadings) are shown in Figure 9.
Maximum center of the climatology of spring storm track appears
over mid-latitudes North Pacific around 45°N, 180°E (Figure 9).
In addition, the difference map between + PDO and −PDO years
shows significant positive storm track anomalies over North
Pacific around 25°−45°N This indicates that the North Pacific
storm track intensity in spring is much stronger and shifts
southward during +PDO than -PDO. Therefore, according to
the findings of previous studies (Jin et al., 2006a, Jin et al., 2006b;
Jin, 2010; Chen et al., 2015), stronger climatological storm track
over North Pacific during +PDO years would lead to stronger
feedback of synoptic-scale eddy activities to low frequency mean
flow. This explains the stronger atmospheric anomalies over
North Pacific in association with the spring AO and, thus, the
stronger impact of the spring AO on the following winter ENSO
for the +PDO years than the −PDO years.

Then, how can the PDO modulate the intensity of the spring
storm track over North Pacific? Studies have indicated that
change in the storm track intensity is closely related to change
in the mean meridional gradient of low-level temperature
(Lindzen and Farrell 1980; Hoskins and Valdes 1990; Penny
et al., 2010; Lee et al., 2012; Chen et al., 2015). Increase in the
meridional gradient of low-level temperature is favorable for
baroclinic growth of the synoptic scale eddy and lead to
increase in the storm track (Lindzen and Farrell 1980; Hoskins
and Valdes 1990; Penny et al., 2010; Chen et al., 2015).
Differences in the spring mean SST and air temperature at
100-hPa between +PDO and −PDO years are shown in
Figures 10A, B, respectively. Spatial structure of the SST
difference is similar to that of the 1,000-hPa air temperature
difference. Mean SST and 1,000-hPa air temperature is
significantly stronger along west coast of North America with
a southwestward extension to the tropical central-eastern Pacific
and significantly weaker to the east of Japan around 30°−40°N

(Figure 10). Hence, the mean meridional gradient of low-level
temperature over the subtropical North Pacific is much larger for
+PDO than −PDO years. This suggests that PDO could modulate
spring storm track intensity viamodulating the mean meridional
temperature gradient.

SUMMARY

Previous studies indicated that the spring AO has a significant
impact on the following winter ENSO, but such impact is
unstable. In this study, we reveal that the PDO acts as one of
the important factors in modulating the spring AO–winter ENSO
connection. When PDO is in its positive phase, spring AO has a
pronounced impact on the following winter ENSO. By contrast,
during the negative PDO phase, the linkage between the spring
AO and the following winter ENSO is not robust.

We further examine the factors for the notable modulation effect
of the PDO on the spring AO-winter ENSO connection. During
+PDO years, a significant anticyclonic circulation anomaly is seen
over mid-high-latitudes North Pacific and a pronounced cyclonic
circulation anomaly is found over subtropical North Pacific. This
leads to significant westerly wind anomalies over the tropical
western-central Pacific, which further impacts the following
winter ENSO occurrence via triggering eastward propagating and
downwelling Kelvin wave. In addition, the subtropical cyclonic
anomaly induces SST warming in the subtropical central North

FIGURE 9 |Climatology of the spring 200-hPa storm track (contours, m)
over 1950–2019. Shadings indicate differences in the climatology of spring
storm track (shadings, m) between +PDO and −PDO years. Differences that
are significantly different from zero at the 95% confidence level are
stippled.

FIGURE 10 | Differences in the climatology of spring (A) SST (°C) and (B)
air temperature at 1,000-hPa between +PDO and −PDO years. Differences
that are significantly different from zero at the 95% confidence level are
stippled.
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Pacific, resembling the PMM pattern, via modulating surface latent
heat flux. The subtropical PMM-like SST warming maintains and
extends southward to the tropical central Pacific via WES feedback
mechanism, which further impact following winter ENSO
occurrence through the tropical air-sea interaction. However, for
the −PDO years, the atmospheric anomalies over the North Pacific
related to the spring AO aremuchweaker. Correspondingly, the SST
warming and atmospheric heating anomalies over the North Pacific
are weak. As such, the spring AOhas a weak impact on the following
winter ENSO.

Further analysis shows that the spring storm track activity over
the North Pacific is much stronger during +PDO years than that
during −PDO years. Stronger climatological spring storm track
activity during +PDO leads to a stronger eddy feedback to low-
frequency mean flow, which explains stronger atmospheric
anomalies over the North Pacific in association with the AO. In
addition, it is suggested that PDO could modulate the spring North
Pacific storm track intensity via changing the mean meridional
gradient of the low-level temperature, with much larger mean
meridional temperature gradient during +PDO than −PDO years.
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