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Abstract

The EI Nino-Southern Oscillation (ENSO)-associated wintertime atmospheric teleconnection patterns in two Pacific decadal
oscillation (PDO) phases are investigated using ERA-20C reanalysis data for 1950-2010. A strengthened ENSO-associated
Pacific-North American (PNA) teleconnection pattern presents in PDO positive phase, while a West Pacific (WP) pattern
over Northwestern Pacific and a squeezed PNA pattern coexist when ENSO occurs in PDO negative phase. The dynamical
role of atmospheric transient eddy feedbacks to the teleconnection patterns are highlighted in the present study. When ENSO
occurs in PDO positive phase, the uniform strengthened westerly jet anomalies downstream of the climatological main body
of jet accompany with energetic transient eddy anomalies over Northeastern Pacific. The transient eddy feedbacks largely
enhance and favor the strengthened PNA pattern. When ENSO occurs in PDO negative phase, the strengthened westerly jet
anomalies appear to separate into two parts, one locating north of the climatological main body of jet and the other at the
downstream. The accompanied transient eddy anomalies also split into two parts. Under such conditions, the transient eddy
feedbacks are limited over Northeastern Pacific and favor a weak PNA pattern. However, the transient eddy anomalies over
Northwestern Pacific strengthen, and the feedbacks also strengthen and largely contribute to the WP pattern. Moreover,
the transient eddy anomalies over Northwestern Pacific seem to be anchored along the anomalously poleward strengthened
oceanic subarctic frontal zone (SAFZ) in PDO negative phase. The enhanced atmospheric baroclinicity anomalies, coupled
with the strengthened SAFZ, energize atmospheric transient eddy anomalies, and work as the potential maintenance in
shaping the WP pattern.

Keywords Atmospheric teleconnection patterns - ENSO - PDO - Transient eddy feedbacks - Subarctic oceanic frontal
zones

1 Introduction

El Nino-Southern Oscillation (ENSO), as the dominant
pattern of interannual climate variability, greatly influences
the atmospheric circulation and triggers a cascade of atmos-
pheric teleconnections around the globe (e.g., Bjerknes
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1969; Wallace and Gutzler 1981, hereafter WG81; Hoskins
and Karoly 1981; Deser and Wallace 1990; Wang 2000).
Particular attention has been devoted to the linkages between
the ENSO and Pacific-North American (PNA) teleconnec-
tion pattern (e.g., Horel and Wallace 1981; Lau and Nath
1994; Alexander et al. 2002). The PNA teleconnection has
the same sign of geopotential anomaly in the midlatitude
North Pacific and southeastern North America and the oppo-
site geopotential anomaly sign in northwestern North Amer-
ica. Other studies have shown the linkage between ENSO
and western Pacific (WP) teleconnection pattern (e.g., Horel
and Wallace 1981; Koide and Kodera 1999), which was con-
firmed as the third mode of singular value decomposition
(SVD) between the geopotential height and sea surface tem-
perature anomalies (SSTA) in boreal winter (The positive
phase of WP pattern is defined when the northern height
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anomaly is positive, following the definition of WG81). The
WP pattern is a meridional dipole pattern of atmospheric
circulation anomalies at the middle/high latitudes of the
Northwestern Pacific, related to the meridional shift of the
Aleutian Low (Liu and Alexander 2007; Di Lorenzo et al.
2015), well known as the major pattern that modulates the
East Asian winter monsoon (Takaya and Nakamura 2013).
They are usually interpretable as the result of midlatitude
stationary wave anomalies associated with the tropical heat-
ing related to ENSO and the dynamical adjustment between
zonal mean flow and transient eddies both from the theoreti-
cal and modeling perspective.

However, the ENSO teleconnections magnitude and
stability are changeable, and may be influenced by inter-
decadal variation of Pacific Decadal Oscillation (PDO)
(Gershunov and Barnett 1998; McCabe et al. 2004). With
observations of a major climate regime shift around the
end of the 1970s, the PDO has been more and more recog-
nized (e.g., Trenberth and Hurrell 1994; Mantua et al. 1997;
Zhu and Yang 2003; Chu et al. 2014). The PDO exerts a
remarkable effect on ENSO-associated atmospheric circu-
lations. When ENSO and PDO are in phase (El Nino and
PDO positive phase, or La Nina and PDO negative phase), a
similar teleconnection pattern with the same sign generated
by ENSO-Only and PDO-Only is overlapped and enhanced.
However, when ENSO and PDO are out of phase (El Nino
and PDO negative phase, or La Nina and PDO positive
phase), ENSO-only and PDO-only generate a similar tel-
econnection pattern with opposite sign, causing cancella-
tion of the anomalous circulation (Hu and Huang 2009).
The associated teleconnection patterns are interpreted from
the viewpoint of stationary Rossby wave energy dispersion
from changeable tropical heating related to tropical SSTA
distribution. The magnitude and spatial shift in the tropical
convection associated with the anomalous tropical Pacific
SSTA distribution plays an important role in the sensitiv-
ity of remote atmospheric response (Chu et al. 2018). The
tropical convection tends to be stronger and more stable
associated with the same sign of tropical SSTA when ENSO
and PDO are in phase. However, it tends to be weaker asso-
ciated with the opposite sign of tropical SSTA when ENSO
and PDO are out of phase.

Less attention has been paid on the dynamical role of
atmospheric synoptic-scale transient eddy feedbacks to the
maintenance of PDO influenced ENSO-associated telecon-
nections. In midlatitude troposphere, the westerly jet and
associated transient eddy activities are special features of
atmospheric motions. The jet stream is considered large-
scale circulation, while the transient eddy activities can
be referred to as synoptic-scale eddies, also addressed
as storm track activities. The relationship between mean
flow and storm tracks appears to be “symbiotic” in nature
(Cai and Mak 1990). Strong baroclinic conversion of the

@ Springer

available potential energy from the mean flow to the tran-
sient eddies coincides with the rapid growth in transient
variance in the downstream (eastward) direction (Chang
et al. 2002). In return, the midlatitude transient eddy feed-
backs are recognized as an important role for understand-
ing the generation and maintenance of the atmospheric
circulation anomalies (e.g., Lau and Nath 1991; Ren et al.
2008). The synoptic-scale transient eddy activities influ-
ence the time-mean flow through the convergence of eddy
heat and momentum fluxes. One objective of this study is
to explore the midlatitude synoptic-scale transient eddy
feedbacks in the ENSO-associated atmospheric telecon-
nection patterns in two PDO phases.

The associated atmospheric teleconnections may be a
complex combination of different physical process includ-
ing both internal eddy-mean flow interactions originated
from remote tropical forcing and North Pacific local atmos-
phere—ocean interactions. While the ENSO emphasizes
the influence associated with tropical Pacific SSTA, the
PDO may stress on variation associated with extra-tropical
Pacific SSTA. The basin-scale North Pacific SST variabil-
ity is large near the strong SST gradients along the oce-
anic fronts, especially at decadal time scales (Nakamura
and Kazmin 2003; Kwon et al. 2010). It is commonly con-
sidered that there are two major frontal zones: the subarc-
tic frontal zone (SAFZ) near 42° N, and the subtropical
front zones (STFZ) between 28° N and 32° N (Nakamura
et al. 1997a, b). The SAFZ front with a strong SST gradi-
ent associated with western boundary currents and their
extensions is usually much stronger than STFZ which is
crossing almost the whole North Pacific basin (Nonaka
et al. 2006). Observational evidence demonstrates that the
oceanic front zones that mainly respond to the wind stress
have an influence on the atmospheric circulation in North
Pacific (two-way coupling, Qiu and Chen 2005; Xu et al.
2008, 2010; Frankignoul et al. 2011). The importance of
SAFZ for tropospheric circulation in the free atmosphere
has been recognized in recent decades (Nakamura et al.
2004, 2008; Yao et al. 2016). They argue that heat sup-
ply anchored by the subarctic frontal zone acts to maintain
surface baroclinicity, and sustaining the atmospheric mid-
latitude storm. Major transient eddies are organized along
or just at the downstream of the main oceanic frontal zones,
and can be intensified as a response to enhanced SAFZ in
sensitivity numerical experiments. In addition, observation
and idealized numerical experiments indicate that enhanced
STFZ strengthens meridional temperature gradient and thus
atmospheric baroclinicity, inducing more active transient
eddies with the acceleration of westerly jet (Zhang et al.
2017; Wang et al. 2018; Chen et al. 2019). With respect
of the close relationship between oceanic frontal zones
and variability of PDO, we extend the scope of the pre-
sent study by investigating the possible connection of the
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oceanic frontal zones and transient eddy activities in PDO
influenced ENSO-associated teleconnections.

The data and analysis methods are described in Sect. 2.
In Sect. 3, the structure of ENSO-associated wintertime tel-
econnection patterns in two PDO phases and synoptic-scale
transient eddies feedbacks in terms of eddy-induced geo-
potential height tendencies are diagnosed. In addition, the
atmospheric baroclinic growth environment along with the
oceanic frontal zones is also investigated. The conclusion
and discussion are presented in Sect. 4.

2 Data and methods
2.1 Data

The atmospheric data are obtained from the ERA-20C
reanalysis data in the present study. As an outcome of
the ERA-CLIM project, the ERA-20C is the first atmos-
pheric reanalysis of the twentieth century from 1900-2010
by the European Centre for Medium-Range Weather Fore-
casts (ECMWF). The atmospheric general circulation model
uses the same configuration as the control member of the
ERA-20CM ensemble, forced by observational analyses of
Hadley Centre Sea Ice and Sea Surface Temperature data-
set (HadISST) version 2.1 for sea ice and SST, atmospheric
composition changes, and solar forcing (Poli et al. 2016).
The synoptic quality of the product and agreement in terms
of climate indices with other products improve with the
availability of observations. More information related to
ERA-20C can be found on its webpage (https://www.ecmwf
.int/en/research/climate-reanalysis/era-20c). Here the ERA-
20C data covering 1950-2010 are used, since Chang and
Yau (2016) have shown that the Pacific and Atlantic basin-
wide transient eddy activities prior to 1950s derived from
ERA-20C reanalysis dataset are unlikely to be reliable due to
changes in density of surface observation, but the variations
and trends after 1950 are consistent with those derived from
independent observations.

The selection of strong ENSO episodes is adopted
from NCEP/NOAA definition. It is based on a threshold
of +0.8 °C for the Oceanic Nino Index (ONI) (3-month
running mean of ERSST.v5 SST anomalies in the Nino-3.4
region), based on centered 30-year base periods updated
every 5 years in order to remove a warming trend in the

Nino-3.4 region (more information about the strategy in
NOAA website https://origin.cpc.ncep.noaa.gov/produ
cts/analysis_monitoring/ensostuff/ONI_change.shtml).
In addition, the threshold is met for a minimum of five
consecutive overlapping seasons including DJF (Decem-
ber—January—February). The PDO index used in the study
is downloaded from the Joint Institute for the Study of the
Atmosphere and Ocean Web site (https://research.jisao
.washington.edu/pdo/PDO.latest.txt). It is the leading pattern
(EOF) of monthly mean SSTA in the North Pacific basin
(typically, poleward of 20° N). The monthly mean global
average SSTA are removed to separate this pattern of varia-
bility from any “global warming” signal that may be present
in the data. Since the PDO is a largely interdecadal oscilla-
tion, a 10-year low pass-filter is performed to highlight the
interdecadal variations of PDO. This yields two periods with
significant high PDO index values after 1950 (1978-1998
and 2002-2006) and three periods with low PDO index
values (1950-1977, 1999-2001, and 2007-2010). They are
agreeable with the decadal variation of PDO in Newman
et al. (2016). Here the 1950 refers to the winter from the year
1950 to 1951. Following this definition, 23 strong ENSO
winters (DJF, 69 months) are selected during the period
1950-2010, and sorted according to the two phases of PDO
(Table 1). The monthly composites of variables for ENSO
warm minus cold events will be shown first, and the com-
posites highlight the linear component of ENSO response
(Hoerling et al. 1997, 2001). One may thus argue that much
is forfeited by analysis methods based on assumptions of
linearity. So some discussions are made in the Conclusion
and Discussion part about the asymmetry in the response to
ENSO warm and cold events separately. When performing
the composite analysis, all variables are detrended to remove
the effect of global warming.

2.2 Methods

To extract the transient eddies associated with migratory
synoptic-scale disturbances at periods of 2.5-6 days, a
bandpass-filtered technique is applied to 6-hourly meridi-
onal wind (v) at 250 hPa. The transient eddy activities in the
present study are measured with the variance of 2.5-6 days
bandpass-filtered meridional wind at 250 hPa, by v'2. The
overbar represents averaging over a specified period, and the
prime denotes perturbations with the period of 2.5-6 days.

Table 1 Classification of
strong winter (DJF, 69 months)

1950.01-2010.12

PDO positive

PDO negative

events based on the phases of ENSO warm
ENSO and PDO for period of
1950-2010 ENSO cold

1982/83, 1986/87, 1987/88, 1991/92,
1997/98, 2002/03

1984/85, 1988/89, 1995/96, 1998/99

1953/54, 1957/58, 1963/64, 1965/66,
1968/69, 1972/73, 2009/10

1955/56, 1970/71, 1973/74, 1975/176,
199972000, 2007/08
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The midlatitude synoptic-scale transient eddy activities
are believed to have their origin in processes encapsulated
in the theory of baroclinic instability (Eady 1949; Hoskins
and Valdes 1990). A suitable measure of the baroclinicity is
provided by the Eady growth rate maximum:

th

a1 —031f| 1)

where f is the Coriolis parameter, V:h is the monthly mean
horizontal wind fields, and N is the Brunt—Viisili fre-
quency. Lindzen and Farrell (1980) have shown that this
formula provides an accurate estimate of the growth rate
maximum in a range of baroclinic instability problems.

The atmospheric response to thermal and dynamical forc-
ing can be illustrated based on the following geopotential
tendency equation that is derived from QGPV Equation (Lau
and Holopainen 1984; Fang and Yang 2016):
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where the overbar denotes the monthly mean in winter
(DJF), 22 s the initial geopotential tendency, R, is a residual
term 1nclud1ng the horizontal advection of quamgeostrophlc
potential vorticity and friction, T is the temperature, f is the
Coriolis parameter, o, is the static stability parameter, and «
is the specific volume. Q_d is the monthly mean diabatic heat-
ing that can be diagnosed as a residual of the thermodynamic
equation, Q,,,, is the monthly mean transient eddies heating,
F .44y 1s the transient eddies vorticity feedback (or forcing)
that is determined by the convergence of vorticity flux trans-
port, T raay = —V- ﬁ where ( is the relative vorticity, V,
is the horizontal wind vector, the prime denoted the transient
eddies (2.5-6 days bandpass).

It can be found that the atmospheric potential vorticity
source can be mainly generated by three terms on the right
side of Eq. (2): diabatic heating, transient eddy heating, and
transient eddy vorticity feedbacks. The first term is direct
thermal forcing by diabatic heating, which is relatively weak
in the midlatitude and usually creates the baroclinic struc-
ture of atmospheric circulation anomaly confined below
the middle troposphere in the vertical direction (Fang and
Yang 2016). The last two terms are associated with transient
eddies, and it will be positive (negative) if there is a conver-
gence (divergence) of eddy vorticity flux within a certain
region. The role of transient eddy vorticity feedbacks will
be focused on in the present study.

In addition, to examine the effect of ENSO-associated
SSTA in two PDO phases on atmospheric teleconnec-
tion patterns, three idealized numerical experiments have
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been performed using Version 4.0 of the Community
Atmosphere Model developed by the National Center for
Atmospheric Research (CAM4.0) with horizontal reso-
lution T42 (64 x 128), which has been widely used in
climate simulation (Neale et al. 2010; Gent et al. 2011;
Jiang et al. 2019). A control experiment is forced by win-
ter mean SST for 1950-2010 which are taken from the
HadISST dataset. Two sensitivity experiments, named
SSTA_ENSO@PDO + and SSTA_ENSO@PDO- simu-
lations, are designed with the winter mean SST added to
idealized SSTA in a specific region of tropical Pacific-
Indian Ocean and North Pacific (bounded by 40° E-290°
E, 20° S-70° N). For SSTA_ENSO@PDO + simula-
tions, the idealized SSTA is derived from the compos-
ite of SST anomalies for ENSO warm minus cold events
in the PDO positive phase shown in Fig. 1a. While for
SSTA_ENSO@PDO- simulations, the idealized SSTA is
derived as that in PDO negative phase shown in Fig. 1b.
Each of these three runs is initiated from the same sea ice
and atmospheric conditions, and integrated for 20 years.
Assuming that each year is statistically independent, this
is equivalent for the anomaly experiments to an ensemble
mean with 20 realizations.

3 Results

3.1 ENSO-associated atmospheric teleconnections
in two PDO phases

Composites of SST anomalies for ENSO warm minus cold
events in PDO positive and negative phase is shown in
Fig. 1. The most pronounced feature in PDO positive phase
is positive anomalies in tropical central-eastern Pacific and
extending poleward along the eastern boundary, positive
anomalies in tropical Indian Ocean, and opposite anoma-
lies in tropical western Pacific and North Pacific (Fig. 1a).
Similar positive anomalies in tropical central-eastern
Pacific and tropical Indian Ocean, but the SSTA in the
rest of Pacific present different in PDO negative phase
(Fig. 1b). The SST negative anomalies in tropical western
Pacific and midlatitude North Pacific behave much warmer
in PDO negative phase, while seeming colder in PDO posi-
tive phase.

Composites of geopotential height anomalies at 300 hPa
for all ENSO warm minus cold events in the PDO posi-
tive and negative phase are displayed separately in Fig. 2. A
positive phase of PNA pattern is observed with a large nega-
tive anomaly over midlatitude Northeast Pacific, a positive
anomaly over northern North America, and a relatively weak
negative anomaly over southern United States (Fig. 2a, red
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Fig. 1 Composites of sea
surface temperature anomalies
(SSTA, unit: K) for ENSO
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box), which is strongly influenced by ENSO warm events.
In PDO positive phase, the PNA pattern is significantly
strengthened with all enhanced centers (Fig. 2b, red box).
However, in PDO negative phase the PNA pattern presents
less robust, with a weak negative anomaly over Northeast-
ern Pacific, and a weak dipole centers over North America,
except with a slight downstream shift (Fig. 2c, red box).
The other noteworthy feature in PDO negative phase is the
negative phase of WP pattern characterized by north—south
dipolar centers over the Far East (Fig. 2c, blue box), but does
not present in PDO positive phase.

The vertical structures of composites of geopotential
height anomalies are shown in Fig. 3. The main center
of WP and PNA pattern for latitude-average is between
140° E-160° E and 140° W-160° W, respectively. The
PDO positive phase is characterized by a relatively strong
baroclinic signature with diabatic heating influence in the
tropics, which demonstrates tropical convection associ-
ated with tropical Pacific SSTA plays a critical role in
the response, while the midlatitude negative anomaly of
strengthened PNA pattern exhibits equivalent barotropic
structure (Fig. 3a). In comparison, in PDO negative
phase the tropical positive anomaly seems similar, but the

midlatitude negative anomaly of less-robust PNA pattern
appears to be a slender range (Fig. 3b). To the WP pat-
tern over the Far East, the vertical structure is relatively
weak in PDO positive phase (Fig. 3c), but impressive in
PDO negative phase (Fig. 3d). The negative anomaly over
middle-to-high latitude suggests characteristic eddy-driven
equivalent barotropic structure, while the positive anomaly
northward phase tilt with height may be involved in both
transient eddies feedback and diabatic heating influence.
Accompanying with the atmospheric teleconnections, the
vertical structure of composites of zonal wind anomalies
and the climatology (jet stream) are shown in Fig. 4. The
midlatitude south-positive north-negative dipole anomalies
of zonal wind perform exactly consistent with the strength-
ened PNA pattern over Northeast Pacific in PDO positive
phase (Fig. 4a). In PDO negative phase, similar but slender
dipole anomalies of zonal wind are also observed accompa-
nying with the less-robust PNA pattern over there (Fig. 4b).
Howeyver, the zonal wind anomalies associated with the WP
pattern are significantly strengthened over the north side of
the climatological main body of jet in PDO negative phase
(Fig. 4d), but rather feeble in PDO positive phase (Fig. 4c).
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Fig.2 Composites of geo- (a) GPH 300hPa
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3.2 The transient eddy feedbacks
to teleconnections

The strength of transient eddy activities is usually strongest

at the level of 300 hPa from its vertical structure (Han et al.
2007). Here, the climatology of statistical transient eddy
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activities (black contour) and Pacific jet stream main body
(blue contour) at 300 hPa are shown in Fig. 5. It displays that
the maximum of transient eddy activities presents near the
exit region of jet stream and extends downstream. Compos-
ites of transient eddy activities anomalies for ENSO warm
minus cold events in PDO positive and negative phase are
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Fig. 3 Latitude-altitude sections of composites of geopotential height anomalies (GPH, unit: m) for ENSO warm minus cold events in a, ¢ PDO
positive and b, d negative phase for winter of 1950-2010. Stippled areas are statistically significant at the 10% level based on the Student’s 7 test

also demonstrated. In PDO positive phase, positive anom-
alies of Pacific transient eddy activities generally exhibit
uniform equatorward and downstream, through midlati-
tude eastern Pacific, and extend to southern North Amer-
ica (Fig. 5a). In PDO negative phase, the equatorward and
downstream anomalies over midlatitude eastern Pacific are
somewhat less powerful than what is found in PDO positive
phase, and relatively non-uniform. Meanwhile, remarkably
strengthened anomalies occur over the north side of the cli-
matological entrance of the storm track (Fig. 5b). It is coor-
dinated with the upstream intensified westerly jet anomalies
in Fig. 4d.

The transient eddy activities influence mean flow
through the convergence of eddy momentum and heat
fluxes and provide a forcing on mean flow (Lau and Nath
1991; Chang and Fu 2002; Ren et al. 2008). The transient

eddy forcing is recognized as important for understanding
the generation and maintenance of mean flow anomalies.
The transient eddies can redistribute momentum and heat
in the atmosphere, and thus can induce and maintain gen-
eral circulation anomalies (e.g., Lau and Holopainen 1984;
Fang and Yang 2016). Previous studies have demonstrated
the dynamical interactions between transient eddies and
low frequency variation, which provide the quantitative
estimate of the effect (e.g., Lorenz and Hartmann 2001,
2003). Here, the transient eddy vorticity forcing is illus-
trated per Eq. (2). The composites of geopotential tenden-
cies anomalies at 300 hPa induced by transient eddy vor-
ticity forcing for ENSO warm minus cold events in PDO
positive and negative phase are shown in Fig. 6, and the
vertical structures in Fig. 7. In PDO positive phase, the
striking feature is geopotential height tendency negative
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Fig.4 As in Fig. 3, but for the zonal wind anomalies

anomalies over Northeastern Pacific (Fig. 6a). From its
vertical structure in Fig. 7a, the negative anomalies appear
typical eddy-driven characteristics as an equivalent baro-
tropic structure in middle-upper troposphere, which is con-
sistent with the observation in Fig. 3a. That suggests the
negative height tendency anomalies are largely in favor to
the observed negative anomalies of the strengthened PNA
pattern over the Northeastern Pacific (Fig. 2b). We also
notice that positive geopotential tendency anomalies over
the south to the Kamchatka peninsula in Fig. 6a are not
well consistent with that in Fig. 2b. Combined with the
transient eddy anomalies shown in Fig. 5a, the positive
anomalies may be associated with negative transient eddy
anomalies over high latitude. In PDO negative phase, the
negative geopotential tendency anomalies over Northeast-
ern Pacific still present, but the strength is less powerful
(Fig. 6b). From its vertical structure, it also displays the

@ Springer

200

250

300

400

500

700

850

(b) zonal wind,140W-160W

ENSO@PDO-

Height (km)

60N
ENSC?@PDO-

Height (km)

20N

equivalent barotropic structure of eddy-forcing, but slightly
weaker than that in PDO positive phase (Fig. 7b). The note-
worthy feature of height tendency anomalies in PDO nega-
tive phase is large-scale negative anomalies over the Far
East, which is centered over near the Kamchatka Peninsula
(Fig. 6b). From its vertical structure, it performs a typical
eddy-driven structure almost through the entire troposphere
(Fig. 7d). It is coincident with the observed WP negative
pattern in Fig. 2, suggesting the anomalies greatly favor the
observed negative WP pattern. To the positive anomalies
on its south flank, its vertical structure coincides with the
south branch of the observed WP pattern.

The midlatitude transient eddy activities are primarily
attributed to the atmospheric baroclinicity. Eady growth rate
maximum is an accurate measure of the atmospheric baro-
clinicity (Hoskins and Valdes 1990). Since the baroclinic
development primarily occurs in the lower troposphere,
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eddy activities anomalies at
300 hPa (unit: m%/s2, shaded)
for ENSO warm minus cold
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ogy (black contoured from 100 40N
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climatology of westerly jet at

300 hPa (blue contoured from 20N
40 to 60 by 20 m/s) for winter

of 1950-2010. Stippled areas
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Fig.7 As in Fig. 3, but for geopotential tendencies anomalies (10~ m?s~>) induced by transient eddy vorticity forcing. Stippled areas are statis-

tically significant at the 10% level based on the Student’s # test

the climatology and composites of growth rate maximum
anomalies between 900 and 800 hPa for ENSO warm minus
cold events in PDO positive and negative phase are shown
in Fig. 8a, b. The climatological distribution of growth rate
(black contour) displays that the maximum of baroclinic-
ity generally presents in the same location of jet stream.
In PDO negative phase (Fig. 8b, blue box), the poleward
positive anomalies over the Far East and the extension are
more remarkable than what is found in PDO positive phase
(Fig. 8a) and relatively uniform. It offers baroclinic insta-
bility to the generation of downstream strengthened tran-
sient eddy anomalies shown in Fig. 5b. The baroclinicity
is mainly determined by the vertical wind shear and the
Brunt—Viisili frequency mentioned in Eq. (1). In contrast to
the small anomaly of winter Brunt—Viisild frequency over
there, the corresponding vertical wind shear anomalies in
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PDO negative phase (Fig. 8d) are responsible for the growth
rate anomalies shown in Fig. 8b.

3.3 The possible connection of subarctic frontal
zones

The above section highlights the atmospheric internal
dynamics of PNA/WP patterns from the perspective of
transient eddy feedbacks. It suggests that vorticity feedback
from synoptic-scale transient eddies can greatly benefit to
the maintenance of the PNA/WP patterns. In this section, we
will extend the study to investigate the possible connection
between oceanic frontal zones and the transient eddies from
the perspective of local air—sea interaction. Figure 9 shows
composites of wind stress and wind stress curl anomalies for
ENSO warm minus cold events in both positive and negative
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Fig.8 Composites of a, b the growth rate maximum (unit: day™’,
shaded) and ¢, d the vertical wind shear anomalies between 900 and
800 hPa (unit: day’l, shaded) for ENSO warm minus cold events in
a, ¢ PDO positive and b, d negative phase for winter of 1950-2010,

PDO phases. In PDO positive phase (Fig. 9a), large-scale
strengthened cyclonic surface wind stress curl anomalies
occupy Northeast Pacific. Because of the cyclonic anoma-
lies, the anomalous intensified surface westerly increases
the upward heat flux and cool the ocean. The intensified
westerly could also drive a southward Ekman cold advec-
tion, eventually lead to the negative SSTA and enhance the
SST gradient in the Northeastern Pacific shown in Fig. 1a.
However, in PDO negative phase (Fig. 9b), the cyclonic curl
anomalies seem less strengthened accompanying with rela-
tively weak SSTA in the Northeastern Pacific (Fig. 1b). It is
remarkable that anticyclonic anomalies of wind stress curl
accompanying with a southeast wind at the south part exist
over Northwestern Pacific in this situation (Fig. 9b, red box).
The anomalous southerly strengthens downward surface heat
flux over the southeast to Japan. The corresponding Ekman
advection and downward Ekman pumping transport warm
water and generate positive SSTA (Fig. 1b).

In condition of such wind stress and SST anomalies,
Fig. 10 shows the climatological distribution of wintertime
SST meridional gradient and the composites in PDO positive
and negative phase. The climatological distribution demon-
strates that two major zones of tight SST gradients locate
in the middle Northwest Pacific, commonly named SAFZ
near 42° N (contour, Fig. 10a, b), and STFZ around 28° N,
merge in Northeast Pacific. The SAFZ front with a strong
SST gradient associated with western boundary currents
and their extensions is usually much stronger than STFZ,

e
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I I [ [ [ [ [ [
-80 -60 -40 -20 O

80

and the climatology (growth rate maximum contoured from 0.5 to 1.5
by 0.5 day~! and vertical wind shear contoured from 60 to 500 by
200 day™"), respectively. Stippled areas are statistically significant at
the 5% level based on the Student’s ¢ test

also demonstrated in the climatology zonally-averaged over
145° E-180° E (Fig. 10c, black curve). In PDO negative
phase, the center of SAFZ appears overall enhancement
and somewhat northward shift, meanwhile the gap between
two frontal zones weakens (Fig. 10b). It is more obvious
from the zonally-averaged distribution (Fig. 10c, red curve),
calculated by the zonally-averaged climatology adding the
anomalies for ENSO events in PDO negative phase. How-
ever, the SAFZ performs overall decrease, but STFZ seems
intensified in PDO positive phase both from the horizontal
distribution (Fig. 10a) and zonally-averaged distribution
(Fig. 10c, blue curve).

Previous studies suggest a potential importance of the
oceanic frontal zones with pronounced SST gradient, which
mainly respond to the basin-scale wind stress (Kwon et al.
2010), on anchoring and maintaining atmospheric surface
baroclinicity, energizing transients eddy activities, and jet
stream from observation and atmospheric general circula-
tion model experiments (Nakamura et al. 2004; Xu et al.
2011; Yao et al. 2016). Major transient eddy activities and
associated polar-front jet are organized along or just down-
stream of major oceanic frontal zones from observation
(Nakamura et al. 2004, 2008). Figure 11a shows the cli-
matology of latitude-altitude sections of growth rate maxi-
mum (contour) and composite anomalies in PDO negative
phase (shade). It can be found that positive anomalies of
atmospheric baroclinicity strengthen on the north side of the
climatological main body in the low-to-middle troposphere,
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Fig.9 As in Fig. 6, but for wind
stress (unit: N m™2, vector) and

(a) wind stress curl
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. | ‘

curl anomalies (unit: N m™>
(10* km)~", shaded). Stippled

.. L 60N —.
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30N — ) . o
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which is just overlying the enhanced and northward shift-
ing SAFZ (Fig. 10b). The climatology of downstream tran-
sient eddy activities and the composite anomalies in PDO
negative phase are shown in Fig. 11b. The transient eddy
anomalies strengthen over the north side of its climatologi-
cal main body, which is just above the strengthened atmos-
pheric baroclinicity anomalies. It may suggest the possible
anchor effect of the strengthened SAFZ in Northwest Pacific
to maintain atmospheric lower baroclinicity anomalies, and
energize transient eddy anomalies from the view of baro-
clinic generation. The transient eddy anomalies, which may
be mainly induced by baroclinic generation, contribute a lot
in shaping the WP pattern in PDO negative phase. However,
in PDO positive phase, the vertical atmospheric baroclinicity
anomalies perform no significant enhancement over there,
consistent with the horizontal distribution of growth rate
maximum anomalies in Fig. 8a. In consequence, the tran-
sient eddy activities manifest no change.
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4 Conclusion and discussion

The ENSO-associated wintertime atmospheric telecon-
nection patterns in two Pacific Decadal Oscillation (PDO)
phases are obtained based on the ERA-20C reanalysis data
during the period of 1950-2010. Different features of the tel-
econnection behavior are captured when ENSO events occur
in different PDO phases. A strengthened ENSO-associated
Pacific-North America (PNA) pattern presents in PDO posi-
tive phase, while a typical West Pacific (WP) pattern over
Far East and a squeezed PNA pattern coexist when ENSO
events occur in PDO negative phase. The midlatitude tel-
econnections generally exhibit eddy-induced equivalent
barotropic structure in the vertical direction. The dynamical
role of atmospheric midlatitude transient eddy feedbacks to
the teleconnection patterns, and the possible coupled rela-
tionship between atmospheric transient eddy anomalies and
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subarctic oceanic frontal zones (SAFZ) for maintaining the
WP pattern are highlighted in the present study.

When ENSO events occur in PDO positive phase, the uni-
form strengthened westerly jet anomalies downstream of the
main body of jet accompany with energetic transient eddy
anomalies over Northeastern Pacific. The corresponding
transient eddy anomalies shift downstream and equatorward,
and the feedbacks largely enhance and favor the strengthened
PNA pattern. When ENSO events occur in PDO negative
phase, the strengthened westerly jet anomalies appear to split
into two parts. One locates at the north side of the clima-
tological main body of jet over Northwest Pacific, and the

40N —

30N =

0.0 0.6

latitudinal gradient

0.9 1.2 15

other locates at the downstream of jet over Northeast Pacific.
In this situation, the downstream transient eddy anomalies
weaken, and the feedbacks reduce and form a relatively
weak PNA pattern. However, the transient eddy anoma-
lies over Northwest Pacific strengthen accompanying with
the poleward strengthened SAFZ. The strengthened SAFZ
could maintain the low-to-middle atmospheric baroclinicity
anomalies, thus sustain the transient eddy anomalies. Then
the transient eddy anomalies give feedback and distribute the
atmospheric circulation, and outstandingly contribute to the
WP teleconnection pattern over the Far East.
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Fig. 11 Latitude-altitude sections of composites of a the growth rate
maximum (shade, unit: day™') and b the transient eddy activities
anomalies (shade, unit: m?*/s?) for ENSO warm minus cold events in

In the present study, the dynamical role of atmospheric
midlatitude atmospheric transient eddy feedbacks to the
ENSO-associated wintertime teleconnection patterns in
two PDO phases is highlighted without evaluating the
ENSO independent variability of the PDO. Both ENSO
and PDO are not a single dependent phenomenon, but
instead the result of the combination of different physical
processes, including oceanic wave variability and atmos-
phere—ocean interaction, which operate and generate
effects on different time scales. However, an instructive
method (Chen et al. 2013) is applied to objectively eval-
uate ENSO independent variability of PDO. The PDO-
related part is calculated by linear regression of Nino-
3.4 index with respect to winter PDO index, which is
called PDO-related ENSO. Then the PDO-unrelated part
is calculated as the difference between the total Nino-
3.4 index and the PDO-related part. Considering PDO
has both interannual and interdecadal variability, one is
the interannual-PDO regression method, and the other
is the interdecadal-PDO regression method. The interan-
nual-PDO-related part is calculated by linear regression
of Nino-3.4 index with respect to the interannual PDO
index. Then the PDO-unrelated part is computed as the
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PDO negative phase, and climatology (contour) for winter of 1950—
2010. Stippled areas are statistically significant at the 10% level based
on the Student’s ¢ test

difference between the Nino-3.4 index and the interan-
nual-PDO-related part. The corresponding indexes are
shown in Fig. 12a. To most ENSO extreme cases, they
are still eligible for the selection criteria. However, four
events, 1986/87, 1987/88, 2002/03, 2007/08 are out. In
this situation, only three events are left for ENSO warm
events in PDO positive phase. That means the statisti-
cal test will be affected. The other is the interdecadal-
PDO regression method. Since the PDO emphasizes the
interdecadal variability, a 10-year low pass-filter is per-
formed to highlight the interdecadal variations of PDO,
named interdecadal PDO index. The interdecadal-PDO-
related part is calculated by linear regression of Nino-
3.4 index with respect to the interdecadal PDO index.
Then the PDO-unrelated part is computed as the differ-
ence between the Nino-3.4 index and the interdecadal-
PDO-related part. The corresponding indexes are shown
in Fig. 12b. In this situation, we find that the 22 ENSO
extreme events still exist, except 1987/88. That means the
results will generally not be affected. Moreover, a 10-year
high pass Butterworth filter is applied to the correspond-
ing variables in order to remove above 10-year timescales
interdecadal component, mostly removing PDO effect.
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Fig. 12 Time series of normalized Nino-3.4 index for winter of
1950/51-2009/10 (bar). a The interannual-PDO-related part (blue
curve), and the interannual-PDO-unrelated part of Nino-3.4 index
(black curve), b the interdecadal-PDO-related part (purple curve),
and the interdecadal-PDO-unrelated part of Nino-3.4 index (black
curve)

The results are highly consistent with the present results.
We consider that linear interdecadal component may be
mostly cancelled out in the subtraction of El Nino minus
La Nina whether in PDO positive or negative phase. The
remaining difference in PDO positive/negative phase may
be mainly obtained from nonlinear modulation of PDO
phase on ENSO effect.

To examine the effect of the ENSO-associated SSTA
in two PDO phases on the atmospheric teleconnection
patterns, two sensitivity SSTA experiments have been
performed. The simulated results shown in Fig. 13
demonstrate that the corresponding SSTA experiments
generally reproduce the observed teleconnection pat-
terns, a strengthened PNA pattern in SSTA_ENSO®@
PDO + experiment and a WP and less-robust PNA pat-
terns coexisting in SSTA_ENSO@PDO- experiment.
It suggests that the teleconnection patterns primarily

originate from the ENSO-associated SSTA patterns in two
PDO phases. Comparing the observation, the WP pattern
in model results seems similar strength with a little tilting
(Fig. 13b). That may be due to the model experiments are
only conducted in specific region with idealized SSTA,
but other factors, such as North Atlantic SSTA, polar sea
ice, even upper wave propagation (Chen et al. 2005) that
could affect atmospheric teleconnections are not involved.

Given the asymmetric atmospheric response to ENSO
warm and cold events, the attribution of ENSO-associated
teleconnections is detected by dividing ENSO events into
four categories according to PDO phases. The asymmetric
SSTA of ENSO warm and cold events in PDO positive
or negative phase have been shown in Fig. 14. In PDO
positive phase, the SSTA in El Nino events performs not
exactly inverse, but the amplitude is stronger than that in
La Nina events, especially in North Pacific (compare the
upper two panels, Fig. 14a, b). In PDO negative phase,
the SSTA in La Nina events performs stronger than that in
El Nino events (compare the below two panels, Fig. l4c,
d). That means the SSTA performs asymmetric in El
Nino and La Nina whether in PDO positive and negative
phases. Under the different SSTA conditions, the geo-
potential height anomalies also exhibit different features
in four phases. In PDO positive phase, a typical strength-
ened El Nino-associated PNA positive pattern occupies
over North Pacific and North America (Fig. 14e), while
a relative weak PNA negative pattern occurs in La Nina
events (Fig. 14f). In PDO negative phase, a distinguished
WP negative pattern with dipole centers over the Far East
and weak PNA positive pattern coexists in El Nino events
(Fig. 14g), while only PNA-like negative pattern appears
in La Nina events (Fig. 14h).

The variability of midlatitude SST and oceanic frontal
zones driven by basin-scale wind stress anomalies has been
diagnosed. The results are consistent with the previous
studies that the midlatitude low-frequency SST variability
is primarily driven by basin-scale wind stress curl variabil-
ity (Kwon et al. 2010). However, due to the lack of ocean
variability in ERA-20C reanalysis data, the oceanic Rossby
wave adjustment of gyre-scale circulation which may modu-
late the latitude and strength of the oceanic front cannot be
demonstrated. While this work extends our understanding
of dynamical relationship between ENSO-associated atmos-
pheric patterns and transient eddy feedbacks in two PDO
phases, the possible air—sea coupled connection between
oceanic frontal zones and the transient eddy anomalies is
also involved without the detail process from oceanic frontal
zones through atmospheric boundary layer to free atmos-
phere. Nakamura et al. (2008) explored the importance of
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Fig. 13 Composites of geo-
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the frontal zone for the intensity and structure of annular
mode with a pair of high-resolution (~ 150 km) AGCM
experiments through examining turbulent sensible and
latent heat fluxes from the sea surface. Minobe et al. (2008)
revealed that the Gulf Stream affects entire troposphere in a
systematic manner, from surface to tropopause, and pointed
out that the oceanic front enhanced latent and sensible heat-
ing plays a fundamental role in shaping tropospheric general
circulation, using high-resolution observations and AGCM
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experiments. In the present study, the process of oceanic
frontal zones could affect atmospheric boundary layer have
not diagnosed due to the limited spatial resolution. Long-
term high-resolution observation and prescribed coupled
model experiments are required to address the detail process
of the subarctic oceanic frontal zones influencing the overly-
ing atmospheric boundary layer and the free atmosphere.
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Fig. 14 Composite of SSTA (unit: K) and geopotential height anoma-
lies at 300 hPa (GPH, unit: m) for a, ¢, ¢, f ENSO warm and b, d, f, h
cold events in a, b, e, f PDO positive and ¢, d, g, h negative phase for
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