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ABSTRACT

The Kuroshio extension (KE) exhibits interdecadal variability, oscillating from a stable state to an unstable state. In
this paper, ERA-Interim reanalysis data are used to discuss the possible reasons for the asymmetric response of the
atmosphere to symmetric sea surface temperature anomaly (SSTA) during periods of differential KE states. The analysis
has the following results: the SSTA presents a nearly symmetrical distribution with opposite signs during the KE stable and
unstable periods. During the KE stable period, the storm track is located north of 40°N and is significantly enhanced in the
northeast Pacific Ocean. The atmospheric response is similar to the West Pacific/North Pacific Oscillation teleconnection
(WP/NPO like pattern) and presents a barotropic structure. The inversion results of the potential vorticity equation show
that the feedback of transient eddy vorticity manifests a WP/NPO like pattern and presents a barotropic structure, which is
the main reason for bringing about the response of the WP/NPO like pattern. The magnitude of the feedbacks of both
diabatic heating and transient eddy heating is small, which can offset one another. During the KE unstable period, the main
body of the storm track is located to the south of 40°N, and there is no significant response signal in the atmosphere, except
near the west coast of North America. Compared with the KE stable period, the asymmetry of response of the transient
eddy vorticity is the main reason for the asymmetric response of the atmosphere.
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Article Highlights:

¢ The feedback of diabatic heating and transient eddy heat flux almost cancel each other, and have a weak effect on large-

scale circulation.

¢ The asymmetric response of transient eddy vorticity is the main reason for the asymmetric response of the atmosphere.

1. Introduction

The influence of subtropical sea surface temperature
anomaly (SSTA), upon the large-scale, mid-latitude, circula-
tion system has always been considered insignificant com-
pared to the main response of atmosphere to the El Nifio-
Southern Oscillation (ENSO) (Alexander et al., 2002).
However, in recent years, research has shown that the subtrop-
ical SSTA can significantly affect the mid-latitude atmo-
spheric circulation (Fang and Yang, 2016; Révelard et al.,
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2018; Tao et al., 2019). The most significant SSTA pattern
in the North Pacific is the Pacific Decadal Oscillation
(PDO) signal. On interdecadal time scales, the PDO can signi-
ficantly affect the storm track and atmospheric circulation
anomalies in the North Pacific (Gan and Wu, 2013). In
recent years, it has been found that the interdecadal variabil-
ity mode of the Kuroshio Extension in the North Pacific is
not as significant as the PDO, but it does exert an impact on
the storm track and atmospheric circulation in the North
Pacific (Joyce et al., 2009; Frankignoul et al., 2011).

The KE has a mode of interdecadal variability evid-
enced by its transition from a stable state to an unstable
state. When the KE is in a stable state we note the follow-
ing effects; the zonal transport is strengthened, the main

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021


https://doi.org/10.1007/s00376-020-0264-7
https://doi.org/10.1007/s00376-020-0264-7

786

axis moves northward, the southern recirculation gyre is
strengthened, and the regional eddy kinetic energy is
reduced. When the KE is in an unstable state, the situation
is the opposite. The KEI (Kuroshio Extension Index)
defined by Qiu et al. (2014) can better characterize the differ-
ent states of the KE. When KEI is positive, it implies the
stable state, and when KEI is negative, it implies the
unstable state. The KEI is introduced in detail in the second
part of this paper. The interdecadal variability of the KE can
significantly affect the free atmosphere (Wang and Liu,
2015), and especially the tropospheric atmosphere which is
known to have a profound response to KE variability (Liu et
al., 2008; Masunaga et al., 2016). Both observational
(Kwon and Joyce, 2013; O’Reilly and Czaja, 2015) and mod-
eling (Smirnov et al., 2015) results show that the large-scale
SSTA variability caused by the KE can influence the inter-
decadal variability of the climate in the North Pacific.
Révelard et al. (2016, 2018) regressed the atmospheric poten-
tial height field by using the KEI defined by Qiu et al.
(2014) and found that the atmosphere had a widespread, signi-
ficant, and consistent response to the KE in the early winter
from October to January in the following year, which shows
a barotropic structure (Peng and Whitaker, 1999; Gan and
Wu, 2013) similar to the North Pacific Oscillation/West
Pacific teleconnection (NPO/WP) (Linkin and Nigam,
2008). When they used a composite analysis, they found
that the large-scale SSTA in the North Pacific caused by the
KE stable and unstable states had a symmetrical structure,
but the response of the atmosphere to this symmetrical
SSTA is asymmetric. They argue that asymmetry may be
caused by the nonlinearity of the Clausius-Clapeyron equa-
tion (Deser et al., 2004) or by the nonlinear forcing of transi-
ent eddies due to thermal changes (Nakamura et al., 1987)
but these inferences remain speculative. In fact, the
response of the atmosphere to the symmetric SSTA in mid-lat-
itudes has always been a complicated problem (Kushnir and
Lau, 1992; Peng et al., 1995). Tao et al. (2019) discussed
the atmospheric response forced by different phases of PDO
modes and found that the PDO in a warm phase forced a
low-pressure anomaly with equivalent barotropic structure
as seen in the cold SSTA, while the PDO in a cold phase
forced an anomaly with a weak baroclinic structure as seen
in the warm SSTA. It is known that the forcing of the atmo-
sphere through diabatic heating and transient vorticity for-
cing play independent roles in each phase of the PDO.
However, the factors that maintain the response of the atmo-
sphere to the symmetric SSTA during both periods of the
KE warrants s further investigation. Considering this, some
studies have shown that the low-frequency mode of the
WP/NPO can be maintained and enhanced by the baro-
tropic process of absorbing energy from a climatic jet, and
that this enhancement may only be significant in the upper tro-
posphere (Lau and Nath, 1991; Okajima et al., 2018). Some
studies have also found that baroclinic energy conversion is
also more important to maintain the WP/NPO like pattern
structure (Schubert et al., 1986; Tan et al., 2019).

Therefore, the main purpose of this paper is to discuss
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the relative importance of diabatic heating, the nonlinear feed-
back of transient eddies, and the barotropic and baroclinic
energy transformation, in the context of maintaining the
WP/NPO like pattern response during the cold season
(ONDJ), under the influence of the KE interdecadal SSTAs
variability states. This paper is divided into six parts. The
second part introduces the data and methods. The third part
introduces the composite results of the geopotential height
and storm track in the different states of the KE. The fourth
part discusses the similarities and differences of basic
energy transformation. The fifth part discusses the role of dia-
batic heating and transient eddy feedback. The sixth part is
the conclusion.

2. Data and Methods

2.1. Data

(1) The SST data used in this paper come from the
monthly average optimal interpolation dataset provided by
the National Oceanic and Atmospheric Administration
(NOAA) with a resolution of 0.25° x 0.25°ver the time
period from 1993 to 2012.

(2) The SSH (Sea Surface Height) data provided by
Archiving Validation and Interpretation of Satellite Oceano-
graphic Center (AVISO) altimeter satellite products at a
0.25° x 0.25° resolution are used to calculate the monthly
average KEI (Ducet et al., 2000), over the time period from
January 1993 to December 2012.

(3) The daily average global atmospheric reanalysis
data of the ERA-Interim are mainly used for the atmo-
spheric data, including the daily height field (Z), wind field
(u, v) and temperature field (7); the time is from 1983 to
2012, the resolution is 0.25° x 0.25°, and the vertical stratific-
ation is 23 layers.

In addition, we define the winter period as the early
winter and late winter period, from October to January of
each year (ONDJ) because this period has the strongest air-
sea interaction in the western boundary current in the north-
ern hemisphere and because a large amount of the heat flux
from the western boundary current is released to the atmo-
sphere (Taguchi et al., 2011; Révelard et al., 2016).

2.2. Method

(1) In this study, we use a Eulerian approach in the
method to characterize the storm track. The storm track is
determined by the filtering variance of the synoptic scale
(2-8 d) meridional wind speed /v at 250 hPa, and synop-
tic scale of meridional heat flux 7’ at 850hPa, the over-
bar means time average. The filtering technology mainly
uses the Lanzcos bandpass filter.

(2) We mainly use the KEI defined by Qiu et al.
(2014), which uses the monthly average SSHA between
regions (31°-36°N, 140°-165°E) as the monthly average
KEI. The monthly average KEI during the winter period
over 20 years (1993-2012),based on satellite SSH data, is
shown in Fig. 1; the KE shows obvious characteristics of inter-
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Fig. 1. The monthly mean of the Kuroshio Extension Index
KEI during the winter period (ONDJ) after normalization. The
curve is KEI of 4-point moving average. Histogram and black
curves are KEI based on satellite observation data. The blue
curve is the KEI based on the OGCM product, and the red
curve is KEI based on the ORAS4.

decadal variation. A KEI with a longer time series, derived
by Qiu et al. (2014), has been applied as (KEI_Q) which
uses an eddy-resolving ocean general circulation model
(OGCM) hindcast, thus providing an accurate description of
the KE state at monthly resolutions during the 1983-2012
period. In addition, we also use the KEI derived from
ECMWEF Operational Ocean Reanalysis (ORAS4) SSH
data, noted hereafter as (KEI_R).

(3) The storm track anomalies during the different
phases of the KE are determined by composite analysis.
Since the satellite data is limited to the period from 1993 to
2012, there are only 20 years of actual observation, as
shown in Fig.1. For a composite analysis, in order to obtain
a robust atmospheric signal we need to use a longer time
series of KEI. The KEI_Q (blue curve in Fig.1) is used for
this purpose (Révelard et al. 2016, 2018), which is strongly
correlated with the KEI calculated from the satellite observa-
tion data, noting a correlation coefficient of 0.82 (Qiu et al.,
2014). We combined satellite observation data and longer
time KEI_Q for analysis. Based on the mean KEI in ONDJ
for nearly 30 years from 1983 to 2012, we select and define
the positive years as having a KEI greater than one stand-
ard deviation above the mean for a total 10 years (1989,
1990, 1991, 1992, 2002, 2004, 2009, 2010, 2011, 2012)
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and, in a similar manner, we define a total of 10 negative
years (1983, 1984, 1985, 1986, 1995, 1996, 1997, 2006,
2007, 2008). To test the credibility of the differences
between positive (negative) phase years and climatological
state, we use the Student’s 7 test at the 90% significant con-
fidence level.

In addition, when the KEI_R was compared with satel-
lite observation data, as shown in the red curve in Fig. 1, it
was in relative agreement the KEI, yielding a correlation coef-
ficient of 0.62.We mainly use the SSH based on satellite
observation data for the composited SSTA. Since we have
limited satellite observation data of SSH and the 170 cm
SSH contours representing the KE path in different KE
stable periods needs to be identified, the SSTA in different
KE stable periods are selected for composite analysis.

3. Results of composite analysis

The composited SSTA during the KE stable periods
and the KE unstable periods is shown in Fig. 2. Although
the SSTA are slightly different locally, they are symmet-
rical in basin-scale. This agrees with Révelard et al. (2016)
who used longer periods of KEI. During stable periods, the
KE jet strengthened, the SSTA in the central Pacific
increased significantly (Fig. 2a), while the SSTA in the
north side of the KE jet showed significant large-scale
decreases and the SSTA near the North American continent
was also cold. During unstable periods, when the SSTA pat-
tern was essentially the opposite, the KE jet is weak (Fig. 2b),
the SSTA showed significant large-scale decreases in the cent-
ral Pacific, while the SSTA in the north side of the jet was
warm and the SSTA near the North American continent was
also warm. Since we only focus on large-scale circulation
anomalies, and the feedback of the large-scale symmetric
SSTA upon the large-scale circulation by far exceeds the
influence of local small-scale SSTA, we therefore argue that
they are roughly symmetrical in pattern and amplitude.

Additionally, considering the limited persistence of atmo-
sphere intrinsic variability compared to that of the ocean,
the numerical modeling studies suggest that the atmo-
spheric response to SSTA or other boundary forcing in the
extratropical regions takes one or two months to reach its
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Fig. 2. Composited SSTA (coloring, units: °C) during (a) the KE stable period in winter and (b) the KE unstable
period. Statistically significant differences at 90% according to the Student’s #-test are stippled. Thick black lines
denote the mean KE path in different stable state based on 170 cm SSH contours.
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maximum amplitude (Deser et al., 2007). While, recent
high-resolution experiments suggest that the maximum amp-
litude may be reached slightly faster (Smirnov et al., 2015),
many assume that the response time to the SST fingerprint
of the KE is 1 month, or even less. This lag usually reflects
the interaction between transient eddies and the mean flow.
Upon regressing the KEI onto the geopotential height field,
at leads of 1-2 months, a broadly coherent and robust, tri-
polar atmospheric response pattern is found from October to
January (ONDJ) (Révelard et al., 2016). Thus, the atmo-
spheric response is best detected in ONDJ. Regarding the sea-
sonal variation of KE, KE is usually stronger in summer and
autumn, before decreasing slightly thereafter (Lee et al.,
2015; Yang and Liang, 2018). The seasonal average KEI in
ONDJ is used to select the significant positive phase years
and negative phase years, and the composite analysis is also
carried out during ONDJ, which mainly reflects the forcing
of the ocean on the atmosphere.

3.1. The response of geopotential height

Under the influence of a symmetric SSTA, the compos-
ite response of geopotential height field is shown in Fig. 3.
From this, we can find that, during the KE stable period, the
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response of geopotential height field at 250 hPa in the upper
troposphere presents a WP/NPO like pattern, which shows a
north-south dipole structure bounded by 40°N. In addition
to significant positive geopotential height anomalies in the
western Pacific, there are also strong significant signals in
the eastern Pacific. South of 40°N, negative geopotential
height anomalies appear while north of 40°N is positive geo-
potential height anomalies are present. When the dipole sig-
nal is opposite of this, it is called the negative phase of
WP/NPO like pattern. However, during the unstable period
of the KE, the atmosphere failed to produce a statistically sig-
nificant signal of this kind over the western and central
Pacific. However, significant positive height anomalies did
appear in the Gulf of Alaska and near the west coast of
North America. During the unstable period, there was no neg-
ative phase of WP/NPO like pattern detected in the upper tro-
posphere, which would have been symmetrical to the KE
stable period, and there was actually a weak positive anom-
aly of geopotential height in the East Pacific Ocean. There-
fore, it can be concluded that the response of geopotential
height field is asymmetric to the symmetric SSTA.

The response of geopotential height during the KE
stable period presents a nearly barotropic structure from the
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Fig. 3. Composited geopotential height anomaly at 250 hPa during (a) the KE stable period and (b) unstable
period (shaded, units: m) in winter. Statistically significant differences at 90% according to the Student’s z-

test are stippled.
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Fig. 4. Latitude—altitude sections of composited geopotential height anomaly field during the KE stable period and
unstable period averaged in (120°E—-120°W) (shaded, units: m), (a) composited geopotential height during the KE
stable period; (b) composited geopotential height during the KE unstable period. Statistically significant differences

at 90% according to the Student’s #-test are stippled.
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bottom up (Fig. 4), and there is a positive anomaly of geopo-
tential height between 35° to 60°N. During the unstable
period of KE, a nearly barotropic structure is also produced.
There is a negative anomaly of geopotential height south of
50°N, while north of 50°N is a positive anomaly; however,
these features are not statistically significant.

The results of Linkin and Nigam (2008) show that the
variability of WP/NPO like pattern is significantly related to
the meridional movement of the Asia-Pacific jet and is modu-
lated by the storm track in the North Pacific, which is prob-
ably the result of transient eddy forcing. This means that, dur-
ing stable state of the KE, the WP/NPO like pattern may be
maintained by the interaction of the transient eddy and the
mean flow or transient eddy forcing in the atmosphere.

3.2. The response of the storm track

Many studies have demonstrated a significant correla-
tion between the storm track and the KE or WP teleconnec-
tion (Nakamura et al., 1987; Zhu and Sun, 2000). As shown
in Fig. 5,during the KE stable period, the storm track moved
northward, and the vigor of the storm track increased signific-
antly north of 40°N and over the northeast Pacific. During
the unstable period of the KE, the storm track moved south-
ward. We also found that, there were significant changes in
the weakening of storm track in different periods of KE
near the west coast of the North American continent. Over-
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all, the response of storm track demonstrates some asym-
metry. Anomalies along the storm track can usually provide
feedback to the atmospheric circulation, which is an import-
ant reason for maintaining the low-frequency modes of the
atmosphere. According to linear baroclinic theory, the
growth of storm track is often related to the baroclinicity in
the lower atmosphere. One commonly used measure of the
baroclinicity of the atmosphere is the maximum Eady
growth rate (Hoskins and Valdes, 1990):

o=—03152 (1)
N6 dy

In KE stable state, as shown in Fig.6, the synoptic meridi-
onal heat flux at 850 hPa has a consistent correspondence
with the lower atmospheric baroclinicity. The baroclinicity
north of 40°N in the western Pacific and Gulf of Alaska at
850 hPa increased significantly, but decreased south of
40°N, which may be related to the distribution of the SSTA
the horizontal temperature advection, or the ocean-contin-
ent thermal contrast. In fact, during the KE stable state,
except in the vicinity of SSTA, the exchange of heat flux
between ocean and atmosphere can cause the changes of atmo-
spheric low-level baroclinicity, we also find that the area
north of 50°N in the western Pacific and Gulf of Alaska
have cold temperature advection, which can cause the
enhancement of atmospheric baroclinicity to the south of

80N 1 1 I
60N
40N -
20N
120E  150E 180  150W  120W
T T T T T T T
-12 6 0 6 12
80N
60N -
40N -
2ON T T e
120E  150E 180 150W  120W
-06 O 0.6

Fig. 5. Composited storm track anomaly during the KE stable and unstable periods. (a) Composited storm track
anomaly vV at 250 hPa during the KE stable period and (b) unstable period (shaded, units: m? s-2), isoline is the
climatology of the storm track at 250 hPa [contour interval (CI), 10 m? s2]; (c¢) Composited storm track anomaly
VT’ at 850 hPa during the KE stable period and (d) unstable period (shaded, units: m s~! K). Statistically significant
differences at 90% according to the Student’s 7-test are stippled.
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Fig. 6. Baroclinicity (shaded, units: s') and storm track anomaly at 850 hPa (CI=0.4 m s~! k) during the KE stable
period and unstable period. (a) During the KE stable state; (b) During the KE unstable period. Statistically significant
differences at 90% according to the Student’s ¢-test are stippled.

the cold advection (figures not shown), this concept is consist-
ent with the research of (Sun et al.,, 2018). During the
unstable period of the KE, there is a strong baroclinicity to
the south of 40°N, which may also be related to the cooling
SSTA in the central Pacific Ocean during the unstable
period of the KE, thus forming a strong meridional temperat-
ure gradient near 30°N. The storm track at 850 hPa also has
a consistent correspondence with the lower atmospheric baro-
clinicity, as shown in Fig. 6. We also noticed a strong relation-
ship between the atmospheric baroclinicity and the synop-
tic meridional heat flux in the lower atmosphere, but the cor-
relation between the upper-level storm track and the low-
level baroclinicity is not significant. On one hand, baroclini-
city may be related to the downstream development along
the storm track. Dynamic storm track analysis shows that
baroclinic energy conversion does indeed correlate with the
region of maximum baroclinicity. It is further noted that it is
the downstream radiation of energy that serves as a trigger
for the development and maintenance of storm track (Chang
and Orlanski, 1993). On the other hand, the background atmo-
spheric state can also influence the intensity and distribu-
tion of upper-level storm track, which makes the baroclinic
region in lower atmosphere have poor correspondence with
the storm track in the upper atmosphere. Some studies show
that, the enhancement of the storm track in the presence of a
thermal anomaly in lower atmosphere is confined in the
lower troposphere and becomes much weaker in the upper tro-
posphere. Numerical experiments show that the response of
upper-level storm track to midlatitude SSTA exhibits great
yearly difference, which indicates that the storm track is
strongly affected by different background states (Taguchi et
al., 2009; O’Reilly and Czaja, 2015; Kuwano-Yoshida and
Minobe, 2017; Huang et al., 2020).

4. Efficient energy conversions

The WP/NPO like pattern can be regarded as a low fre-
quency mode on a timescale of a month to a season (Wal-
lace and Gutzler, 1981; Schubert, 1986). Many studies show
that a WP/NPO like pattern has a characteristic of a dynam-
ical mode that can maintain itself by efficient energy conver-

sion from the climatological-mean fields even in the
absence external forcing (Simmons et al., 1983; Schubert,
1986; Nakamura et al., 1987; Tanaka et al., 2016). The low-
frequency WP/NPO like pattern may be related to the baro-
tropic energy conversion from the climatological-mean state
and transformation of the available potential energy in the
background zonal mean flow into the low-frequency atmo-
spheric circulation anomaly (Kosaka and Nakamura, 2006;
Tanaka et al., 2016). To evaluate the contribution of energy
conversion to response of WP/NPO like pattern, the follow-
ing energy conversion was calculated (Hoskins and Karoly,
1981):

vi-u? (ou &y ou v
TE = ———|-uV| =+ = 2
2 ((9)5 8y) uv(6y+c')x)’ )
R oT oT
TP= —|-u'T' ——vVT —|. 3
pS,,( e Y 6y) 3)

Here, u, v are the zonal wind velocity and meridional wind
velocity, p is air pressure. x and y are represents zonal and
meridional distance. The overbar and prime represent the
climatological mean and monthly mean anomaly parts,
respectively, and when TE is positive, barotropic energy con-
version is extracted from the climatological-mean state to
the low frequency mode, and vice versa. When TP is posit-
ive, it is the available potential energy that is converted
from the climatological-mean state to the low-frequency
mode, and vice versa. We define the parameter,
S,=(R/P) [RT /PC,—(dT/ dp)], whose value is the climato-
logical mean; here, R is the specific dry air gas constant and
C, is the specific heat capacity at constant pressure. Figures 7
and 8 show the calculation of TE and TP, respectively. TE
is distributed in the north-south direction during the stable
period of KE. TE is weaker and has more negative values
between 40° and 60°N at 250 hPa, while it is stronger and
has more positive values south of 40°N. On the west coast
near the North American continent, there are positive anom-
alies of barotropic energy conversion on the north and south
sides, which may be related to the location of the climatic
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Fig. 7. Composited barotropic energy conversion TE (shaded, units: W m2), (a) composited barotropic energy
conversion at 250 hPa during the KE stable period, (b) composited barotropic energy conversion at 250 hPa
during the KE unstable period; (c) and (d) are the same as (a) and (b), but at 850 hPa. Statistically significant
differences at 90% according to the Student’s #-test are stippled.
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Fig. 8. Baroclinic energy conversion TP (shaded, units: W m2), (a) composited baroclinic energy conversion at
250 hPa during the KE stable period, (b) composited baroclinic energy conversion at 250 hPa during the KE
unstable period; (c) and (d) are the same is as (a) and (b), but at 850 hPa. Statistically significant differences at
90% according to the Student’s #-test are stippled.
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jet stream outlet (Tanaka et al., 2016; Okajima et al., 2018).
The spatial pattern of positive barotropic energy conversion
in the south and negative in the north weakens the response
of positive phase of WP/NPO like pattern. The distribution
of barotropic energy conversion at 850 hPa in the lower
layer basically corresponds to that in the upper layer, but it
is much weaker. It can be concluded that barotropic energy
conversion is not the main contributor to the positive phase
of the WP/NPO like pattern. While in the unstable period of
the KE, TE is positive north of 40°N and negative south of
40°N at 250 hPa, which contributes to the positive phase of
the WP/NPO like pattern. However, the positive anomaly
north of 40°N fails to demonstrate significance at the 90%
level, and the lower layer anomaly at 850 hPa corresponds
well to the upper layer. Therefore, it can be concluded that
the conversion of barotropic energy is one of the possible reas-
ons for the asymmetric response during the KE unstable
period. The calculation of baroclinic energy conversion dur-
ing the KE stable period, TP, as shown in Fig. 8, indicates
that the baroclinic energy transformation at 250 hPa in the
upper troposphere is very weak in the North Pacific, except
over Japan. However, there is a region of strong baroclinic
energy transformation near 40°N at 850 hPa, which contrib-
utes positively to the response of the positive phase of the
WP/NPO like pattern in the lower layer. During the negat-
ive phase of the KE, the baroclinic energy is negative in the
central and west Pacific, and its distribution seems to be sim-
ilar to the observed SSTA during the unstable state of the
KE. This is related to the formation of a relatively stable atmo-
spheric state under the influence of the cold SSTA in the
mid-Pacific during the KE unstable period. However, dur-
ing the KE stable period, the warm SSTA in the central
Pacific can usually favor an unstable atmospheric state (Shel-
don and Czaja, 2014).

S. Feedback of diabatic heating and transient
eddies

The analyses of barotropic and baroclinic energy conver-
sion show that barotropic energy conversion is not the main
contributor to the WP/NPO like pattern during the KE
stable period, but it makes a positive contribution to the asym-
metric response during the KE unstable period. The baro-
clinic energy transformation only contributes positively to
the lower troposphere during the KE stable period. There-
fore, in order to generate a significant atmospheric response
towards the WP/NPO like pattern within the relatively baro-
tropic environment observed during the KE stable period,
there must be other processes that play a major role. There
are usually two processes that allow the atmosphere to
respond to thermal anomalies in the lower layer. One is the
direct thermal response through diabatic heating, and the
other is the indirect transient eddy feedback (Lu et al.,
2014). Either diabatic processes in the atmosphere, thermal
forcing of the transient eddies or strong nonlinear forcing of
transient eddy dynamics, may be the main contributors to
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the response of the WP/NPO like pattern. In the mid-latit-
ude region, the expression of the quasi-geostrophic poten-
tial vorticity composed of the diabatic heating and transient
eddy forcing terms is given by Eq. (4) (Fang and Yang,
2016):

o228

o op\oy dp
—fi[i%)—fi T
op\o T op\or T

Among them, Qs the diabatic heating in wintertime climato-
logy, which is estimated by the thermodynamic equation
(Yanai and Tomita, 1998), o is the static stability para-
meter. @eddy is the mean transient eddy heating in winter,
and its expression is:

Qeagy =-V-Vi/'T' - + oW (5)

The prime represents the synoptic transient (2—8 days band-
pass filtered) and the overbar represents the wintertime clima-
tology. Feqqy is the forcing term of the transient eddy vorti-
city, and its expression is: chdy =-V T’(’ According to
Eq. (4), the successive over-relaxation (SOR) method is
used to further resolve the tendency of the geopotential
height caused by diabatic heating, transient eddy heating
and dynamic transient eddy forcing, as follows:
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During the KE stable period, as shown in Fig. 9, the dia-
batic heating term causes the negative geopotential height
anomaly north of 40°N and a positive one south of 40°N, pro-
ducing a negative geopotential height north of 40°N and posit-
ive geopotential height in the south, However, the mag-
nitude is relatively weak, which shows that the diabatic heat-
ing has little effect on maintaining the WP/NPO like pat-
tern. However, the feedback of transient eddy vorticity
presents a tripolar structure, and the magnitude is larger,
which is similar to the WP/NPO response, and it is very sim-
ilar to the aforementioned tripolar structure at 250 hPa using
the KEI regressed onto the geopotential height field as in
Révelard et al. (2016, 2018). From the distribution of the
storm track during the KE stable period, the dipole distribu-
tion forced by eddy vorticity in the East Pacific Ocean can
also be regarded as the blocking anomaly forced by the
storm track downstream of it. This implies that the synoptic
eddy forcing is an important contributor to the formation of
the dipole structure of the geopotential height anomaly (Holo-
painen and Fortelius, 1987; Nakamura and Wallace, 1993).
The anomaly of the geopotential height field formed by the
thermal feedback of transient eddy heating presents a north-
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Fig. 9. Feedback of diabatic heating and transient eddy to the
geopotential height anomaly field at 250 hPa during the KE
stable period (shaded, units: 103 m? s3), (a) feedback of
diabatic heating; (b) feedback of transient eddy vorticity; (c)
feedback of transient eddy heating. Statistically significant
differences at 90% according to the Student’s r-test are
stippled.

south distribution pattern, and the magnitude is also relat-
ively weak. The geopotential height field forced by transi-
ent eddy heating is strong north of 40°N, but relatively
weak south of 40°N. The transient eddy heat flux mainly
enhances the positive geopotential height anomaly in the
North-Central Pacific Ocean, but its magnitude is smaller
than that which is forced by the transient eddy vorticity. The
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feedback of diabatic heating and transient eddy heating tend
to offset one another, nearly canceling each other out in
terms of magnitude and sign. The distribution of diabatic heat-
ing and transient eddy feedback on latitude—altitude sec-
tions is shown in Fig. 10. The diabatic heating shows a cer-
tain baroclinic structure. Above 300 hPa and north of 40°N
there is a negative tendency of the geopotential height anom-
aly, while there is a positive geopotential height anomaly
below it. The feedback of transient eddy vorticity presents a
nearly uniform barotropic structure, and its maximum influ-
ence is exists between 200 and 300 hPa. There is a positive
tendency of geopotential height between 40° and 60°N, and
a negative tendency of geopotential height outside of this
region. The feedback of transient eddy heating seems to be
opposite to the distribution of feedback of diabatic heating.
In the range of 35° to 65°N, there is a clear positive tend-
ency of geopotential height above 400 hPa, but the mag-
nitude is still relatively small. Therefore, it can be con-
cluded that the feedback of transient eddy vorticity is the
main contributor towards maintaining the WP/NPO like pat-
tern with a barotropic structure.

During the unstable period of the KE, the SSTA is
almost symmetrical with that which is observed during the
stable period of the KE. However, the diabatic heating, feed-
back of transient eddy vorticity and feedback of transient
eddy heating do not show symmetrical distributions which
would be opposite to that in the KE stable period, as shown
in Fig. 11. The parameter that is most significant is the feed-
back of transient eddy vorticity (its magnitude is the
largest). As shown in Fig. 11(b), between 160° and 130°W
and between 50°—-60°N, the tendency of geopotential height
forced by transient eddy vorticity tends to be positive. There
are even significant positive anomalies in the Gulf of
Alaska and the western Pacific, off the coast of North Amer-
ica, this is consistent with the significant positive response
of geopotential height anomaly in this area. The feedback of
transient eddy vorticity is negative in the central Pacific
region south of 50°N. Feedback of transient eddy heating is
significant to the south compared with transient eddy heat-
ing in the KE stable period, and there is a significant posit-
ive anomaly mainly south of 40°N in the KE unstable
period. The feedback of diabatic heating is weaker than that
which is observed in the KE stable period, but the spatial dis-
tributions are generally consistent with that in the KE stable
period. The vertical distribution of diabatic heating and transi-
ent eddy feedback is shown in Fig. 12. The feedback of dia-
batic heating and transient eddy heating still shows a typ-
ical baroclinic structure, and the feedback of transient eddy
heating is distributed southward. The feedback of transient
eddy vorticity has obvious barotropic structure characterist-
ics and exerts a negative tendency upon the geopotential
height anomalies within the region from 40°N to 50°N,
while a positive anomaly occurs outside of this region..
Although the sign of this parameter is generally opposite to
that in the KE stable period, it is no longer significant at the
90% level, which may be the main reason for the asymmet-
ric response of the atmosphere during the KE unstable
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Fig. 10. Latitude—altitude sections of the feedback of geopotential
height anomaly field by diabatic heating and transient eddy during
the KE stable period averaged over 135°E—125°W (shaded, units:
1073 m? s73), (a) feedback of geopotential height field by diabatic
heating; (b) feedback of transient eddy vorticity flux; (c) feedback
of transient eddy heat flux to potential height field. Statistically
significant differences at 90% according to the Student’s 7-test are
stippled.
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Fig. 11. The same as Fig. 9, but shows the feedback of diabatic heating and transient eddy to the geopotential height anomaly
field at 250 hPa (shaded, units: 10-3 m2 s—3) during the KE instability.

period.

6. Conclusion and Discussion

In this paper, ERA-Interim reanalysis data are used to fur-
ther discuss the effects of nonlinear processes such as the
feedback of diabatic heating, transient eddy vorticity and tran-
sient eddy heating on the asymmetric response of atmo-
sphere to the symmetric SSTA in different periods of the
KE. The main conclusions are as follows:

(1) The SSTA formed by the KE during its stable and
unstable periods are symmetrical. During the stable period
of the KE, the SSTA in the central Pacific Ocean south of
40°N is warm, while the SSTA north of 40°N is cold. In the
unstable period of the KE, the distribution of the SSTA is
opposite that in the stable period.

(2) The response of the atmosphere to the symmetric
SSTA formed in different periods of the KE is asymmetric.
During the KE stable period, the response of the atmo-
sphere presents a WP/NPO like pattern, which manifests as
a barotropic structure. However, in the unstable period of
the KE, there is no significant symmetrical response of the
atmosphere.

(3) The barotropic energy conversion is not the main con-
tributor to the WP/NPO like pattern in the KE stable period.

The baroclinic energy conversion contributes to the
WP/NPO like pattern mainly in the lower layer. During the
unstable period of the KE, barotropic energy conversion
may contribute positively towards its asymmetric response.
The baroclinic energy conversion is still reflected in the
lower atmosphere, and there is a negative anomaly of baro-
clinic energy conversion in the central Pacific.

(4) The asymmetric response of transient eddy vorti-
city feedback provides the main contribution to the asymmet-
ric response of the atmosphere during different periods of
the KE. During the KE stable period, the feedback of transi-
ent eddy vorticity manifests as a significant WP/NPO like pat-
tern, which presents a barotropic structure. The feedback of
transient eddy heating and the feedback of diabatic heating
show a certain baroclinic structure, and their distributions
roughly cancel each other. During the KE unstable period,
the feedback of transient eddy vorticity is not opposite to
that observed during the KE stable period and is found to be
significant in the Gulf of Alaska and western Pacific (off
the coast of North America) regions, which is consistent
with the significant response of the geopotential height anom-
aly observed in that area.

These findings suggest that the asymmetric atmo-
spheric response is caused by the asymmetry of the
response of transient eddy vorticity and that there may be
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Fig. 12. The same as Fig. 10, but shows latitude—altitude sections
averaged over 135°E—125°W) (shaded, units: 103 m2 s73) of the
feedback of diabatic heating and transient eddy to the geopotential
height anomaly field during the KE instability.
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many other reasons that affect the asymmetric feedback of
transient eddy vorticity. Many studies have shown that the dif-
ferent background atmospheric state may be one of the reas-
ons that affect its asymmetric feedback. Based on numer-
ical simulation experiments, Peng et al. (1997) first studied
the response of the model to the warm SSTA in the North
Pacific under different climatic conditions, and found that
the different atmospheric background states during differ-
ent months result in the different responses. There are also
many subsequent studies that show the important influence
of the background atmospheric state on eddy feedback (Kush-
nir et al., 2002; Thomson and Vallis, 2018; Huang et al.,
2020). With different background states, the transient eddy
response to SSTA can exhibit divergent response. For
example, a strong background westerly jet is beneficial to
the enhanced synoptic eddies that propagate toward the jet
core and thus strong eddy-mean flow interaction occurs.
However, a weak background atmospheric jet may confine
the eddy activity in the lower atmosphere, thus decoupling
its effect upon the upper troposphere (Lee and Kim, 2003;
Nie et al., 2016; Huang et al., 2020). In this paper, compos-
ite analysis was conducted based on KEI. Aside from the
influence of a baroclinicity anomaly in the lower atmo-
sphere upon transient eddies, the difference of background
atmospheric states interacting with the variable states of the
KE may also be one of the possible reasons for the asymmet-
ric feedback of transient eddy vorticity. In our next study,
we will continue to design numerical sensitivity experi-
ments designed to further discuss the forcing of the symmet-
ric SSTA during different periods of the KE on the atmo-
sphere and verify the conclusions using the reanalysis data.

Acknowledgements. We thank Prof. Bo QIU of University
of Hawaii and Dr. Gongjie WANG for providing the Kuroshio
Extension Index. We also thank two anonymous reviewers and edit-
ors for their insightful comments, which greatly improved the qual-
ity of this manuscript. This research was supported by the National
Natural Science Foundation of China (Grant No. 41490642).

REFERENCES

Alexander, M. A., 1. Bladé, M. Newman, J. R. Lanzante, N.-C.
Lau, and J. D. Scott, 2002: The atmospheric bridge: The influ-
ence of ENSO teleconnections on air-sea interaction over
the global oceans. J. Climate, 15, 2205-2231, https://doi.org/
10.1175/1520-0442(2002)015<2205:TABTIO>2.0.CO;2.

Chang, E. K. M., and Orlanski, I, 1993: On the dynamics of a
storm track. J. Atmos. Sci., 50(7), 999-1015, https://doi.org/
10.1175/1520-0469(1993)050<0999:0OTDOAS>2.0.CO;2.

Deser, C., R. A. Tomas, and S. L. Peng, 2007: The transient atmo-
spheric circulation response to North Atlantic SST and sea
ice anomalies. J. Climate, 20, 4751-4767, https://doi.org/10.
1175/JCLI4278.1.

Deser, C., G. Magnusdottir, R. Saravanan, and A. Phillips, 2004:
The effects of North Atlantic SST and sea ice anomalies on
the winter circulation in CCM3. Part II: Direct and indirect
components of the response. J. Climate, 17, 877-889,
https://doi.org/10.1175/1520-0442(2004)017<0877:TEO-

ZHANG ET AL. 797

NAS>2.0.CO;2.

Ducet, N., P. Y. Le Traon, and G. Reverdin, 2000: Global high-res-
olution mapping of ocean circulation from TOPEX/Pos-
eidon and ERS-1 and -2. J. Geophys. Res., 105,
19477-19498, https://doi.org/10.1029/2000JC900063.

Fang, J. B, and X. Q. Yang, 2016: Structure and dynamics of
decadal anomalies in the wintertime midlatitude North
Pacific ocean-atmosphere system. Climate Dyn., 47(5-6),
1989-2007, https://doi.org/10.1007/s00382-015-2946-x.

Frankignoul, C., N. Sennéchael, Y.-O. Kwon, and M. A. Alexan-
der, 2011: Influence of the meridional shifts of the Kur-
oshio and the Oyashio Extensions on the atmospheric circula-
tion. J. Climate, 24, 762-777, https://doi.org/10.1175/2010
JCLI3731.1.

Gan, B. L., and L. X. Wu, 2013: Seasonal and long-term coup-
ling between wintertime storm tracks and sea surface temperat-
ure in the North Pacific. J. Climate, 26, 6123-6136,
https://doi.org/10.1175/JCLI-D-12-00724.1.

Holopainen, E., and C. Fortelius, 1987: High-frequency transient
eddies and blocking. J. Ammos. Sci., 44, 1632-1645,
https://doi.org/10.1175/1520-0469(1987)044<1632:HFTEAB>
2.0.CO;2.

Hoskins, B. J., and D. J. Karoly, 1981: The steady linear response
of a spherical atmosphere to thermal and orographic forcing.
J. Atmos. Sci., 38(6), 1179-1196, https://doi.org/10.1175/
1520-0469(1981)038<1179:TSLROA>2.0.CO;2.

Hoskins BJ, Valdes PJ., 1990: On the existence of storm-tracks. J
Atmos Sci, 47, 1854-1864, https://doi.org/10.1175/1520-
0469(1990)047<1854:0TEOST>2.0.CO;2.

Huang, J., Y. Zhang, X.-Q. Yang, X. J. Ren, and H. Hu, 2020:
Impacts of North Pacific subtropical and Subarctic Oceanic
frontal zones on the wintertime atmospheric large-scale circu-
lations. J. Climate, 33, 1897-1914, https://doi.org/10.1175/
JCLI-D-19-0308.1.

Joyce, T. M., Y.-O. Kwon, and L. S. Yu, 2009: On the relation-
ship between synoptic wintertime atmospheric variability
and path shifts in the Gulf Stream and the Kuroshio Exten-
sion. J. Climate, 22, 3177-3192, https://doi.org/10.1175/
2008JCLI2690.1.

Kosaka, Y., and H. Nakamura, 2006: Structure and dynamics of
the summertime Pacific-Japan teleconnection pattern. Quart.
J. Roy. Meteor. Soc.,132,2009-2030, https://doi.org/10.1256/
qj.05.204.

Kushnir, Y., and N. C. Lau, 1992: The general circulation model
response to a north pacific SST anomaly: Dependence on
time scale and pattern polarity. J. Climate, S, 271-283,
https://doi.org/10.1175/1520-0442(1992)005<0271: TGCMRT>
2.0.CO;2.

Kushnir, Y., W. A. Robinson, I. Bladé, N. M. J. Hall, S. Peng,
and R. Sutton, 2002: Atmospheric GCM response to extratrop-
ical SST anomalies: Synthesis and evaluation. J. Climate,
15, 2233-2256, https://doi.org/10.1175/1520-0442(2002)
015<2233:AGRTES>2.0.CO;2.

Kwon, Y.-O., and T. M. Joyce, 2013: Northern Hemisphere
winter atmospheric transient eddy heat fluxes and the Gulf
Stream and Kuroshio-Oyashio Extension variability. J. Cli-
mate, 26, 9839-9859, https://doi.org/10.1175/JCLI-D-12-
00647.1.

Kuwano-Yoshida, A., and S. Minobe, 2017: Storm-track
response to SST fronts in the northwestern Pacific region in
an AGCM. J. Climate, 30, 1081-1102, https://doi.org/10.
1175/JCLI-D-16-0331.1.


https://doi.org/10.1175/1520-0442(2002)015%3C2205:TABTIO%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C2205:TABTIO%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050%3C0999:OTDOAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050%3C0999:OTDOAS%3E2.0.CO;2
https://doi.org/10.1175/JCLI4278.1
https://doi.org/10.1175/JCLI4278.1
https://doi.org/10.1175/1520-0442(2004)017%3C0877:TEONAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C0877:TEONAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C0877:TEONAS%3E2.0.CO;2
https://doi.org/10.1029/2000JC900063
https://doi.org/10.1007/s00382-015-2946-x
https://doi.org/10.1175/2010JCLI3731.1
https://doi.org/10.1175/2010JCLI3731.1
https://doi.org/10.1175/JCLI-D-12-00724.1
https://doi.org/10.1175/1520-0469(1987)044%3C1632:HFTEAB%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044%3C1632:HFTEAB%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1981)038%3C1179:TSLROA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1981)038%3C1179:TSLROA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047%3C1854:OTEOST%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047%3C1854:OTEOST%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-19-0308.1
https://doi.org/10.1175/JCLI-D-19-0308.1
https://doi.org/10.1175/2008JCLI2690.1
https://doi.org/10.1175/2008JCLI2690.1
https://doi.org/10.1256/qj.05.204
https://doi.org/10.1256/qj.05.204
https://doi.org/10.1175/1520-0442(1992)005%3C0271:TGCMRT%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1992)005%3C0271:TGCMRT%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C2233:AGRTES%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C2233:AGRTES%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-12-00647.1
https://doi.org/10.1175/JCLI-D-12-00647.1
https://doi.org/10.1175/JCLI-D-16-0331.1
https://doi.org/10.1175/JCLI-D-16-0331.1
https://doi.org/10.1175/1520-0442(2002)015%3C2205:TABTIO%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C2205:TABTIO%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050%3C0999:OTDOAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050%3C0999:OTDOAS%3E2.0.CO;2
https://doi.org/10.1175/JCLI4278.1
https://doi.org/10.1175/JCLI4278.1
https://doi.org/10.1175/1520-0442(2004)017%3C0877:TEONAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C0877:TEONAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C0877:TEONAS%3E2.0.CO;2
https://doi.org/10.1029/2000JC900063
https://doi.org/10.1007/s00382-015-2946-x
https://doi.org/10.1175/2010JCLI3731.1
https://doi.org/10.1175/2010JCLI3731.1
https://doi.org/10.1175/JCLI-D-12-00724.1
https://doi.org/10.1175/1520-0469(1987)044%3C1632:HFTEAB%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044%3C1632:HFTEAB%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1981)038%3C1179:TSLROA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1981)038%3C1179:TSLROA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047%3C1854:OTEOST%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047%3C1854:OTEOST%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-19-0308.1
https://doi.org/10.1175/JCLI-D-19-0308.1
https://doi.org/10.1175/2008JCLI2690.1
https://doi.org/10.1175/2008JCLI2690.1
https://doi.org/10.1256/qj.05.204
https://doi.org/10.1256/qj.05.204
https://doi.org/10.1175/1520-0442(1992)005%3C0271:TGCMRT%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1992)005%3C0271:TGCMRT%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C2233:AGRTES%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C2233:AGRTES%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-12-00647.1
https://doi.org/10.1175/JCLI-D-12-00647.1
https://doi.org/10.1175/JCLI-D-16-0331.1
https://doi.org/10.1175/JCLI-D-16-0331.1

798 THE ASYMMETRIC RESPONSE TO KUROSHIO EXTENSION

Lau, N.-C., and M. J. Nath, 1991: Variability of the baroclinic
and barotropic transient eddy forcing associated with
monthly changes in the midlatitude storm tracks. J. Afmos.
Sci., 48, 2589-2613, https://doi.org/10.1175/1520-0469
(1991)048<2589:VOTBAB>2.0.CO;2.

Lee, E., Y. Noh, B. Qiu, and S.-W. Yeh, 2015: Seasonal vari-
ation of the upper ocean responding to surface heating in the
North  Pacific. J. Geophys. Res., 120, 5631-5647,
https://doi.org/10.1002/2015JC010800.

Lee, S., and H.-K. Kim, 2003: The dynamical relationship
between subtropical and eddy-driven jets. J. Afmos. Sci., 60,
1490-1503,  https://doi.org/10.1175/1520-0469(2003)060
<1490:TDRBSA>2.0.CO;2.

Linkin, M. E., and S. Nigam, 2008: The North Pacific Oscilla-
tion-West Pacific teleconnection pattern: Mature-phase struc-
ture and winter impacts. J. Climate, 21, 1979-1997,
https://doi.org/10.1175/2007JCLI2048.1.

Liu, W. T., and X. S. Xie, 2008: Ocean-atmosphere momentum
coupling in the Kuroshio extension observed from space.
Journal of Oceanography, 64(4), 631-637, https://doi.org/
10.1007/s10872-008-0053-x.

Lu,J.,L.T.Sun, Y. T. Wu, and G. Chen, 2014: The role of subtrop-
ical irreversible PV mixing in the zonal mean circulation
response to global warming-like thermal forcing. J. Climate,
27, 2297-2316, https://doi.org/10.1175/JCLI-D-13-00372.1.

Masunaga, R., H. Nakamura, T. Miyasaka, K. Nishii, and B. Qiu,
2016: Interannual modulations of oceanic imprints on the win-
tertime atmospheric boundary layer under the changing
dynamical regimes of the Kuroshio extension. J. Climate,
29, 3273-3296, https://doi.org/10.1175/JCLI-D-15-0545.1.

Nakamura, H., and J. M. Wallace, 1993: Synoptic behavior of baro-
clinic eddies during the blocking onset. Mon. Wea. Rev.,
121, 1892-1903, https://doi.org/10.1175/1520-0493(1993)
121<1892:SBOBED>2.0.CO:;2.

Nakamura, H., M. Tanaka, and J. M. Wallace, 1987: Horizontal
structure and energetics of Northern Hemisphere wintertime
teleconnection patterns. J. Atmos. Sci., 44, 3377-3391,
https://doi.org/10.1175/1520-0469(1987)044<3377:HSAEON>
2.0.CO;2.

Nie, Y., Y. Zhang, G. Chen, and X. Q. Yang, 2016: Delineating
the barotropic and baroclinic mechanisms in the midlatitude
eddy-driven jet response to lower-tropospheric thermal for-
cing. J. Atmos. Sci., 73(1), 429-448, https://doi.org/10.1175/
JAS-D-15-0090.1.

Okajima, S., H. Nakamura, K. Nishii, T. Miyasaka, A. Kuwano-
Yoshida, B. Taguchi, M. Mori, and Y. Kosaka, 2018: Mechan-
isms for the maintenance of the wintertime basin-scale atmo-
spheric response to decadal SST variability in the north
pacific subarctic frontal zone. J. Climate, 31, 297-315,
https://doi.org/10.1175/JCLI-D-17-0200.1.

O’Reilly, C. H., and A. Czaja, 2015: The response of the Pacific
storm track and atmospheric circulation to Kuroshio Exten-
sion variability. Quart. J. Roy. Meteor. Soc., 141, 52-66,
https://doi.org/10.1002/qj.2334.

Peng, S., A. Mysak, H. Ritchie, J. Derome, and B. Dugas, 1995:
The difference between Early and middle winter atmo-
spheric response to sea surface temperature anomalies in the
northwest Atlantic. J. Climate, 8, 137-157, https://doi.org/
10.1175/1520-0442(1995)008<0137: TDBEAM>2.0.CO;2.

Peng, S.-L., W. A. Robinson, and M. P. Hoerling, 1997: The
modeled atmospheric response to midlatitude SST anom-
alies and its dependence on background circulation states. J.

VOLUME 38

Climate, 10(5), 971-987, https://doi.org/10.1175/1520-
0442(1997)010<0971: TMARTM>2.0.CO;2.

Peng, S. L., and J. S. Whitaker, 1999: Mechanisms determining
the atmospheric response to midlatitude SST anomalies. J.
Climate, 12, 1393-1408, https://doi.org/10.1175/1520-0442
(1999)012<1393:MDTART>2.0.CO;2.

Révelard, A., C. Frankignoul, N. Sennéchael, Y. O. Kwon, and
B. Qiu, 2016: Influence of the decadal variability of the Kur-
oshio extension on the atmospheric circulation in the cold sea-
son. J. Climate, 29(6), 2123-2144, https://doi.org/10.1175/
JCLI-D-15-0511.1.

Qiu, B., S. M. Chen, N. Schneider, and B. Taguchi, 2014: A
coupled decadal prediction of the dynamic state of the Kur-
oshio Extension system. Journal of Climate, 27(4),
1751-1764, https://doi.org/10.1175/JCLI-D-13-00318.1.

Révelard, A., C. Frankignoul, and Y. O. Kwon, 2018: A multivari-
ate estimate of the cold season atmospheric response to
north pacific SST variability. J. Climate, 31, 2771-2796,
https://doi.org/10.1175/JCLI-D-17-0061.1.

Schubert, S. D., 1986: The structure, energetics and evolution of
the dominant frequency-dependent three-dimensional atmo-
spheric modes. J. Atmos. Sci., 43, 1210-1237, https://doi.org/
10.1175/1520-0469(1986)043<1210: TSEAEO>2.0.CO;2.

Sheldon, L., and A. Czaja, 2014: Seasonal and interannual variabil-
ity of an index of deep atmospheric convection over west-
ern boundary currents. Quart. J. Roy. Meteor. Soc., 140,
22-30, https://doi.org/10.1002/gj.2103.

Simmons, A. J., J. M. Wallace, and G. W. Branstator, 1983: Baro-
tropic wave propagation and instability, and atmospheric tele-
connection patterns. J. Atmos. Sci., 40, 1363-1392,
https://doi.org/10.1175/1520-0469(1983)040<1363:BWPAIA>
2.0.CO;2.

Smirnov, D., M. Newman, M. A. Alexander, Y.-O. Kwon, and C.
Frankignoul, 2015: Investigating the local atmospheric
response to a realistic shift in the Oyashio sea surface temper-
ature front. J. Climate, 28, 1126—1147, https://doi.org/10.
1175/JCLI-D-14-00285.1.

Sun, X., L. Tao, and X.-Q. Yang, 2018: The influence of oceanic
stochastic forcing on the atmospheric response to midlatit-
ude North Pacific SST anomalies. Geophysical Research Let-
ters, 45(17), 9297-9304, https://doi.org/10.1029/2018GLO78
860.

Taguchi, B., H. Nakamura, M. Nonaka, and S.-P. Xie, 2009: Influ-
ences of the Kuroshio/Oyashio Extensions on air-sea heat
exchanges and storm-track activity as revealed in regional
atmospheric model simulations for the 2003/04 cold season.
J. Climate, 22, 6536—6560, https://doi.org/10.1175/2009JCLI
2910.1.

Taguchi, B., H. Nakamura, M. Nonaka, N. Komori, A. Kuwano-
Yoshida, K. Takaya, and A. Goto, 2011: Seasonal evolu-
tions of atmospheric response to decadal SST anomalies in
the north pacific subarctic frontal zone: Observations and a
coupled model simulation. J. Climate, 25(1), 111-139,
https://doi.org/10.1175/JCLI-D-11-00046.1.

Tan, X., M. Bao, and X. J. Ren, 2019: Energetics of the western
hemisphere circulation pattern. J. Climate, 32(22),
7857-7870, https://doi.org/10.1175/JCLI-D-19-0211.1.

Tanaka, S., K. Nishii, and H. Nakamura, 2016: Vertical structure
and energetics of the western pacific teleconnection pattern.
J. Climate, 29, 6597-6616, https://doi.org/10.1175/JCLI-D-
15-0549.1.

Tao, L. F., X. G. Sun, and X.-Q. Yang, 2019: The asymmetric


https://doi.org/10.1175/1520-0469(1991)048%3C2589:VOTBAB%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1991)048%3C2589:VOTBAB%3E2.0.CO;2
https://doi.org/10.1002/2015JC010800
https://doi.org/10.1175/1520-0469(2003)060%3C1490:TDRBSA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060%3C1490:TDRBSA%3E2.0.CO;2
https://doi.org/10.1175/2007JCLI2048.1
https://doi.org/10.1007/s10872-008-0053-x
https://doi.org/10.1007/s10872-008-0053-x
https://doi.org/10.1175/JCLI-D-13-00372.1
https://doi.org/10.1175/JCLI-D-15-0545.1
https://doi.org/10.1175/1520-0493(1993)121%3C1892:SBOBED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1993)121%3C1892:SBOBED%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044%3C3377:HSAEON%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044%3C3377:HSAEON%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-15-0090.1
https://doi.org/10.1175/JAS-D-15-0090.1
https://doi.org/10.1175/JCLI-D-17-0200.1
https://doi.org/10.1002/qj.2334
https://doi.org/10.1175/1520-0442(1995)008%3C0137:TDBEAM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1995)008%3C0137:TDBEAM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1997)010%3C0971:TMARTM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1997)010%3C0971:TMARTM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1393:MDTART%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1393:MDTART%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1175/JCLI-D-13-00318.1
https://doi.org/10.1175/JCLI-D-17-0061.1
https://doi.org/10.1175/1520-0469(1986)043%3C1210:TSEAEO%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1986)043%3C1210:TSEAEO%3E2.0.CO;2
https://doi.org/10.1002/qj.2103
https://doi.org/10.1175/1520-0469(1983)040%3C1363:BWPAIA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040%3C1363:BWPAIA%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00285.1
https://doi.org/10.1175/JCLI-D-14-00285.1
https://doi.org/10.1029/2018GL078860
https://doi.org/10.1029/2018GL078860
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1175/JCLI-D-11-00046.1
https://doi.org/10.1175/JCLI-D-19-0211.1
https://doi.org/10.1175/JCLI-D-15-0549.1
https://doi.org/10.1175/JCLI-D-15-0549.1
https://doi.org/10.1175/1520-0469(1991)048%3C2589:VOTBAB%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1991)048%3C2589:VOTBAB%3E2.0.CO;2
https://doi.org/10.1002/2015JC010800
https://doi.org/10.1175/1520-0469(2003)060%3C1490:TDRBSA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060%3C1490:TDRBSA%3E2.0.CO;2
https://doi.org/10.1175/2007JCLI2048.1
https://doi.org/10.1007/s10872-008-0053-x
https://doi.org/10.1007/s10872-008-0053-x
https://doi.org/10.1175/JCLI-D-13-00372.1
https://doi.org/10.1175/JCLI-D-15-0545.1
https://doi.org/10.1175/1520-0493(1993)121%3C1892:SBOBED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1993)121%3C1892:SBOBED%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044%3C3377:HSAEON%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044%3C3377:HSAEON%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-15-0090.1
https://doi.org/10.1175/JAS-D-15-0090.1
https://doi.org/10.1175/JCLI-D-17-0200.1
https://doi.org/10.1002/qj.2334
https://doi.org/10.1175/1520-0442(1995)008%3C0137:TDBEAM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1995)008%3C0137:TDBEAM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1997)010%3C0971:TMARTM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1997)010%3C0971:TMARTM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1393:MDTART%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C1393:MDTART%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1175/JCLI-D-15-0511.1
https://doi.org/10.1175/JCLI-D-13-00318.1
https://doi.org/10.1175/JCLI-D-17-0061.1
https://doi.org/10.1175/1520-0469(1986)043%3C1210:TSEAEO%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1986)043%3C1210:TSEAEO%3E2.0.CO;2
https://doi.org/10.1002/qj.2103
https://doi.org/10.1175/1520-0469(1983)040%3C1363:BWPAIA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040%3C1363:BWPAIA%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00285.1
https://doi.org/10.1175/JCLI-D-14-00285.1
https://doi.org/10.1029/2018GL078860
https://doi.org/10.1029/2018GL078860
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1175/2009JCLI2910.1
https://doi.org/10.1175/JCLI-D-11-00046.1
https://doi.org/10.1175/JCLI-D-19-0211.1
https://doi.org/10.1175/JCLI-D-15-0549.1
https://doi.org/10.1175/JCLI-D-15-0549.1

MAY 2021

atmospheric response to the midlatitude north pacific SST
anomalies. J. Geophys. Res., 124(16), 9222-9240,
https://doi.org/10.1029/2019JD030500.

Thomson, S. L., and G. K. Vallis, 2018: Atmospheric response to
SST anomalies. Part I: Background-state dependence, telecon-
nections, and local effects in winter. J. Atmos. Sci., 75,
4107-4124, https://doi.org/10.1175/JAS-D-17-0297.1.

Wallace, J. M., and D. S. Gutzler, 1981: Teleconnections in the geo-
potential height field during the Northern Hemisphere
winter. Mon. Wea. Rev., 109, 784—812, https://doi.org/10.
1175/1520-0493(1981)109<0784:TITGHF>2.0.CO;2.

Wang, Y. H., and W. T. Liu, 2015: Observational evidence of
frontal-scale atmospheric responses to Kuroshio extension
variability. J. Climate, 28(23), 9459-9472, https://doi.org/
10.1175/JCLI-D-14-00829.1.

ZHANG ET AL. 799

Yanai, M., and T. Tomita, 1998: Seasonal and interannual variabil-
ity of atmospheric heat sources and moisture sinks as determ-
ined from NCEP-NCAR reanalysis. J. Climate, 11,
463-482, https://doi.org/10.1175/1520-0442(1998)011<04
63:SAIVOA>2.0.CO:;2.

Yang, Y., and X. San Liang, 2018: On the seasonal eddy variabil-
ity in the Kuroshio extension. J. Phys. Oceanogr., 48,
1675-1689, https://doi.org/10.1175/JPO-D-18-0058.1.

Zhu, W. J., and Z. B. Sun, 2000: Interannual variability of north-
ern winter pacific storm track and its association with 500
hPa height and tropical and northern pacific sea surface tem-
perature. Acta Meteorologica Sinica, 58(3), 309-320,
https://doi.org/10.3321/].issn:0577-6619.2000.03.006.  (in
Chinese with English abstract)


https://doi.org/10.1029/2019JD030500
https://doi.org/10.1175/JAS-D-17-0297.1
https://doi.org/10.1175/1520-0493(1981)109%3C0784:TITGHF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3C0784:TITGHF%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00829.1
https://doi.org/10.1175/JCLI-D-14-00829.1
https://doi.org/10.1175/1520-0442(1998)011%3C0463:SAIVOA%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1998)011%3C0463:SAIVOA%3E2.0.CO;2
https://doi.org/10.1175/JPO-D-18-0058.1
https://doi.org/10.3321/j.issn:0577-6619.2000.03.006
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1175/JAS-D-17-0297.1
https://doi.org/10.1175/1520-0493(1981)109%3C0784:TITGHF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3C0784:TITGHF%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00829.1
https://doi.org/10.1175/JCLI-D-14-00829.1
https://doi.org/10.1175/1520-0442(1998)011%3C0463:SAIVOA%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1998)011%3C0463:SAIVOA%3E2.0.CO;2
https://doi.org/10.1175/JPO-D-18-0058.1
https://doi.org/10.3321/j.issn:0577-6619.2000.03.006
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1175/JAS-D-17-0297.1
https://doi.org/10.1175/1520-0493(1981)109%3C0784:TITGHF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3C0784:TITGHF%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00829.1
https://doi.org/10.1175/JCLI-D-14-00829.1
https://doi.org/10.1029/2019JD030500
https://doi.org/10.1175/JAS-D-17-0297.1
https://doi.org/10.1175/1520-0493(1981)109%3C0784:TITGHF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3C0784:TITGHF%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00829.1
https://doi.org/10.1175/JCLI-D-14-00829.1
https://doi.org/10.1175/1520-0442(1998)011%3C0463:SAIVOA%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1998)011%3C0463:SAIVOA%3E2.0.CO;2
https://doi.org/10.1175/JPO-D-18-0058.1
https://doi.org/10.3321/j.issn:0577-6619.2000.03.006
https://doi.org/10.1175/1520-0442(1998)011%3C0463:SAIVOA%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1998)011%3C0463:SAIVOA%3E2.0.CO;2
https://doi.org/10.1175/JPO-D-18-0058.1
https://doi.org/10.3321/j.issn:0577-6619.2000.03.006

	1 Introduction
	2 Data and Methods
	2.1 Data
	2.2 Method

	3 Results of composite analysis
	3.1 The response of geopotential height
	3.2 The response of the storm track

	4 Efficient energy conversions
	5 Feedback of diabatic heating and transient eddies
	6 Conclusion and Discussion

