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ABSTRACT: The Kuroshio Extension (KE) system has been observed to experience a decadal cycle between dynamically
stable and unstable states. However, divergent conclusions on its interaction with the atmosphere obfuscate the understand-
ing of its oscillatory nature at the preferred decadal time scale. Here, using satellite observations and the ERA-Interim rean-
alysis in 2002-16, physical process-oriented diagnoses suggest that the wintertime finer-scale thermodynamic response to
mesoscale oceanic surface conditions and slow oceanic Rossby wave adjustment frame a coupled ocean—atmosphere delayed
oscillator for the decadal KE variability. During the stable state of the KE system, the downstream KE transition region is
rich in mesoscale oceanic warming associated with warm eddies, which induces surface wind convergence and upward mo-
tion, probably via the enhanced turbulent mixing. Meanwhile, increased finer-scale diabatic heating in the lower troposphere
with abundant moisture supply from warmer water likely facilitates the deep-reaching updraft that adiabatically cools the
middle troposphere. The background northwesterly wind helps to spread out the cooling, leading to southward deflection of
local atmospheric eddy available potential energy (EAPE) production by baroclinic conversion. Consequently, the synoptic
eddy activity displaces southward across the basin with additional energy supply from the increased diabatic production of
EAPE downstream. Anomalous synoptic eddy thermal and vorticity forcing eventually fosters the basin-scale equivalent-
barotropic cyclonic circulation anomaly, which is further maintained by energy conversion from the background state. The re-
sultant wind-driven negative sea surface height anomalies propagate westward into the upstream KE region with a delay of
~4 years and can trigger the unstable state of the KE system.
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1. Introduction fronts, which regulate the large-scale atmospheric circulation
and help in shaping mode waters that preserve climate memory
in the ocean interior (e.g., Nakamura et al. 2004; Oka and Qiu
2012; Kida et al. 2015; Yu et al. 2020).

It has long been recognized that the KE system exhibits
pronounced decadal modulations between the stable and
unstable dynamic states (e.g., Qiu and Chen 2005; Taguchi
et al. 2007; Ceballos et al. 2009; Sasaki et al. 2013; Pierini
2014; Yang et al. 2018). When the KE system is in the stable
state, the jet path is relatively shortened and less convoluted
(Y. Seo et al. 2014), and both the KE jet and southern recir-
culation gyre are stronger than normal. Meanwhile, ocean
eddy activity tends to be subdued in the upstream (west of
153°E) but vigorous in the downstream region. Correspond-

Denotes content that is immediately available upon publica- ~ 1ngly, cold SST anomalies are confined to the upstream north
tion as open access. of the KE jet, whereas warm anomalies cover the downstream
region (Qiu et al. 2017; Yang et al. 2018). The reverse holds
when the KE system switches to the unstable state. Since
the start of the satellite altimetry era in 1993, the KE system
has been observed to experience two stable and unstable
Corresponding author: Bolan Gan, gbl0203@ouc.edu.cn cycles. This decadal variability is of great importance to

The Kuroshio Extension (KE), as a strong eastward inertial
jet after the departure of the Kuroshio from the coast of Japan,
is well known for being a complex dynamic system abundant
with submesoscale motions, mesoscale eddies, and large mean-
ders (e.g., Mizuno and White 1983; Qiu et al. 1991; Yasuda 2003;
Qiu and Chen 2005; Taguchi et al. 2010; Xu et al. 2016; Su et al.
2018). The KE region is also a hot spot for ocean—atmosphere
interactions at weather and climate scales (Kwon et al. 2010;
Kelly et al. 2010; Czaja et al. 2019). Enormous heat and moisture
supplies from warm KE fuel intense storms and atmospheric
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local biogeochemistry, marine ecosystems, and basin-scale
climate variability (e.g., Kwon et al. 2010; Qiu and Chen
2011; Nishikawa et al. 2011; Oka et al. 2015, 2019; Joh and
Di Lorenzo 2019).

The satellite-observed decadal variability of the KE system
is suggested to be associated with wind stress curl variability in
the central North Pacific, which drives westward propagation
of sea surface height (SSH) anomalies as baroclinic Rossby
waves (e.g., Qiu and Chen 2005, 2010; Ceballos et al. 2009;
Nonaka et al. 2020) and/or triggers oceanic intrinsic processes
that reorganize SSH variability in space (e.g., Taguchi et al.
2007; Sasaki et al. 2013; Pierini 2014). Regarding the relative
importance of locally oceanic intrinsic variability and remotely
wind-driven variability, Nonaka et al. (2020) suggested that
variations of the KE jet speed and the downstream eddy activ-
ity on the decadal time scale are largely wind-driven, whereas
on the interannual time scale the intrinsic variability takes
charge. The decadal change in basinwide wind forcing was sug-
gested to stem from the Pacific decadal oscillation (PDO; e.g.,
Qiu and Chen 2005, 2010) or the North Pacific Gyre Oscilla-
tion (NPGO; e.g., Ceballos et al. 2009; Pierini 2014; Yang et al.
2017), which are two dominant modes of low-frequency cli-
mate variability in the North Pacific. However, the PDO and
NPGO are linearly correlated to a large extent since the cli-
mate regime shift in 1976-77, with r = —0.53 (—0.64) between
the monthly PDO and NPGO indices during 1979-2018
(1992-2018) after a 13-month running mean, and this obscures
the importance of the PDO- versus NPGO-related wind forc-
ing. In fact, the decadal cycle (~10 yr) of the KE system did
not fit to a ~20-yr oscillation of PDO/NPGO and their lead—
lag relationship exhibits an oscillatory feature, hinting that the
coupled ocean—atmosphere oscillation likely makes the KE
system variations preferred at the decadal time scale. Qiu et al.
(2007) demonstrated that the idealized model cannot repro-
duce the observed decadal spectral peak of sea surface tem-
perature (SST) in the KE region without taking into account
the SST feedback to wind stress curl.

In the framework of coupled ocean—atmosphere oscillation,
a delayed negative feedback mechanism favoring decadal tran-
sition of the KE system from stable to unstable state lies in the
positive wind stress curl response over the central-to-eastern
basin (Qiu et al. 2014; Joh and Di Lorenzo 2019). However, a
fundamental issue remains on how atmosphere remotely re-
sponds to the decadal KE variations, since there has been dis-
crepancy in the atmospheric responding patterns across previous
statistical studies. For instance, a northward shift of the KE sub-
surface thermal front was suggested to be followed by weak sur-
face low anomaly over the KE region and strong surface high
anomaly over the Bering Sea, akin to the North Pacific Oscilla-
tion pattern (Frankignoul et al. 2011), as well as decreased syn-
optic eddy heat flux over the North Pacific (Kwon and Joyce
2013). However, O’Reilly and Czaja (2015) reported that when
the KE jet is accelerated and shifts northward, a stronger KE
SST front is associated with a zonal shift of synoptic eddy heat
flux (increase/decrease in the western/eastern basin) and a quad-
rupole structure of large-scale atmospheric circulation anomalies.
Révelard et al. (2016) reported that when the KE system is in
the stable state, warm SST anomalies dominate the Kuroshio—

JOURNAL OF CLIMATE

VOLUME 36

Oyashio Extension (KOE) region, which generates a northeast-
ward shift of storm-track activity and an equivalent-barotropic
high pressure anomaly over the northwestern basin. But re-
garding transient atmospheric response to decadal SST var-
iations in the KOE region, Wills and Thompson (2018)
found that wintertime warm SST anomalies are followed by
an equivalent-barotropic low pressure anomaly that emerges
over the KOE and matures into basinwide within a month.
Some of those findings with anomalous low pressure response
downstream could favor a delayed negative feedback mecha-
nism, but dynamical processes involved in the atmospheric re-
sponses have yet hitherto been diagnosed systematically.

Observational evidence is mounting that oceanic fronts and
eddies leave their imprints on the marine atmospheric boundary
layer (MABL) and further influence the free atmosphere at
weather and larger scales (e.g., Chelton and Xie 2010; Frenger
et al. 2013; Masunaga et al. 2015; Liu et al. 2018; Wang et al.
2019; L. Zhang et al. 2020; Chen et al. 2020). For instance, in
the KE region, mesoscale warm eddies cause acceleration of
surface winds and increases in turbulent heat release, water va-
por content, and convective rain rate (J. Ma et al. 2015). MABL
also deepens over warm eddies, accompanied by ascending mo-
tion penetrating into the free atmosphere (Chen et al. 2017).
Modeling studies based on high-resolution atmospheric general
circulation model (AGCM) experiments suggest that synoptic
eddies tend to be more energetic in the presence of the north-
western Pacific subarctic fronts and mesoscale eddies (Smirnov
et al. 2015; X. Ma et al. 2015; Kuwano-Yoshida and Minobe
2017; Foussard et al. 2019; C. Zhang et al. 2020), whereas the
westerly jet response to mesoscale eddies seems model de-
pendent (Foussard et al. 2019; Cai et al. 2021). Despite the
vigorous mesoscale motions embedded in the KE dynamic
system, whether their interaction with atmosphere plays a
role in the decadal KE variations remains unknown. In the
present study, we seek to address this issue by performing
process-oriented diagnostics and propose a wintertime me-
soscale ocean—atmosphere coupled delayed oscillator para-
digm, in which the finer-scale thermodynamic response to
mesoscale SST anomalies in the eddy-rich KE region is
emphasized.

The rest of the paper is organized as follows. Section 2
briefly describes the datasets and methods. Section 3 presents
the oceanic forcing and atmospheric responding patterns asso-
ciated with decadal variations of the KE system. Section 4
presents diagnostics of dynamical processes underlying the re-
sponses of large-scale atmospheric circulation, storm tracks,
and MABL. Section 5 investigates the potential feedback of
the atmospheric response onto the KE system. Section 6 gives
a discussion and summary.

2. Data and methods
a. Satellite observations and ERA-Interim

The dynamical state of KE system is evaluated based on
the daily SSH product (Ducet et al. 2000) distributed by the
Copernicus Marine and Environment Monitoring Service,
which merges all satellite altimeter measurements, available
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on 0.25° grid spacing from 1 January 1993 onward. The daily
SST data are taken from the Advanced Very High Resolution
Radiometer (AVHRR)-only Optimum Interpolation Sea Sur-
face Temperature (OISST; Reynolds et al. 2007) which com-
bines the AVHRR infrared observations and in situ data,
available on 0.25° grid spacing from 1 September 1981 onward.
To evaluate the atmospheric response to decadal variations
of the KE system, we use ERA-Interim global atmospheric
reanalysis produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF), with 0.75° horizontal
grid spacing and 37 pressure levels from 1 January 1979
(Dee et al. 2011). Masunaga et al. (2015) have demonstrated
that the increased resolution of SST prescribed for the
ERA-Interim atmospheric model since January 2002 ena-
bles the representation of oceanic mesoscale (including
fronts and eddies) imprints on MABL. Therefore, we use
ERA-Interim 6-hourly and monthly data from 2002 to 2016
for analysis. Hereafter the average over 2002-16 is referred
to as the long-term mean.

Based on the ERA-Interim 6-hourly data, the 3D total dia-
batic heating rate is estimated as the apparent heat source
(Yanai and Tomita 1998), that is, a residual of the thermody-
namic equation

p\<[o6 a0
=c[Z)[=+V, - VO+ 0— 1
(0] Cp(Po) (at vV, Vo wap , 1)

where V;, = (u, v) is the horizontal wind vector, o is vertical
velocity in pressure coordinates, 0 is potential temperature, V
is the 2D gradient operator, k = R,/c, where R, is the dry air
gas constant and ¢, the air specific heat capacity at constant
pressure, and p is pressure with po = 1000 hPa. The validity
and reliability of this approach have been verified by Ling and
Zhang (2013).

b. Statistical techniques

The time-lagged maximum covariance analysis (MCA)
was first used in the pioneering work of Czaja and
Frankignoul (2002) to study the impact of Atlantic SST
anomalies on the North Atlantic Oscillation (NAO). After-
ward, this powerful analysis tool has been widely used in
the studies seeking for the climatic imprints of the midlati-
tude oceanic variability in the presence of internal atmo-
spheric variability (e.g., Frankignoul and Kestenare 2005;
Liu et al. 2006; Gan and Wu 2013, 2015; Wen et al. 2016;
Zhang et al. 2018; Gan et al. 2019; L. Zhang et al. 2020).
Here we use the time-lagged MCA to identify the distinc-
tive change in the North Pacific atmospheric circulation in
response to oceanic variability in the KE region. The time-
lagged MCA performs a singular value decomposition
(SVD) of the temporal covariance matrix of the normalized
sea level pressure (SLP) and lagged SST anomaly fields to
extract pairs of the leading covariant patterns that explain
as much as possible of the mean squared covariance be-
tween SLP and SST. The expansion coefficients of SLP
(SST) are derived by projecting the SLP (SST) anomaly
field onto the left (right) singular vector derived from SVD.
The statistical significance of the MCA statistics is assessed
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by the Monte Carlo test. That is, each MCA at a specific
time lag was repeated 1000 times using the original SST
anomalies and the temporarily random permutation of SLP
anomalies. The probability distribution of the randomized
statistics was constructed to rank the significance level of
the value being tested.

Monthly anomalies are obtained by subtracting the long-
term monthly means and the linear long-term trend. A fourth-
order Butterworth high-pass filter with cutoff of 6 days is used
for construction of variables related to synoptic-scale eddies.
The results based on the 2-8-day bandpass filter are qualita-
tively the same. To suppress atmospheric teleconnection from
the tropics that could otherwise alias into the midlatitude re-
sponse, a bivariate regression onto the two leading principal
components of the tropical Pacific SST variations is applied
and removed from all atmospheric anomaly fields prior to the
time-lagged MCA and detailed analysis. The variance of areal-
mean SLP anomalies of the midlatitude North Pacific is 42.8%
lower after such ENSO-removal procedure. Meanwhile, the
variance decreases of storm-track activity are merely within
10%.

3. Identification of oceanic forcing and atmospheric
response

The midlatitude atmospheric response to frontal and me-
soscale SST anomalies experiences significant subseasonal
evolution (Taguchi et al. 2012; H. Seo et al. 2014; Révelard
et al. 2016; Kuwano-Yoshida and Minobe 2017; Okajima
et al. 2018; Czaja et al. 2019; Zhang et al. 2021). For this rea-
son, we applied the time-lagged MCA to SLP anomalies
fixed in a certain calendar month from October to April with
SST anomalies leading or lagging by 0-3 months, with the
analysis domain setting to the North Pacific basin (30°-55°N,
140°E-120°W) for SLP and the broad KE region (30°45°N,
140°-175°E) for SST. Similar results are obtained by ex-
cluding the subarctic SST front region (38°-45°N) or set-
ting both SLP and SST domains to the broad KE region.
Figures 1a and 1b summarize the squared covariances and
the correlation coefficients between the corresponding ex-
pansion coefficients of the first MCA modes, both of which
measure how strongly the two fields are related to each
other.

As can be seen, for the SST leading cases that imply the
oceanic forcing of atmosphere, the squared covariance is of
unique significance at the 90% confidence level at lag —2
when SLP is fixed in January, with the corresponding squared
covariance fraction of 59%. There is a difference in distribu-
tions between the correlation coefficients and the squared co-
variances, with the large values mainly limited to February
SLP for the former but January SLP for the latter, for reasons
yet to be known. In MCA, however, higher spatial degrees of
freedom enable easier construction of linear combinations
that are highly correlated in the time domain (Wallace et al.
1992). Even when SLP is temporarily random permuted in
the Monte Carlo test, most values of correlation coefficients
are around 0.8-0.9, with less frequent smaller or larger values.
Thus, the high correlation coefficient itself does not guarantee

Unauthenticated | Downloaded 12/27/22 08:18 PM UTC



488
) 90% i

. 5
A Squared covariance (x107)

SLP month
by
1

. A
-3 -2 -1 0 1 2 3
SST leads <—— Lag (month) —— SLP leads

¢ 7 MCA expansnon coefficlents & KEI & EKEI

-

-

JOURNAL OF CLIMATE

VOLUME 36

b Correlation coefficient

Jan

SLP month

Dec

Nov

Oct
-3 -2 -1 0 1 2 3
SST leads <—— Lag (month) —— SLP leads

EKEI —»SST- EC,,,, —+SLP-EC,_

ak

2

L L | L 1 L |
2002 2004 2006 2008

Corr (KEL SST-EC,__/SLP-EC, )=0.73/0.70 '

Corr (EKEL I Kl I/SST EC,,,)=083/0.70 |

1 L \ L J
2010 2012 2014 2016

FIG. 1. (a) Squared covariances (X 10°; dimensionless) of the first MCA modes associated with the monthly anoma-
lies of SST (30°-45°N, 140°-175°E) and SLP (30°-55°N, 140°E-120°W), and (b) correlation coefficients between their
corresponding expansion coefficients. The ordinate denotes calendar months of SLP, and the abscissa denotes time
lag of SST in month (positive when SST lags SLP). Values significant at the 90% confidence level based on the
Monte Carlo test are marked with orange circles. (¢) The normalized SST-ECnoy (cyan), SLP-ECj,, (orange),
the winter-season-mean (from October to March) KEI (gray shading), and the November EKEI (purple shad-

ing; see text for definition).

significance and physical meaning. Nevertheless, the corre-
lation between the SST expansion coefficients in November
(hereafter SST-ECyoy; cyan curve in Fig. 1c) and the SLP
expansion coefficients in January (hereafter SLP-ECj,y;
orange curve in Fig. 1c) reaches the maximum of 0.94, con-
sistent with the squared covariance performance. Therefore,
the time-lagged MCA results suggest that SST anomalies
confined to the KE region in November are associated with
distinctive change in the North Pacific atmospheric circula-
tion in the following January. Note that the areal-mean
anomalies of KE SST in November exhibit high persistence
to January while those of the wintertime northeastern
Pacific SLP are barely persistent (not shown), supporting
that the identified 2-month lag here reflects the SST
anomalies persistence rather than the occurrence of SST
forcing in advance.

The temporal evolution of SST-ECy,, features decadal
variations, which are synchronized to the wintertime KE
variability at decadal time scales represented by the winter-
season-mean (October-March) KE index (KEI; gray shad-
ing in Fig. 1c). The KEI is defined by Qiu et al. (2014) as the
areal average of SSH anomaly in the KE southern recircula-
tion gyre region (31°-36°N, 140°-165°E), with the positive
(negative) value denoting the stable (unstable) dynamic
state of the KE system. Here the KEI is significantly corre-
lated with SST-ECyoy and SLP-ECy,, (r = 0.73 and 0.70),
indicating a close link between the KE dynamic state varia-
tions and the air-sea coupling mode extracted by MCA.
Given the well-established upstream and downstream eddy
kinetic energy (EKE) seesaw associated with the decadal
KE variations (Qiu et al. 2017; Yang et al. 2018), we
constructed an EKE index (EKEI) to further verify the
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FIG. 2. Regressions (colors) of (a) SST (°C), (b) SSH (cm), and (c) EKE (1072 m* s™2) in November, and of (d) SLP (hPa) and
(e) 2250 (m) in January. Regressions are computed with monthly anomalies against SST-ECy,y. Contours in (a) and (b) denote the
November long-term mean. Contours in (c) denote regressions of SST [repeat of (a) colors]. Boxes in (c) denote the two areas for calculat-
ing EKEI (i.e., purple shading in Fig. 1c). Arrows in (&) denote January wave activity flux (m? s~2) associated with SST-ECno,. Hatching

indicates regression significant at the 90% confidence level.

connection between SST-ECy,, and the decadal state
change in the KE system. Here EKE is calculated with
300-day high-passed oceanic surface geostrophic velocity
derived from SSH. The EKEI (purple shading in Fig. 1c) is
computed as differences of areal mean EKE in the down-
stream (156°-162°E, 33.5°-40°N; right box in Fig. 2c) and up-
stream (143°-149°E, 33.5°-40°N; left box in Fig. 2c) areas,
which are found to be significantly correlated with winter-
time KEI (» = 0.83) and SST-ECy,y (r = 0.70).

Overall, the above results support that SST-ECy,, reflects
the decadal KE variations and exploration of the air-sea
coupling processes associated with SST-ECy,,y is helpful in
understanding the decadal variations of the KE system from
the point of view of ocean-atmosphere interaction. In the
following analysis, we adopt the linear regression against
SST-ECnoy to illustrate the atmospheric responses and the
dynamical processes involved in the following January. The
2-month lagged regression rather than simultaneous regres-
sion prevents the contamination of atmospheric response by
concurrent atmospheric forcing signal. The number of effec-
tive degrees of freedom for regression is Ngc — 2, where
Ngc =10.43 is the effective sample size of SST-ECygy. It is
estimated as dividing the length of SST-ECy,y by its effec-
tive decorrelation time, which is computed based on Metz
[1991, their Egs. (A1) and (A3)] with autocorrelations of
five time lags being used.

Figures 2a-c show the anomalous SST, SSH, and EKE
patterns associated with SST-ECy,y. Collectively, the KE
system exhibits a strengthened and less convoluted jet, sub-
dued (vigorous) mesoscale eddy activity in the upstream

(downstream), and prevalent downstream mesoscale warm
SST anomalies. These oceanic forcing patterns are in line
with the stable KE path state. Specifically, the ringed warm
SST anomalies are accompanied with high EKE in the vicin-
ity and are collocated with positive SSH anomalies, with the
strongest ones existing in the downstream transition region
between the Subarctic Front and the KE jet (hereafter the
KE transition region). A snapshot analysis supports the at-
tribution of downstream SST warming to active downstream
mesoscale motions associated with stable KE path state (not
shown). In the KE transition region, the association of
warm SST anomalies with anticyclonic eddies has been well
documented (e.g., Sugimoto and Hanawa 2011; Kouketsu
et al. 2012; Sasaki and Minobe 2015). Particularly, Sasaki
and Minobe (2015) reported that a warm SST anomaly at
37°-39°N, 157°-161°E, as we observed here, occurs with en-
hanced downstream eddy activity. They suggested that the
heat transport induced by the pinched-off eddies is substan-
tial to the interannual-to-decadal SST variations in the KE
region. Yang et al. (2018) further revealed that the en-
hanced downstream eddy activity results from the stabilized
upstream KE jet via lateral advection. On the other hand,
some studies reported that the downstream warm SST
anomalies are also attributable to a northeastward flow bi-
furcating from the KE at around 150°E, during the KE sta-
ble period (Sugimoto 2014; Hosoda et al. 2015). Given
that the power spectrum of the SST anomaly field ob-
served here peaks at ~300 km (not shown), there may be
additional contribution of the KE bifurcation to the SST
warming in the downstream transition region. The above
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evidence collectively indicates that oceanic mesoscale mo-
tions associated with the decadal KE variations induce
pronounced downstream mesoscale SST warming, which
further influences the atmospheric circulation as revealed
next.

Figures 2d and 2e show the regression maps against SST-
ECnov of SLP and geopotential height at 250 hPa (Z250) in
January. Similar maps can be obtained by regressing against
the November KEI or EKEI, either in the current analysis pe-
riod of 2002-16 or in 1993-2019 (not shown). The atmo-
spheric responses feature a basin-scale equivalent-barotropic
structure, with a well-defined center of anomalous low pres-
sure reaching 5 hPa and upper-level cyclonic anomaly reach-
ing 60 m over the northeastern Pacific. In addition, the Z250
regression displays a moderate cyclonic anomaly centered
over the KE transition region. Such pattern closely resembles
the transient atmospheric response to warm SST anomalies in
the KE transition region revealed by Wills and Thompson
(2018). Accompanying with the basin-scale cyclonic anomaly,
two anticyclonic anomalies can be seen over the Chukchi-
Bering Sea and the eastern subtropical North Pacific.

To understand how those anomalous Z250 lobes are con-
nected, we diagnose the energy propagation of stationary
Rossby wave packets using wave activity flux (WAF) proposed
by Takaya and Nakamura (2001). This flux is parallel to the
local group velocity relative to the zonally varying back-
ground flow. Its divergence (convergence) signifies where
the wave packet is emitted (absorbed), indicating the
source (sink) of wave activity. The horizontal WAF is calcu-
lated as

P |UW? — 'd,) + Vg, —
WAF:* if * *Xx* x*y
AUl { U@y, — $'d,) + V(W2 —

Vi)

) |
@

where " is the geostrophic streamfunction perturbation asso-
ciated with SST-ECyoy, U= (U,V) is the long-term mean
wind velocity, and P is pressure scaled by 1000 hPa.

As shown in Fig. 2d (arrows), the WAF converging pole-
ward into the anticyclonic anomaly over the Chukchi-Bering
Sea primarily emanates from the KE region, indicating that
the SST-forced upper-level divergences over the KE region
could generate Rossby wave source. Another source is
found over the northeastern Pacific where the WAF propa-
gates southeastward to the anticyclonic anomaly therein.
We note that there is no significant connection of WAF be-
tween the KE region and the northeastern Pacific, suggest-
ing that stationary Rossby waves have little role to play in
linking the cyclonic anomaly over those two regions. The
synoptic-eddy-mediated processes could be a bridge linking
the upstream and downstream cyclonic responses, given
that the equilibrium barotropic response of large-scale at-
mospheric circulation depends on the nature of feedback of
transient eddies migrating along storm tracks (e.g., Kushnir
et al. 2002; Peng et al. 2003; Deser et al. 2007; Taguchi et al.
2012; Fang and Yang 2016; Okajima et al. 2018; Xue et al.
2018). This point will be explored in the next section.
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FIG. 3. Regressions (colors) onto SST-ECy,, of (a) 250-hPa
synoptic EKE (m?s~?) and (b) 850-hPa poleward synoptic eddy
heat flux v/77 (K m s ') in January, overlaid with their January
long-term mean (black contours). Hatching indicates regression
significant at the 90% confidence level.

4. Mechanism of atmospheric response

a. Storm-track response and its feedback on basin-scale
time-mean flow

How does the storm-track activity change and thereby
link the basin-scale anomalous low to thermal forcing of the
KE system? Here the upper- and lower-level storm-track ac-
tivity is represented by the synoptic EKE at 250 hPa and the
poleward synoptic eddy heat flux (v'T”) at 850 hPa, respec-
tively. Figure 3 shows the regression maps against SST-ECnoy
of the 250-hPa EKE and the 850-hPa v’7” in January. The
EKE response pattern (Fig. 3a) displays a well-defined meridi-
onal dipole structure over the downstream basin, with the
north-negative and south-positive lobes straddling its axis of
long-term-mean maximum and reaching the west coast of
North America. The EKE anomaly dipole is also discernible
over the upstream basin, albeit that its amplitude is much
weaker and not statistically significant. In response to the
dominant warm SST anomalies in the KE region, the v'7”
shows weak negative anomalies locally, whereas to east of
170°E the meridional dipole response is clearly visible. Collec-
tively, the results reflect the southward deflection of storm
tracks, which is presumed to regulate basin-scale time-mean
flow via the transient eddy feedback forcing from anomalous
eddy heat and vorticity fluxes.

To quantify the net eddy feedback, we evaluate the eddy-
induced geopotential height tendency as in Lau and Holopainen
(1984), Nishii et al. (2009), and Fang and Yang (2016):

(%) =V + fZi(l i)
0t Jeddy ap \o dp

x{—fv.w+
g

V-Vo

o
g ap|—(30/ap)
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Z tendency (color) induced by eddy heat and vorticity fluxes & EFS (contour)
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FIG. 4. Regressions (colors) onto SST-ECyey 0f Ziena (m day ') induced by the convergence of (left) transient eddy heat flux, (center)
eddy vorticity flux, and (right) the sum of these two fluxes at (top) 250, (middle) 500, and (bottom) 850 hPa in January, overlaid with their
associated EFS (black contours). Hatching indicates regression of Zi.,q is significant at the 90% confidence level.

where 0 = —a® (90/ap) is the background static stability
parameter with « the specific volume, ¢ is the relative vor-
ticity, © is the potential temperature of the background
state (global zonal mean), and other notations conform to
previous definitions; primes denote synoptic fluctuations
and overbars denote monthly means. On the left-hand side
(lhs) of (3), Z/t signifies the monthly-mean geopotential
height tendency (Zie,q) induced by the convergence of
transient eddy vorticity and heat fluxes represented by the
first and second terms in the brace on the right-hand side
(rhs), respectively. To approximate the local efficiency
of transient eddy feedback in replenishing the stationary
circulation anomalies, we quantify the amount of eddy-
induced Z.nq per unit geopotential height change, referred
to as the eddy feedback strength (EFS) introduced by Choi
et al. (2010):

EFS =1 ¢a 4)

where dt is monthly interval, and Z, and E, denote the geopo-
tential height anomaly and eddy-induced 9Z/dt anomaly in
(3), respectively. Here EFS is computed for January at each
grid point. Positive (negative) EFS represents transient eddies
acting to reinforce (impair) the anomalous low-frequency flow,
with higher value signifying stronger efficacy of eddy feedback.
Figure 4 shows the anomalous eddy-induced Z,q in
January regressed upon SST-ECy,y and the corresponding
EFS. The Znq due to anomalous eddy thermal forcing
(left column) depicts a basin-scale baroclinic response with

the anticyclonic (cyclonic) anomaly at 250 hPa (850 hPa),
whereas a distinct barotropic response with the cyclonic
anomalies throughout the troposphere is evident for the
Zena due to anomalous eddy vorticity forcing (middle col-
umn). In total (right column), the anomalous transient
eddy activity exerts net positive feedback that reinforces
the barotropic cyclonic circulation anomaly in response to
the decadal SST-ECy,, evolution (i.e., the decadal dy-
namic state change in the KE system). More specifically,
the total tendency field shows prominent negative anoma-
lies extending from the downstream KE transition region
to the northeastern basin, illustrating the maximum con-
vergence of anomalous eddy heat and vorticity fluxes re-
sulting from the southward deflection of storm tracks.
From the EFS perspective, the positive EFS is strongest in
the lower troposphere, with the maximum above the down-
stream KE transition region, and generally decreases with
height. The basin-average EFS at 250 hPa is 0.035 day !,
indicating that the anomalous eddy feedback forcing may
take ~28 days to replenish the stationary cyclonic anoma-
lies. In contrast, the positive eddy feedback at 850 hPa
could be so efficient that the replenishing time scale is
~6 days (0.182 day~ ! EFS). This rough estimate is, to some
extent, consistent with Okajima et al. (2018).

Further column-integrated energetics analysis shows that
the baroclinic available potential energy conversion from the
climatological-mean state and the barotropic kinetic energy
gain via both synoptic-eddy nonlinear feedback and back-
ground mean flow are important energy sources of the cy-
clonic circulation response pattern for its maintenance (see

Unauthenticated | Downloaded 12/27/22 08:18 PM UTC



492

appendix A for details). In general, it is reasonable to specu-
late that the southward-deflected synoptic eddies have efficacy
in fostering the basin-scale equivalent-barotropic cyclonic
anomaly, which is further maintained by energy conversion
from the background state.

b. Synoptic eddy temperature variance budget

Why do storm tracks deflect southward? Since synoptic ed-
dies feed off eddy available potential energy (EAPE), we
now consider changes in the synoptic eddy temperature vari-
ance (7'?), which is proportional to EAPE and the associated
energy conversion. Figure 5a shows the distribution of 772 re-
sponse at 550 hPa, the level at which the long-term-mean 7”2
maximum occurs. It is evident that 772 is significantly south-
ward deflected, manifesting as positive anomalies along the
KE latitudinal band and negative anomalies spreading over
the northeastern basin. In particular, significant positive 77>
over the KE region is collocated with the substantially en-
hanced convective precipitation (Fig. 5b), reflecting the im-
prints of enhanced storm activity carrying abundant moisture.
Looking closer over the KE region, finer-scale enhancement
of convective precipitation is confined to above 155°-160°E
and 170°-175°E at around 37°N where the ringed warm SST
anomaly locates (cf. Fig. 2a), hinting at potential influence of
warm eddies in the downstream transition region. As for the
large-scale precipitation, its response over the eastern basin is
due to the anomalous cyclonic circulation, which brings warm
moist air northeastward and cold dry air southwestward (arrows
in Fig. 5¢). The increased rainfall over California during the KE
stable period has been reported previously (X. Ma et al. 2015;
Siqueira et al. 2021), to which the enhanced large-scale precipi-
tation is the main contributor. On the other hand, the weakened
large-scale precipitation over the KE region counteracts the en-
hanced convective one, acting to obscure the imprint of SST
variability on total precipitation, as pointed out by Masunaga
et al. (2016).

Next, the synoptic eddy temperature variance (T’Z) budget
(see appendix B for derivation) regarded as a proxy for
EAPE budget is analyzed:

0= -V,T" - VT + o'T’S, +Llor
N e <,
Baroclinic EKE [ —
conversion conversion Diabatic
source
1 e ad —
—2V -V, 77— [~ X|oT? + Res, (5)
2 20p p
Horizontal Vertical
transport transport
where S , =R dT/(cpp)] — (9T /9p) is the static stability and Q

the total diabatic heating rate; primes denote synoptic fluctua-
tions and overbars denote monthly means; other notations
conform to previous definitions. The residual term Res contains
the tendency term and terms related to nonsynoptic fluctua-
tions. Contours in Fig. 6 depict the long-term-mean distribution
of each term on the rhs of (5) at 550 hPa. Climatologically, the
major source of EAPE is baroclinic conversion from the mean
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FIG. 5. Regressions (colors) onto SST-ECnoy of (a) 550-hPa
T7? (K?), (b) convective precipitation (mm day '), and (c) large-
scale precipitation (mm day ') and 10-m wind (arrows; m s~ ')
in January, overlaid with their January long-term mean (black
contours). Hatching indicates regression is significant at the
90% confidence level.

flow available potential energy (the first term). Diabatic
processes such as latent heat release also play an indispens-
able role in supplying EAPE especially in the downstream
region (the third term). The generation of EAPE is largely
balanced by conversion to EKE (the second term) and is
redistributed primarily by horizontal transport (the fourth
term). Both vertical redistribution and residual (the last
two terms) are small compared with other terms. The
above interpretation of the 7'> budget confirms Chang
et al. (2002). From the total energetics point of view, they
concluded that transient eddies gain energy via baroclinic
conversion and, to a lesser extent, diabatic conversion, and
highlighted that much of energy is transferred to neighbor-
ing eddies downstream via the ageostrophic geopotential
fluxes. This so-called downstream development process is
intrinsic to the coherent baroclinic wave packets consisting
of synoptic eddies.

Color shadings in Fig. 6 depict the 550-hPa regression of
each of the above-mentioned term against SST-ECyqy. As
can be seen, baroclinic conversion shows a clear south-
ward displacement in agreement with the storm-track re-
sponse (Fig. 6a). A similar shift is discernible in the
diabatic sources, with positive anomalies dominant east of
170°E (Fig. 6¢). This downstream increased EAPE genera-
tion by diabatic conversion is conducive to the southward
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FIG. 6. (a)—(f) Regressions (colors) onto SST-ECyoy of 550-hPa 77% budget terms [see (5) for details; K> day ] in January, overlaid
with their January long-term mean (black contours). Hatching indicates regression is significant at the 90% confidence level.

and downstream extension of storm-track activity that
stems from the shifted baroclinic conversion. Changes in
those two EAPE sources are largely balanced by conver-
sion to EKE (Fig. 6b) and partially by horizontal transport
(Fig. 6d). Responses of vertical transport and residual are
relatively weak (Figs. 6e,f). The southward displacement of
the conversion from EAPE to EKE helps to shape the corre-
sponding change in the 550-hPa EKE (not shown), given the
similarity of both fields and its leading role in the EKE
budget (e.g., Takahashi and Shirooka 2014). It is notable

that the disorganized distribution of the anomalous EKE con-
version over the western basin seems to correspond to the
anomalous diabatic source field, indicating a close relation-
ship between deep-reaching vertical motion and diabatic
heating. We will return to this point later.

Focusing on the storm-track entrance region, we further
analyze the latitudinal-vertical section of the 155°-165°E
zonal-mean response of the 7’ budget terms. This averag-
ing section is chosen based on the location where the promi-
nent warm SST anomaly and positive 7'?> center locates
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3 o : 3. — 32 3 - e - 3. .

300 300 300 . 300

350 24 35 24 350 /W\/\O\_A 24 35 24

400 e 40 s A0 T 16

450 450 450 450

500 08 500 08 500 08 00 08

550 550 550 ) 550

600 0 600 0 600 0 600 0

650 650 650 650

700 08 7004 08 700 08 700 08

750 750 1 750 750

800 © 16 g0 16 g0 16 g0 16

850 '(N / / o4 850 o4 850 o4 850 o4

900 = So 900 900 ——o 900

950 N/ 32 950 32 950 et ~ 32 950 32
25°N 30°N 35°N 40°N 45°N 50°N 25N 30PN 35N 40N 45°N 50N 25°N 30°N 35°N 40°N 45°N 50°N 25

hPa hpa f Eddy heat flux effect K2 day’' hPa —-9T/dy K (100km)"  nPa h T K

250 250 = i bt 21 250 o . 0.5 23 et g 12

300 300 300

350 350 4 350 01 08

400 400 400

450 450 450

00 00 07 s 005 04

550 550 550

600 600 0 600 0 0

650 650 650

700 700 07 10 005 04

750 750 750

800 800 800

850 14 5o 4 <\» 14 gso 01 08

900 900 B 900

950 Z 1 950 A i 2.1 950 0.15 12

25°N 30°N 35°N 40°N 45°N 50°N 25°N 30°N 35°N 40°N 45°N 50°N

- . L 95 . . . |
25°N 30°N 35°N 40°N 45°N 50°N 25°N 30°N 35°N 40°N 45°N 50°N

FIG. 7. Latitude—pressure sections of 155°~165°E zonal-mean regressions (colors) of (a)—(d) 77> budget terms (as in Figs. 6a—d;
K? day '), and of 772 baroclinic conversion (K> day ') induced by (e) baroclinicity change and (f) transient eddy heat flux
change separately, and of (g) meridional temperature gradient (K per 100 km) and (h) temperature (K). Black contours denote
the January long-term mean except in (e) and (f), where they indicate regressions of total baroclinic conversion [repeats of (a)
colors]. Regressions are computed with monthly anomalies in January against SST-ECy,y. Hatching indicates regression is signif-
icant at the 90% confidence level.
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FIG. 8. (a)—(h) Latitude—pressure sections of 155°~165°E zonal-mean regressions (colors) of thermodynamic budget terms [see Eq. (7)
for detail; K day ']. (i) Vertical profiles of 35°-40°N, 155°~165°E areal-mean regressions of temperature (K) and thermodynamic budget
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anomalies in January against SST-ECyoy. Hatching indicates regression is significant at the 90% confidence level.

(cf. Figs. 2a and 5a). Similar results are obtained by taking
zonal average of 155°-175°E. It is evident that baroclinic
conversion is the main driver of the southward-displaced
EAPE generation, characterized as large negative (posi-
tive) anomalies tilting poleward with height on the north-
ern (southern) flank of its long-term-mean core over the KE
transition region (35°-45°N) (Fig. 7a). Correspondingly, both
the EAPE-to-EKE conversion (Fig. 7b) and the horizontal
EAPE transport (Fig. 7d) are suppressed at higher latitudes
but more active to the south, relative to their long-term mean.
The diabatic source is overall decreased but its anomaly ampli-
tude is much weaker than the baroclinic conversion (Fig. 7c).
Looking closer, the anomalous baroclinic conversion and dia-
batic source offsets each other at midlevels (650-450 hPa)
around 35°N and thereby leading to a trivial change in EKE
conversion. But the opposite case holds for the low-level re-
sponse of EKE conversion around 40°N. Changes in the other
two terms are messy and fairly weak (not shown).

Change in baroclinic conversion can be due to the direct effect
of mean baroclinicity and the indirect effect of transient eddy
heat flux (Foussard et al. 2019). To separate these two effects, we
decompose the baroclinic conversion anomaly as follows:

=[V,T" - VT], = = [V, T'], - [VT1, = [V, T"], - [VT], + Res,
(6)
where []. signifies the long-term monthly mean and [], sig-

nifies the monthly deviation therefrom, and Res contains
other terms of smaller magnitude. The first and second terms

on the rhs of (6) respectively represent the anomalous baro-
clinic conversion solely induced by the anomalous lateral tem-
perature gradient (i.e., baroclinicity) and the anomalous
transient eddy heat flux. As shown in Figs. 7e and 71, the baro-
clinicity-induced negative conversion anomalies on the northern
flank around 40°N have larger amplitude than that induced by
the eddy heat flux and match well with the total baroclinic con-
version distribution. On the southern flank, the eddy-induced
positive anomalies seem to take the lead. It is speculated that
the southward displacement of baroclinicity primarily drives
the shifted EAPE source, which is further fostered by the subse-
quent shift of eddy heat flux. Further analysis shows that
the displaced baroclinicity is due to the displaced meridio-
nal temperature gradient (Fig. 7g), which is ultimately
caused by the anomalously cold temperature over the KE
transition region with the maximum cooling at midlevels
(Fig. 7h). Such midlevel cooling is crucial for the southward
migration of storm-track activity and hence essential in the gen-
eration and maintenance of the equivalent-barotropic cyclonic
response.

¢. Thermodynamic response

What physical processes are responsible for the midlevel
cooling? The thermodynamic budget in the KE region is
performed to address this issue:

)/ A — oT ) 1=
0= -= -V, V- w—p—lng +-0. ()
Tt Hor L
Ver Diab
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FIG. 9. Latitude—pressure sections of 155°~165°E zonal-mean regressions (colors) of (a) Ver’dia® (b) Verd" (c) Hordl , and
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K day~']. (e) As in Fig. 8i but for temperature (K) and budget terms shown in (a)—(d). Regressions are computed with monthly
anomalies in January against SST-ECy,,. Hatching indicates regression is significant at the 90% confidence level.

where notations conform to previous definitions. On the ths  where prime denotes the deviation from the monthly mean.
of (7a), the term “Tt” is the temperature tendency, the term  The last term on the rhs of (7b) and (7c¢) is one to two orders
“Hor” is the horizontal advection of temperature, the two  of magnitude smaller than the other two terms and thus is
parts in term “Ver” respectively represent the vertical advec-  negligible.

tion and the adiabatic expansion, and the term “Diab” is the Figure 8 depicts responses of the thermodynamic budget
rate of temperature change induced by total diabatic heating.  terms in (7a)—(7c). The main balances found in the total
We further break down Hor and Ver into mean and eddy  thermodynamic budget [(7a)] are the following: 1) strong

components as follows: lower-to-midlevel diabatic heating (Fig. 8a), confined to the
KE transition region where both markedly warm SST anom-
Hor= -V, - VT -V -V, T + T'V -V}, (7b)  alies and enhanced convective precipitation exist, balanced
Ty The by anomalous cooling induced by vertical transport and hor-

‘mean eddy
izontal advection (Figs. 8b,f); 2) less intense diabatic heating
— at lower latitudes balanced by cold horizontal advection;
Ver = — (EE _ 55_) — (i _ f)ﬁ + T aw’, (7c) and 3) compensating cold vertical transport with warm hori-
o P P 9 zontal advection at upper levels. The local anomalous tem-

Ver, Vergqy perature tendency is negligible throughout the troposphere

mean
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(Fig. 8e). Distributions of mean and eddy components further
show that the strong confined diabatic heating at 900-600 hPa
(Fig. 8i, red line) is mainly balanced by a lower-to-midlevel
cold horizontal advection by the mean flow (Figs. 8g,i, green
dashed line), a deep-reaching cooling due to the mean vertical
transport throughout the troposphere (Figs. 8c,i, purple
dashed line), and, to a lesser extent, the vertical eddy compo-
nent (Figs. 8d,i, purple dotted line). The mean component of
horizontal advection balances the relatively weak diabatic
warming at lower latitudes. Particularly for 550-400 hPa
where the strongest midlevel cooling exists (Fig. 8i, gray line),
the mean vertical transport induced cooling is the dominant
term. Above 350 hPa, the mean/eddy components of horizontal
and vertical transport mainly compensate each other. The upper-
level southward warming induced by the eddy lateral advection
(Fig. 8h) is consistent with the southward migration of storm
tracks.

As revealed by the results above, the midlevel cooling that
drives the southward deflection of storm-track activity and
subsequent large-scale atmospheric responses is attributable
to both the mean components of anomalous vertical and hori-
zontal transport. We further split the mean vertical and hori-
zontal transport terms to distinguish the different processes
involved in the generation of the anomalous cooling. The
mean vertical transport (Veryean) consists of the mean verti-
cal temperature advection [—®(d7T/dp)] and the adiabatic ex-
pansion [(k/p)@T], referred to as Ver' —and Verdiab
respectively. For the mean horizontal advection, we adopt the
same approach as (6):

[V, - VT], = —[V,]. - [VT], = [V,], - [VT], + Res.
®)

The first and second terms on the rhs of (8) are referred to
as Hord ~and HordY . representing the advection of
anomalous temperature by the background wind and the
advection of background temperature by the anomalous
wind, respectively.

As can be seen from Figs. 9a and 9b, responses of the
adiabatic expansion and the vertical advection have similar
patterns of opposite signs (color shadings), and the dominance
of the former over the latter determines change in the mean
vertical transport (contours). Particularly, the adiabatic warm-
ing and cooling confined within narrow bands coincide well
with the anomalous descending and ascending motions, with
the strongest updraft and cooling reaching deep into the upper
troposphere over the KE transient region (cf. Fig. 11a). In ad-
dition, the anomalously cold lateral advection at midlevel
comes from the advection of cold temperature anomalies by
the background flow (Fig. 9c), whereas the advection of back-
ground temperature by the cyclonic circulation anomaly pri-
marily contributes to the low-level cold advection south of
the KE region (Fig. 9d). Collectively, the result points to the
marked contribution to the midlevel cooling [Fig. 9e (gray
line)] of the adiabatic cooling and the lateral advection solely
due to cold temperature anomalies [Fig. 9¢ (dashed lines with
triangle)].
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(b) and (c) [see Eq. (8) for detail; K day ™ ']. Hatching indicates re-
gression is significant at the 90% confidence level.

Now we take a close look at the spatial distributions of
Verdiab 'HorAT and HordY, responses at 550 hPa. The
advection of cold temperature anomalies generally locates
to the east of the significant adiabatic cooling in the down-
stream KE transition region, with both being oriented
from northwest to southeast (color shadings in Figs. 10a,b).
It is suggested that such cold lateral advection stems from
the advection of adiabatic cooling by the background pre-
vailing northwesterly wind. Moreover, comparison of color
shadings and contours in Figs. 10b and 10c demonstrates
that distinct cold lateral advection comes from the advec-
tion of cold temperature anomalies for the downstream
area and from the cold air brought by the cyclonic circula-
tion anomaly for the area south of the KE.

We summarize the possible physical mechanism underlying
the midlevel cooling as follows. Over the KE transition region,
the deep-reaching ascending motion induces a strong local
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adiabatic cooling, which is then advected away by the back-
ground northwesterly wind, leading to the midlevel cooling on
a broader scale that causes the southward shift of baroclinicity
and thereby the displaced storm tracks.

d. Attribution of ascending motion

What drives the critical anomalous updraft that leads to a se-
ries of thermodynamic changes mentioned above? We consider
a modified quasigeostrophic w equation that takes into account
the diabatic effect (Smirnov et al. 2015; Gu et al. 2018):

(O'VZ +f28—2)w =fi[v SV, + ]+ ﬁv%v - VT)
ap? ap- ¢ g p 8
- IE)VZQ, ©)

where o is the background static stability parameter as de-
fined in (3), and V, and {, are geostrophic wind vector and
relative vorticity of the geostrophic wind, respectively. The

terms on the rhs of (9) represent the effects of vorticity ad-
vection, thermal advection and diabatic heating effect. A posi-
tive (negative) rhs term accompanies a positive (negative)
Laplacian o [the lhs of (9) is referred to as Lap(w)], implying a
negative (positive) w corresponding to an upward (downward)
motion. Here we compute the monthly mean field of each
term using the 6-hourly data to qualitatively diagnose the rela-
tive importance of the dynamic and thermodynamic effects to
the w response.

Figure 11 shows the latitudinal-vertical section of the
155°-165°E zonal-mean response of the upward vertical mo-
tion (—w) and each term of (9). The narrowness of anoma-
lous ascending and descending motions are well represented
by the Lap(w) response (Figs. 11a,b), demonstrating that
the quasigeostrophic Lap(w) is a good approximation to the
local extrema of —w. Comparing the responses of Lap(w)
and other terms shown in (Figs. 11c—e), it is evident that
change in differential diabatic heating is the key factor in
determining the Lap(w) response from 900 to 400 hPa. The
effects of vorticity advection and thermal advection are
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actually much less important in the KE transition region.
Although the response amplitude of diabatic heating itself
is not substantially larger than that of the mean horizontal
advection (cf. Figs. 8a,g), it is the greater spatial heteroge-
neity of the former that earns its predominance. The impor-
tance of the finer-scale structure of diabatic heating has
been emphasized by Willison et al. (2013) for the better
simulation of cyclogenesis and by Smirnov et al. (2015) for
the stronger vertical motion in high-resolution AGCM ex-
periment than in low-resolution experiment. We note that
for the area south of the KE, differential cold advection
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reaches the critical value of 0.25.

subsection.
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primarily induces the anomalous descent, as manifested in
the collocation of the adiabatic warming with the cold air
advection (cf. Figs. 10a,c). In short, the result suggests that
the finer-scale increase of diabatic heating confined to the
downstream transition region acts to facilitate ascending
motion reaching deep into the upper troposphere. We con-
jecture that mesoscale warm SST anomalies drive the in-
creased diabatic heating and the anomalous ascending
motion in the first place, penetrating into the free atmo-
sphere above the MABL. This will be illustrated in the next
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e. Marine atmospheric boundary layer response

To isolate the air-sea coupling associated with mesoscale
SST anomalies, we apply a 10° longitude X 5° latitude high-
pass boxcar filter to both oceanic and atmospheric fields, fol-
lowing Koseki and Watanabe (2010). The ratio of the filtered
to unfiltered SST power spectrum shows a half-power wave-
length of around 600 km (not shown), confirming that SST
variance is retained at mesoscale. Here mesoscale anomalies
are loosely referred to as perturbations associated with oce-
anic eddies and fronts, since they cannot be distinguished by
the spatial filter. In the rest of this subsection, the regression
field after spatially high-pass filtering is referred to as the me-
soscale response.

As can be seen from Fig. 12a, the mesoscale warm (cold)
SST anomalies are clearly visible along with positive (nega-
tive) SSH anomaly loops, suggesting that the mesoscale
disturbances constitute an essential part of the decadal
change in the KE system, especially for the critical down-
stream warm SST anomalies. Compared with the down-
stream SST/SSH responses in November, such as positive
anomalies around 160° and 172.5°E, the responses appear
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to locate farther westward with distorted shapes and per-
sistent amplitudes in January (Fig. 12b), reflecting the pro-
gression of SST anomalies associated with long-lived
eddies from November to January. The mesoscale warm
SST anomalies in January coincide with the peaks of unfil-
tered SST regression (not shown). They are accompanied
with intense turbulent heat release from ocean (Fig. 12c),
which heats the overlying near-surface air and results in
higher-than-normal MABL (Fig. 12d). Particularly looking
at the downstream transition region, surface wind mainly con-
verges above the eastern edge of SST warm core and the as-
cending motion occurs slightly downstream (Figs. 12e,f).
Correspondingly, increases in the vertically integrated water
vapor and diabatic heating are evident in the vicinity of
warm anomalies (Figs. 12g,h). These features are consistent
with the modeled local atmospheric response to the ideal-
ized mesoscale oceanic warm eddies in the KE transition re-
gion (Sugimoto et al. 2017).

Figure 13 shows the vertical profiles of the mesoscale SST
and atmospheric responses along 37.625°N. The MABL
height variations roughly follow the mesoscale SST disturban-
ces in the downstream area (Fig. 13c). Over the SST positive
peaks, particularly around 157°E, the specific humidity anom-
alies have peaks at the sea surface and near the top of MABL
(Fig. 13a), indicating more moisture supply from the mesoscale
warmer water. Such increased moisture content facilitates
strong diabatic heating penetrating into the free atmo-
sphere. Meanwhile, wind convergence extends to the top
of MABL with larger amplitude closer to the sea surface,
which is collocated with a considerable vertical extent of
strong ascending motion (Fig. 13b). It is expected that sur-
face wind convergence induces ascending motion penetrat-
ing MABL, which is conducive to the low-level diabatic
heating in the presence of abundant moisture supply. The
mutual reinforcement between the anomalous ascending
motion and diabatic heating makes them reach deep into
the upper troposphere.

The MABL wind adjustment to the frontal or mesoscale
SST can be explained by two prominent mechanisms: the
vertical mixing mechanism (VMM; Wallace et al. 1989)
whereby warmer SST destabilizes the overlying atmosphere,
enhancing downward transfer of momentum and thus accel-
erating the surface wind; the pressure adjustment mecha-
nism (PAM; Lindzen and Nigam 1987) whereby local SST
maxima induce local surface pressure minima via hydro-
static effect. Masunaga et al. (2016) found that the anoma-
lous SST front in the KE upstream area, which is associated
with the KE jet state difference, modulates air-sea fluxes
and MABL structure such as surface wind convergence and
SLP through both PAM and VMM. They also documented
an anomalous ascent reaching ~750 hPa over positive SST
anomalies. Here we focus on the effectiveness of these two
mechanisms in the modulation of MABL wind fields by
downstream mesoscale SST anomalies which are connected
to decadal change in the KE state.

Following previous studies (e.g., Maloney and Chelton 2006;
Putrasahan et al. 2013), the effectiveness of VMM is assessed
based on the linear relationship between downwind (crosswind)
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wind SST gradient in (d), and 700-hPa —w vs negative Laplacian SST in (e). The unit of each variable is labeled along the corre-

sponding axis.

SST gradient and wind stress divergence (curl) estimated from
binned scatterplots. The spatially high-passed monthly fields in
January reconstructed against SST-ECy,y are used to form the
binned scatterplots. Specifically, Fig. 14 is plotted using
time-varying monthly fields associated with SST-ECyoy
instead of stationary fields of regression coefficients, and
thus the error bar indicates both temporal and spatial
spread. As shown in Figs. 14a and 14b, the wind stress
divergence (curl) is well correlated with the mesoscale
downwind (crosswind) SST gradient (r* = 0.99), confirm-
ing that VMM operates actively. The coupling strength or
slope (S) of both metrics is comparable to the observational
estimations (Maloney and Chelton 2006). With the same
approach, a high correlation between negative Laplacian SST
and Laplacian SLP is detected (+* = 0.95; Fig. 14c), suggesting
that PAM could also be at work (Minobe et al. 2008; Masunaga
et al. 2016).

The above results indicate a joint presence of VMM and
PAM in association with the decadal KE variations, which
is consistent with Masunaga et al. (2016). But to what

extent they are responsible for the aforementioned vertical
motion response is unclear. We evaluate the linear rela-
tionship between downwind SST gradient (negative Lapla-
cian SST), which is key for wind convergence in VMM
(PAM), and —o at 700 hPa where ascending motion is the
strongest. The relationship between —w response and down-
wind SST gradient exhibits great linearity (Fig. 14d), with
* (0.98) being substantially larger than that related to the
negative Laplacian SST (0.44; Fig. 14e), suggesting the
dominant role of VMM in driving the vertical motion
response. This is in line with the finding that the collocation
of surface wind convergence and ascending motion emerges
over the downstream side of SST anomalies (cf. Fig. 13b). In
support of this point, Chen et al. (2017) reported that such a
type of atmospheric response amounts to 60% of total re-
sponse to oceanic mesoscale eddies under the prevailing
northwesterly wind, whereas the PAM-related type only
amounts to 10%. Using eddy-resolving coupled global cli-
mate model, Tang et al. (2021) also pointed out the main
role played by VMM in wintertime mesoscale surface wind-
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SST coupling in the KE region. In addition, Putrasahan et al.
(2013) found that VMM relationship between crosswind
SST gradient and wind stress curl is a unique feature for me-
soscale eddies. Nevertheless, more detailed analysis such as
momentum budget diagnosis and model experiments are in
need to better understand the vertical motion in response to
mesoscale eddies.

5. A delayed negative feedback onto KE variations

We now investigate the potential feedback of the atmo-
spheric response onto the KE system. As mentioned in the in-
troduction, an idea of wind-driven adjustment is well
received for explaining the bimodal fluctuations of KE sys-
tem at decadal time scale. Following previous studies (Qiu
and Chen 2010; Qiu et al. 2014), we examine the relation-
ship between the KE SSH and the North Pacific wind stress
curl (WSC) fields associated with the KE decadal variabil-
ity. Figure 15a shows time—longitude section of correlation
between the SSH anomaly along the KE latitudinal band
(31°-36°N) and the KEI lagging by 0-8 years. It is clearly
visible that the anomalous SSH signals emerge in the cen-
tral North Pacific (175°-150°W) ~4 years earlier and then
propagate westward into the upstream KE region. More-
over, the correlation map of WSC at 4-yr lead (Fig. 15b)
shows anomalously negative WSC in the central part of the
KE latitudinal band that forces anomalously positive SSH
(cf. Fig. 15a) via local Ekman flux convergence. In view of
the identified basin-scale cyclonic circulation in response
to the anomalous SST associated with the KE stable state
(cf. Fig. 2d), anomalously positive WSC is expected to
emerge and cause the reversal of wind stress forcing. As
can be seen from Fig. 15c, the WSC response in January
has positive correlation with SST-ECy,, particularly to the
south of the long-term-mean WSC zero line over the central-
to-eastern basin, indicating wind-driven negative SSH signals
concurrently. Indeed, the corresponding SSH correlation map
(Fig. 15d) shows significant negative correlations mainly cover-
ing the longitudinal band (165°-140°W). Note that the grid
spacing of WSC is coarser than SSH, making them imperfectly
matching. Those wind-driven negative SSH signals in 31°-36°N
would propagate westward into the upstream KE region with a
delay of ~4 years and subsequently act to weaken the southern
recirculation gyre and switch the KE system to the unstable dy-
namic state, which is consistent with the results of previous stud-
ies (Qiu et al. 2014; Joh and Di Lorenzo 2019; Nonaka et al.
2020).

6. Discussion and summary

At the time of starting the present study, the newly de-
veloped high-resolution (0.25° horizontal grid spacing)
ECMWEF reanalysis dataset ERAS (Hersbach et al. 2020)
was not publicized. We confirmed almost identical results
derived from ERAS and ERA-Interim for the period
2002-16. We also applied the time-lagged MCA to the
North Pacific SLP anomalies (30°-55°N, 140°E-120°W)
fixed in January with SSH anomalies confined to the broad
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FIG. 15. (a) Lagged correlation between 31° and 36°N meridional-
mean SSH anomalies and the wintertime KEI as a function of
SSH longitude and time (year) by which KEI lags SSH. Black
contours denote correlation significant at the 90% confidence
level. (b) Lagged correlation between the wintertime KEI and
wind stress curl (WSC) leading by 4 years, with zero line of WSC
(black contour). (c) Lagged correlation between SST-ECy,y and
the January WSC. (d) As in (c), but for SSH map. Dashed gray

lines in (b)—(d) mark 35°N.

KE region (30°-45°N, 140°-175°E) leading or lagging by
0-3 months, using the satellite altimetry and ERAS in the
period 1993-2019. Figure 16a shows that the squared co-
variance of the first MCA mode is maximized and of
unique significance when the November SSH anomalies
lead the ensuing January SLP anomalies, with the corre-
sponding expansion coefficients of both SSH and SLP dis-
playing near-decadal variations (r = 0.79; Fig. 16b). The
SST and SSH anomaly patterns associated with the SSH
expansion coefficients (Fig. 16¢) bear a resemblance to the
patterns shown in Figs. 2a and 2b that delineate the KE
stable state, with pattern correlation coefficients of 0.81
and 0.85 for SST and SSH in the broad KE region, respec-
tively. The responses of SLP and Z250 also feature the
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FIG. 16. (a) Squared covariances (X 10°; dimensionless) of the first MCA modes associated with the January SLP anomalies (30°-55°N,
140°E~120°W) and the SSH anomalies (30°—45°N, 140°~175°E) leading or lagging by 0-3 months. The abscissa denotes calendar months of
SSH. Value significant at the 90% confidence level based on the Monte Carlo test is colored in cyan. (b) The normalized expansion coeffi-
cients of SSH in November (SSH-ECy,y; blue) and SLP in the ensuing January (cyan). Regressions onto SSH-ECy,y of (¢) SSH (colors;
cm) and SST (gray contours; °C) in November, and (d) of SLP (colors; hPa) and Z250 (black contours; m) in January. Regressions plotted
with contours and hatching are significant at the 90% confidence level.

equivalent-barotropic cyclonic circulation anomaly at basin
scale (Fig. 16d), with a local trough above the KE transition
region and the low pressure center over the eastern basin shift-
ing slightly to the west of the similar center shown in Fig. 2d.
Opverall, the resemblance of results associated with the SSH—
SLP-derived MCA and the SST-SLP-derived MCA based on
different datasets and temporal coverage gives credence to the
present findings.

An open question arises as to why the atmospheric re-
sponses predominantly show up in January. One possible
mechanism is that the sensitivity of transient eddy feedback
to the background flow likely causes the subseasonality of at-
mospheric responses (Peng et al. 1997; Taguchi et al. 2012). In
addition to this atmospheric intrinsic sensitivity, we conjecture
that air-sea turbulent heat exchanges in the KE region may
be dependent on the subseasonal background wind such that
the oceanic imprints on MABL could be sensitive. To shed
some light on it, Fig. 17 shows the regression maps against
SST-ECnoy of SST and turbulent heat flux from November to
February, superimposed on the background wind vector in in-
dividual months. It is evident that the background wind
changes from the westerly in November to the northwesterly
in the ensuing three months, with wind speed maximized in
January and then somewhat relaxed in February. Correspond-
ingly, the upward turbulent heat flux anomalies are largest in

January in the context of the strongest northwesterly which
brings colder and drier air masses to boost ocean heat release,
whereas warm SST anomalies evolve slowly. The prevailing
northwesterly wind associated with the most intense turbulent
heat release to atmosphere in the KOE region has been re-
ported recently (Ogawa and Spengler 2019; Tomita et al.
2021). Such a background northwesterly wind blowing from
cold to warm SST could make the vertical momentum mixing
more effective in driving the MABL response (Kilpatrick et al.
2014). The specific mechanism is beyond the scope of the pre-
sent study and in-depth investigation is in need to verify the
above hypothesis.

In summary, we propose a coupled ocean—-atmosphere
delayed oscillator for the decadal variations of the KE dy-
namic system, in which the wintertime finer-scale thermo-
dynamic response to mesoscale SST anomalies in the KE
transition region and slow oceanic baroclinic adjustment
are key processes. As illustrated in Fig. 18, when the KE
system is in the stable dynamic state, the downstream tran-
sition region is filled with the warm SST anomalies associ-
ated with mesoscale eddies. The mesoscale warmer water
induces intense turbulent heat release to atmosphere and
supplies more moisture. Meanwhile, surface wind con-
verges above the downstream side of SST warm core prob-
ably via enhanced turbulent mixing within MABL, causing
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FIG. 17. (a) Regressions onto SST-ECye,y of upward turbulent heat flux (colors; W m™~2) and SST (contour interval

is every 0.4°C from *0.4°C) in November, overlaid with the corresponding 10-m wind (arrows; m s~

1) climatology of

1979-2016. (b)—(d) As in (a), but for December, January, and February, respectively. Blue (purple) hatching indicates
regression represented by colors (contours) is significant at the 90% confidence level.

ascending motion and strong diabatic heating penetrating
into the free atmosphere in the presence of abundant moisture
supply. The finer-scale increase of diabatic heating in space
likely facilitates the anomalous updraft reaching deep into the
upper troposphere. Over the KE transition region, the deep-
reaching ascending motion induces a strong local adiabatic
cooling, which is then advected away by the background
northwesterly wind to spread out. With such cooling, local
EAPE production by baroclinic conversion shifts southward,
leading to the southward migration of synoptic eddy activity.
Concurrently, EAPE production by the synoptic diabatic con-
version increases farther downstream, which is conducive to
the deflected synoptic eddy activity extending to the eastern
basin. The southward-deflected synoptic eddy activity fosters
the equivalent-barotropic cyclonic circulation anomaly at ba-
sin scale through the transient eddy feedback forcing from
anomalous eddy vorticity and heat fluxes. Such cyclonic anom-
alies are further maintained by energy conversion from the
background state. Subsequently, the wind-driven negative SSH
anomalies in the central section of the KE latitudinal band prop-
agate westward into the upstream KE region with a delay of ~4
years. This delayed negative feedback switches the KE system
to the unstable dynamic state, yielding a decadal-scale cycle.

The aforementioned mesoscale ocean—atmosphere cou-
pled delayed oscillator likely helps wind-driven decadal KE
variations to be self-sustained and enhances its potential
predictability as suggested by Qiu et al. (2014). There is one
caveat that the prediction skill of the KE state transition in
practice could be disrupted by the nonlinear intrinsic oceanic
processes such as the Kuroshio path fluctuations south of Japan

(Wang et al. 2020). As Qiu et al. (2020) reported, the occur-
rence of the Kuroshio large meander south of Japan in August
2017 could reset the phase of wind-driven decadal KE varia-
tions. Predicting the KE system change remains challenging.
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FIG. 18. Schematic of ocean mesoscale activity—atmosphere coupled delayed oscillator for decadal variations of the KE system. During
the KE stable state, the responses of MABL processes to the mesoscale oceanic warming associated with the decadal KE variations excite
atmospheric thermodynamic adjustments that cause the southward displacement of EAPE and in turn the corresponding change in synop-
tic eddy activity. The southward deflection of storm tracks in the farther downstream region, fueled by synoptic diabatic production of
EAPE, fosters the basin-scale equivalent-barotropic cyclonic circulation anomaly through transient eddy feedback forcing from anoma-
lous eddy vorticity and heat fluxes. Such cyclonic anomaly is further maintained by energy conversion from the background state. The sub-
sequent wind-driven negative SSH anomalies propagate westward into the upstream KE region in ~4 years and can trigger the KE
unstable state. See section 6 for details.

APPENDIX A R, - (Ad)
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Energetics Analysis for the Maintenance of the
Atmospheric Response
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: (V; ’ V3)Vh, (A5)
To investigate the maintenance processes of the atmospheric

circulation response pattern, we examine the conversions of CKppy = =V, - [(V5 - VOV,I, (A6)

kinetic energy and available potential energy associated with

the atmospheric responses to SST-ECy,y in the form as follows

here S = [R,T/ — (9T/9p) is the static stability with
(Tanaka et al. 2016; Zhuge and Tan 2021): WHETE % (&, (cpp)] (9T7ap) is the static stability wi

Ry, = 287 J kg~! K™! the dry-air gas constant and cp =
1004 J kg~* K™! the air specific heat capacity at constant

CP, = —ﬁT*(V:’ . V)T, (A1) pressure, subscript 3 denotes the 3D expression, V,, is the

pS, horizontal wind vector, w is the pressure velocity, and Q

is the diabatic heating rate per unit mass. Here asterisks

CPQ _ R, "0, (A2) denote' monthly anomalies associatec_i with SST-ECNDV,

PSPC,, and prime and hat denote the synoptic perturbations and

R monthly long-term mean, respectively. Equations (A1)-(A4)

CPpy = —TdT*[(V;l -7, (A3) describe generation and conversion terms of available poten-
Py tial energy {[R d/(pSp)][(T*)z/Z]}. CPp is the baroclinic energy
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FIG. Al. (a) Vertical integral of CPy (colors; W m~2), overlaid with the long-term mean of 950-hPa air tem-
perature (gray contours; K) in January. (b)—(d) As in (a), but for CPg, CPg, and CPgg, respectively (color shad-
ing). (e) Vertical integral of CKy (colors; W m™?), overlaid with regressions of Z250 (blue contours; m) onto
SST-ECyey and long-term mean of 250-hPa zonal wind (gray contours; m s~ ') in January. (f) As in (e), but for
CKEgn (colors). (g) Vertically and horizontally integrated CPg, CPg, CPk, CPgn, CKp, and CKgy (><1011 W).
The horizontal and vertical domain for integration is (120°E-110°W, 20°-65°N) and 1000-100 hPa, respectively.
See Eqgs. (A1)-(A6) for details on energy conversion terms.

conversion from the background state into monthly anoma-
lies. CPy is the diabatic generation. CPgy is the baroclinic
transient eddy feedback. CPg is conversion from Kkinetic en-
ergy to available potential energy. Equations (AS) and (A6)
describe conversions of kinetic energy [V, - V;/2]. CKp is
the barotropic energy conversion from the background mean
flow into monthly anomalies. CKgy is the barotropic tran-
sient eddy feedback.

Figures Ala-f show distributions of vertically inte-
grated energy conversion terms. The distribution of pro-
nounced CPp values (Fig. Ala) is evidently consistent
with the advection of background air temperature by
anomalous circulation (cf. blue contours in Fig. Ale). It
also coincides well with the CPy pattern with the sign re-
versed (Fig. Alc), indicating that CPx converts part of

the energy gain of CPj to kinetic energy. CPp and CPgy
are relatively weak, with stronger damping caused by
CPy than by CPgy (Figs. Alb,d). As for conversions of
kinetic energy, CKp is mainly pronounced in the jet exit
region and over the western coast of Canada (Fig. Ale).
Further inspection (not shown) reveals that the positive
CKp around the southern flank of the jet and the negative
CKjp over the western coast of Canada are contributed by
—u"u"(90t/0x), where anomalous zonal advection of back-
ground westerly momentum acts on the anomalous zonal
wind itself; the positive CKp around the northern flank of
the jet results from —u*v'(922/dy), where anomalous pole-
ward flux of westerly momentum across the meridional shear
of the jet reinforces the anomalous flow. CKgy is mainly
pronounced in the downstream region (Fig. Alf), and its

Unauthenticated | Downloaded 12/27/22 08:18 PM UTC



506

horizontal distribution is generally consistent with the upper-
level geopotential height tendency induced by eddy vorticity
forcing (cf. Fig. 4).

As indicated in Fig. Alg, CPp contributes most effi-
ciently to maintaining the available potential energy asso-
ciated with the atmospheric response pattern. About 55%
of CPp converts into kinetic energy through CPg, and
part of it acts against thermal damping by CPgy (36%)
and CPgy (8%). As for kinetic energy of the pattern,
CPg is the largest energy source, followed by CKgy and
CKp. The total energy gain by synoptic eddy feedback
forcing (CPgy + CKgp) is 18% of that by energy conver-
sion from the background state (CPg + CKp). These re-
sults show that the detected atmospheric response pattern
is largely maintained by the energy conversion from the back-
ground state and, to a lesser extent, by synoptic eddy feed-
back forcing, which is consistent with previous studies
(e.g., Tanaka et al. 2016; Okajima et al. 2018; Kim et al.
2021). Nonetheless, note that here the monthly energetics
analysis only diagnoses the maintenance processes of at-
mospheric response pattern rather than its growth and de-
cay processes, in which there may be distinct roles for
transient eddies (Zhuge and Tan 2021). It should be also
noted that the energy conversion from the background
state actually requires preexisting anomalous flow for en-
ergy extraction. As it stands, the preexisting anomalies in
the context of the present study are associated with the
eddy-mediated response to ocean mesoscale activity in the
KE transition region.

APPENDIX B

Eddy Temperature Variance Equation

The eddy temperature variance Eq. (5) is derived from
the thermodynamic equation in pressure coordinates (Illari
and Marshall 1983):

aT
—+Vh-VT—Spw:g,

Jat <, (Bl)

where notations conform to previous definitions. We then
decompose thermodynamical or dynamical variable X in
(B1) into monthly mean X, synoptic anomalies X’, and non-
synoptic submonthly anomalies X ; ie, X =X + X’ + X .
We thus obtain

(T+T +T" — _
¥+(Vh+V;,+V;)~V(T+T’+TN)

- (Sp +8,+8,)©@+ o + o)

0+Q +0
_0+0+0 2)
Cp
Averaging (B2) over time yields
T ——— — 0
§+Vh'VT_Sp‘”—C*' (B3)

]
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Subtracting (B3) from (B2) yields
aT, Vi ’ ’ Ll ’ ’ Y’/ 9T
+Vh~VT +V, - VI +V, - VNT' =V, - VT’
at
T L/ ) — 7N TN Q,
- (Spw + 85,0+ S0 - S0)= = + Res, (B4)
r

where the residual term Res consists of terms related to X .
Multiplying (B4) with 7" and then time averaging yields

d (13 Loy v v o o
&(ET)-FV/"V(ET)-FV,TT'VT—wTSp—TSpw

i

%

=—Q'T" + Res. (BS)

Substituting the continuity equation and noting the fifth
term on the lhs of (BS5), we get

2k (1 a1
77T/2 _77T;2)
2=k

where k = R/c,, (B5) can be rewritten as

—T’S;,w= —

w’

9 (1753 1 2) a2 (1 2) N UT
—(=1?+V . VT2 + = - Z|z0T?|+V,T -
( T ) A% V"(ZT » sz v, T" - VT

atr\2 ap
- 1
—o'T’S, = —Q'T + Res. (B6)
c
P

Given that the tendency term [first term on the lhs of (B6)]
is of smaller magnitude compared with other nonresidual
terms, we include it into the residual term and rearrange
(B6), arriving at (5).
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