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ABSTRACT

This paper reviews the progress in our understanding of the atmospheric response to midlatitude oceanic fronts and
eddies, emphasizing the Kuroshio-Oyashio Extension (KOE) region. Oceanic perturbations of interest consist of sharp
oceanic fronts, temperature anomalies associated with mesoscale eddies, and to some extent even higher-frequency sub-
mesoscale variability. The focus is on the free atmosphere above the boundary layer. As the midlatitude atmosphere is
dominated by vigorous transient eddy activity in the storm track, the response of both the time-mean flow and the storm
track is assessed. The storm track response arguably overwhelms the mean-flow response and makes the latter hard to
detect from observations. Oceanic frontal impacts on the mesoscale structures of individual synoptic storms are discussed,
followed by the role of oceanic fronts in maintaining the storm track as a whole. KOE fronts exhibit significant decadal
variability and can therefore presumably modulate the storm track. Relevant studies are summarized and intercompared.
Current understanding has advanced greatly but is still subject to large uncertainties arising from inadequate data resolution
and other factors. Recent modeling studies highlighted the importance of mesoscale eddies and probably even sub-
mesoscale processes in maintaining the storm track but confirmation and validation are still needed. Moreover, the
atmospheric response can potentially provide a feedback mechanism for the North Pacific climate. By reviewing the above
aspects, we envision that future research shall focus more upon the interaction between smaller-scale oceanic processes
(fronts, eddies, submesoscale features) and atmospheric processes (fronts, extratropical cyclones etc.), in an integrated way,
within the context of different climate background states.
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Article Highlights:

* The progress and remaining issues on the atmospheric impacts of oceanic fronts and mesoscale eddies are reviewed.

* Oceanic fronts modify atmospheric transient eddies and influence its circulation, yet there still lacks a consensus.

* Mesoscale eddies and smaller-scale ocean perturbations could possibly exert a rectified influence on the atmospheric
storm track.

1. Introduction sion (OE), the two major western boundary currents in the
North Pacific Ocean. This region lies beneath the atmo-

The Kuroshio-Oyashio Extension (KOE, 32°-45°N,  gpheric westerly jet and the entrance of the midlatitude
140°-180°E) region is the confluence region between the  storm track comprising vigorous baroclinic transient eddy
warm Kuroshio Extension (KE) and the cold Oyashio Exten- (storm) activity (Chang and Orlanski, 1993; Chang et al.,

2002). Oceanic processes in this region are characterized by

* Corresponding author: Guidi ZHOU the powerful KE and OE currents, several oceanic fronts (Yas-
Email: guidi.zhou@hhu.edu.cn uda, 2003; Kida et al., 2015), and an abundance of meso-
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scale eddies (Williams et al., 2007) driven by complex
oceanic dynamics. These mesoscale processes are associ-
ated with thermodynamic variability in terms of sea surface
temperature (SST), upper ocean heat content, and air-sea
heat flux (e.g., Chelton et al., 2004; Minobe et al., 2008;
Frenger et al., 2013; Chen et al., 2017; Sugimoto et al.,
2017). Because of the rich oceanic and atmospheric multi-
scale processes, air-sea interaction in this region is of great
interest to the oceanography and meteorology communities.
The problem of midlatitude atmosphere-ocean interac-
tion in the vicinity of the western boundary currents and
their eastward extensions involves four main factors:
oceanic circulation (currents and jets), mesoscale ocean per-
turbations (fronts and eddies), atmospheric circulation (pres-
sure and wind), and atmospheric transient eddies (storm
track). Each of these is complex and dynamic. The atmo-
spheric storm track and circulation, as well as their interac-
tion, have been extensively studied in meteorology for dec-
ades (briefly introduced in section 3), yet our current know-
ledge on mesoscale ocean perturbations and their interac-
tion with the oceanic jets is still limited (see section 2). The
characteristics and mechanisms for the two-way atmo-
sphere-ocean interaction, namely the oceanic response to
wind anomalies and the atmospheric response to changes of
oceanic jets and mesoscale perturbations, are each under act-
ive research. This paper serves as a review for the upward
branch of air-sea interaction in the KOE, i.e., the atmo-
spheric response to oceanic perturbations. Here, we are
more interested in the response of the whole troposphere,
not just the surface boundary layer. Of the components of
oceanic perturbations, we focus on the mesoscale, i.e., the
fronts and eddies, although oceanic jets must also be
included because of their tight dynamical connection with
the mesoscale. It has been found that by means of anomal-
ous heat flux forcing, mesoscale oceanic perturbations are
able to exert significant modulation on the overlying atmo-
sphere, both in terms of atmospheric mean flow (Minobe et
al., 2008, 2010; Bryan et al., 2010; Kuwano-Yoshida et al.,
2010; Shimada and Minobe, 2011) and transient eddies
(Nakamura et al., 2008; Booth et al., 2012; Sheldon et al.,
2017; Vanniere et al., 2017a; Small et al., 2019). The transi-
ent eddy response then drives further changes to the mean-
flow by the forcing of eddy fluxes (Hoskins, 1983; Peng et
al., 1997; Peng and Whitaker, 1999; Kushnir et al., 2002).
The problem of atmospheric response to mesoscale oceanic
perturbations is particularly difficult because of the
multiscale oceanic and atmospheric processes involved.
This requires that the resolution of observational data and
numerical models be sufficiently high to represent the meso-
scale processes of the ocean and their atmospheric impacts,
which has only become possible in recent years.
Fortunately, a similar problem—atmospheric response
to midlatitude large-scale ocean perturbations has been stud-
ied extensively since the 1980s. This latter problem
involves the same atmospheric processes as those currently
discussed, with only the scale of the ocean forcing being dif-
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ferent. Therefore, a lot can be learned from the findings of
the large-scale problem. It is, in fact, through the advance of
the large-scale problem that the importance of the meso-
scale problem was initially appreciated. For comprehensive
reviews on the atmospheric response to midlatitude large-
scale ocean perturbations, please refer to the now-classic
work of Kushnir et al. (2002), and the recent update of Zhou
(2019). Basically, it is now well established that the atmo-
spheric response to midlatitude large-scale oceanic perturba-
tions (primarily SST anomalies) is mediated by the transi-
ent baroclinic eddies. SST anomalies force changes in the
storm track strength and location, and storm track changes fur-
ther drive a general circulation response. The problem thus
largely boils down to the storm track response to SST anom-
alies. Among the various aspects of midlatitude SST anom-
alies, it has been found that SST fronts have the ability to
maintain the storm track by sustaining low-level baroclini-
city, therefore perturbations to SST fronts drive storm track
responses (Nakamura et al., 2004, 2008; Sampe et al., 2010;
see section 5.2). The influence of midlatitude SST fronts on
the storm track has received increased research attention
and was later extended to the influence of mesoscale eddies,
which can be envisioned as circular fronts.

The current research on atmospheric response to midlatit-
ude oceanic fronts and eddies can be divided into four
groups, all of which are reviewed in this paper.

First, there is a large body of research on the response
of atmospheric basic flow to oceanic fronts and eddies.
Such response is thermally direct, not mediated by the
storm track. This eddy-free response is traditionally
believed to be confined to the marine atmospheric bound-
ary layer (MABL). Please see Small et al. (2008) for a thor-
ough review of the MABL response. Starting from the begin-
ning of this century, several studies showed evidence of a
free-atmospheric response to midlatitude mesoscale SST fea-
tures too. Section 4.1 reviews this issue. However, more
recently, scientists started arguing that the free-atmospheric
basic-flow response is just a rectified effect of the transient
eddy response. The progress and debate are reviewed in sec-
tion 4.2.

Second, the influence of oceanic fronts on individual
atmospheric eddies (extratropical cyclones and anticyc-
lones) and their statistics (the storm track) has received
much research interest. The exact mechanism of oceanic
frontal impacts on cyclones, particularly on different parts
of the cyclone structure, is still poorly known. Current
research on this issue is still scarce and premature (section
5.1). Storm track response to oceanic fronts, on the other
hand, has been more extensively studied, primarily through
idealized model experiments. Although the importance of
oceanic fronts has been acknowledged, the mechanism is
still under debate. Sections 5.2—-5.4 review the current pro-
gress on this issue.

Third, it has been found that the decadal variation of
KOE fronts can drive decadal modulation on the storm track
and atmospheric circulation. Current studies are mainly
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based on reanalysis data and numerical experiments, focus-
ing on the impacts of the OE front, as it has a much stronger
and larger-scale SST gradient than the KE front. However,
large controversy exists in the findings, arguably due to the
inadequate data resolution and questionable statistical meth-
ods, as well as the different time periods being investigated.
Also, studies on the impacts of the decadal KE variation are
rare and subject to large uncertainties. Overall, so far, the
importance of the KE and OE fronts in modulating the
storm track on decadal timescales is basically a given, yet a
consensus on the characteristics and mechanism is still lack-
ing. Please see section 6 for details.

Last, in recent years a few modeling studies proposed
that aside from oceanic fronts, the accumulative effects of
KOE mesoscale eddies might be important in maintaining
the storm track as well, therefore having the potential to
exert significant large-scale and remote atmospheric
impacts. Such studies are still very scarce, and they lack
observational support. Section 7 reviews the current under-
standing and discusses the possible implications.

Based on the state-of-the-art, albeit incomplete, under-
standing of the oceanic mesoscale processes themselves and
their atmospheric impacts, some studies have already found
evidence that the modulation of KOE fronts on the storm
track could be an integral part of the North Pacific decadal cli-
mate variability. Coupled empirical climate prediction mod-
els are developed by that means, although the current predic-
tion skill is still relatively low. The progress on such mod-
els is reviewed in section 8.

Given the numerous research efforts which sometimes
yield conflicting and perplexing results, we believe it is
timely to review the currently available studies, make an
informative comparison of their results, organize the
knowns and the unknowns, and try to provide insights for
future research. This paper is an attempt to that end. Here,
general aspects of frontal and mesoscale eddy impacts on
the atmosphere are reviewed based on studies regarding
both the Gulf Stream frontal zone in the North Atlantic and
the KOE fronts and eddies in the North Pacific, and to a
lesser degree the Agulhas frontal zone in the Southern
Indian Ocean. However, we will focus primarily on the
KOE, especially when discussing the decadal atmospheric
modulation of oceanic fronts and eddies, since the KOE has
a better-established decadal cycle than the Gulf Stream,
thanks to the broader basin of the North Pacific (Kwon et
al., 2010; Kelly et al., 2010). It should be noted again that in
this paper, we restrict ourselves to the large-scale, free-atmo-
spheric, and storm track impacts of oceanic mesoscale fea-
tures, with the MABL influences only briefly introduced
when it is of direct relevance to the free-atmosphere and
storm track. This paper will pay more attention to boreal
winter when air-sea interaction over the midlatitude oceans
is the strongest (Davis, 1976, 1978; Wallace and Jiang,
1987; Kushnir et al., 2002), and seasonal differences will be
briefly discussed when necessary as a complement.

The remainder of this paper is organized as follows. Sec-
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tion 2 briefly introduces the currents, fronts, eddies in the
KOE region, and the possible mechanisms of the decadal
KE variability. Section 3 introduces some basic knowledge
for storm track dynamics and the knowledge obtained historic-
ally from the problem of atmospheric response to large-
scale SST anomalies. Section 4 reviews the oceanic frontal
imprints upon the free-atmospheric mean flow, and the
recent debate over its very existence. Section 5 focuses on
the role of ocean fronts to both the individual storms and
their statistics—the storm track, as usually revealed by ideal-
ized model experiments. Next, the decadal modulation of
the KOE fronts on the atmosphere is discussed in section 6
from observational and modeling perspectives, with a discus-
sion on seasonal contrast and background state sensitivity.
Section 7 introduces recent findings on, and future implica-
tions of, mesoscale eddy impacts on the storm track. Sec-
tion 8 briefly introduces the North Pacific decadal climate
feedback theory bridged by the storm track response to
KOE fronts. Finally, section 9 summarizes the current find-
ings and provides a discussion on the gaps and outlook. We
note here that although we try to cite as many relevant
papers as we could, this paper is by no means comprehens-
ive.

2. Currents, fronts, and eddies in the KOE
region

The KOE region consists of the Kuroshio Extension
(KE), the Oyashio Extension (OE), and the Kuroshio-
Oyashio Confluence (KOC) region in between. It is a com-
plex multi-scale system, yet the current knowledge on the
dynamics and thermodynamics of the system is still poor
(Qiu, 2001; Yasuda, 2003; Kida et al., 2015). Here, we
briefly introduce only the most important recent understand-
ings to the KOE system that are relevant to the issue of its
atmospheric impacts. More detailed information about the
characteristics and physical mechanisms of the KOE variabil-
ity should be found in other studies, e.g., the reviews by
Kwon et al. (2010), Kelly et al. (2010), and Kida et al.
(2015).

2.1. The KE, OE, and their associated fronts

The KE is a strong baroclinic inertial current, with pro-
nounced sea level anomalies and thus can be easily identi-
fied from the sea surface height (SSH) field (Fig. 1a). In
fact, the KE axis is often approximated using a certain SSH
contour (e.g., Qiu and Chen, 2006). The KE is associated
with vigorous mesoscale eddy activity (Fig. 1b), as well as a
sharp SST gradient, namely the KE front (KEF, Fig. 1c).
The KEF peaks at subsurface levels below the mixed layer
(e.g., Kida et al., 2015). In terms of SST gradient, the KEF
always appears slightly to the north of the KE, its axis gener-
ally following the axis of KE, but the two are not exactly
the same (Chen, 2008). Decadal fluctuations of the KE and
KEF are basically simultaneous (Fig. 2a), both much
stronger than their respective seasonal variability (Chen,
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2008; Seo et al., 2014; Wang et al., 2016).

The OE, in contrast, does not have noticeable sea level
signatures (Fig. 1a), owing to the coexistence of a strong tem-
perature front (the OEF) and a salinity front, whose contribu-
tions to density largely cancel out (Yuan and Talley, 1996).
The OEEF is shallower than the KEF, but its SST gradient is
stronger and spans a longer distance, with two branches east
and west of 153°E known as the OEF-W and OEF-E (Fig.
1c, Nonaka et al., 2006; Kida et al., 2015). The area where
the OEF is located is sometimes referred to as the subarctic
frontal zone (SAFZ, roughly 37.5°-42.5°N, 147.5°-160.5°E).
Usually, it is believed that the OEF migrates meridionally
by 1°-2° on decadal timescales (Belkin et al., 2002;
Nakamura and Kazmin, 2003; Nonaka et al., 2006, 2008;
Taguchietal.,2012; Wagawa et al., 2014). Its latitudinal posi-
tion, defined by the latitude of the maximum SST gradient,
is positively correlated to the average SST in the SAFZ (Tagu-
chi et al., 2012). However, there are also arguments that the
OEF does not move (Nakano et al., 2018), or that the north-
ward shift is, in fact, a northward broadening of the frontal
zone, with its strength (the maximum gradient) remaining

(a) Geostrophic current velocity
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the same (Smirnov et al., 2015).
The KEF and OEF both exhibit significant interannual-
to-decadal variability (Fig. 1d).

2.2. The KE bimodal dynamical system

Since satellite altimeter data became available, many
research endeavors have confirmed that the KE exhibits
bimodal variability on decadal timescales, i.e., it switches
between a stable mode and an unstable mode (Qiu and
Chen, 2005, 2010; Qiu et al., 2007; Taguchi et al., 2007;
Ceballos et al., 2009; Sugimoto and Hanawa, 2009; Kelly et
al., 2010; Sugimoto et al., 2014). Here, we introduce the KE
bimodal variability based on the framework of Qiu et al.
(2017) who also considered the OEF branches. It is argued
that the KE stable mode begins when SSH anomalies gener-
ated by the basin-scale wind stress curl propagate to the west-
ern boundary and enhance the KE’s southern recirculation
gyre, making the KE current stronger and displacing its posi-
tion northward. This enhances warm water transport into the
east part of the KOC and the SAFZ, thus increasing the
SAFZ SST (Isoguchi et al., 2006; Sugimoto et al., 2014;

(b) Eddy kinetic energy
S0°N
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Fig. 1. The 1993-2016 mean (a) geostrophic current velocity (m s~!, shading) and SSH (contours; CI = 0.1 m); (b)
eddy kinetic energy (m? s2, shading) and SSH (contours; CI = 0.1 m) based on the AVISO daily satellite altimeter
data. Eddy kinetic energy is defined as (u'z +v'2)/2, where the prime denotes the 300-day high-pass filtered data.
Shown in (a) are also the position of the KE and OE. The 1981-2016 mean (c) SST gradient [°C (100 km)~!,
shading] and SST (contours; CI = 1°C); (d) interannual standard deviation of SST (°C, shading) and SST (contours;
CI = 1°C) based on the NOAA daily OISST blended satellite and in-situ data. Shown in (c) are also the position of
the KEF and branches of the OEF and the approximate area of the SAFZ.
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Wagawa et al., 2014). On the other hand, the basin-scale
wind stress variability also drives the mid-basin SSH anom-
aly in subarctic latitudes, which propagates westward at
approximately half the speed of its midlatitude counterpart.
At the time when the SAFZ SST is increased, the subarctic
anomaly arrives at the western boundary and accelerates the
subarctic current, transporting more cold water to the north
of the OEF-E. Together with the concurrent warm water trans-
port enhancement to the south, the OEF-E is strengthened.
In the meantime, the more northerly latitude of the KE jet dur-
ing the stable mode allows the deep-reaching KE to flow
over a deep passage in the northern part of the Shatsky Rise,
a seamount located at 158°-160°E. Due to the weaker jet-
topography interaction, the KE axis is straighter and meso-
scale eddy activity in the western KOC is reduced. With a
delay of 2.5 years (a quarter of the decadal cycle), the
reduced mesoscale perturbations decrease the western KOC
SST as a result of the lessened poleward heat transport by
eddies (Sugimoto and Hanawa, 2011; Seo et al., 2014; Sug-
imoto et al., 2014; Masunaga et al., 2016), and the OEF-W
is therefore weakened. The unstable mode of KE, on the
other hand, is associated with a southerly position over the
shallower part of the Shatsky Rise, resulting in a more con-
volved path and anincreased presence of topographically-gen-
erated mesoscale eddies. The corresponding OEF-E is
weaker, but OEF-W is stronger. However, it should be
noted that while the arguments about KE strength, position,
path length, and eddy variability and correlation are basic-
ally solid (Fig. 2b), the association between the KE and the
OEF branches is not yet thoroughly tested. Qiu et al. (2017)
used the time series of the leading principal component to cre-
ate indices of OEF-W/E position, which explains only 22%
and 14.7% of the respective total variance. The small
explained variance reflects the complexity of the OEF variab-
ility and its association with the KE. More in-depth investiga-
tion into the KOE dynamical system is clearly needed but is
beyond the scope of this review paper on oceanic impacts
on the atmosphere.

2.3. Mechanism for KE decadal variability

The above discussions on decadal variability of the

(a) Time series of KE and KEF metrics
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KOE system rely on the idea that decadal KE variability is
essentially forced by the arrival of zonally-propagating sea
level anomalies driven by basin-scale wind stress anom-
alies at the same latitude, which is indeed a well-received
argument (Miller et al., 1998; Deser et al., 1999; Xie et al.,
2000; Seager et al., 2001; Qiu, 2002, 2003; Qiu and Chen,
2005; Taguchi et al., 2005). However, other mechanisms
emphasizing the role of oceanic intrinsic variability do
exist. Since this review paper focuses on the atmospheric
response to decadal KE variability, not the generating mechan-
ism of the KE variability per se, here, we only briefly intro-
duce the mechanisms of KE variability that have been pro-
posed in the literature.

Studies based on idealized barotropic or baroclinic
double-gyre ocean circulation models explain the decadal vari-
ability of the KE as the result of an intrinsic oceanic oscilla-
tion (Jiang et al., 1995; McCalpin and Haidvogel, 1996; Qiu
and Miao, 2000; Dewar, 2003; Dijkstra and Ghil, 2005;
Hogg et al., 2005; Pierini, 2006; Primeau and Newman,
2008; Gentile et al., 2018). In a nutshell, the mechanism in
these models involves the accumulation of potential vorti-
city (PV) meridionally advected by the upstream Kuroshio
current which, following PV conservation, generates large
meanders of the KE that eventually block further PV advec-
tion. The reduced PV advection then straightens the KE
path, enabling PV advection again to form a closed cycle.

Moreover, some studies favor the idea of wind-
triggered intrinsic variability, in which the basin-scale wind
variability and the resultant SSH anomalies in the form of
Rossby waves trigger and pace the oceanic intrinsic pro-
cesses that are usually of much larger amplitude than the
wind-driven signal. The specific oceanic intrinsic processes
involved, however, vary. Besides the PV advection/block-
ing mechanism just mentioned (Taguchi et al., 2007; Pier-
ini, 2010, 2011, 2014; Zhang et al., 2017; Gentile et al.,
2018), jet-topography interaction is also arguably a key
oceanic intrinsic process. Particularly, Qiu and Chen (2005)
proposed that the arrival of wind-driven SSH signals modu-
late the meridional position of the Kuroshio south of Japan,
forcing it to flow passed the deep (shallow) segment of the
Izu Ridge at 140°E, and the PV conservation generates

(b) Time series of KE metrics in Q14
ol © -STR-POS-PATH-GYRE

normalized index

1995 2000 2005 2010 2015

Fig. 2. (a) Time series of the strength (STR) and position (POS) indices of the KE (Q14) and the KEF (Chen, 2008).
(b) Time series of the KE strength (STR), position (POS), path length (PATH), and recirculation gyre strength
(GYRE) metrics from Q14. The time series are digitized from the respective references and then normalized about
their respective mean and low-pass filtered with a cutoff period of one year.
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stable (unstable) KE downstream to balance the vortex stretch-
ing (shrinking). Recent works by Qiu et al. (2020b) showed
that the straight/meandering state of the Kuroshio south of
Japan has the ability to modulate the KE state in the same
way through the interaction with the Izu Ridge. Qiu and
Chen (2010) put forth another theory attributing the KE
decadal variability to wind-triggered jet migration and
hence interaction with the deep (shallow) parts of the Shat-
sky Rise at 158°E, which induces suppressed (enhanced)
mesoscale eddy activity that, with an adjustment time, feeds
back upstream to the jet and brings it to its original latitude.
Recently, Nonaka et al. (2020) used an ensemble 0.1°
model experiment to quantify the relative importance of
wind-driven and intrinsic variability in terms of KE jet
speed and eddy activity. They found that on decadal times-
cales, the intrinsic/wind-driven ratios for jet speed and down-
stream (east of 153°E) eddy activity are both 0.73, and the
ratio for upstream eddy activity is 2.73. It is thus inferable
that wind-driven and intrinsic components of the KE
decadal variability are both important, yet the exact mechan-
ism concerning the respective roles of wind, jet, eddies, and
topography, are still far from conclusive.

3. Midlatitude storm track dynamics and
response to SST anomalies

Before reviewing research results on oceanic frontal
impacts on the atmosphere, we first briefly introduce the
dynamics of interaction between storm track and mean flow
to lay the groundwork for the following discussions.

The westerly jet is one of the most salient features of
the midlatitude tropospheric time-mean circulation (Fig. 3,
contours). It is universally believed that two types of jets
exist, namely the subtropical jet and the polar-front or the
eddy-driven jet. Here, we do not differentiate between the
two types in the context of this article, since in boreal
winter, the two jets merge (Lee and Kim, 2003). The pole-

(a) Lagrangian storm track
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ward flank of the westerly jet is where synoptic (2—8 days,
or sometimes 1-10 days) variability associated with transi-
ent eddies (extratropical cyclones, or storms) is the most vig-
orous, often known as the storm track. In the upper tropo-
sphere, almost-circumglobal storm tracks exist in both hemi-
spheres, while the lower-tropospheric storm track in the north-
ern hemisphere is segmented by the continents into the
North Pacific and North Atlantic parts. The storm track is
commonly defined as the area with either the heaviest Lag-
rangian extratropical cyclone track density (Fig. 3a) or the
strongest Eulerian synoptic variability (Fig. 3b) usually in
terms of geopotential height, eddy heat flux, or eddy kin-
etic energy. The westerly jet and the storm track are dynamic-
ally interrelated, constantly in mutual adjustment (Chang et
al., 2002), and can be described by the quasi-geostrophic
storm track theory (Hoskins, 1983). According to the the-
ory, a weakening to the jet forces anomalous baroclinic
deformation of the transient eddies near the storm track exit,
which shifts the storm track northeastward (from the east-
ern North Pacific to the western coast of Canada). The result-
ant negative vorticity deposition in turn drives a high-pres-
sure anomaly to further weaken the westerly jet. In the mean-
time, the transient eddy vorticity deposition also emanates
planetary Rossby waves (Hoskins et al., 1983; Sardesh-
mukh and Hoskins, 1988; Zhou et al., 2015) that propagate
eastward along the jet, which acts as a waveguide (Hoskins
and Ambrizzi, 1993; Branstator, 2002). Similarly, such
mutual adjustmentis also triggered when perturbations are ini-
tially made to the storm track.

Due to the interrelation between the time-mean flow
and the storm track, SST-induced perturbations to each of
them would cause a systematic atmospheric response. First,
according to linear quasigeostrophic theory, the direct
thermal response to surface sensible heating and mid-level lat-
ent heating induced by positive SST anomalies would
exhibit a baroclinic structure with a near-surface low and an
upper-level high (Hoskins and Karoly, 1981; Hendon and

(b) Eulerian storm track

Fig. 3. (a) Lagrangian storm track defined as the track density of extratropical cyclones (number of cyclones in 2° x
2° grid boxes per winter, shading) during 1948-2011 overlaid on 1948-2018 mean zonal wind at 500 hPa (contours;
CI = 5 m s1). Extratropical cyclone track data is developed by the Cooperative Institute for Climate and Satellites,
North Carolina State University based on NOAA’s 20th-century reanalysis dataset (https://etcsrv.cicsnc.org/ETCv8).
Zonal wind data is from the NCEP-NCAR Reanalysis 1 dataset. (b) The 1948-2018 mean winter Eulerian storm
track, defined as the standard deviation of 2-8-day bandpass filtered geopotential height (m, shading), overlaid on the
zonal wind (contours; CI = 5 m s71), both at 500 hPa. Geopotential height and zonal wind data are from the NCEP-

NCAR Reanalysis 1 dataset.
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Hartmann, 1982; Frankignoul, 1985; Valdes and Hoskins,
1989; Ting, 1991; Ting and Peng, 1995; Peng and Whi-
taker, 1999; Hall et al., 2001). Dynamically, the heating is bal-
anced by zonal and meridional cold air advection. In the
steady state, dynamical feedback may alter the low-level
response to the same sign as aloft, resulting in a barotropic
structure (Kushnir et al., 2002; Smirnov et al., 2015).
However, taking transient eddies into account, research (Fer-
reira and Frankignoul, 2005; Deser et al., 2007; Smirnov et
al., 2015) has shown that the initial baroclinic thermal
response modifies eddy activity and thus the convergence of
eddy momentum, vorticity, and heat fluxes. In a time frame
of 3 weeks to 4 months, eddy forcing quickly transforms the
initial baroclinic response to an equivalent barotropic high
with a downstream wavetrain (Peng et al., 1997; Peng and
Whitaker, 1999; Kushnir et al., 2002). In this case, heating
is balanced by eddy heat transport. See Fig. 4 for a schem-
atic illustrating the thermally direct linear response and the
eddy-mediated response (from Zhou, 2019). The eddy-medi-
ated response to midlatitude SST anomalies has been extens-
ively studied since the 1980s, first by means of modeling
(Palmer and Sun, 1985; Ting and Peng, 1995; Kushnir et
al., 2002; Zhou et al., 2015, 2017), and now confirmed by
observational evidence (Liu et al., 2006, 2007, 2012a, b;
Frankignoul and Sennéchael, 2007; Wang et al., 2010; Wen
et al., 2010; Frankignoul et al., 2011a; Gan and Wu, 2013).
This response, of course, is sensitive to the storm track back-
ground state in terms of position and strength (Peng et al.,
1995, 1997; Peng and Whitaker, 1999; Walter et al., 2001;
Zhou, 2019).

To understand the impacts of SST anomalies on the
storm track, it is necessary to note the classic conceptual
model of extratropical cyclone dynamics (Charney, 1947;
Eady, 1949). It states that baroclinic instability of the time-
mean flow is what triggers the cyclones and favors their devel-
opment by converting mean flow available potential energy
to eddy potential and kinetic energies. Therefore, the degree
of mean flow baroclinic instability, or baroclinicity, espe-
cially near the entrance of the storm track, is a key para-
meter (Chang et al., 2002). Baroclinicity is usually meas-

latent (deep) heating

sensible (shallow) heating

W
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ured by the Eady maximum growth rate (Eady, 1949;
Lindzen and Farrell, 1980; Nakamura and Yamane, 2009), a
parameter proportional to vertical shear of the horizontal
wind (or, equivalently, the horizontal temperature gradient
as per thermal wind balance), and inversely proportional to
the static stability (or buoyancy frequency) of the atmo-

sphere:
09 08
dy’ Ox

where f is the Coriolis parameter, g is the acceleration of
gravity, N is the static stability given by
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6 is the potential temperature, 6, is a reference temperature,
and u = (u,v) is the horizontal wind vector. In a pure zonal
flow, u reduces to the zonal component u and 96/dx van-
ishes. For low-level baroclinicity, air-sea sensible heat flux
is the dominant factor (Nakamura et al., 2004; Hotta and
Nakamura, 2011), whereas latent heating dominates in the
mid-troposphere (Hoskins and Valdes, 1990; Small et al.,
2014; Tierney et al., 2018). The heat fluxes can alter both
the horizontal temperature gradient and the static stability.
On the other hand, since the effect of extratropical cyc-
lones is to transport heat poleward, they tend to weaken the
temperature gradient and thus reduce baroclinicity, there-
fore hindering the development of subsequent cyclones. The
very existence of storm tracks thus indicates that there must
be a mechanism to restore the baroclinicity eroded by the
destructive cyclones (Hoskins and Valdes, 1990). Besides
the most fundamental source of baroclinicity—the equator-
to-pole temperature difference (Chang et al., 2002; Mar-
shall and Plumb, 2008), other sources of baroclinicity
include quasi-stationary planetary waves generated by
large-scale orography, and continent-ocean temperature con-
trast (Broccoli and Manabe, 1992; Lee and Mak, 1996; Bray-
shaw et al., 2009; Sauliere et al., 2012). As will be seen
below, ocean fronts and eddies can also maintain atmo-

Fig. 4. Schematic showing the thermally direct, linear response and the eddy-mediated response to latent and
sensible heating induced by large-scale SST anomaly in the KOE [Reprinted from Zhou (2019) with permission].
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spheric baroclinicity through sensible and latent heating.
See Fig. 5 for a schematic summary of chief baroclinicity
sources for the storm track.

4. Impacts of oceanic fronts on the

atmospheric mean flow

4.1. Atmospheric time-mean response to SST frontal
forcing

Midlatitude SST fronts can drive anomalous low-fre-
quency or time-mean atmospheric flow. The SST frontal for-
cing to the atmosphere is first “felt” by the marine atmo-
spheric boundary layer (MABL) immediately above the sea
surface, whose perturbations then drive the free-atmo-
spheric response aloft. The midlatitude MABL can, on the
first order, be described by the Ekman balance:

1
kau:—p—OVp+‘r, 3)

where f is the Coriolis parameter, k is the vertical unit vec-
tor, u is the horizontal wind, py is a reference air density, V
is the horizontal gradient operator, p is the pressure, and T
is the wind stress. To account for the influence of the
oceanic front, Feliks et al. (2004) proposed an idealized dry
MABL model, in which the MABL air is assumed to be
well-mixed and have the same temperature as the SST. In
this sense, pressure is solely controlled by SST via the hydro-
static equation as VAOP/dz = pogVT/Ty. The stress is given
by 7 = K(0*u/dz*), where K is the eddy diffusivity coeffi-
cient. From this model, Feliks et al. (2004) derived a ver-
tical wind velocity at the top of the MABL that contains two
terms:

w=yVy—aV°’T, 4)

where i is the horizontal streamfunction of the large-scale
flow above the MABL in the free atmosphere, T is SST, V2
is the Laplacian operator, and @ and y are constants. The
first term (namely the mechanical term) represents Ekman
pumping due to surface friction, acting to damp the large-
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scale vorticity via vortex stretching, and the second term
(namely the thermal term) accounts for the impact of SST
on surface pressure via hydrostatic balance, which is respons-
ible for driving the quasigeostrophic circulation aloft. There-
fore, the thermal forcing by the oceanic front drives an anti-
cyclonic (cyclonic) vortex with updraft (downdraft) over the
warm (cold) flank of the front up to the tropopause level.
The two thermally induced free-atmospheric vortices then
spin up a jet in between, parallel to the front. This theoret-
ical response was reproduced in both an idealized dry baro-
tropic model (Feliks et al., 2004) and a two-mode baro-
clinic one (Feliks et al., 2007). The atmospheric response in
this model also exhibits barotropic and baroclinic instabilit-
ies when the SST front is as strong as the realistic Gulf
Stream and Kuroshio fronts. The instability waves have dom-
inant periods of 1-7 months. This model was successful in
realistically representing interannual atmospheric variabil-
ity when forced with observed high-resolution SST (Feliks
et al., 2011). Further analysis by Brachet et al. (2012) using
a high-resolution (0.5°) atmospheric general circulation
model (AGCM) favors this mechanism. They also found
that the thermal term of the atmospheric response domin-
ates in the long-term mean, and the mechanical term
becomes equally important for the process of Ekman pump-
ing on 10-day timescale. Decreased (increased) stability and
increased (decreased) cloud cover are also observed on the
warm (cold) flank of the front.

Minobe et al. (2008) put forth a similar hydrostatic
MABL model for the midlatitude SST frontal zones, where
the stress term is simply written as T = u, & being a con-
stant frictional damping coefficient, noting further that the sur-
face pressure is also forced by SST but is barotropic:

ou Ov
8p+H(a+a—y)——’y, (5)
where H is the depth of the MABL. This model is based on
that of Lindzen and Nigam (1987) for the tropics. The long-
term MABL response is similar to the Feliks et al. (2004,
2007) model, characterized by low-level convergence over
warm SST and divergence over cold SST (Fig. 6). The result-
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Fig. 5. Schematic showing the main sources of baroclinicity: the quasi-stationary planetary waves generated by
large-scale orography, the ocean—continent contrast, and the oceanic fronts and eddies.
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ant ascent over the warm flank maximizes just above the
MABL and penetrates through the whole troposphere. In
this case, it could be easily derived that the MABL conver-
gence is proportional to the Laplacian of pressure and SST,
which are subsequently confirmed by several studies using
satellite observations and AGCMs (Bryan et al.,, 2010;
Kuwano-Yoshida et al., 2010; Minobe et al., 2010; Shi-
mada and Minobe, 2011), thus favoring the Minobe et al.
(2008) model. Similar findings are also obtained for the KE
front in the North Pacific (Nonaka and Xie, 2003; Taguchi
et al., 2009; Xu et al., 2011; Sasaki et al., 2012), the Agul-
has Current in the Southern Ocean (O’Neill et al., 2003,
2005; Nkwinkwa Njouodo et al., 2018), and the Brazil-Malvi-
nas Currents in the South Atlantic (Tokinaga et al., 2005).
In the above studies, a band of increased high cloud and
intense convective precipitation is also commonly found col-
located with the warm SST from satellite observations and
are attributed to the reduced stability and enhanced evapora-
tion, although the model itself is dry. The Minobe et al.
(2008) model was based on annual-mean conditions, and
Minobe et al. (2010) further discussed its seasonality. It was
shown that in winter the atmospheric response to the ocean
front is characterized by a shallow heating mode associated
with surface wind convergence, while in summer a deep heat-
ing mode was found to be driven by deep convection and
moisture advection. It is argued that two conditions are neces-
sary for the deep heating mode: SST of 24°C-26°C, and mois-
ture transport from lower latitudes, which can both be
present in the KE region too.

The MABL models proposed by Feliks et al. (2004,
2007) and Minobe et al. (2008) are both based on the
Ekman balance and the hydrostatic pressure adjustment to
SST forcing, and are therefore commonly known as the “pres-
sure-adjustment mechanism”. Lambaerts et al. (2013) per-
formed an idealized modeling experiment to evaluate the
two MABL models, using a vertically sheared background
wind of 1 m s~! at an altitude of 1200 m. Under such weak
wind conditions, the two models were found to be reason-
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ably good approximations to the real MABL. However,
both models are insensitive to the magnitude and relative dir-
ection of the background wind regarding the SST front.
Kilpatrick et al. (2014) employed an idealized dry setup of
the WREF regional atmospheric model to show that in the
case of strong cross-frontal wind (~10 m s~!), changes of tur-
bulent mixing and MABL height across the front result in
depth-integrated convergence when the wind blows from
the cold side to the warm side, and that the surface wind con-
vergence is of the opposite sign of the depth-integrated con-
vergence, indicating that the mixed-layer assumption breaks
down. The effective timescale of an air column crossing the
front is shorter than an inertial period, therefore the MABL
temperature and pressure adjust to SST anomalies over a
longer length scale than the turbulent stress term. Thus the
MABL response over the front is governed by increased
(decreased) downward momentum transfer by enhanced
(reduced) turbulent mixing over the warm (cold) SST. This
mechanism is known as the “vertical mixing mechanism’
(Wallace et al., 1989). Aloft, however, the SST front excites
an inertia-gravity wave which is unable to influence the
free-atmospheric circulation in this dry setup. In the real-
istic moist atmosphere, a free-atmospheric response driven
by enhanced latent heating is nevertheless possible. Based
on the same idealized framework as Kilpatrick et al. (2014),
Kilpatrick et al. (2016) further showed that under along-
frontal wind conditions, the free-atmosphere response con-
forms to the pressure adjustment mechanism, and its mag-
nitude increases with the background wind. Using realistic
reanalysis data for mid-winter, Masunaga et al. (2020a)
showed that the hydrostatic pressure adjustment is at work
over the KE, where surface winds are more parallel to the
SST front, but the vertical mixing mechanism is respons-
ible for the time-mean divergence near the OE, where mon-
soonal surface winds cross the SST front perpendicularly.
For the Gulf Stream and Agulhas Return Current frontal
regions, Masunaga et al. (2020b) proposed that vertical mix-
ing is the main mechanism.
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Fig. 6. Schematic showing the atmospheric mean-flow response to a mid-

latitude SST front (see section 4.1).
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4.2. Relationship between the mean-flow and transient
eddy responses

The above discussions on MABL and free-atmosphere
responses to SST fronts are restricted to the context of the
steady-state or long-term mean. The midlatitude atmo-
sphere, however, is dominated by energetic transient (synop-
tic) weather systems organized in the storm track which effect-
ively mask any steady-state feature. Considering this, the
mean-flow response to SST fronts is usually extracted by tak-
ing a monthly, seasonal, or annual average, which impli-
citly relies on the assumption that the high-frequency fluctu-
ations caused by transient eddies can be largely canceled
out (i.e., with zero time-mean) over a sufficiently large num-
ber of samples. However, recent studies started questioning
this assumption. Parfitt and Czaja (2016) demonstrated that
over the Gulf Stream front, synoptic variability is present
about 95% of the time, and the time-mean precipitation and
vertical wind along the warm flank of the front are largely
set by the residual of averaging over the cyclones and anticyc-
lones. Particularly, the vertical wind, a quantity taking both
positive and negative signs, does not cancel out when aver-
aged. More specifically, adiabatic ascent and descent due to
isentropic upglide and downglide (Hoskins et al., 2003) do
compensate to a large degree, but the diabatic contribution
to upward motion, which is concentrated in a small part in
the extratropical cyclone’s fronts where condensation takes
place (see Fig. 7 for a schematic of typical extratropical cyc-
lone structure), is not compensated by the downward
motion found in the trailing anticyclone because the descend-
ing air there has other origins. Averaging over many cyc-
lones and anticyclones, the net vertical motion is upward
and maximized along the oceanic front. In line with this,
O’Neill et al. (2017, 2018) confirmed that surface conver-
gence anomalies under stormy conditions are 1-2 orders of

Fig. 7. Schematic of the structure of an idealized extratropical
cyclone during its mature phase, showing the cold and warm
air flows (thin arrowed curves), the cold and warm fronts
(black dashed curve with black triangles and red semicircles),
the cloud cover (grey shading), and the cold and warm
conveyor belts (faded blue and red block arrows). Based on
Bjerknes and Solberg (1922) and Stull (2017).
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magnitude larger than the climatological mean and that they
indeed have a highly asymmetric distribution skewed
toward convergent winds. Removing either a small number
of rainfall events or extreme convergence events (these two
are equivalent, see Plougonven et al. (2018)) associated
with storms effectively removes the time-mean conver-
gence zone, leaving a time-mean divergence field that can-
not be explained by the Ekman-balanced MABL models.
These analyses suggest that the time-mean convergence and
upward motion seen in observations are insufficient to indic-
ate the frontal impact on the atmospheric mean flow—they
could well be the rectified manifestation of the SST front’s
anchoring effect on the storm track. Even if an SST-frontal
driven mean-flow response does exist, it is certainly overshad-
owed by the storm track response, and therefore a much
more carefully designed technique than a straight time-
mean must be employed to isolate it.

Recent works started analyzing the storm-free, mean-
flow response to oceanic fronts using more sophisticated phys-
ics-based methods. It is found that the condensation-
induced vertical motion found primarily in the atmospheric
fronts (mostly cold fronts) of extratropical cyclones signific-
antly contributes to the time-mean updraft zone, which is sug-
gestive of the importance of the atmospheric frontal (meso-
scale) response to oceanic fronts (also mesoscale). At least
for over the Gulf Stream region, atmospheric fronts occur
only ~22%-25% of the time near the oceanic frontal zone
(Parfitt et al., 2016; Masunaga et al., 2020b), yet they are
responsible for 90% of the precipitation (Catto et al., 2012;
O’Neill et al., 2017), which is associated with convergence
and updraft. In light of this, Parfitt and Seo (2018) per-
formed atmospheric frontal detection and confirmed that
frontal events dominate the climatological surface conver-
gence. Analyzing only the non-frontal conditions over both
the Gulf Stream and KE frontal regions, they found that the
non-frontal divergence is generally weaker than non-frontal
convergence in magnitude but occurs more frequently
(70%—-85% vs. 15%—-30%), thus setting the weak, storm-
free, time-mean divergence found by O’Neill et al. (2017,
2018). This indicates that if the Ekman-balanced pressure
adjustment response to SST fronts does indeed exist, its sur-
face convergence shall work to increase non-frontal conver-
gence so that it cancels more exactly with non-frontal diver-
gence in the time-mean, resulting in a weak signal. More
recently, Masunaga et al. (2020a) further showed that for
the KOE region in mid-winter, moderate-strength conver-
gence mostly shapes the time-mean convergence pattern
around the SST front, while extreme events account for a
large portion but in a spatially homogeneous manner. Spe-
cific processes corresponding to the moderate-strength conver-
gence events include stationary atmospheric fronts, genera-
tion of meso-a cyclones and surface troughs, and the pas-
sage of synoptic-scale cyclones. Similar results are found
for the Gulf Stream, but very weak for the Agulhas Return
Current (Masunaga et al., 2020b).

The recent debate over the time-mean convergence and
precipitation bands along the midlatitude oceanic fronts
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reflects the complexity of the midlatitude air-sea interaction
owing to the powerful synoptic transient atmospheric eddies
that often respond more vigorously to SST perturbations
than does the mean-flow. It, therefore, calls for a more in-
depth investigation on the SST frontal influence on extratrop-
ical cyclones, especially regarding their mesoscale struc-
tures (atmospheric fronts and cold and warm sectors), as
well as their statistics, i.e., the storm track. Moreover, consid-
ering the overwhelming storm influence on the atmospheric
general circulation, observed time-mean results previously
regarded as evidence for the mean-flow response to oceanic
fronts must be carefully re-interpreted. Particularly, the situ-
ation when storm influence is less dominant, e.g., during sum-
mer or at the subtropical Gulf Stream and Kuroshio fronts,
would likely provide more insights into the problem of atmo-
spheric mean flow response. For instance, Miyama et al.
(2012) noticed a rain band that persisted for two days in
May in the vicinity of the Kuroshio front in the East China
Sea using radar observations, and also successfully simu-
lated the rain band in a 3-day regional model integration.
Since there was no extratropical cyclone passing by, and the
seasonal Baiu/mei-yu front is far to the north, the rain band
was regarded as evidence for the Minobe et al. (2008)
model. Whether this 2—-3-day signal could represent the typ-
ical storm-free and atmospheric front-free mean-flow
response to the oceanic front, and whether the results hold
for the KE region, are still open questions. Moreover, the sum-
mertime-mean response such as presented in Minobe et al.
(2010) could presumably better reflect mean-flow response
than winter-mean, thanks to weaker extratropical storm activ-
ity in summer, but whether and to what extent this is true is
unknown.

S. Importance of oceanic fronts to storm
tracks

5.1. Influence on storm structure and development

Extratropical cyclones have been the centerpiece of met-
eorological research for decades [see Schultz et al. (2019)
for a comprehensive review]. The role of the warm western
boundary currents in cyclone genesis and development has
also long been acknowledged. For example, studies have
shown that the large upward sensible and latent heat fluxes
from the sea surface facilitate cyclone development by enhan-
cing both its warm conveyor belt (Booth et al., 2012) and
cold conveyor belt (Hirata et al., 2015, 2016, 2018).
However, the role of oceanic fronts, i.e., the sharp SST gradi-
ent, on extratropical cyclones has not received extensive
research interest until recent years. Following the highlight
on the importance of atmospheric frontal response to SST
fronts in setting the time-mean response (see above) by Par-
fitt and Czaja (2016), they went on to examine the influ-
ence of the Gulf Stream fronton atmospheric frontal activ-
ity using an AGCM. Their results confirmed that the strong
SST front indeed enhances atmospheric frontal develop-
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ment by ~30%.

Besides atmospheric fronts, oceanic frontal impacts on
other mesoscale components of extratropical cyclones have
also been recently examined. Using a regional model,
Vanniere et al. (2017a) studied the response of a single
extratropical cyclone to the Gulf Stream front, showing that
for a single cyclone, a band of precipitation and surface con-
vergence is reproduced and that the precipitation response is
dominated by anomalous convective precipitation in the
cold sector of the storm. The same authors also analyzed
extratropical cyclones in the ERA-Interim reanalysis
(Vanniere et al., 2017b), and found that cold sector precipita-
tion is confined to a narrow band south of the Gulf Stream
front, while precipitation outside the cold sector distributes
over a broader area, suggesting that a large part of the anchor-
ing effect of the SST front on precipitation is through the
cold sector. Since strong upward motion is also seen out-
side the cold sector (it is maximized along the cold front), a
direct link between the ascent and the precipitation
responses to the oceanic front seems unlikely. However,
cold sector convection can steepen the isentropic surfaces
by means of diabatic heating (Papritz and Spengler, 2015),
which can force stronger adiabatic ascent in the warm sec-
tor of subsequent cyclones. There is also an AGCM study
on the influence of the oceanic front on the warm sector of
extratropical cyclones by Sheldon et al. (2017), who
examined the origin of the ascent in the warm conveyor belt
of an individual extratropical cyclone by back-tracing the tra-
jectories of air parcels in the core of the ascending motion
to their initial location 24 hours prior. Comparing the back-
ward-trajectories in a control experiment with a realistic
oceanic front and a sensitivity experiment where the front is
smoothed, it was found that the warm SST to the south of
the front maintains a high equivalent potential temperature
for those air parcels initially traveling at low levels along
the current and thus favoring their ascent, which is rein-
forced by a thermally direct secondary circulation driven by
the SST gradient. This is further confirmed by analyzing the
ERA-Interim dataset.

5.2. Influence on storm track maintenance

As introduced in section 3, the existence of midlatitude
storm tracks requires a source to restore the baroclinicity
eroded by eddy mixing. Nakamura et al. (2004) proposed
that the sensible heat flux contrast across midlatitude
oceanic fronts is an important source of low-level baroclini-
city, through which the fronts “anchor” the storm track. Mak-
ing use of an aqua-planet model setup, Nakamura et al.
(2008), Nonaka et al. (2009), and Sampe et al. (2010) found
that the cross-frontal sensible heat flux contrast is capable
of restoring near-surface baroclinicity within 2-3 days after
a cyclone passes by, and this process is termed the “oceanic
baroclinic adjustment ”. Recent work by Vanniére et al.
(2017b) based on reanalysis data further confirmed this find-
ing. It is also found by the aqua-planet modeling studies that
if the front is removed, the strength of the low-level storm
track would plunge by 70%—75%, and the upper-level storm
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track would halve. However, in an aqua-planet, due to the
absence of continent-ocean contrast and orographically gener-
ated quasi-stationary waves, the role of oceanic fronts could
have been exaggerated. Indeed, the AGCM study by Inatsu
and Hoskins (2004) argued that albeit the contribution of
oceanic fronts to low-level storm track is strong, its contribu-
tion to upper-level storm track is only mild. Other model-
ing studies (Wilson et al., 2009; Brayshaw et al., 2011;
Kaspi and Schneider, 2013) argued that oceanic fronts only
contribute secondarily to baroclinicity and storm track, com-
pared with continent-ocean contrast and quasi-stationary
waves. These studies, however, used rather crude grid resolu-
tion (1.5°-3°) and therefore are subject to a severe underes-
timation of the impacts of oceanic fronts.

Using a high-resolution (0.5°) regional model, Taguchi
et al. (2009) found that the existence of the KOE fronts
plays a key role in simulating a North Pacific storm track
with realistic strength and position and that removing the
fronts would weaken the low-level storm track by
15%-20% and shift it to the south. Woollings et al. (2010)
used a similar high-resolution (50 km) regional model to
prove that the existence of the Gulf Stream front in the
North Atlantic pushes the storm track into the interior of the
ocean basin, otherwise it would be largely trapped along the
coastal zone by the dominant control of continent-ocean con-
trast. Further, using a 0.5°-resolution AGCM, Small et al.
(2014) confirmed the key role of Atlantic and Southern
Ocean fronts by quantitively assessing the contribution of
oceanic fronts to low-level storm track. It was shown that
local contribution reaches as high as 20%—-40%, while the
average contribution over the entire storm track region is
about 10%—-20%. Recently, Kuwano-Yoshida and Minobe
(2017) compared the storm track between AGCM experi-
ments (50 km resolution) with and without the KOE fronts,
and found that the existence of the KOE fronts increases the
frequency of explosive extratropical cyclones in the North
Pacific, shifts the westerly jet northwards, and leads to more
precipitation over the western coast of North America. Sum-
marizing the current findings, it is now safe to state that
oceanic fronts are indeed a significant factor for the mainten-
ance of the storm track, contributing ~20% at low levels and
less at high levels.

5.3. Response of storm track to changes of SST fronts

A few studies investigated the atmospheric impacts of
oceanic fronts with changing strength and position, taking
advantage of idealized model experiments. Aqua-planet mod-
eling results of Ogawa et al. (2012) and Deremble et al.
(2012) suggest that the storm track migrates meridionally fol-
lowing the meridional shift of the midlatitude oceanic front,
but when the front has moved to subpolar latitudes, the
storm track does not follow it anymore, instead appears
back at the midlatitudes. Also using an aqua-planet model,
Michel and Riviere (2014) further noticed that the westerly
jet and the storm track both intensify with stronger, wider,
and southerly displaced oceanic fronts. The idealized but
non-aqua-planet AGCM study by Graff and LaCasce (2012)
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revealed that an enhanced SST gradient and an increase in
absolute SST can both strengthen the storm track and shift it
northward. Yao etal. (2016) used a regional model and gradu-
ally increased the SAFZ SST (positively correlated to the posi-
tion of the OEF) in a series of experiments, and found that
the storm track strengthens and moves to the ocean interior,
and its meridional extent becomes narrower. More recently,
Foussard et al. (2019) confirmed the meridional shift of the
storm track following the oceanic fronts, using an idealized
regional model. The above results commonly support the
idea that the storm track strength and position are con-
trolled by the midlatitude oceanic front.

5.4. Relative roles of the absolute SST and SST gradient

However, there are still disputes over the relative roles
of the sharp SST gradient across the front and the high abso-
lute SST to the south of it. The former, as discussed above,
favors storm development by means of increasing lower-
level baroclinicity, and has received extensive modeling sup-
port (Taguchi et al., 2009; Sampe et al., 2010; Woollings et
al., 2010; Hotta and Nakamura, 2011; Graff and LaCasce,
2012; Révelard et al., 2016) and observational validation
(Vannieére et al., 2017b). The latter, on the other hand,
enhances the storm track by supplying enormous latent heat,
adding to mid-level baroclinicity (Stoelinga, 1996; Businger
et al., 2005). It can also reduce atmospheric static stability
and thus enhance downward turbulent momentum transfer
(Booth et al., 2010; Liu et al., 2013). Recently, De Vries et
al. (2019) performed sensitivity experiments to a single
extratropical cyclone and found that the latent heating associ-
ated with high absolute SST can better favor the cyclone
development than the SST gradient. This argument is suppor-
ted by sensitivity experiments of Small et al. (2019), who
additionally indicated that besides latent heating, the abso-
lute SST can also change the continent-ocean temperature con-
trast, and is therefore a greater factor in affecting the storm
track than the SST gradient. However, as admitted by Small
et al. (2019), their results are very sensitive to the storm
track metrics. Furthermore, some modeling and reanalysis
studies take the view that the two mechanisms are equally
important (Sheldon et al., 2017), or that their relative import-
ance depends on the SST anomaly—if the SST decreases
more to the northern flank of the front than it increases to
the south, then the positive contribution of the intensified
SST gradient to the Eady growth rate could be offset by the
enhanced static stability (Kuwano-Yoshida and Minobe,
2017). Clearly, more investigations are needed to better
resolve this issue.

6. Decadal modulation of KOE fronts on the
atmosphere

Given the above findings, it is interesting to investigate
the impacts of the decadal fluctuation of KOE fronts on the
North Pacific storm track, especially knowing that the anomal-
ous storm track could further bring forth significant
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responses of the atmospheric time-mean flow. Several obser-
vational studies and a few modeling studies have examined
this issue, yet their results show large controversy. Here, we
review the current progress by first remarking on some of
the common issues concerning observational studies.

6.1. Remarks on observational studies

Observational studies are subject to several kinds of diffi-
culty and uncertainty. (1) First, many observational studies
rely on atmospheric reanalysis data, yet currently available
datasets often use low-resolution SST data as boundary for-
cing to their models and can therefore heavily underestim-
ate the oceanic frontal impacts on the atmosphere. Although
data assimilation could remedy this issue to some extent, its
effectiveness is uncertain. The fidelity of such research res-
ults is thus compromised. This issue was first raised by
Frankignoul et al. (2011b, hereafter F11) based on the 2.5°-
resolution NCEP-NCAR Reanalysis-1 data. Another widely
used reanalysis dataset—the ERA-Interim data—under-
went several resolution enhancements of the prescribed SST
(1°—>0.5°—0.05°) (Dee et al., 2011). Since the resolution of
the atmospheric model remained 0.75°, the effective SST
refinement is actually 1°— 0.75°. This has immense impacts
on atmospheric quantities including the storm track
(Masunaga et al., 2015; Parfitt et al., 2017; Zhang et al.,
2020a). Smirnov et al. (2015) examined the influence of the
OEF’s meridional shift on the atmosphere using both
NCEP-NCAR (2.5°) and ERA-Interim (0.75°) and found
that the atmospheric response detected in ERA-Interim is
40% stronger than in NCEP-NCAR, suggesting the signific-
ance of increased SST resolution. However, using the same
NCEP-NCAR dataset and the ERA-Interim on a 1.5° grid,
Révelard et al. (2016) found a basically similar atmo-
spheric response to KE bimodal variability and therefore con-
cluded that data assimilation can indeed effectively com-
pensate the effects of crude resolution. This argument,
however, does not rule out the possibility that the frontal sig-
nature in both datasets is underestimated. (2) Second, since
the atmospheric response to midlatitude SST anomaly has
proven to be very sensitive to the background atmospheric
state (Peng et al., 1995, 1997; Ting and Peng, 1995; Peng
and Whitaker, 1999; Okajima et al., 2014), studies focusing
on different time periods could yield vastly different results,
especially under climate regime shift or climate change condi-
tions where background atmospheric circulation and storm
track change dramatically (Yin, 2005; Lu et al., 2010; Wu et
al., 2011; Gan et al., 2017). Hence, results based on differ-
ent time periods must be compared with caution. (3) Third,
because the ocean and atmosphere are in constant interac-
tion, any observed state is a mixture of forcing and
response, as well as external remote influences such as from
ENSO (Kelly and Jones, 1996). It is therefore necessary to
rely on statistical methods to separate atmospheric response
to atmospheric forcing and external signature. Many widely
used methods (Frankignoul et al., 2011a; Liu et al., 2012a,
b), including the maximum covariance analysis and the lag-
correlation analysis, are built upon an assumption about the
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atmospheric response delay, that is, the time needed for the
atmosphere to fully adjust to the SST anomaly (Frankignoul
et al., 2011a; F11 hereafter). The atmospheric response
delay was estimated from 3 weeks to 4 months (Ferreira and
Frankignoul, 2005; Deser et al., 2007; Smirnov et al., 2015),
and is commonly taken as 2 months in recent studies (e.g.,
Révelard et al., 2016). However, this value is purely empir-
ical, and the atmospheric response has been shown to be
very sensitive to it (F11; Smirnov et al., 2015). Other meth-
ods, such as synchronous correlation or composite analysis,
simply cannot separate forcing and response, and their res-
ults are thus hard to interpret. External forcing is typically
assumed to be from ENSO in the tropical Pacific and can be
removed using linear regression models. However, the differ-
ent ENSO-removal methods could introduce extra differ-
ences in the results. External forcing from other regions and
processes, such as the Aleutian-Icelandic Seesaw (Honda
and Nakamura, 2001; Honda et al., 2001, 2005), could also
be at work but are usually ignored. Hence, observational stud-
ies must be carefully performed and interpreted.

6.2. Impacts of KE bimodal variability

The very few existent observational studies on atmo-
spheric impacts of the KE bimodal variability are summar-
ized in Table 1. These studies used various definitions of
the KE mode index. F11, to our knowledge, is the first
research in English literature to directly examine the
impacts of KE or KEF decadal variability on the atmo-
sphere. They defined the KE index as the leading principal
component (PC) of the latitude of the 14°C isotherm at 200
m below the sea surface between 142°-160°E, using the
World Ocean Database 2005 spanning 1979-2007. O’Reilly
and Czaja (2015) defined the KE mode index using the max-
imum covariance analysis method, which involves perform-
ing a singular value decomposition on the covariance mat-
rix of the SST gradient and geostrophic velocity (or SSH
gradient) anomalies to detect a time series maximizing the
covariability of both the dynamic and thermodynamic
aspects of the KE. The positive phase of the resultant KE
index corresponds to the stable mode of KE, and vice versa.
Originally, the index was obtained from the AMSR-
AVHRR blended SST and AVISO SSH satellite dataset for
2002-2011 and was then projected back to 1992 based
solely on SSH. Révelard et al. (2016) used the KE bimodal
index of Qiu et al. (2014, hereafter Q14), which is defined
as the SSH anomaly averaged in the region 31°-36°N,
140°-165°E, i.e., the region of the southern recirculation
gyre south of the KE. This index is in very high correlation
with a more sophisticated synthesized index defined as the
average of four normalized time series: the latitude of
upstream (west of 153°E) KE, its path length reversed, its
strength represented by the SSH difference across the axis,
and the strength of the southern recirculation gyre. The
advantage of the SSH-based index is that it is much easier
to calculate. By this definition, a positive KE index signi-
fies a stable KE. Zhang and Luo (2017) made use of the
Luo et al. (2016) index, defined as the difference of the aver-
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age SSH between two 3°-latitude boxes north and south of
35°N in the upstream KE area. This index, termed the KE
dipole index, is by definition similar to the KE strength
index which is one of the ingredients of the Q14 mode
index. It is shown to represent the variability of the
upstream KE meanders and mesoscale eddies, with the posit-
ive mode associated with the case of small meanders and
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reduced eddy kinetic energy, i.e., the stable mode of KE. A
comparison of the four indices is shown in Fig. 8a.

The atmospheric impacts of the KE decadal variability
found in literature studies, as indicated by Table 1, are
vastly disparate. Révelard et al. (2016) speculated that the
reason their results differ from those of F11 may be because
the Q14 index they used is a synthesized index having variab-

Table 1. Observational studies on KE bimodal variability impacts on the atmosphere.

Index area Dataset and Storm track
Reference Index (°N, °E) Time range resolution response Circulation response
Frankignoul et al. lat[T14500]; —, 142-160 1980-2008 NCEP 2.5° — Kamchatka high,
(2011b) KE low
O’Reilly and Czaja ~ SVD[SST, SSH]  32-37, 135-155 1992-2011 ERA-Interim 0.75° west +, east —  quadruple over NP
(2015)*
Révelard et al. SSH 31-36, 140-165 1979-2012 ERA-Interim 1.5° downstream + NP high, Alaska low
(2016)
Zhang and Luo SSH DIFF 32-35/35-38,  1993-2015 NCEP 2.5° -1 downstream jet 1
(2017)** 141-153

Note: T14=14°C isotherm; O,y = at 200 m depth; o; = PC1; lat = latitude; 1 = northward shift; + = strengthening; — = weakening; — = not shown. *
indicates that the study used synchronous correlation or composite analysis. ™ indicates that the study did not remove external forcing from ENSO or
prove it small. Zhang and Luo (2017) used the SSH difference between areas south and north of 35°N, which are shown separately in the third column.
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Fig. 8. (a) Time series of KE indices from various literature studies indicated in the legend. The vertical line denotes June
2002, before which the O’Reilly and Czaja (2015) index is projected backward using SSH data. (b) Cross-correlation
between the literature KE indices and the Q14 index, with the full (projected) and unprojected indices of O’Reilly and Czaja
(2015) shown separately. (c) Time series of OE indices from various literature studies indicated in the legend. References:
T12: Taguchi et al. (2012); O18: Okajima et al. (2018); W18: Wills and Thompson (2018); YA19: Yao et al. (2019); YU18:
Yuan and Xiao (2018). Here, the Taguchi et al. (2012) index is shown as the winter (DJF) mean of the authors’ monthly
indices. Yuan and Xiao (2018) provided indices for each season. Shown here is their winter index. (d) Cross-correlation of
literature OE indices with the Q14 KE index. Indices are digitized from the respective references and then normalized about
their respective mean and low-pass filtered with a cutoff period of one year.
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ility of its four ingredients blended, whereas the F11 index
solely represents the meridional shift of the temperature
front. In fact, this argument is also relevant when compar-
ing the Révelard et al. (2016) results with those of Zhang
and Luo (2017). However, the effectiveness of this synthes-
ized-versus-solo-index argumentto explain the different atmo-
spheric impacts is arguably limited, noticing that the Q14 syn-
thesized index bares a high correlation with each of its
ingredients (not shown), and with the KE strength index of
Zhang and Luo (2017; Figs. 8a, b). The KE index of F11, in
fact, is only moderately correlated with that of Q14 during
their overlapping period (Fig. 8b). A more valid reason
could be that the F11 index is just the leading PC, instead of
full variability, and that it is defined by 200 m temperature,
a relatively shallow level to define the deep-reaching KE jet
and may not be fully representative of its position. Previous
studies on the KE dynamics have commonly chosen a
deeper level, e.g., the 12°C isotherm at 300 m used by the
pioneering work of Mizuno and White (Mizuno and White,
1983). The index of F11 exhibits smaller meridional migra-
tion than the SSH-based KE position indices. Further,
Révelard et al. (2016) noticed that the original un-projected
bi-factor (SST and SSH) index of O’Reilly and Czaja
(2015) is very similar to the Q14 index, yet the similarity is
lost after the index is projected back to 1992 based on SSH
data alone. Révelard et al. (2016) verified that using only
the un-projected index results in similar atmospheric
impacts with the Q14 index, yet the time series is too short
to allow for statistical significance. We notice, however,
that while the correlation between the projected index and
the Q14 index is indeed lower than the un-projected (0.9), it
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is still as high as 0.8 (Fig. 8b). Therefore, whether this
subtle difference is actually responsible for the contradict-
ing atmospheric impacts is doubtful. Last, as stated above,
the crude resolution of atmospheric reanalysis data and the
synchronous composite method employed by O’Reilly and
Czaja (2015) and Zhang and Luo (2017) hinder confident
interpretations of the results. The disparateness of the atmo-
spheric response to these KE indices again suggests the
need for further examination.

6.3. Impacts of OEF/SAFZ
Observations

SST  variability:

Table 2 summarizes current literature studies on the atmo-
spheric response to decadal variations of the OEF or SAFZ
SST. These studies have used a variety of OEF/SAFZ
indices (Fig. 8c), therefore Table 2 organizes the references
into groups according to the employed index, namely: (1)
the latitude of maximum SST gradient, or its leading PC,
(2) the mean SST, (3) the mean SST gradient, and (4) the
maximum SST gradient. The indices are defined either over
the SAFZ (Frankignoul et al., 2011b; Taguchi et al., 2012)
or include also the KOC and KE regions (other references
in Table 2), but are commonly (imprecisely) addressed as
the SAFZ. Nevertheless, since the strongest SST gradient is
located in the SAFZ, the inclusion of the KOC and KE
regions would presumably not do too much harm. In fact,
the coarse resolution of the SST data, which cannot resolve
the sharp fronts very well, causes the area with the strongest
SST gradient (i.e., the SAFZ) to diffuse to the whole KOE
region. The definition of the SAFZ, as is obvious here, is
vague. Indeed, albeit different, the indices positively correl-

Table 2. Observational studies on the OEF/SAFZ impacts on the atmosphere.

Dataset and resolution Storm track Circulation
Reference Index Index area (°E, °N) Time range response response
Frankignoul et al. latlmax(VD))y  ]45-170, 38—45  1982-2008 OISST 0.25°, — NPO-WP
(2011b) NCEP 2.5°
Yao et al. (2018)*#  lat[max(VT)] 145-175, 35-47 1911-2010 HadISST 1°, 1 —
20CRv2 2°
Taguchi et al. (2012) T 147.5-165.5, 1959-2006 ICOADS 2°, 1 -PNA
37.5-42.5 NCEP 2.5°
Okajima et al. T 142-184, 1958-2010 ICOADS 1°, low-level 1, -PNA
(2018)* 35(36)—42(50) JRAS5 1.25° upper-level —
Wills and Thompson T 140-171, 3642 1979-2013 ERA-Interim 1.5°, — KOE low
(2018) ERA-Interim 1.5°
Yao et al. (2019)* vT 145-175, 35-47 1982-2011 OISST 0.25°, downstream + —
ERA-Interim 0.75°
Yuan and Xiao vT 140-180, 35-45 1949-2014 HadISST 1°, — +PNA
(2018)* NCEP 2.5°
Yao et al. (2018)*# max (VT) 145-170, 35-47 1911-2010 HadISST 1°, + —
20CRv2 2°
Note: T'=SST; v = gradient; O = mean; lat = latitude; o; = PC1; 1 = northward shift; + = strengthening; — = weakening; — = not shown. * indicates that

the study used synchronous correlation or composite analysis. # denotes that the paper did not provide a time series of the OEF/SAFZ index. Okajima et
al. (2018) used a trapezoid area, and the latitude in (out of) the parentheses indicates the latitude range of the east (west) end of the trapezoid. Studies
with a time range covering only 1979 and onwards are denoted with italic fonts. Resolutions before and after the comma indicate SST and atmospheric
reanalysis data, respectively. The NPO-WP and PNA patterns referred to in the table are shown in Fig. 9.
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ate to each other (not shown), and they all exhibit some mod-
erate negative correlation with the Q14 KE index when the lat-
ter leads by 2—4 years, whereas the synchronous correlation
is low (Fig. 8d). We note here that according to Qiu et al.
(2017), the positive KE anomaly should be associated with
a concurrent positive OEF-E but negative OEF-W at a delay
of 2.5 years (see section 2.2), thus the delayed negative correl-
ation and weak concurrent correlation found here is indicat-
ive of the dominance of the OEF-W over the OEF-E in
terms of their connection with the KE.

The two references in group 1, respectively, presented
results of the storm track and mean-flow responses and are
thus hard to compare. Group 2 shows some continuity, only
with Wills and Thompson (2018) as an exception. The Tagu-
chi et al. (2012) result is supported by the same authors’
high-resolution (0.5°) coupled model result, thus having
added robustness. Group 3 has the same difficulty as group
1, while group 4 has only one reference. Comparing the differ-
ent groups, since the indices are positively correlated, it is pre-
sumed that the groups should have consistent atmospheric
impacts, yet this is not the case as shown in Table 2, with
the storm track and circulation responses both showing
large diversity in terms of both pattern and sign. The NPO-
WP and the PNA patterns referred to in the table are shown
in Fig. 9. No conclusion could be made based on these res-
ults. Taguchi et al. (2012) hypothesized that the discrep-
ancy between their result and the results of F11 might be
due to different time range and therefore different climatolo-
gical background states, with their in-situ data covering
1959-2006, whereas the satellite data used in F11 cover

(a) The NPO-WP pattern
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only 1982-2008, the years after the 1977 climate shift. This
is an educated guess, considering the large sensitivity to the
background state revealed by a number of studies on atmo-
spheric response to midlatitude SST anomalies (see Kush-
nir et al.,, 2002; Zhou, 2019), but more examination is
needed. Another issue is still the inadequate atmospheric
data resolution and the incapable analysis methods.

6.4. Impacts of OEF/SAFZ SST variability: modeling

There are only a few modeling studies on the issue of
atmospheric impacts of OEF or SAFZ SST variability
(Table 3). Taguchi et al. (2012) analyzed the output of the
CFES coupled model (atmospheric resolution 110 km,
oceanic resolution 0.5°) and examined the atmospheric
response to an increased SAFZ SST. The model results con-
firmed their findings using observational data, i.e., SAFZ
warming leads to a northward shift of the storm track and a
negative PNA-like atmospheric response. Later, Okajima et
al. (2014) took the atmospheric component of CFES, the
AFES, and performed sensitivity experiments regarding the
impacts of SAFZ warming in October. Their results showed
that the atmospheric response is an equivalent barotropic
high over the KOE, driven by a poleward-shifted storm
track. Smirnov et al. (2015) forced the CAMS5 AGCM with
the SST anomaly regressed onto the F11 OEF index, using
two different resolutions. The high-resolution (0.25°) run sim-
ulates a northward shift of the storm track, accomplished
with a high over the Gulf of Alaska and a low over coastal
California, which does not agree with the F11 observa-
tional results. The atmospheric response in the low-resolu-

(b) The PNA pattern

Fig. 9. (a) The positive NPO-WP pattern, defined as the 2nd empirical orthogonal function (EOF) of sea level
pressure anomaly (hPa). (b) The positive PNA pattern, defined as the 1st EOF of 500 hPa geopotential height
anomaly (m). Anomaly is defined as the monthly deviation from the multi-year mean annual cycle. Based on the

NCEP-NCAR Reanalysis 1 dataset for 1948—2018.

Table 3. Modeling studies on OEF/SAFZ impacts on the atmosphere.

Reference Resolution Storm track response Circulation response
Taguchi et al. (2012) 110 km 1 -PNA
Okajima et al. (2014) 110 km 1 KOE high
Smirnov et al. (2015) 0.25° 1 Gulf of Alaska high, coastal California low
Smirnov et al. (2015) 1° — linear
Okajima et al. (2018) 110 km low-level 1, upper-level downstream — -PNA

Note: 1 = northward shift; — = weakening; — = not shown. The PNA pattern referred to in the table is shown in Fig. 9.



38 IMPACTS OF OCEANIC FRONTS AND MESOSCALE EDDIES

tion (1°) model, in contrast, is an equivalent barotropic lin-
ear response with low-level heating balanced by cold advec-
tion (see section 3), as a result of inadequately simulated tran-
sient eddy vorticity forcing on the mean flow. The diabatic
heating profile is almost identical between the two resolu-
tions, suggesting the important role of resolution in allow-
ing the diabatic heating to be balanced by the right atmo-
spheric process, either transient eddies or the mean flow. Ver-
tical motion in the high-resolution case is much stronger,
due to finer-scale structures of diabatic heating in the lower
troposphere, and the anomalous mean horizontal flow in the
upper levels. More recently, Okajima et al. (2018) again
used the 110-km-resolution AFES to study the atmospheric
response to SAFZ warming, this time focusing on January
and used an artificially inflated SST anomaly. The low-level
storm track, they found, shifts poleward and the upper-level
storm track weakens downstream. The corresponding circula-
tion response exhibits the negative PNA pattern, similar to,
yet weaker than, the observed result of the same authors.
Energy budget analysis showed that the main energy source
for the circulation response is the background mean-flow
available potential energy, while mean-flow and eddy kin-
etic energies also make remarkable contributions. The
reason for the weaker-than-observed atmospheric response
was attributed to insufficient conversion from eddy kinetic
energy, which was further linked to a weaker background
storm track, confirming that the storm track response (and
thus the mean flow response) is sensitive to the storm track
background state (Peng and Whitaker, 1999; Walter et al.,
2001; Brayshaw et al., 2008). In contradiction with the 1°-res-
olution experiment of Smirnov et al. (2015) who obtained
only a linear response, Okajima et al. (2018) used a similar
resolution but found a significant eddy-mediated response,
presumably due to the artificially inflated SST anomaly com-
pensating the deficiency of low-resolution models in simulat-
ing latent heating induced by mesoscale precipitating sys-
tems. This argument does not agree with the finding of
Smirnov et al. (2015) about nearly identical latent heating
across resolutions, probably a result of the different model
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physics. The atmospheric circulation response to SAFZ warm-
ing or OEF northward-shift simulated in these modeling stud-
ies invariably shows a high over the North Pacific, yet the loc-
ation of the high varies. However, they generally agree on
the storm track response, suggesting a low-level northward
shift, and a high-level downstream weakening, which is con-
sistent with some of the observational results.

6.5. Summary and discussion on winter results

Based on the above discussions, it is clear that since the
pioneering work of F11, observational studies on KOE
frontal impacts are still insufficient and inconclusive. Prob-
able reasons include the low data resolution, incapability of
some statistical methods, and large sensitivity to the back-
ground atmospheric state, as well as the lack of knowledge
about the KE and OE fronts themselves. Modeling studies
focusing on the atmospheric impacts of OE decadal variabil-
ity have achieved somewhat consistent results, suggesting
that the storm track shifts poleward at low levels and weak-
ens downstream at higher altitudes in response to OE strength-
ening and poleward migration. The role of atmospheric transi-
ent eddy feedback and the importance of model resolution
are again highlighted.

Inspired by Qiu et al. (2017), here we take the view that
the KE and OE are not independent, but dynamically linked.
In fact, Fig. 8d evidently indicates that the OE is indeed negat-
ively correlated with KE with a delay of 2—4 years, or posit-
ively correlated when it leads by about 2 years. The period-
icity of the lead-lag correlation at ~10 years implies the
decadal variability of both the KE and OE. This has some use-
ful implications. Ideally, it is assumed that the KE and OE
oscillate exactly at 10-year periods, and have a perfect correla-
tion when KE leads by 2.5 years, as schematically illus-
trated in Fig. 10a (thick curves). At any time, the storm
track and the atmospheric time-mean flow would “feel” the
baroclinicity and latent heat forcing from both the KE and
OE fronts and respond to them simultaneously. Since the
KE and OE are not far from each other, passing-by transi-
ent eddies may well receive reinforcement from both and
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Fig. 10. (a) Time series of idealized KE and OE indices (thick curves), both having a period of 10 years, with KE
leading OE by 2.5 years; and the time series of the idealized combined atmospheric impacts of the KE and OE with
different linear weights (thin curves). (b) Cross-correlation between the idealized KE index (thick black curve) and
the idealized OE index (thick red curve) and the combined atmospheric impacts of the KE and OE with different

linear weighs (thin curves).
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therefore their storm track influences could be accumulated.
Further, assuming that their influences accumulate linearly
and adopt different linear combination coefficients, we can
obtain scenarios of the total atmospheric response from this
simple linear regression model:

Izr = algg +Blog + €, (6)

in which Iar, Ikg, and Igg are indices for the atmospheric
response, the KE, and the OE. @ and 8 are regression coeffi-
cients, and ¢ is the random error which is ignored. The time
series of the total atmospheric response using different com-
binations of @ and 8 are shown in Fig. 10a (thin curves),
and their cross-correlation with the KE index is shown in
Fig. 10b. Apparently, the more influential the OE, the closer
the total response is to it. If the OE influence is significant,
the synchronous atmospheric response to KE must not be
the fully developed response, and using synchronous regres-
sion to find the atmospheric response to KE variability, as
many studies did, would result in low or even reversed correl-
ation. Note that here by “synchronous” we ignore the
monthly-scale atmospheric response adjustment and focus
on interannual to decadal timescales. Results of OE impacts
suffer from the same kind of compromised synchronous cor-
relation, yet since in reality the OEF is indeed stronger than
the KEF, this effect very likely affects KE results more
severely than those of the OE. Hence, examining the KE
and OE atmospheric impacts separately may not be appropri-
ate. This calls for a combined analysis of atmospheric
response to KE and OE variability. The different and out-
of-phase contributions from the OEF-W and OEF-E
branches deserve further examination too, which certainly
relies on more knowledge on the dynamics of the fronts.

6.6. Seasonality and sensitivity to the background state

Many studies have pointed out the seasonality of atmo-
spheric impacts of the KOE fronts (e.g., Taguchi et al.,
2009; Nakamura and Miyama, 2014; Yao et al., 2019). Dur-
ing boreal winter, the large heat content stored beneath the
midlatitude seasonal thermocline is exposed to the sea sur-
face by increased wind mixing (Alexander and Deser, 1995;
Alexander et al., 1999), which together with the cold and
dry East Asian winter monsoon blowing from Siberia,
brings forth dramatic air-sea temperature contrast. Thus, the
ocean releases a large amount of heat to the overlying atmo-
sphere, marking the most intense air-sea interaction season
of the year. Frontal influence on the storm track is therefore
the strongest in the cold season, which is exactly the reason
why many related studies, like this review, emphasize the
cold season. More precisely, aside from the seasonal differ-
ence, there are even month-to-month differences within the
cold season. Taguchi et al. (2012) observed a negative
PNA-like atmospheric response to strengthening SAFZ in
December (Table 2), but the SAFZ strengthening in Janu-
ary is not associated with a significant atmospheric
response. Further analyses attributed the weak January
response to the reduced westerly jet in response to the Decem-
ber SAFZ anomaly, which results in a reduction of upward
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air-sea fluxes that eventually hinder the frontal influence on
the atmosphere in January. Modeling studies of Nakamura
et al. (2004, 2008) and Sampe et al. (2010) also found the
most evident front-storm track relation in mid-winter and
the breakup of such a relationship in late winter. They attrib-
uted the late-winter breakup to the enhanced subtropical jet
which traps the eddies inside its core and thus cannot
respond to the ocean fronts. Such phenomenon, however, is
not observed in the modeling results of Okajima et al.
(2018). Contrary to the common belief of winter-maxima,
Nakamura and Yamane (2010) found the opposite in their ana-
lysis based on the NCEP-NCAR reanalysis data and pro-
posed a contradicting view that in winter, the baroclinicity
contributed by enhanced quasi-stationary planetary waves
and the large ocean-continent contrast outweighs the sens-
ible and latent heating associated with midlatitude oceanic
fronts, hence frontal influence on the storm track is even
weaker than in summer. The sensitivity of the oceanic
frontal impact to the atmospheric background state is thus
emphasized, just like in the problem of atmospheric
response to large-scale SST anomalies (Kushnir et al., 2002;
Zhou, 2019). As the background state varies on monthly, sea-
sonal, and interannual timescales, this problem can be
extremely complex.

Moreover, atmospheric general circulation and storm
track also undergo multi-decadal and long-term changes, espe-
cially under global warming conditions (e.g., Hare and Man-
tua, 2000; Yin, 2005; Iwao et al., 2012; Willison et al.,
2015), which would alter the atmospheric response to
frontal anomalies. As introduced above in section 6.3, this
was already noticed by Taguchi et al. (2012). Révelard et al.
(2016) studied the atmospheric response to KE bimodal vari-
ability for two different time periods (1979-2012 and
1959-2016) and found different results. This confirms the dif-
ferential atmospheric response to frontal variability under dif-
ferent background states. The difference may well be
related to the so-called climate regime shift around 1977,
which is fundamentally a persistent phase reversal of the
Pacific Decadal Oscillation (PDO; e.g., Newman et al.
(2016)), yet the mechanism is yet to be fully understood. Fur-
thermore, Qiu et al. (2014) revealed that the KE bimodal vari-
ability exhibits weaker amplitude and a shorter period
before 1977, according to the OFES model (the oceanic com-
ponent of CFES) hindcast, suggesting a systematic change
pre and post 1977 in both the atmospheric state and the
ocean. Hence, a closer investigation into the front-storm
track interaction under different atmospheric and oceanic
background states, particularly its future changes, is of spe-
cial research interest.

7. Atmospheric impacts of mesoscale eddies
and higher-frequency variability in the
KOE

Besides oceanic fronts, the KOE region is also abund-
ant in mesoscale eddies and is therefore sometimes known
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as the North Pacific “oceanic storm track” (Williams et al.,
2007). Mesoscale eddies in the ocean correspond to synop-
tic eddies in the atmosphere and hence are also known as
the “ocean weather”. Mesoscale eddies in the KOE are often
generated from pinched-off flow loops from the meander-
ing KE axis, having a typical spatial scale of 162 + 28 km
(mean * standard deviation), and a lifetime of 18 + 16
weeks (Cheng et al., 2014). The SST anomalies associated
with mesoscale eddies can be up to 1.5°C, with the sub-sur-
face temperature anomalies reaching as deep as 1000 m
below the sea surface, maximizing at the core of the thermo-
cline. Mesoscale eddies can also significantly affect the
upper ocean heat content (Dong et al., 2014). Such temperat-
ure anomalies, being generated by ocean dynamics rather
than forced by atmospheric variability, are potentially cap-
able of driving atmospheric responses (Xie, 2004; Zhai and
Greatbatch, 2006; Leyba et al., 2017). Although mesoscale
eddies have weaker SST anomalies than oceanic fronts,
their accumulated effect should nevertheless not be over-
looked given their abundance. Since eddies can be regarded
as fronts in curved or circular forms, their atmospheric
impacts bear some similarities with those of oceanic fronts.

7.1. MABL response to mesoscale eddies

The SST and upper ocean heat content anomaly associ-
ated with mesoscale eddies force changes of the overlying
atmospheric state via anomalous sensible and latent heating.
Warm eddies, for example, cause the near-surface air temper-
ature to increase and air pressure to decrease, which then trig-
ger secondary circulation with low-level convergence and
updraft (Lindzen and Nigam, 1987). The increased air temper-
ature reduces atmospheric static stability and enhances ver-
tical turbulent mixing (Wallace et al., 1989). In the mean-
time, more vapor is evaporated and transported aloft by the
updraft and mixing, therefore increasing cloud cover, precipit-
ation, and latent heating (Bourras et al., 2004; Chelton et al.,
2004, 2011; O’Neill, 2012; Frenger et al., 2013; Lambaerts
et al., 2013; Boas et al., 2015; Renault et al., 2016; Putrasa-
han et al., 2017; Sugimoto et al., 2017). The downward
momentum transport by turbulent mixing and the low-level
convergence associated with the pressure adjustment both
increase near-surface wind, leading to a positive correlation
between SST and wind anomalies (Liu et al., 2000; Chelton
et al., 2001; Hashizume et al., 2001; Nonaka and Xie, 2003;
Skyllingstad et al., 2007; O’Neill et al., 2010; Chelton,
2013; Rouault et al., 2016; Ma et al., 2017; Sugimoto et al.,
2017; Gao et al., 2019). The positive SST-wind correlation
contradicts the conventional belief that the atmosphere
forces the ocean (strong wind brings cold and dry air that
cools the ocean) and was what evoked interest in mesoscale
air-sea interaction studies in the first place. The two mechan-
isms, i.e., the vertical mixing mechanism and the pressure
adjustment mechanism, are active in different circum-
stances: the former is believed to be relatively rapid and
thus more responsible for small spatial and temporal scales
(e.g., transient ocean eddies and cross-frontal wind),
whereas the pressure adjustment mechanism needs more
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time and is more suitable for persistent oceanic anomalies
(e.g., quasi-stationary eddies and along-frontal wind).
Recently, Chen et al. (2017) performed composite analysis
on oceanic and atmospheric mesoscale anomalies in the
KOE region and found that in this region, about 60% of the
mesoscale eddies impact the atmosphere via the vertical mix-
ing mechanism, and 10% via the pressure adjustment mechan-
ism, while the other 30% are too weak to exert any influ-
ence on the atmosphere. Such effects are sometimes con-
fined within the MABL (Bourras et al., 2004; Frenger et al.,
2013; Perlin et al., 2014), but can sometimes penetrate
through the boundary layer to the free atmosphere (Ma et
al., 2015a, 2016; Sugimoto et al., 2017; Chen et al., 2017).
The readers are referred to Small et al. (2008) for a thor-
ough (albeit perhaps outdated) review on MABL response
to mesoscale eddies.

7.2. Storm track and free-atmospheric response to
mesoscale SST anomalies

Influences of single mesoscale eddies on the boundary
layer atmosphere have been under active research for years,
but it is only up until recent years that their accumulated
impacts on the storm track started drawing attention. Previ-
ous studies (e.g., Frenger et al., 2013; Chen et al., 2017) com-
monly examined the atmospheric impacts of mesoscale
eddies in the sense of composite-mean, i.e., the mean over a
large number of eddies. As such, those results represent the
atmospheric signature of a typical warm or cold eddy with
moderate strength and circular-shaped SST anomalies corres-
ponding well with the SSH anomalies. However, when
passing by the ocean surface, extratropical cyclones
encounter many eddies, both warm and cold, with various
strengths and differently distorted shapes. How would the
cyclones be affected by those eddies accumulatively, espe-
cially whether the effects of warm and cold eddies cancel
out, is an interesting question.

Two points must be noted here, though. First, meso-
scale eddies are often detected based on their SSH signa-
tures, e.g., by means of closed SSH contours (Faghmous et
al., 2015), yet their atmospheric influences are most com-
monly studied as a response to their SST anomalies. Indi-
vidual eddies often have non-matching SSH and SST anom-
alies. There are also SST-based eddy detection methods
(Dong et al., 2011; Zhang et al., 2015), but they do not neces-
sarily give identical results as SSH-based methods. Particu-
larly, an eddy with a closed SSH contour may not have a
closed SST contour and therefore not be identified as one
by SST-based methods. This discrepancy reflects the
dynamic and thermodynamic perspectives of the ocean meso-
scale, and is also suggestive of the difference between the
eddy-induced temperature anomalies at the surface and
those over the whole water column since the eddy SSH anom-
aly is linearly related to heat content anomaly due to the
thermal expansion effect (e.g., Stephenson et al., 2013).
Therefore, it should be considered that the mesoscale eddies
referred to in the context of this section might not be the
same as those examined by studies of eddy dynamics.
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Second, for convenience, spatial filtering is often used to
extract the mesoscale SST features instead of SST-based
eddy identification. Typical filters include the simplest box-
car filter, and the more sophisticated Loess filter, operating
on, e.g., 5° x 5° windows to extract the larger scale, which
is then subtracted from the original to get the smaller scale,
the mesoscale. Since oceanic fronts and eddies are both meso-
scale features, this method is not efficient in separating the
two (Zhang et al., 2019a). As a result, fronts likely coexist
with eddies in the filtered SST field. As such, at least part of
the atmospheric impacts of this kind of mesoscale SST
comes from fronts but is sometimes misinterpreted as from
eddies. To alleviate this problem, elongating the filtering win-
dow in the zonal direction, say, to 15° x 5° (longitude x latit-
ude), could yield some improvement, but cleaner separa-
tion could be achieved by using a good SST-based eddy detec-
tion algorithm. Base on the above two points, the SST fea-
tures thus obtained is more strictly referred to using the
term ‘“mesoscale SST anomalies ”, instead of “mesoscale
eddies”, but it should be noted that sometimes this distinc-
tion is not explicitly made.

Using a high-resolution (27 km) regional model, Ma et
al. (2015b) found that the intensity of the North Pacific
storm track would decrease by 15% if the KOE mesoscale
SST anomalies are removed. Diagnostics show that the
ensemble of eddies accumulates diabatic heating, of which lat-
ent heating is the main component, and thereby forces the
atmospheric eddies by conversion to eddy kinetic energy.
The reason why the positive and negative latent heating anom-
alies associated with warm and cold eddies do not exactly can-
cel out is attributed to the nonlinearity of the Clapeyron-
Clausius relation, an empirical but accurate approximation
of which is given by Bolton (1980):
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where e, is the saturation vapor pressure in hPa, and T is tem-
perature in °C. By the same absolute value of temperature
anomaly, saturation vapor pressure is increased more over
warm eddies than it is decreased over cold eddies. For
example, for the standard atmosphere (background sea sur-
face air temperature = 15°C = SST), a +1°C warming would
increase es by 6.62%, yet a —1°C cooling reduces it by
6.26%. Hence, the overall vapor amount is increased over a
sea surface with fluctuating temperature, even if the mean
over the temperature fluctuation is zero. Ma et al. (2017) fur-
ther confirmed that such phenomenon is highly dependent
on the model resolution, as a low-resolution (162 km)
regional model failed to simulate the mesoscale eddy for-
cing on the storm track. More recently, Zhang et al. (2019b)
further investigated the influence of mesoscale SST in the
KOE region on the storm track by detecting and tracking
the extratropical cyclones in the experiments of Ma et al.
(2015b). Thereby they found that the presence of meso-
scale SST anomalies almost doubles water vapor supply,
and the resultant increase of diabatic heating supports cyc-
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lone intensification.

However, using a high-resolution (0.23°) coupled atmo-
sphere-slab ocean model, Jia et al. (2019) recently showed
that although ocean mesoscale eddies drive significant
enhancement of storm track and vertical moisture fluxes
and hence total precipitable water, no precipitation changes
are found. Other modeling research on the atmospheric influ-
ence of mesoscale eddies includes the idealized regional mod-
eling of Foussard et al. (2019). They artificially added meso-
scale SST perturbations in a straight frontal zone and found
that the westerly jet and the storm track both shift north-
ward due to the added mesoscale SST signals. Sun et al.
(2018), moreover, employed a low-resolution (2° longitude
% 2.5°latitude) AGCM, but prescribed stochastic SST disturb-
ances at each grid point that are different from month to
month in the KOE, and found significant storm track enhance-
ment, with energy sources from both increased low-level baro-
clinicity and latent heating. Their grid-point monthly SST
noise does not exactly represent mesoscale eddies, but it
does have the same spatial scale as relatively large meso-
scale eddies in the KOE (Cheng et al., 2014), while its
month-to-month evolution is analogous to timescales of
short-lived eddies. The magnitude of the stochastic SST anom-
aly (standard deviation = 0.5°C) is similar to that of SST
anomalies associated with relatively weak KOE eddies
(Chen et al., 2017). Therefore, their results are in a way sug-
gestive of the potential roles of mesoscale eddies on the
storm track. Zhang et al. (2020b) recently repeated the experi-
ments of Ma et al. (2015b) with an AGCM, and found that
after removing the KOE mesoscale SST structures, the low-
level storm track decreases by about 20% along the KOE
and shifts southward downstream alongside a precipitation
reduction of 7%. Also in line with these findings, the recent
modeling work of Liu et al. (2021) reveals that the reinforce-
ment of extratropical cyclones by the KOE mesoscale SST-
induced excessive moisture supply leads to enhanced mois-
ture transport away from the cyclone by airflow in the warm
sector. This additional moisture source feeds into the atmo-
spheric river (WS-NE-oriented plumes of intense vapor trans-
port from above the ocean to the western coast of North Amer-
ica) and is responsible for the increase of heavy precipita-
tion when the atmospheric river makes landfall.

7.3. Storm track and free-atmospheric response to
higher-frequency SST variability

Focusing on even higher-frequency SST variability
than the mesoscale, Zhou et al. (2015) used a high-resolu-
tion (0.56°) global AGCM and highlighted the role of high-
frequency (1-10 days) KOE SST fluctuations in changing
atmospheric stability and thus baroclinicity, thereby favor-
ing energy conversion from the time-mean flow to transient
atmospheric eddies in the storm track. Their results sugges-
ted a greater role of anomalous stability than horizontal tem-
perature gradient (or vertical wind shear) for baroclinicity.
High-frequency SST variability on timescales shorter than
10 days, which has long been regarded as ‘“noise” and
ignored in climate models, might have to be considered. In
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interpreting this result, it is useful to note that the 1-10 day
variability corresponds roughly to the better-known submeso-
scale processes, which are on the temporal scale of O
(1/24-10) days (e.g., Thomas et al., 2008; Qiu et al., 2016,
2020a; McWilliams, 2016). Considering that the SST for-
cing data has a temporal resolution of one day, submeso-
scale processes can be partially resolved in the time domain.
However, the AGCM’s spatial resolution is too crude for
the submesoscale, whose spatial scale is O (0.1-200) km.
Therefore, the high-frequency SST fluctuations highlighted
in Zhou et al. (2015, 2017) are merely some residual of unre-
solved submesoscale processes. Nevertheless, the proposed
importance of such oceanic high-frequency variability on
the storm track likely suggests an even bigger role of the
full submesoscale processes. Likely related to this, Tian et
al. (2017) used a coupled climate model with an atmo-
spheric resolution of 1.87° and oceanic resolution of 1.5°
and showed great sensitivity of air-sea fluxes when the coup-
ling frequency is increased from once per day to once per
hour. This is thus indicative of the significant air-sea interac-
tion involving oceanic high-frequency processes.

These recent studies start to reveal the potential influ-
ences of mesoscale and even higher-frequency (partially
submesoscale) SST perturbations on the atmospheric storm
track, pushing the frontier of our understanding of air-sea
interaction to even smaller scales. The characteristics and
mechanism of such influences are yet to be more thor-
oughly explored. More high-resolution modeling studies are
needed to confirm the findings and evaluate the model
dependency. Observational confirmation is also highly
needed, which would not be possible without high-resolu-
tion oceanic and atmospheric observational or reanalysis
data for the same reason as for studies on frontal impacts.
However, submesoscale-resolving long-term model simula-
tions are expensive, and observational studies are subject to
the added difficulty of separating impacts from fronts,
eddies, and even submesoscale processes, which are most
likely present at the same time.

7.4. Possible decadal modulation by mesoscale and
higher-frequency variability

As introduced in section 2, mesoscale eddy activity is
an integral part of the KOE dynamical system. There has
been extensive observational evidence that confirmed the
decadal variability of eddy activity in the KOE, either in
terms of eddy kinetic energy (Qiu and Chen, 2005; e.g., Tagu-
chi et al., 2007; Ding et al., 2018) or SST standard devi-
ation (Sugimoto and Hanawa, 2011; Seo et al., 2014; Zhou
et al., 2017). Given the newly proposed argument that meso-
scale eddies have significant accumulated effects on the
storm track, the interannual-decadal variability of eddy activ-
ity is most likely also capable of modulating the storm track
and atmospheric general circulation. It must be noted,
though, that just as KE and OE impacts should be prefer-
ably considered in one framework (section 6.5), impacts of
decadal variability of eddy activity, if there is indeed any,
most probably do not work alone either. Furthermore,
recent findings proposed that high-frequency SST variabil-
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ity (oceanic “noise level”) could also play a significant role.
As ocean high-frequency variability roughly corresponds, in
a sense, to submesoscale processes, and submesoscale pro-
cesses are dynamically linked to the mesoscale via mixed-
layer instability and strain-induced frontogenesis (Thomas
et al.,, 2008; McWilliams, 2016), therefore, decadal-scale
atmospheric modulation by the dynamically integrated
multi-scale KOE system is of high research interest.

Direct investigations into this perspective are still
scarce. Based on high-resolution AGCM experiments, Zhou
et al. (2017) proposed that the relative strength of KOE
fronts and ocean high-frequency variability has the poten-
tial to modulate the North Pacific storm track and atmo-
spheric circulation on decadal timescales. Particularly, dur-
ing the 20 years spanning 1980-99, the OE fronts have a lin-
early increasing trend, while at the same time the level of
high-frequency variability is decreasing. Meanwhile, the
atmospheric response in the North Pacific sector to the same
SST anomaly gradually switches from a trough to a ridge.
Given the importance of fronts and high-frequency variabil-
ity discussed above, the authors thus speculated that the
higher level of high-frequency variability in the former dec-
ade drives an eddy-mediated response, while in the latter dec-
ade the stronger OE fronts are in control. This, however,
needs further confirmation by other modeling studies and
by observation. On the other hand, Zhang et al. (2019a)
defined a mesoscale SST anomaly index based on 0.25°
NOAA OISST and studied atmospheric anomalies associ-
ated with the positive and negative phases of this index
using 2.5° NCEP/NCAR reanalysis for the period
1985-2005. It was found that the storm track is shifted south-
wards during the positive phase of the index, which is
driven by turbulent heat flux changes and hence anomalous
baroclinicity. Their results, however, are subject to the same
difficulties as those of the observational studies on roles of
the oceanic fronts (section 6.1), since low-resolution atmo-
spheric fields and synchronous composite analysis are used.
Furthermore, the mesoscale SST index was defined as the
area and monthly average of daily variance of mesoscale fea-
tures extracted by a 5° x 5° boxcar filter, which, as dis-
cussed in section 7.2, cannot quite distinguish SST fronts
and mesoscale eddy-induced SST perturbations. In fact, the
aforementioned index exhibits a good correlation with the
SAFZ frontal index defined by Yao et al. (2018; see Table 2).
The above results, therefore, should not be simply inter-
preted as representing interannual-decadal modulation of
mesoscale eddy variability, as they might also include the
roles of frontal variability. Future studies should focus upon
additional high-resolution modeling efforts and observa-
tional datasets, with carefully designed methods to extract
eddy-induced SST anomalies and, thereby, new definitions
of its index.

8. North Pacific climate variability mediated
by KOE fronts

The decadal variations of the KOE fronts have import-
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ant implications for climate variability in the North Pacific
sector. On one hand, decadal KE variability is at least par-
tially driven by basin-scale wind stress variability (section
2.3); and on the other hand, decadal KE variability and the
associated SAFZ variability, can modulate atmospheric
storm track and circulation changes (section 6) which can
feedback to the KE system by generating new SSH anom-
alies. A closed climate feedback loop is thus probable (Liu
and Di Lorenzo, 2018). This feedback loop is different from
the one proposed by Latif and Barnett (1994) based on cli-
mate model simulations. In the latter, the oceanic mechan-
ism is the wind-driven intensification of the subtropical
gyre and hence the enhanced heat transport by the Kur-
oshio and the KE, which further drive large-scale atmo-
sphere wind anomalies mediated by transient eddies (sec-
tion 3), that closes the loop. The timescale of this coupled
feedback is estimated to be as long as a few decades. As intro-
duced above, however, the basin-scale wind anomalies also
force westward-propagating Rossby waves which arrive at
the KOE region and bring about oceanic frontal changes in
just a few years. The KOE fronts, therefore, are the bridge
of a faster feedback mechanism that enhances the KOE
ocean spectrum in the decadal band.

To explore the KOE front-mediated climate feedback
mechanism, Qiu et al. (2007) put forth a coupled prediction
model of SST in the KE band (32°-38°N, 142°-180°E)
based on observational and reanalysis data for 1948—-2005.
In this model, the KE SST is controlled by red-spectral
thermal damping and white-spectral atmospheric forcing, as
in the conventional stochastic climate model (Hasselmann,
1976; Frankignoul and Hasselmann, 1977), as well as from
the contribution from local SSH signals which physically rep-
resents the warm water advection by the KE jet. The SSH sig-
nal is further determined by the Rossby wave propagation
from the central North Pacific driven by basin-scale wind
stress curl anomalies:
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where T is SST, i is SSH, a is a coefficient for SSH contribu-
tion to SST determined empirically, 4 is the damping factor
estimated from the decorrelation time scale of SST, g is
white noise forcing whose standard deviation is obtained
empirically, Cg is the Rossby wave propagation speed at the
KE latitudes estimated from satellite measurements after
1992, g’ is reduced gravity, pg is a reference density, f is
the Coriolis parameter, and 7 is the wind stress anomaly.

To account for the coupled feedback of the wind stress
curl from the KE variability, the wind stress curl term is
decomposed into an intrinsic part taken as the leading two
EOF modes of observed wind stress curl variability, and an
SST-feedback part represented by the KE SST multiplied
by a coupling coefficient estimated from the linear regres-
sion between the SST and the wind stress curl when SST
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leads by three months to account for the atmospheric adjust-
ment time. It was shown that the model does a better job in
representing the decadal variability of KE SST than the
uncoupled case where the wind stress curl anomaly is only
expressed by the intrinsic part. Similar to this approach, Qiu
et al. (2014) developed a coupled prediction model for the
KE index defined as the box-averaged SSH over the KE
region (31°-36°N, 140°-165°E) based on the merged res-
ults of satellite observations and the OFES model after
1977. The difference with their previous work is that the pre-
dictand is now SSH, and the wind stress curl anomaly has
only the feedback part, the coupling coefficient of which is
still estimated empirically with an atmospheric adjustment
time of two months. This model was shown to have a better
skill in hindcasting the KE index than in the uncoupled
case, especially at lead times of four years and above, when
the wind stress curl anomaly switches sign.

The above studies improved the prediction of North
Pacific decadal climate variability by considering the atmo-
spheric response to anomalies of the ocean western bound-
ary current and frontal systems. However, the current under-
standing is still very much limited. In fact, the coupled empir-
ical KE SST and SSH predictions of Qiu et al. (2007, 2014)
only account for a small percentage of the observed SST
and SSH variability (9.3% of monthly SST and 27.4% of
decadal and longer SST, 45% of SSH variability at a 3-year
prediction lead time and 30% at a 4-year lead time). This
reflects the complexity of the coupled problem. First of all,
from the pure oceanic point of view, the dynamics of the
KOE system, including the interaction between the jets,
fronts, and eddies, has not yet been fully understood (sec-
tions 2.1 and 2.2). Second, the response of the KOE to wind
forcing, especially the relative roles of wind forcing and
intrinsic oceanic processes, is still debatable (section 2.3).
Third, and related to the above two points, the atmospheric
response to changes of the KOE oceanic processes is still
poorly known. Ignorance of the OE fronts and/or meso-
scale eddies could be a possible reason, given their import-
ance in modulating the storm track too (section 6).
Moreover, we note that the climate regime shift around
1977, which is associated with dramatic changes of both the
atmosphere and ocean, may also hinder the prediction skill.
Qiu et al. (2007), for example, estimated the Rossby wave
propagation speed and SSH contribution to SST purely
based on post-1977 data but used them for the whole period
back to 1948. Clearly, there still exists large uncertainty
over the KOE-mediated decadal climate feedback regard-
ing each of its components: the ocean, the atmosphere, and
their two-way interactions. Much more work is needed
before a better picture of North Pacific decadal climate feed-
back mediated by KOE fronts and eddies is possible.

9. Summary and concluding remarks

In this paper, we have reviewed the current research pro-
gress regarding atmospheric impacts of midlatitude oceanic
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fronts and eddies. The atmospheric impacts consist of two
major parts—the impacts on the time-mean flow and the
impacts on synoptic transient eddies, the latter of which also
comprises two aspects, i.e., single eddies (storms) and their
statistics—the storm track. Some of the discussions con-
cerned the atmospheric impacts of oceanic fronts in general,
but the emphasis was made on fronts in the KOE region, espe-
cially regarding their decadal modulation of the atmosphere.
As in many literature studies, we focused on the winter sea-
son, when air-sea interaction is the most intense, completed
with a brief discussion on seasonal contrast. Potential differ-
ences of the atmospheric impacts of the KOE fronts under dif-
ferent climatological atmospheric and oceanic background
states are also discussed, as well as the climate feedback
mechanism based on observations made in recent decades.
Finally, the emerging acknowledgment of the importance of
mesoscale eddies and higher frequency oceanic variability
to the storm track and atmospheric circulation, as revealed
by recent modeling studies, is introduced.

The current understanding and remaining issues can be

summarized as follows:

e MABL models based on the Ekman balance and
mixed layer assumption have been proposed to
explain the frontal impacts on the atmospheric time-
mean flow in the case of along-frontal wind. Free-
atmospheric impacts of the fronts can also be
inferred. These models adopt the hydrostatic pres-
sure adjustment to the SST gradient and predict a
band of convergence and updraft anchored to the
warm flank of the oceanic front. For a cross-frontal
wind, the mixed layer assumption breaks up, and the
pressure adjustment mechanismisreplaced by differen-
tial vertical turbulent mixing associated with the
cross-frontal SST contrast. The vertical mixing mech-
anism generally needs less adjustment time and is
thus favorable for cross-frontal winds and mesoscale
eddies.

e A band of increased high cloud and enhanced precipita-
tion in the time-mean to the south of the front was
noticed in the observations and was originally
regarded as evidence to the free-atmospheric mean-
flow response predicted by the MABL models that
lack moist processes. Recently, however, doubt has
been cast upon the validity of this interpretation.
Some studies showed that the time-mean conver-
gence and precipitation could be a residual imprint of
the transient eddy response, as a result of the skew-
ness of the eddy-associated convergence, updraft,
and precipitation anomalies. It is thus a challenge for
observational studies to properly isolate the presum-
ably weak time-mean response from the more domin-
ant transient eddy response, in order to ensure a fair
comparison with the theoretical results.

e The response of the individual transient eddies, i.e.,
the extratropical cyclones and anticyclones, involves
interactions between the SST front and different meso-
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scale components of the cyclone, including the atmo-
spheric front (mainly the cold front), convection in
the cold sector, and the warm conveyor belt. It has
been argued that the SST front is responsible for an
increased frequency of atmospheric frontal occur-
rence, enhanced precipitation in the cold sector, and
a reinforced updraft in the warm conveyor belt.
However, related studies are still scarce and more
detail on the dynamical and thermodynamical ocean-
atmospheric mesoscale linkage is clearly needed.

e The SST frontal impact on the storm track, i.e., the stat-

istics of extratropical cyclones and anticyclones, has
been confirmed by numerous modeling studies. The
storm track position and strength are modulated by
the frontal position and strength by means of the fol-
lowing three factors: the strong sensible forcing on
cross-frontal air temperature gradient which contrib-
utes to low-level baroclinicity, the differential atmo-
spheric stability across the front contributing also to
low-level baroclinicity, and the huge latent heating
aloft over the warm flank which works to enhance
mid-level baroclinicity. There still lacks a consensus
regarding the relative roles of these factors, which
are related to the relative importance of the SST gradi-
ent and its absolute value.

e The KOE currents and fronts exhibit decadal-scalefluc-

tuations largely controlled by the bimodal variability
of the KE. Some studies have attempted to use observa-
tional measures to evaluate the influence of such
decadal variability on the atmosphere. However,
these studies, focusing on atmospheric responses to
either the KE or the OE frontal variability, have
come to disparate conclusions. Possible reasons for
the uncertainties include: the inadequate resolution
of the reanalysis data, the incapability of some of the
statistical methods in distinguishing response from for-
cing, the sensitivity to the artificially chosen atmo-
spheric adjustment time to SST forcing, the different
external-forcing removal treatment, the lack of know-
ledge on the fronts themselves which hinders the
choice of a good index for frontal variability, the ignor-
ance of the combined and delayed response to both
the KE and OE frontal variabilities, and the sensitiv-
ity of the response to the climatological background
state.

o Modeling studies, albeit rare, were able to reach a

more consistent response of the storm track to
decadal meridional migration of the OE, indicating a
northward shift of the low-level storm track and a
downstream weakening of the upper-level storm
track in response to a northward OE shift. No
attempts were made to consider the influences of KE
variability either separately or combined with the
OE.

e Large sensitivity to the background state is found

based on both observational and modeling studies. Sea-
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sonal, interannual, and multi-decadal changes of the
background state can all alter the atmospheric
response to KOE fronts. This reflects the eddy-medi-
ated nature of the response since the storm track back-
ground state certainly determines how it would
respond to changes at the lower boundary, as has
been learned from the extensive studies on atmo-
spheric response to large-scale midlatitude SST anom-
alies.

e Based on the extensive research on MABL impacts
of mesoscale eddies, a few recent modeling studies
highlighted the role of the KOE mesoscale eddies to
the storm track. It has been shown that the accumu-
lated effects of the mesoscale eddies can increase
low-level baroclinity and mid-level latent heating,
and thereby favor atmospheric transient eddy develop-
ment. The importance of even higher-frequency
ocean perturbations partially corresponding to
submesoscale processes is also proposed by recent
modeling studies. However, related studies are
scarce, and observational confirmation is still lack-
ing.

e The decadal modulation of the KOE fronts on theatmo-
sphere has the potential to form a closed decadal cli-
mate feedback of the North Pacific sector since the
decadal variation of the KE itself is presumably
triggered by fluctuations of wind-induced SSH anom-
alies. Coupled empirical feedback theories have been
proposed and they do have some skill in predicting
the North Pacific decadal climate variability.
However, the current models can only explain a
small fraction of the total SSH and SST variability of
the KOE, probably due to the limited knowledge on
both ways of the mutual air-sea interaction, as well
as the sensitivity to the background state.

A better understanding of the atmospheric impacts and
the potential climate feedback is only possible through the
advancement of oceanographic research on dynamics of the
integrated KOE system, including the KE jet, branches of
the OE jet, the KE and OE fronts, and the mesoscale eddies
and submesoscale processes. On the other hand, the advance-
ment of meteorological studies on extratropical cyclone meso-
scale dynamics involving fronts and convection is also neces-
sary. It is thus key to future studies to better resolve the inter-
action between oceanic and atmospheric mesoscale and
submesoscale processes, as well as the interaction between
these finer-scale processes with the larger scale oceanic and
atmospheric circulation. However, in order to achieve more
confident results, high-resolution observational or reana-
lysis data and numeric models accurately representing
oceanic fronts and mesoscale eddies, and preferably even
the submesoscale processes, must be employed. Among oth-
ers, the recently published ERAS long-term reanalysis data-
set developed by the ECMWF with a resolution of 30 km
(Hersbach et al., 2020) could be a good start. Although, in a
strict sense, its resolution is still only eddy-permitting for
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the ocean and not convection-permitting for the atmosphere,
it is indeed expected to greatly improve the representation
of the ocean mesoscales’ imprint on the atmosphere than tradi-
tional datasets. In recent years, global oceanic submeso-
scale-permitting and atmospheric convection-resolving simu-
lations [both having grid spacing of O(1) km] have emerged
(e.g., Rochaetal., 2016; Stevens et al., 2019), yet these simu-
lations are limited to short time periods. Moreover, the
value of coupled atmosphere-ocean modeling in studying
mesoscale and even submesoscale air-sea interaction must
be emphasized. Recent findings revealed that the atmo-
spheric imprints of mesoscale eddies can feedback to the
ocean by both thermally and mechanically damping the
eddies (Ma et al., 2016; Renault et al., 2019). Enabling coup-
ling could thus result in weaker eddy activity, and hence
weaker eddy-mean flow interaction, eventually fixing a
long-standing modeling bias: the underestimate of western
boundary currents. The weaker eddies and stronger currents
could possibly further feedback on the atmosphere and alter
the mesoscale and frontal scale air-sea interaction. Finally,
care must be taken as the atmospheric response depends on
the background state of the atmosphere and the ocean; there-
fore, it may change in climatological terms. Long-term data
coverage and coupled atmosphere-ocean model integration
are thus useful.
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