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Distinct Roles of Cyclones and Anticyclones in Setting the Midwinter Minimum of
the North Pacific Eddy Activity: A Lagrangian Perspective?
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ABSTRACT: The North Pacific storm-track activity is suppressed substantially under the excessively strong westerlies to
form a distinct minimum in midwinter, which seems inconsistent with linear baroclinic instability theory. This “midwinter
minimum” of the storm-track activity has been intensively investigated for decades as a test case for storm-track dynamics.
However, the mechanisms controlling it are yet to be fully unveiled and are still under debate. Here we investigate the de-
tailed seasonal evolution of the climatological density of surface migratory anticyclones over the North Pacific, in compari-
son with its counterpart for cyclones, based on a Lagrangian tracking algorithm. We demonstrate that the frequency of
surface cyclones over the North Pacific maximizes in midwinter, whereas that of anticyclones exhibits a distinct midwinter
minimum under the upstream influence, especially from the Japan Sea region. In midwinter, it is only on such a rare occa-
sion that prominent weakening of the East Asian winter monsoon allows a migratory surface anticyclone to form over the
Japan Sea, despite the unfavorable climatological-mean conditions due to persistent monsoonal cold-air outbreaks and the
excessively strong upper-tropospheric westerlies. The midwinter minimum of the North Pacific anticyclone density suggests
that anticyclones are likely the key to understanding the midwinter minimum of the North Pacific storm-track activity as

measured by Eulerian eddy statistics.
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1. Introduction

In midlatitudes, transient cyclones and anticyclones succes-
sively develop in traveling eastward, leaving stacks of their
tracks, often called “storm tracks.” Those transient disturbances
do not merely regulate day-to-day weather variations in the ex-
tratropics, but also interact with a background state to maintain
the climatological-mean state such as the distinct midlatitude
westerly jets, and the global atmospheric energy budget through
transporting momentum and heat systematically.

Studies of such subweekly transient disturbances have arisen
from the surveillance of the path and intensity of “storms.” In
the late nineteenth century, typical paths of storms were recog-
nized reasonably in the Euro-Atlantic sector (Hinman 1888).
Until the late twentieth century, distribution of cyclone frequency
has been examined based on surface weather charts (Klein 1958;
Whittaker and Horn 1984) to reveal that cyclone frequency is
particularly high over the North Pacific (NP) and North Atlantic
(NA). With the development of atmospheric gridded data,
procedures have been proposed to identify centers of cyclones
and anticyclones more objectively (e.g., Parker et al. 1989;
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Bell and Bosart 1989; Murray and Simmonds 1991; Hodges
1994, 1995). Until today, many studies have utilized various
tracking algorithms (Ulbrich et al. 2009; Neu et al. 2013).
They identify and track centers of cyclones or anticyclones
based typically on fields of sea level pressure (SLP) or low-
level vorticity. These “Lagrangian” tracking algorithms enable
us to analyze individual transient eddies and associated
phenomena, including winds, temperature, and precipitation.
Based on identified low-level cyclonic centers, composited
structures of cyclones have been constructed by using atmo-
spheric reanalysis data (Manobianco 1989; Wang and Rogers
2001) and output of a general circulation model (GCM) ex-
periment (Catto et al. 2010).

The development of another methodology for storm-track
studies based on an “Eulerian” perspective lagged behind the
Lagrangian method. Pioneering works such as Sawyer (1970)
and Blackmon (1976) suggested that regions of particularly
large bandpass-filtered fluctuations of 500-hPa height closely
correspond to those of frequent cyclone paths over the NA
and NP basins. Since then, (co)variance of bandpass- or
high-pass-filtered fluctuations has been commonly used as a
local measure of activity of extratropical transient eddies
(e.g., Blackmon et al. 1977, 1984; Chang et al. 2002; Nakamura
et al. 2004).

According to the theory of baroclinic instability, stronger
vertical shear of the westerlies is equivalent to larger maxi-
mum growth rate of eddies (Eady 1949). Consistently with
this principle, the NA storm-track activity is on average maxi-
mized in midwinter, when the climatological-mean upper-
tropospheric westerly jet speed peaks. The corresponding
NP storm-track activity, to the contrary, exhibits a distinct
minimum in midwinter despite the maximum speed of the
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upper-tropospheric westerly jet (Nakamura 1992), which is
apparently inconsistent with the baroclinic instability theory.

This distinctive seasonality is referred to as “midwinter
minimum” (MWM) or “midwinter suppression” of the NP
storm-track activity. It has long been investigated from vari-
ous viewpoints as a “test case” for the midlatitude storm-track
dynamics. The MWM of the NP storm track is also simulated
in numerical models. Zhang and Held (1999) successfully
simulated the MWM in a stochastic linear storm-track model,
implying that it is mainly caused by linear dry dynamics.
In contrast, a similar effort by Whitaker and Sardeshmukh
(1998) was unsuccessful. Chang and Zurita-Gotor (2007) were
also unsuccessful in simulating the MWM with an idealized
nonlinear storm-track model. The MWM is represented in a
GCM (Christoph et al. 1997), and it is generally reproduced
in the historical experiment with CMIP6 GCMs (Yang et al.
2021). Furthermore, Martian reanalysis datasets reveal tran-
sient eddy activity exhibits a minimum around winter solstice
(solstitial pause; Lewis et al. 2016; Battalio 2022).

Since its discovery, multiple mechanisms have been pro-
posed for the explanation of the MWM of the NP storm-track
activity. Harnik and Chang (2004) as well as Deng and Mak
(2005) pointed out the possible influence of the prominent
lateral shear of the excessively strong midwinter jet on the
suppressed growth rate of baroclinic eddies through the
“barotropic governor” effect, which is related to the results
obtained by James (1987). As for the jet structure, the sea-
sonal transition of the NP jet characteristics between stronger
and more subtropical “merged” jet in midwinter and weaker
eddy-driven “separate” jet in the shoulder seasons may be
responsible for the MWM of the storm-track activity (Lachmy
and Harnik 2014, 2016; Yuval et al. 2018; Yuval and Kaspi
2018). Using an idealized GCM with zonally symmetric
settings, Novak et al. (2020) emphasized the importance of the
climatological southward shift of the Pacific jet in midwinter.
As supportive evidence for the importance of the jet intensity,
Afargan and Kaspi (2017) found a clear suppression of high-
frequency eddy activity even over the NA in cases of the partic-
ularly strong NA jet in midwinter. Those cases were also
characterized by the jet being anomalously equatorward.
Nakamura (1992) and Nakamura et al. (2002) suggested that
the baroclinic development of transient eddies may be inhib-
ited under their excessive propagation speed owing to short-
ening the residence time over the baroclinic zone. Nakamura
and Sampe (2002) pointed out that upper-level eddies tend
to be trapped into the equatorward- and upward-shifted
“hybrid” NP jet core in midwinter and are therefore more
likely to be disconnected from the near-surface baroclinic
zone, which is thus unfavorable for effective baroclinic growth
of eddies. In addition, the effect of diabatic heating associated
with low-level clouds in the cold sector of surface cyclones
was investigated by Chang (2001) and Chang and Song (2006).
Park et al. (2010) and Lee et al. (2013) suggested the potential
importance of large-scale orography.

Instead of taking a process-by-process approach, some
studies have taken advantage of a framework of atmospheric
energetics (Chang 2001; Zhao and Liang 2019; Schemm and
Riviere 2019), which has evolved in the framework put forward
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by Lorenz (1955). Most recently, Okajima et al. (2022) evaluated
the detailed seasonal evolution of energy conversion/generation
rates associated with transient eddies along the NP storm track,
in a normalized fashion by the eddy total energy. Their ener-
getics was performed from a comprehensive perspective of
the MWM of the NP storm-track activity that encompasses
various mechanisms proposed by previous studies. They pointed
out that the net normalized energy conversion/generation
rate is indeed suppressed in midwinter. Specifically, eddy
available potential energy conversion plays a substantial role
especially in the reduction of the net normalized energy con-
version/generation rate from its early winter peak, whereas
that of the net energy influx into the NP is of particular im-
portance for the spring recovery.

The above studies are based basically on Eulerian eddy
statistics. Studies of the MWM of the NP storm-track activity
from the Lagrangian perspective have been relatively few.
Penny et al. (2010) focused on the importance of upper-level
cyclonic eddies propagating from the Asian continent upstream
of the storm track (“seeding effect”), through a Lagrangian
tracking method. They suggested that a significant seasonal
reduction of cyclonic eddies is responsible for the MWM, al-
though no such clear relationship was found in an indepen-
dent analysis by Chang and Guo (2012). Hoskins and Hodges
(2019a,b) investigated seasonal evolution of the number
and intensity of meridional wind maxima over the Northern
Hemisphere. They demonstrated that, in the western NP,
both the number and intensity of upper-tropospheric eddies
along the storm-track axis tend to minimize in midwinter,
while the number of lower-tropospheric eddies peaks in mid-
winter but their intensity exhibits a weak MWM. Schemm and
Schneider (2018) examined the relationship among storm-track
activity, number, and lifetime of surface cyclones over the NP.
They suggested that shorter lifetime of cyclones in midwinter
may contribute to the MWM of the Eulerian storm-track
activity. Subsequently, Schemm et al. (2021) suggested that
cyclones downstream of Kamchatka are less numerous and
less intense in January, contributing primarily to the MWM of
the NP storm-track activity, along with a contribution from
cyclones moving from the East China Sea (ECS) to the spring
recovery of the NP storm-track activity. Most recently, through
tracking of upper- and lower-tropospheric cyclonic eddies
in idealized GCM simulations in which the jet strength was
systematically increased, Hadas and Kaspi (2021) investigated
the dependence of the number, intensity, and lifetime of those
eddies on the jet intensity. As the jet strengthens and the
corresponding vertical shear increases in the model, they
found clear tendencies that their coupling between the upper
and lower levels diminishes, their westward-tilting baroclinic
structure becomes broken and thus their baroclinic growth
becomes suppressed. These tendencies can therefore result
in an inverse relation between jet intensity and eddy growth
under the excessively strong jet.

One of the major difficulties in understanding the MWM is
a gap between the “Lagrangian” statistics of moving cyclones
and “Eulerian” eddy statistics that depict the MWM of the
NP storm-track activity. The latter regards transient eddies as
waves where contributions from both cyclonic and anticyclonic
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deviations are combined (Wallace et al. 1988). Meanwhile,
those studies of the MWM from the Lagrangian perspective
focus mainly on cyclones, while excluding the potential contri-
bution from anticyclones, which makes it difficult to compare
quantitatively the results obtained from the two different per-
spectives. Of course, there is no necessity for measures of
eddy activity from the Lagrangian and Eulerian perspectives
to accord with one another. In Schemm and Schneider (2018),
for instance, distributions of Lagrangian surface cyclone density
and Eulerian eddy activity differ substantially over the NP;
the former is highest over the Gulf of Alaska, whereas the
latter maximizes along a zonal band at ~40°N. A similar differ-
ence is also shown by Shaw et al. (2016).

With more attention paid to extratropical cyclones that are
directly related to stormy weather, few studies have focused
on the climatological-mean behavior of migratory anticyclones
based on a tracking, especially over the NP. Hoskins and
Hodges (2002) found that climatological wintertime distri-
butions of cyclone and anticyclone densities distinctively
differ over the NP. Specifically, the former is highest to the
east of Japan, while the latter peaks along ~30°N. Since
then, some studies have conducted a feature-tracking analysis
for migratory anticyclones over the NP (Favre and Gershunov
2006; Ioannidou and Yau 2008; Kravtsov et al. 2015; Pepler
et al. 2019), but they did not focus on the relationship be-
tween anticyclone tracks and storm-track activity measured
as Eulerian eddy statistics. All in all, the role of migratory
anticyclones in the formation and seasonality of the “NP
storm track” within the Eulerian framework is still not well
understood.

Recently, Okajima et al. (2021, hereafter cited as ONK21)
have developed a method to separate cyclonic and anti-
cyclonic contributions to Eulerian eddy statistics. They revealed
that anticyclonic vortices play an important role in main-
taining the midwinter Pacific jet, especially in the upper
troposphere, and they make greater contributions to the
barotropic energy conversion and net energy outflow for
the midwinter NP storm track. Their results therefore sug-
gest that anticyclones should not be dismissed in investigat-
ing the MWM of the NP storm track from the Lagrangian
perspective.

To this end, the present study aims at investigating the de-
tailed seasonal evolution of climatological density of surface
migratory anticyclones over the NP, in comparison with its
counterpart of cyclones, based on a Lagrangian tracking algo-
rithm. We demonstrate that the seasonality of the frequency
of surface anticyclones is substantially contributed by the up-
stream influence from the Japan Sea region and thus differs
distinctively from that of cyclones.

This paper is organized as follows: Section 2 explains data
and analysis methods used in this study. Section 3 describes
seasonal evolution of climatological-mean activity of NP cy-
clones and anticyclones. Then, composite analysis is con-
ducted to investigate mechanisms for the seasonality in
section 4. Section 5 examines long-term modulations of the
densities of cyclone and anticyclone centers. Section 6 offers a
summary and discussion.
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2. Data and analysis methods
a. Observational data

This study utilizes 6-hourly fields of atmospheric variables,
including geopotential height, temperature, and wind veloci-
ties in pressure coordinates as well as sea level pressure
(SLP), taken from the Japanese 55-year Reanalysis (JRA-55)
by the Japan Meteorological Agency (JMA) (Kobayashi et al.
2015; Harada et al. 2016) for the period 1958-2017. The JRA-55
has been constructed with a four-dimensional variational
data assimilation (4D-Var) system with TL319 horizontal res-
olution (equivalent to 55-km resolution) and 60 vertical level
up to the 0.1-hPa level. Those variables are available on a
1.25° X 1.25° grid.

At each grid point, subweekly fluctuations associated with
synoptic-scale transient eddies have been extracted from the
6-hourly atmospheric reanalysis through an 8-day cutoff Lanczos
filter with a 121-point window. Their low-frequency modulations
have then been calculated locally as low-pass-filtered fields of
their products, to represent eddy activity of fluxes. Climatological-
mean fields are calculated with a 31-day running mean. A
composited map is created for each calendar days from 59 years
of data and then 31-day running mean is applied to it unless noted
otherwise.

b. Identification of tracks of surface migratory cyclones
and anticyclones

In this study, tracks of migratory cyclones and anticyclones
are objectively identified based on the total SLP of the JRA-55
dataset, by identifying cyclones and anticyclones on a surface
weather map, taking the different typical characteristics of
cyclones and anticyclones into account. This means that in
this study cyclones and anticyclones are identified as systems
having their own structures, which interact with and include
the influence from low-frequency variabilities and climatolog-
ical background states. Tracking with the total SLP has been
also carried out by other recent studies focusing on the
Lagrangian perspective of the MWM of the NP storm-track
activity (e.g., Schemm et al. 2021). Assessment of the perfor-
mance of the tracking algorithm is thus provided in the appendix.
We have also confirmed the robustness of tracking results with
~6000-yr output of a large-ensemble GCM experiment (online
supplementary Figs. S1 and S2).

1) CYCLONE TRACKS

For identifying surface cyclone centers, we adopt a tracking
algorithm used by Kuwano-Yoshida et al. (2022). SLP and its
Laplacian (hereafter V>SLP) are utilized to identify cyclones
on a surface weather map. The combination of SLP and
V2SLP (or surface vorticity) has been adopted to identify cy-
clone tracks in previous studies (e.g., Murray and Simmonds
1991; Pinto et al. 2005; Simmonds et al. 2008; Hewson and
Titley 2010). Before initiating the tracking, a Gaussian spatial
filter whose half-amplitude length is 300 km was applied to
V2SLP to obtain a smoother field. Those grid points at which
surface elevations are higher than 1500 m were not used for
the tracking to avoid identifying spurious centers.
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First, local minima of SLP were regarded as candidates for
cyclone centers, and among them only the SLP minimum with
the lowest pressure in the vicinity of a 400-km circle has been
identified. The SLP minimum must accompany a local maxi-
mum of V>SLP within 700 km, which must be stronger than
80 Pa (100 km) ™2 This condition was imposed to discard
weak cyclones with no significant amplitudes.

Next, those SLP minima identified above were compiled as
tracks. Specifically, the nearest SLP minima at successive time
steps were connected, only when their distance is not more
than 800 km. Any track must persist at least over four time
steps (viz., 24 h) and must travel at least over 600 km during
the lifetime.! A cyclone track must pass through a domain en-
compassing the NP storm track (20°-65°N, 100°E-120°W).

2) ANTICYCLONE TRACKS

For anticyclones, only SLP was used to identify their cen-
ters as in previous studies (Hoskins and Hodges 2002; Kravtsov
et al. 2015). Unlike cyclones, anticyclones are unlikely to have
distinct V’SLP minima, reflecting the gradient wind balance. Lo-
cal SLP maxima were regarded as candidates for anticyclone
centers, after SLP has been horizontally smoothed with perform-
ing a nine-point horizontal smoothing (weight is 0.5 next to the
center point and 0.3 at corners) eight times. Here, only an SLP
maximum that is highest within a 400 -km circle around the maxi-
mum was identified as a surface anticyclonic center at which SLP
should not be lower than 990 hPa.

Similar to the case for cyclone centers, the nearest SLP
maxima identified above at successive time steps were con-
nected. The distance must not exceed 1000 km. Again, any
track must persist at least over four time steps (i.e., 24 h) and
travel at least over 600 km during the lifetime. The distribu-
tion of their density is similar if longer thresholds for move-
ment are imposed. Any anticyclone track must pass through
the domain (20°-65°N, 100°E~120°W) around the NP storm
track.

3. Climatological-mean activity of North Pacific
cyclones and anticyclones

Figure 1 shows horizontal distributions of climatological-
mean densities of cyclone and anticyclone centers® from
November to March. As shown in previous studies, the cy-
clone density is high over the NP poleward of 30°-35°N, in as-
sociation with the climatological-mean Aleutian low (AL).
Those cyclones tend to move eastward or northeastward (not

! The seasonal evolution of the climatological-mean densities of
cyclones and anticyclones is qualitatively the same with a mini-
mum traveling distance of 1000 km.

% Hereafter, density is defined as the occurrence of time steps
when a cyclone/anticyclone center exists at each grid point divided
by the number of total time steps. We are aware that density of
those centers is affected by both the number of tracks and their
lifetime. The present study focuses on density, because it can be
compared with Eulerian eddy statistics in a more straightforward
manner than the number of tracks, as well as it bypassing the po-
tential uncertainty owing to splitting of tracks. Nevertheless, the
influence of the number and duration is discussed in section 6.
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shown; e.g., Tamarin and Kaspi 2016). Around the climatological-
mean AL center, density of migratory cyclones maximizes in
midwinter (Fig. 1c). Just off the east coast of Japan at ~35°N, a
hint of a local maximum of the cyclone density suggests the influ-
ence from the warm Kuroshio Extension (KE) on the develop-
ment of synoptic- and meso-a-scale cyclones (Masunaga et al.
2020), especially from midwinter to early spring. Another notice-
able feature is high density along the south coast of Japan in
spring (Figs. 1d,e), corresponding to frequent “southern coast
cyclones” around Japan (Takano 2002).

In contrast, the anticyclone density exhibits a zonally ex-
tended band of maxima at ~30°N, slightly poleward of the
climatological-mean subtropical high pressure belt. The con-
trasting latitudes of the density maxima of cyclones and anti-
cyclones are consistent with Hoskins and Hodges (2002).
Migratory anticyclones over the western and central NP tend
to move eastward or slightly southeastward especially in mid-
winter (not shown). The different moving directions between
cyclones and anticyclones are consistent with previous studies
(Wallace et al. 1988; Tamarin and Kaspi 2016). The maximum
over the eastern NP collocates with the climatological-mean
center of the subtropical high (Nakamura et al. 2010). The
zonally elongated band of the high density is consistent with
Pepler et al. (2019, their Fig. 2), though the eastern NP maxi-
mum is somewhat more emphasized in this study, which is dis-
cussed in the appendix. The density is also high over the
Yellow Sea in addition to eastern and northern China, which
may correspond to synoptic-scale anticyclones that are sepa-
rated from the persistent Siberian high. The anticyclone den-
sity in the storm-track entrance region (at ~40°N, 140°E) is
reduced in midwinter compared with that in the shoulder
seasons.

To highlight the seasonality of the cyclonic and anticyclonic
densities in the NP storm-track core region, their latitude—
season sections as zonal means for 150°E-160°W are shown in
Fig. 2. Cyclone density maximizes in midwinter, coinciding
with the climatological peak of the AL (Fig. 2a). The season-
ality of the cyclone density in Fig. 2 is consistent with the sea-
sonality of the cyclone number found by Schemm and
Schneider (2018). The region of highest cyclone density ex-
tends most southward in midwinter, leading to its striking
midwinter maximum between 40° and 50°N. Identified cyclo-
nes tend to propagate at a speed corresponding to the clima-
tological-mean Usgy (~12 m s~ ! at the density maximum),
although their typical movement is relatively slow (<~6 m s~ ')
north of ~50°N in midwinter (Fig. 2a), contributing partly to the
high-density there under the influence of the quasi-stationary
AL. Meanwhile, the latitude of maximum anticyclonic den-
sity migrates southward from 35° to °43°N in the shoulder
seasons to ~30°N in midwinter along with the subtropical
high pressure belt (Fig. 2b). They tend to travel at a speed
corresponding to the climatological-mean Usgy (>12 m s™')
along the axis of their density maximum (Fig. 2b). In sharp
contrast to the cyclonic density, the anticyclonic density
shows its distinct MWM. The regions of frequent cyclones
and anticyclones are roughly separated by the lower-tropospheric
westerly jet axis.
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FIG. 1. Climatological-mean densities (X0.01%) of identified surface (a)-(e) cyclone and (f)—(j) anticyclone centers
for the calendar months as indicated, based on 6-hourly SLP fields of the JRA-55 for the period 1958/59-2016/17. Meri-
dians of 100°E and 120°W, and latitude circles of 20° and 65°N are highlighted, which indicate the lateral boundaries of
the domain through which those centers must pass. Contours indicate climatological-mean SLP (every 4 hPa, thick for

every 20 hPa).

The contrasting seasonality between surface cyclone and
anticyclone densities has not been described in previous stud-
ies. One may consider that the midwinter maximum of cy-
clone density may be compatible with the stronger westerly
jet and baroclinicity in midwinter than in the shoulder sea-
sons, leading to higher maximum growth rate of baroclinic ed-
dies, which may also influence their intensity and lifetime. At
the same time, however, the seasonality of the NP cyclone
density suggests that it may not be responsible for the MWM
of the NP storm-track activity as measured by Eulerian
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statistics. As another factor contributing to the seasonality in
Eulerian eddy statistics, Hoskins and Hodges (2019b) showed
that eddy amplitude (measured by the magnitude of tracked
local maxima of positive or negative meridional wind speed)
is reduced in midwinter. The seasonality in the cyclone inten-
sity evaluated by the magnitude of spatially smoothed V>SLP
maxima corresponding to identified cyclone centers also ex-
hibits a moderate MWM (10%-15%; not shown), but it may
be overwhelmed by the midwinter increase in the number of
cyclones as shown in Fig. 2a. The contrasting seasonality
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(b) anticyclones

FIG. 2. Latitude-season sections of climatological-mean densities (X0.01%) of surface (a) cyclone and (b) anticyclone
centers identified over the central NP based on 6-hourly SLP fields of the JRA-55 for the period 1958/59-2016/17.
Black contours indicate climatological-mean SLP (every 2 hPa, thickened for every 10 hPa). Blue dashed contours
signify the climatological-mean scalar moving speed (every 3 m s~ !, thickened for 12 m s™') of identified centers.
The climatological-mean propagation speeds are weakly smoothed meridionally before plotted except for domains
where their climatological-mean densities are low (less than 0.03% and 0.02%, respectively). All the quantities are
longitudinally averaged between 150°E and 160°W. Labels on the abscissa mark the beginnings of the individual

calendar months.

suggests that migratory anticyclones can be of certain impor-
tance for the MWM of the NP storm-track activity.

To delineate the striking difference in the seasonality between
cyclone and anticyclone densities, only tracks passing the central
NP domain (20°-65°N, 150°E-150°W) are counted to illustrate
where cyclones and anticyclones detected within the storm-track
core region come from. The three calendar days in Fig. 3

correspond to the first peak, MWM, and the second peak of the
NP storm-track activity during its seasonal cycle, based on
lower-tropospheric Eulerian eddy statistics (Okajima et al.
2022). The NP cyclones tend to propagate from the northern Ja-
pan Sea and the Okhotsk Sea in early winter (Fig. 3a), whereas
in spring more cyclones tend to travel along the Kuroshio just
south of Japan and then along the KE (Fig. 3c). Propagation
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FIG. 3. As in Fig. 1, but for identified surface (a)—(c) cyclone and (d)—(f) anticyclone centers passing through the domain of 20°-65°N, 150°E-150°W
over the central NP as climatologies for the calendar days as indicated.
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FIG. 4. (a)-(c) Climatological-mean density (X0.01%) of the genesis of surface cyclones that pass through the domain of 20°-65°N,
150°E~150°W, over the central NP for the calendar days as indicated. Black contours denote climatological-mean SLP (every 4 hPa).
(d)-(f) Asin (a)-(c), respectively, but for the genesis of identified anticyclones.

from the ECS is also more frequent in spring. These cyclone
paths seem to correspond to the two branches of the upper-
level disturbances pointed out by Chang (2005), and they are
also consistent with Schemm et al. (2021). Another notice-
able aspect is that the number of cyclones propagating from
northern China (especially west of 120°E) decreases in mid-
winter (Fig. 3b). This is suggestive of reduced cyclone activity
along ~50°N over East Asia, and consistent with the promi-
nent midwinter reduction in the number of upper-level cy-
clonic disturbances over the NP originated over land as
pointed out by Penny et al. (2010). They may be compared
with upper-level cyclonic disturbances originating over the
NP, whose number exhibits no prominent MWM and peaks
in spring (Penny et al. 2010).

The NP anticyclones are likely to propagate from the Japan
Sea in early winter and spring (Figs. 3d,f). This typical path-
way is consistent with the climatologies for SON, DJF, and
MAM obtained by Pepler et al. (2019). The propagation is
greatly suppressed in midwinter (Fig. 3e), suggestive of an im-
portant contribution of anticyclones traveling from the Japan
Sea for the NP anticyclone density. The high density around
the Yellow Sea may be due to rather slow movement of anti-
cyclones (not shown) after separated from the Siberian high,
as hinted by climatological-mean SLP contours (Fig. 3f).

To further investigate the origin of the NP cyclones and an-
ticyclones, the frequency of their geneses is shown in Fig. 4.
Cyclogenesis occurs most frequently over the KE and around
the Kamchatka Peninsula. The latter signifies cyclones gener-
ated locally around the peninsula, and their number decreases
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in spring, when cyclogenesis over the ECS becomes more fre-
quent (Fig. 4c). These results are consistent with Schemm et al.
(2021), and the frequent midwinter cyclogenesis over the KE
is in agreement with Masunaga et al. (2020). In contrast, gene-
sis of anticyclones is most likely around Japan. In early winter
and midwinter, the genesis is most frequent over the central
Japan Sea (Figs. 4d,e). In spring (Fig. 4f), genesis around
Japan becomes less frequent, implying that the high anticy-
clone density over the Japan Sea in Fig. 3f is due to genesis
around the northwestern Japan Sea or farther upstream over
China (west of 120°E).

The results obtained thus far suggest that anticyclones around
the Japan Sea can be important for the seasonality of anticy-
clone density over the NP. To assess the influence on the NP
storm-track activity from upstream, the densities of cyclones and
anticyclones shown in Fig. 2 for the NP are decomposed into
those due to such cyclones and anticyclones that have passed
through the domain (35°-42°N, 130°-140°E) over the Japan Sea
(JPS) and the residuals (Fig. 5). As evident in Fig. 5b, the dual
peaks of the NP anticyclone density in autumn and spring as
well as its distinct MWM are explained exclusively by anticy-
clones coming from upstream. This can be confirmed also by the
nearly constant density of the residual anticyclones throughout
the cold season (Fig. 5d). In autumn, anticyclones generated
over the JPS are more important than in spring, which is consis-
tent with Fig. 4d. In spring, anticyclones passing through the JPS
are more likely to reach the North Pacific (Fig. 4f).

By contrast, cyclones coming from the JPS domain exert
only modest influence on the seasonality in the NP cyclone
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FI1G. 5. (a),(b) As in Figs. 2a and 2b, respectively, but for identified cyclones and anticyclones that pass through the
domain of 35°-42°N, 130°~140°E over the Japan Sea (JPS) during their lifetimes. (c),(d) Asin (a) and (b), respectively,
but for cyclones and anticyclones that do not pass through the JPS domain during their lifetimes.

density in Fig. 2a if compared to the residual (Figs. 5a,c). Al-
though migratory cyclones are more numerous from early to
midwinter along ~41°N over the JPS domain (not shown), a
substantial fraction of those cyclones must be meso-a-scale
cyclones that develop within monsoonal cold airflows associated
with upper-level cold cyclonic vortices, which are most frequent
in January (Yanase et al. 2016; Watanabe et al. 2018).

Activity of synoptic-scale disturbances is strongly influ-
enced by upper-tropospheric eddies (Takayabu 1991). To
examine the seasonality of upper-level eddy activity, frequen-
cies of cyclonic and anticyclonic vortices are evaluated with a
method based on local curvature introduced by ONK21 (see
section 2 in supplementary material for more details). The
curvature thresholds are set to be 4 X 10~7 m™! for cyclonic
and anticyclonic vortices, respectively, which correspond to cir-
culation with radius less than 2500 km. Note that this method is
unlikely to be influenced strongly by the actual size of an individ-
ual migratory trough or ridge, because their radii must be
smaller than 2500 km. Nevertheless, the result is qualitatively
similar when centers of vortices (equivalently, local extrema of
curvature) are tracked in an analogous manner to the surface
tracking algorithm (see supplementary Fig. S3). The result is
also qualitatively similar with a threshold radius of 1000 km.

Both in the western NP (Fig. 6a) and JPS (Fig. 6¢c) sectors,
cyclonic vortices are less frequent around the axis of the
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upper-tropospheric westerly jet stream and its southern flank
than to the north, in good agreement with ONK21. The prob-
ability of upper-level cyclonic vortices peaks in midwinter at
~45°N and to the north, where the surface cyclone density
also maximizes over the central NP (Fig. 2a). This is also con-
sistent with Watanabe et al. (2018), who showed that a surface
meso-a-scale cyclone in midwinter over the Japan Sea tends
to be accompanied by an intense free-tropospheric pressure
trough. In comparison, upper-level anticyclonic vortices tend
to be less frequent in the extratropical western NP (Figs. 6b,d),
except along the southern flank of the jet stream in autumn and
spring. The MWM of frequency of anticyclonic vortices is evi-
dent over both the NP and JPS sectors, which is consistent with
the suppressed activity of surface anticyclones.

The result showing the midwinter maximum (minimum) of
the frequency of upper-tropospheric cyclonic (anticyclonic)
vortices over the JPS sector may apparently be inconsistent
with Penny et al. (2010), who showed that the “seeding effect”
on the NP storm track from the upstream is less effective in
midwinter than in the shoulder seasons, based on a tracking
of negative anomalies of high-pass-filtered 300-hPa height. The
apparent discrepancy between the results in this study and theirs
may be due to the difference in the scopes and ways of identify-
ing upper-level disturbances. Specifically, Penny et al. (2010) at-
tempted to relate 300-hPa height anomalies to the variance of
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FIG. 6. Latitude-season sections of climatological-mean probability (colors; %) of domains of (a) cyclonic and
(b) anticyclonic vortices at 300-hPa based on curvature. Grid points where instantaneous curvature radius is smaller
than 2500 km are counted as domains of cyclonic or anticyclonic vortices depending on their sign. Contours indicate
climatological-mean Usy, (every 10 m s~ ). All the quantities plotted are averaged zonally between 150°E and 180° over
the western North Pacific. (c),(d) As in (a) and (b), respectively, but for probability averaged between 130° and 140°E.

high-pass-filtered geopotential height. In this study, by contrast,
local curvature is calculated from unfiltered horizontal winds to
be consistent with the tracking of surface cyclones and anticy-
clones based on the unfiltered SLP fields. We consider that they
are systems having their own structures in the total (unfiltered)
field, which interact with and include the influence from low-
frequency variabilities and climatological background states.
Besides, our 300-hPa curvature tracking applied to a sector
west of 130°E indicates that the frequency of cyclonic vortices
does not maximize in midwinter, but rather is slightly reduced
between the peaks in the shoulder seasons north of ~40°N
(not shown), which is compatible with the seasonality down-
wind of the Tibetan Plateau by Penny et al. (2010). These re-
sults suggest that the “seeding effect” from upstream is
effective in the seasonality not of surface migratory cyclones
but of anticyclones over the JPS domain, leading to the mid-
winter minimum of anticyclone density over the NP (Fig. 2).

Section summary

The following are the two most important outcomes from
section 3.

e Over the NP, the anticyclone density minimizes in midwin-
ter, while the cyclone density maximizes in midwinter.
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e The midwinter reduction in anticyclones over the NP is
explained exclusively by those coming from the Japan Sea.

4. Composite analysis for anticyclones over the
Japan Sea

In section 3, we have demonstrated that anticyclones from
the JPS domain are of critical importance for the seasonality
of anticyclone density over the NP. To elucidate the structure
and associated environment for those anticyclones, Figs. 7a—c
show a composited three-dimensional structure of those anti-
cyclones moving over the JPS domain for the three calendar
days after shifting their surface centers horizontally in such a
manner that they are all located at the origin of the coordi-
nates. The composited SLP fields (Figs. 7a—c) suggest features of
a synoptic-scale anticyclone separated from the climatological-
mean Siberian high. The typical vertical structure of the
composited anticyclonic anomalies over the JPS region
is shown in Figs. 7d-f, as latitudinal averages of high-
pass-filtered geopotential height and temperature from
10° south to 10° north of the composited centers. Those figures
highlight westward-tilting height anomalies with altitude, indi-
cating their baroclinic structure. The midwinter JPS surface
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FI1G. 7. (a)—(c) Composited fields of unfiltered SLP (hPa) based on the surface anticyclone centers identified over the Japan Sea domain
(35°—42°N, 130°~140°E) for the calendar days as indicated. Before the compositing, all selected SLP fields have been shifted horizontally in
such a manner that the surface anticyclone centers are collocated at a grid point as indicated in each of the panels and marked with a black
cross. Labels on the abscissa and ordinate denote longitude and latitude (%), respectively, relative to the center. (d)-(f) Zonal sections of
the composited high-pass-filtered anomalies in geopotential height (colors; m) and temperature (colored contours; K) for the surface anti-
cyclones for the indicated calendar days. In each panel, variables are averaged over a 20° latitudinal band centered at the latitude of an

identified surface anticyclone center.

anticyclones tend to be accompanied by stronger upper-
tropospheric height anomalies (Fig. 7¢) than their counterpart
in the shoulder seasons (Figs. 7d,f), which is not the case for
surface cyclones over the JPS (not shown).

A question arising here is what kind of background field is
favorable for a surface anticyclone to exist over the JPS. In
computing a composited SLP field at time steps when a sur-
face anticyclone is located over the midwinter JPS, we noticed
that SLP over the Asian continent tends to be lower than the
climatology (not shown), indicative of the weakened Siberian
high. To investigate an anomalous background state for a JPS
anticyclone, we composite low-pass-filtered anomaly fields of
a given variable X defined as [X], = [X] — [X’] — X, where
[X] denotes a composited field, a prime a high-pass-filtered
field, and the subscript C the climatological mean. Note that
this decomposition assumes that a low-frequency anomaly
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can be separated from a synoptic-scale disturbance. Figure 8
shows [Z300], and [Tgso]. when an anticyclone exists over the
JPS domain. In midwinter (Fig. 8b), an anticyclonic [Z3n0].
anomaly spreading over midlatitude East Asia is indicative of
the weakened climatological-mean East Asian trough. The
corresponding warm anomaly over East Asia indicates that
the East Asian cold monsoonal airflow is weaker associated
with a surface JPS anticyclone (Fig. 8¢). Furthermore, those
low-frequency anomalies are strongest in midwinter (Fig. 8).
These results indicate that the marked weakening of the
climatological-mean upper-level East Asian trough and mon-
soonal cold surge is needed in midwinter for a surface anticy-
clone to be cut off from the Siberian high into the JPS
domain. This seasonality implies that migratory anticyclones
over the JPS domain are less likely in midwinter under sea-
sonally enhanced monsoonal cold surge.
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FIG. 8. (a)-(c) Composite maps of low-frequency anomalies of 300-hPa geopotential height (colors; m) at time steps when one or more
anticyclonic centers are located over the Japan Sea domain (35°—42°N, 130°-140°E; indicated with dashed rectangles) for the calendar days
as indicated. Purple contours indicate composited low-frequency component of Usgy (m s~ ). (d)—(f) As in (a)—(c), respectively, but for

low-frequency anomalies of temperature at 850 hPa (K).

To investigate upstream influence on the low-frequency
height anomaly over midlatitude East Asia, a wave-activity
flux defined by Takaya and Nakamura (2001) is utilized. The
low-frequency anticyclonic anomaly in the upper troposphere
is influenced by wave-activity injection from the upstream
(Figs. 9a—c). Wave-activity flux extends over Siberia through a
cyclonic anomaly at ~100°E especially in midwinter. These
cyclonic and anticyclonic anomalies are quasi stationary and
roughly along the polar-front jet, as seen in lag-composite
maps by three days, especially in early to midwinter (Figs. 9d—f).
The wave train resembles the Eurasian teleconnection (EU)
pattern (Wallace and Gutzler 1981), which is one of the dom-
inant teleconnection patterns in the wintertime Northern
Hemisphere. Actually, the wave train shown in Fig. 9e resem-
bles the composite map at lag —3 days based on the EU pat-
tern index (Wang and Zhang 2015). The wave train also
resembles the Scandinavian pattern in January (Bueh and
Nakamura 2007). In addition, a similar wave train but with
the reversed polarity is observed in blocking events around
57°N, 80°E in association with the intensified surface Siberian
high (Takaya and Nakamura 2005), suggesting the potential
influence by the upstream wave train from the Euro-Atlantic
sector on low-frequency variability in the Siberian high and
East Asian winter monsoon.

To investigate the vertical structure of the low-frequency
anomalies associated with JPS surface anticyclones, meridio-
nal sections are constructed by taking a zonal average
between 130° and 140°E. As evident in Figs. 10a—c, the low-
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frequency anomalies are characterized by dipolar anomalies
in upper-level zonal winds. The westerlies are anomalously
weakened around the jet core and enhanced to its north, rep-
resenting a poleward widening of the jet. These low-frequency
wind anomalies associated with the JPS surface anticyclones
are strongest in midwinter (Fig. 10b), rendering the jet struc-
ture in midwinter similar to that often observed in the shoul-
der seasons (Figs. 10a,c). Consistently, the dipolar upper-level
wind anomalies accompany a warm anomaly over the JPS
throughout the depth of the troposphere, capped by a cool
anomaly at the tropopause level (Figs. 10d—f). Again, these
thermal anomalies are maximized in midwinter. Associated
with these anomalies, static stability is lowered by ~20% and
thus the Rossby depth (=fL/N, with horizontal scale L
and the Brunt-Viisila frequency N) increases, especially in
the midtroposphere.”> Due to the combined effects of the

3 One may consider that L can be scaled with the Rossby depth.
To test this, the penetration depth of baroclinic instability
h = (f2IN?)[(0uloz)/(9q/oy)] defined by Held (1978) is also esti-
mated. It may be expressed as h = H/{1 + (N*H/f?)[p/(01/0z)]}
for the Charney mode, where H denotes the scale height. With the
seasonal displacement of the jet axis, midtropospheric du/oz is
maximized in midwinter to the south of ~40°N but reduced to the
north relative to the shoulder seasons, resulting in only weak dif-
ferences in 4 around the low-frequency temperature anomaly over
the JPS domain (not shown). It is therefore suggested that the con-
sideration of the scaling of L with the Rossby depth is unlikely to
alter the argument substantially.
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FI1G. 9. (a)-(c) Composite map of low-frequency anomalies of 300-hPa geopotential height (colors; m) at time steps when one or more
anticyclonic centers are located over the Japan Sea domain (indicated with dashed rectangles) for the calendar days as indicated. Red con-
tours signify the climatological-mean westerly wind speed (m s !). Vectors indicate a Rossby wave-activity flux (m? s~2) at 300 hPa de-
fined by Takaya and Nakamura (2001). (d)—(f) As in (a)-(c), respectively, but for time steps leading those in (a)-(c) by 3 days.

midwinter anomalies on the lower static stability and weaker
jet intensity, trapping effect of upper-level eddies into the jet
core in midwinter tends to be weakened and thus upper-
tropospheric eddies tend to be linked more strongly with the
lower-tropospheric anomalies for their baroclinic develop-
ment (Nakamura and Sampe 2002).

As the midwinter climatology (Fig. 11b), vertical gradient
of potential temperature, corresponding to static stability, is
pronounced at the tropopause level to the north of the jet
core, while it is relatively low in the free troposphere over the
JPS sector and much lower near the surface. Compared with
the midwinter situation, static stability tends to be slightly
lower in the mid- and upper troposphere in the shoulder sea-
sons (Figs. 1la.c), suggesting the climatologically greater
Rossby depth. The midwinter maximum of midtropospheric
static stability, which seems consistent with the result ob-
tained by Frierson and Davis (2011) from a zonal-mean per-
spective, probably reflects seasonally enhanced cold surge
from the stronger Siberian high (Zhang et al. 1997). The re-
duced Rossby depth acts to retard the vertical connection of
upper-tropospheric eddies with lower-tropospheric eddies,
which can contribute to less frequent surface anticyclones
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over JPS together with fewer upper-tropospheric anticyclonic
vortices. The discussion is consistent with the tendency for
upper-tropospheric eddies to be trapped in the jet core and
thus less connected with the surface baroclinic zone anchored
by the midlatitude oceanic frontal zone, as argued by
Nakamura and Sampe (2002). In addition, excessively strong
vertical shear of the westerlies in midwinter (viz., small
Richardson number) may render the vertical scale of eddies
smaller than the corresponding Rossby depth, as a character-
istic of nongeostrophic baroclinic instability as indicated by
Nakamura (1988). The retarded vertical linkage of upper-
tropospheric vortices with surface anticyclones can be seen in
the fractional amplitude of the composited lower-tropospheric
[Z]’ relative to the upper-tropospheric eddies (Figs. 11d-f). In
midwinter, the relative amplitude of low-level anticyclonic ed-
dies is indeed smaller than in the shoulder seasons, which is
consistent with Nakamura and Sampe (2002). The vertical
connection becomes more prominent in spring (Fig. 11f), but
the difference between early and midwinter is much less
distinct, as also noticeable in Figs. 8-10 and 11a—c. This may
apparently be inconsistent with the frequent anticyclogenesis
over the early winter JPS (Fig. 4d). This seasonality may be
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FIG. 10. (a)-(c) Meridional sections of composited low-frequency anomalies of westerly wind speed (colors; m s~ ') at time steps when
one or more anticyclonic centers are located over the Japan Sea domain for the calendar days as indicated. Black and blue contours indicate
composited low-frequency component and climatological mean of westerly wind speed, respectively (every 10 m s~ ). All the quantities plot-
ted have been averaged between 130° and 140°E. Stippling indicates statistically significant difference at the 95% confidence level based on a
random subsampling of time steps by 5000 times, the number of which is the same as that of anticyclones used for respective composites (viz.,
176, 114, and 226), within the entire time steps used for 31-day running-mean climatologies around the respective calendar days of individual
years (i.e., 31 X 4 X 59). (d)—(f) As in (a)—(c), respectively, but for low-frequency anomalies of potential temperature (colors; K). Black and
blue contours indicate composited low-frequency component and climatological-mean potential temperature, respectively (every 10 K).

attributable to stronger lower-tropospheric meridional tempera-
ture gradient over the JPS in autumn than in spring, which cor-
responds to the stronger meridional SST gradient over the JPS
in autumn (not shown).

One may wonder whether the above argument can also ap-
ply to the midwinter reduction in the JPS cyclones or not.
Midwinter weakening of the vertical linkage is indeed also
found in the corresponding composites for cyclonic vortices in
the JPS domain (not shown). Nevertheless, the frequency of
the JPS cyclones does not exhibit a clear MWM between the
peaks in early winter and spring. The relatively frequent cy-
clogenesis over the midwinter JPS may be attributable to
meso-a-scale cyclones, whose formation is related more to di-
abatic processes over relatively warm SST under cold free-
tropospheric anomalies (Yanase et al. 2016). This is consistent

Brought to you by Weizmann Institute of Science Library | Unauthenticated | Downloaded 07/18/23 06:23 AM UTC

with the much weaker low-frequency anomalies associated
with the JPS cyclones than anticyclones (supplementary Figs.
S4 and S5).

Section summary

The following are the three most important outcomes from
section 4.

¢ Surface anticyclones over the Japan Sea tend to accompany
low-frequency low-level warm anomalies and upper-level
anticyclonic anomalies, which correspond to the weakening
of the monsoonal airflow and act to enhance the vertical
coupling of migratory eddies.

e The climatologically strong retardation of the vertical cou-
pling in midwinter requires markedly strong low-frequency
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FIG. 11. (a) Ratio of climatological-mean vertical gradient of potential temperature for 4 Dec to that for 24 Jan (colors; %). Black con-
tours are identical to gray contours in (b). (b) Meridional sections of the climatological-mean vertical gradient of potential temperature
[colors; K (100 hPa) '] and westerly wind speed (black contours; every 10 m s ") for 24 Jan. (c) As in (a), but for the climatological mean
for 19 Mar. All the quantities plotted have been averaged between 130° and 140°E. (d)—(f) Meridional sections of the ratio of composited
high-pass-filtered anomalies of geopotential height to the maximum value between the 500- and 100-hPa levels (colors) at time steps when
one or more anticyclonic centers are located over the Japan Sea domain for the calendar days as indicated. The ratios of 0.3 and 0.6 are

highlighted by gray contours. Black contours indicate climatological-mean westerly wind speed (every 10 m s~

have been averaged between 125° and 135°E.

anomalies for migratory surface anticyclones to exist over
the Japan Sea, leading to the midwinter reduction in their
frequency.

e The upper-level low-frequency anticyclonic anomaly is re-
lated to an EU-pattern-like wave train over Eurasia.

5. Long-term modulations of the MWM

In this section, we briefly describe long-term modulations
of densities of cyclone and anticyclone centers and associated
background states. Following Nakamura et al. (2002), we divide
the entire analysis period into the earlier (1958/59-1985/86) and
later (1986/87-2016/17) periods. The earlier (later) period is
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1. All the quantities plotted

characterized by a stronger (weaker) suppression of the midwin-
ter NP storm-track activity (Nakamura et al. 2002). Note that re-
sults for the long-term modulations of frequency of surface
cyclones/anticyclones are qualitatively the same when the latter
period is extended to 2020/21. Note also that similar results can
be obtained with JRA-55C (Kobayashi et al. 2014), in which
only conventional observations are assimilated.

The two periods are marked basically by the midwinter
maximum in cyclone density and the MWM in anticyclonic
density over the western NP (Fig. 12) as seen for the entire
period, suggestive of the robustness of the characteristics.
Comparison between the two periods reveals, however, that
the seasonality of cyclone and anticyclone densities shows
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(1986/87-2016/17). Red and blue contours in (c) and (d) denote statistically significant increase and decrease, respec-
tively, from the former period at the 90% confidence level by Student’s ¢ test.

long-term modulations. In the earlier period (Fig. 12a), south-
ward expansion of the region of high cyclonic density persists
longer than in the later period (Fig. 12¢). In addition, in the
earlier period (Fig. 12b), the MWM of anticyclonic density is
more distinct, and the axis of its maximum density migrates
farther equatorward when compared to the later period (Fig. 12d).
It may be related to the enhanced equatorward expansion of
the AL as well as the southward-shifted and weakened sub-
tropical high pressure belt in midwinter in the earlier period
(black contours in Fig. 12). This is consistent with the inter-
decadal modulations of the East Asian winter monsoon shown
by previous studies (Nakamura et al. 2002; Wang et al. 2009).

The interpretation presented in the preceding section can also
apply to the long-term modulations of anticyclonic density.
Figures 13a and 13d show the density of surface anticyclones
over the NP that have passed through the JPS domain as in
section 4. Evidently, the contribution of anticyclones coming
from the JPS domain to the MWM of the NP anticyclone den-
sity is more distinct during the earlier period. Though less signifi-
cant, residual anticyclones increased in the later period, which
also contributed to the weakening of the MWM in the total den-
sity over the NP (Figs. 13b,e). In contrast, the seasonal evolution
of the density of residual cyclones over the NP is similar to that
of the total density (Figs. 12 and 13), with a significant reduction
into the later period. This result suggests that cyclones passing
through the JPS domain may not be quite relevant to shaping
the midwinter maximum of the NP cyclone density.
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In the later period, the wintertime NP upper-tropospheric
westerly jet has widened poleward compared to the earlier pe-
riod over the East Asian sector (Figs. 14a—c), which is consis-
tent with previous studies (e.g., Archer and Caldeira 2008).
Though not statistically significant, the widening in the mid-
and upper troposphere is most prominent in midwinter, while
lower-tropospheric westerly intensification to the north of
~40°N is comparable between midwinter and early spring.
Compared to the shoulder seasons, the corresponding long-
term modulations of potential temperature are marked in
midwinter with more rapid warming to the north (south) in
the lower (upper) troposphere and the tropopause-level cool-
ing especially to the north of 50°N (Figs. 14d—f). The warming
in the lower- to midtroposphere is statistically significant, es-
pecially in midwinter. It acts to attenuate the midtropospheric
stratification below the westerly jet axis and over the JPS do-
main, leading to an increase in Rossby depth. In other words,
the retardation of the vertical connection of upper-tropospheric
eddies with near-surface disturbances in midwinter has been
somewhat relaxed in the later period, which is consistent with
the suggestion by Nakamura and Sampe (2002).

6. Summary and discussion

In this study we have investigated the detailed seasonal
evolution of frequency of migratory surface anticyclone cen-
ters over the NP, in comparison with its cyclonic counterpart,
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cant increase and decrease, respectively, from the former period at the 90% confidence level by the Student’s # test.

based on the feature tracking algorithm described in section 2.
We have revealed that the seasonality of those surface anticy-
clones is distinctively different from that of surface cyclones.
Additionally, we have also revealed that the seasonality of the
surface anticyclone density around the NP storm track is sub-
stantially under the upstream influence, especially from the JPS
domain located at the storm-track entrance.

In the shoulder seasons, density of migratory surface anticy-
clones is found relatively high over the JPS domain under the
frequent passage of upper-tropospheric anticyclonic vortices
and relatively low midtropospheric static stability. Some of
those anticyclones propagate into the NP storm-track region
to form the two distinct peaks in the seasonal density of mi-
gratory anticyclones. In midwinter, by contrast, density of sur-
face anticyclones over JPS is lower under the less frequent
passage of upper-tropospheric anticyclonic vortices and
higher midtropospheric static stability in association with the
monsoonal cold-air outbreaks and the excessively strong west-
erly jet stream. In this circumstance, the vertical coupling be-
tween upper- and lower-tropospheric eddies tends to be
retarded (Nakamura and Sampe 2002), leading to the distinct
density minimum of migratory anticyclones over the NP. This
is apparently inconsistent with baroclinic instability theory, in
that activity of migratory eddies and their vertical coupling
minimize when the vertical shear of westerly wind speed
maximizes.

Our composite analysis for migratory anticyclones over the
JPS domain indicates that they tend to be accompanied by
persistent weakening of the climatological East Asian trough
associated with upper-level planetary waves and associated
lower-tropospheric warming. The weakening of the East
Asian winter monsoon tends to be preceded by Rossby wave
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propagation from upstream. Midwinter anticyclones moving
over the JPS domain are likely to be accompanied by stron-
ger, more distinct low-frequency anomalies than in the shoul-
der seasons. This suggests that a more prominent, unusual
weakening of the winter monsoon is needed for a migratory
anticyclone over the JPS domain to form under the unfavor-
able climatological-mean condition, which is consistent with
the climatologically fewer migratory anticyclones over the
midwinter NP.

In sharp contrast to the seasonality of anticyclone density,
density of migratory cyclones over the NP is maximized in
midwinter, which is compatible with the baroclinic instability
theory. It may be explained largely by local cyclogenesis
around the Kamchatka Peninsula, Kuroshio Extension, and
cyclones propagating from the East China Sea, rather than that
over the JPS domain (Fig. 5c). Consistently, upper-tropospheric
cyclonic vortices aloft tend to be observed more frequently in
midwinter.

Additionally, we have confirmed that the above discussion
can be overall applied to interdecadal modulations of the
MWM of the NP storm-track activity. In the more recent pe-
riod after the mid-1980s, the MWM became less distinct both
in the NP storm-track activity and NP anticyclone density, the
latter of which may be related to the more frequent surface
anticyclones over the JPS domain under the lowered midtro-
pospheric static stability. During this period, the midwinter
density of NP migratory cyclones became lower. Though still
obvious, its midwinter maximum becomes slightly less distinct.

The fact that anticyclones are less frequent over the mid-
winter NP in contrast to the midwinter maximum of cyclone
density suggests that anticyclones are likely the key to the un-
derstanding of the MWM of the NP storm-track activity, as
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measured by Eulerian eddy statistics (Nakamura 1992). In-
deed, our preliminary results show that the anticyclonic con-
tribution plays a pivotal role in setting the MWM of Eulerian
eddy statistics such as V' V3,; and V' Tgs,.

The present study has investigated densities of centers of
migratory cyclones and anticyclones, which are influenced by
both the number of tracks and their lifetime. We have
compiled cyclone tracks passing the western NP domain
(25°-55°N, 150°E-180°) in their lifetime. Compared to the
shoulder seasons, the number of tracks increases in midwinter,
which is found to dominate over the shortening of their typical
lifetime and thus leading to the increase in density of NP cy-
clone centers as seen in Fig. 2. The result is qualitatively con-
sistent with Schemm and Schneider (2018), and at least not
contradicting the results for cyclones identified with 850-hPa
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vorticity by Hadas and Kaspi (2021), in the sense that the re-
duction in their lifetime is more distinct than that in their num-
ber. Note that their results are based on an aquaplanet GCM
experiment with no land-sea contrasts, unlike around the JPS
domain. Interestingly, the midwinter decrease in the number
of anticyclone tracks is also found to contribute to the MWM
of the density of NP anticyclone centers on top of the shorten-
ing of their typical lifetime. Another aspect possibly relevant
to this study is that typical lifetime of cyclone tracks passing
the JPS domain is not clearly reduced in midwinter, while that
of the corresponding anticyclones exhibits a distinct MWM.
This may be interpreted as the different characteristics of ver-
tical coupling between upper- and lower-tropospheric eddies
for cyclones and anticyclones over the midwinter JPS. Specifi-
cally, surface cyclones are more likely to be coupled with
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upper-level cyclonic vortices with the locally lowered tropo-
pause under the moderate background westerly wind speed on
the poleward flank of the jet axis after their northeastward
propagation into the NP (Fig. 1). By contrast, migratory anti-
cyclones are less likely to form, because the frequency of
upper-level anticyclonic vortices is climatologically reduced,
and excessively strong background westerlies hamper the ver-
tical coupling around the jet axis (Nakamura and Sampe
2002), owing to their southeastward propagation.

The composite analysis associated with JPS migratory anti-
cyclones suggests their close relation to the EU teleconnec-
tion pattern. It has been suggested that the EU pattern exerts
an influence onto the activity of the East Asian winter mon-
soon (Wang and Zhang 2015; Takaya and Nakamura 2013).
The strength of the East Asian winter monsoon and upper-
level East Asian trough is also closely related to the western
Pacific (WP)-like pattern (Takaya and Nakamura 2013; Wang
and Chen 2014; Song et al. 2016). Compared to those previous
studies, the anomalous low-frequency circulation typically as-
sociated with a JPS anticyclone is characterized more by
Rossby wave propagation over Eurasia rather than a WP-like
anomaly (Fig. 9). It has been suggested that the EU pattern is
linked more to North Atlantic SST anomalies, while the WP
pattern tends to be under the remote influences of the ENSO
variability (Takaya and Nakamura 2013) and the variability of
the Australian summer monsoon (Sekizawa et al. 2021). Ad-
ditionally, it may be for a future topic to investigate the possi-
ble influence of Arctic sea ice, especially over the Barents—
Kara Sea, on the long-term modulations of the MWM
through the modulated strength of the East Asian winter
monsoon (Mori et al. 2014, 2019; Zhang et al. 2018) is to be
investigated.

The results shown in this study are based on a single track-
ing algorithm that focuses on temporarily unfiltered SLP. Sta-
tistics regarding feature tracking are rather sensitive to the
tracking algorithm, the parameter being tracked, as well as
whether any filtering has been applied in advance (Neu et al.
2013). Although the winter-mean climatological densities of
cyclones and anticyclones are compatible with previous stud-
ies (see appendix), the results in this study may be sensitive to
the choice of algorithms and fields to which they are applied,
especially regarding the seasonality and the relationship be-
tween anticyclones around the JPS domain and low-frequency
weakening of the East Asian trough. A temporal filtering, es-
pecially with a cutoff period of about a week or 10 days, tends
to overemphasize wavelike characteristics of eddies and po-
tentially leads to the emergence of eddy centers that are not
identified in the original field (not shown). To avoid such ef-
fect of filtering, this study utilizes unfiltered total SLP for
tracking cyclones/anticyclones. Nevertheless, Donohoe and
Battisti (2009) and Chang (2014) showed that results of cy-
clone tracking, especially their amplitude, change when cyclo-
nes are identified as perturbations about low-frequency
background, which warrants further investigations.

Considering that the midwinter suppression of storm-track
activity is a unique phenomenon for the NP, comparison of
the seasonality in cyclone and anticyclone densities between
the NP and NA storm tracks is also needed. In fact, our
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preliminary result indicates that the seasonality in cyclonic
and anticyclonic densities over the NA is not as discernible as
over the NP (not shown). The brief investigation of the long-
term modulations of the MWM of the NP storm-track activity
in this study should be complemented by a more detailed
study in future. Interannual variability of the storm-track ac-
tivity is also to be examined.
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APPENDIX

Assessment of Feature Tracking Algorithm

In this study, tracks of surface centers of migratory cyclones
and anticyclones are objectively identified by the procedure
described in section 2. It is established that identification of
cyclone tracks can be influenced by a tracking scheme used
(Ulbrich et al. 2009). Therefore, given the identification algo-
rithm used in this study includes some degree of arbitrariness,
it is important to assess the performance of the tracking
algorithm.

As the most intuitive way, we have verified identified cyclone
and anticyclone centers in snapshots. As mentioned in section 2,
the procedure has been constructed to identify features as mi-
gratory synoptic-scale cyclones and anticyclones represented
on a surface weather map. Indeed, identified centers are con-
sistent with an SLP field as a given snapshot in Fig. Ala.

It is also of particular importance to compare our tracking
results with those in previous studies. The wintertime (DJF)
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cyclone density with our tracking algorithm is clearly within a
range of variations among those algorithms in the IMILAST
project (Neu et al. 2013) in its overall density values and hori-
zontal distribution. It is noteworthy that the cyclone density
with our algorithm is consistent especially with that with algo-
rithms using both SLP and V2SLP (or, equivalently, surface
vorticity). Meanwhile, the anticyclonic density has much fewer
articles/literature to be compared with. Nevertheless, our result
is qualitatively consistent with the results by Hoskins and
Hodges (2002) and Pepler et al. (2019). One discernible char-
acteristic of our result compared with the previous studies, es-
pecially Hoskins and Hodges (2002), is a density maximum
over the eastern NP collocated with the climatological center
of the southeastward-retreated wintertime subtropical high.
The difference is presumably caused by the different ways of
calculating density from track data to draw spatial maps. That
is, while Hoskins and Hodges (2002) computed density using
all grid points along a given track, the present study assembles
grid points at which an anticyclone center exists in a particular
time step. The difference should lead to lower (higher) density
over domains where a typical propagation speed of anticy-
clones is fast (slow) compared to Hoskins and Hodges (2002),
which can be evidently seen in Fig. Alc. We confirm that the
density maximum over the eastern NP becomes less distinct
when all grid points along a track are taken into account (not
shown). Nevertheless, the density of centers of features is com-
parable more directly with results for Eulerian eddy statistics
(Okajima et al. 2022).
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