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ABSTRACT 14 

The North Pacific storm-track activity is suppressed substantially under the excessively 15 

strong westerlies to form a distinct minimum in midwinter, which seems inconsistent with 16 

linear baroclinic instability theory. This “midwinter minimum” of the storm-track activity has 17 

been intensively investigated for decades as a test case for the storm-track dynamics. 18 

However, the mechanisms controlling it are yet to be fully unveiled and are still under debate. 19 

Here we investigate the detailed seasonal evolution of the climatological density of surface 20 

migratory anticyclones over the North Pacific, in comparison with its counterpart for 21 

cyclones, based on a Lagrangian tracking algorithm. We demonstrate that the frequency of 22 

surface cyclones over the North Pacific maximizes in midwinter, whereas that of anticyclones 23 

exhibits a distinct midwinter minimum under the upstream influence, especially from the 24 

Japan Sea. In midwinter, it is only on such a rare occasion that prominent weakening of the 25 

East Asian winter monsoon allows a migratory anticyclone to form over the Japan Sea, 26 

despite the unfavorable climatological-mean conditions due to persistent monsoonal cold-air 27 

outbreaks and excessively strong upper-tropospheric westerlies. The midwinter minimum of 28 

the North Pacific anticyclone density suggests that anticyclones are the key to understanding 29 

the midwinter minimum of the North Pacific storm-track activity as measured by Eulerian 30 

eddy statistics.  31 
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1. Introduction 32 

In midlatitudes, transient cyclones and anticyclones successively develop in travelling 33 

eastward, leaving stacks of their tracks, or often called “storm-tracks.” Those transient 34 

disturbances not merely regulate day-to-day weather variations in the extratropics, but also 35 

interact with a background state to maintain the climatological-mean state such as the distinct 36 

midlatitude westerly jets, and the global atmospheric energy budget through transporting 37 

momentum and heat systematically. 38 

Studies of such sub-weekly transient disturbances have arisen from the surveillance of the 39 

path and intensity of “storms.” In the late 19th century, typical paths of storms were 40 

recognized reasonably in the Euro-Atlantic sector (Hinman 1888). Until the late 20th century, 41 

distribution of cyclone frequency has been examined based on surface weather charts (Klein 42 

1958; Whittaker and Horn 1984), to reveal that cyclone frequency is particularly high over 43 

the North Pacific (NP) and North Atlantic (NA). With the development of atmospheric 44 

gridded data, procedures have been proposed to identify centers of cyclones and anticyclones 45 

more objectively (e.g., Parker et al. 1989; Bell and Bosart 1989; Murray and Simmonds 1991; 46 

Hodges 1994, 1995). Until today, many studies have utilized various tracking algorithms 47 

(Ulbrich et al. 2009; Neu et al. 2013). They identify and track centers of cyclones or 48 

anticyclones based typically on fields of sea-level pressure (SLP) or low-level vorticity. 49 

These “Lagrangian” tracking algorithms enable us to analyze individual transient eddies and 50 

associated phenomena, including winds, temperature, and precipitation. Based on identified 51 

low-level cyclonic centers, composited structures of cyclones have been constructed by using 52 

atmospheric reanalysis data (Manobianco 1989; Wang and Rogers 2001) and output of a 53 

general circulation model (GCM) experiment (Catto et al. 2010).  54 

The development of another methodology for storm-track studies based on an “Eulerian” 55 

perspective lagged behind the Lagrangian method. Pioneering works such as Sawyer (1970) 56 

and Blackmon (1976) suggested that regions of particularly large band-pass-filtered 57 

fluctuations of 500-hPa height closely correspond to those of frequent cyclone paths over the 58 

NA and NP basins. Since then, (co-)variance of band-pass- or high-pass-filtered fluctuations 59 

has been commonly used as a local measure of activity of extratropical transient eddies (e.g., 60 

Blackmon et al. 1977, 1984; Chang et al. 2002; Nakamura et al. 2004).  61 

According to the theory of baroclinic instability, stronger vertical shear of zonal winds is 62 

equivalent to larger maximum growth rate of eddies (Eady 1949). Consistently with this 63 
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principle, the NA storm-track activity is on average maximized in midwinter, when the 64 

climatological-mean upper-tropospheric westerly jet speed peaks. The corresponding NP 65 

storm-track activity, to the contrary, exhibits a distinct minimum in midwinter despite the 66 

maximum speed of the upper-tropospheric westerly jet (Nakamura 1992), which is apparently 67 

inconsistent with the baroclinic instability theory. 68 

This distinctive seasonality is referred to as “midwinter minimum (MWM)” or 69 

“midwinter suppression” of the NP storm-track activity. It has long been investigated from 70 

various viewpoints as a “test case” for the midlatitude storm-track dynamics. The MWM of 71 

the NP storm-track is also simulated in numerical models. Zhang and Held (1999) 72 

successfully simulated the MWM in a stochastic linear storm-track model, implying that it is 73 

mainly caused by linear dry dynamics, although a similar effort by Whitaker and 74 

Sardeshmukh (1998) was not successful. The MWM is represented in a GCM (Christoph et 75 

al. 1997), and it is generally reproduced in the historical experiment with CMIP6 GCMs 76 

(Yang et al. 2021). Furthermore, Martian reanalysis datasets reveal transient eddy activity 77 

exhibits a minimum around winter solstice (solstitial pause; Lewis et al. 2016; Battalio 78 

2022). 79 

Since its discovery, multiple mechanisms have been proposed for the explanation of the 80 

MWM of the NP storm-track activity. Harnik and Chang (2004) as well as Deng and Mak 81 

(2005) pointed out the possible influence of the prominent lateral shear of the excessively 82 

strong midwinter jet on the suppressed growth rate of baroclinic eddies through “barotropic 83 

governor” effect, which is related to the results obtained by James (1987). As for the jet 84 

structure, the seasonal transition of the NP jet characteristics between stronger and more 85 

subtropical “merged” jet in midwinter and weaker eddy-driven “separate” jet in the shoulder 86 

seasons may be responsible for the MWM of the storm-track activity (Lachmy and Harnik 87 

2014, 2016; Yuval et al. 2018; Yuval and Kaspi 2018). Using an idealized GCM with zonally 88 

symmetric setting, Novak et al. (2020) emphasized the importance of the climatological 89 

southward shift of the Pacific jet in midwinter. As supportive evidence for the importance of 90 

the strength of the jet, Afargan and Kaspi (2017) found a clear suppression of high-frequency 91 

eddy activity even over the NA in cases of the particularly strong NA jet in midwinter. Those 92 

cases were also characterized by the jet being anomalously equatorward. Nakamura (1992) 93 

and Nakamura et al. (2002) suggested that the baroclinic development of transient eddies may 94 

be inhibited under their excessive propagation speed owing to shortening the residence time 95 
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over the baroclinic zone. Nakamura and Sampe (2002) pointed out that upper-level eddies 96 

tend to be trapped into the equatorward- and upward-shifted “hybrid” NP jet core in 97 

midwinter and are therefore more likely to disconnected from the near-surface baroclinic 98 

zone, which is thus unfavorable for effective baroclinic growth of eddies. In addition, effect 99 

of diabatic heating associated with low-level clouds in the cold sector of surface cyclones was 100 

investigated by Chang (2001) and Chang and Song (2006). Park et al. (2010) and Lee et al. 101 

(2013) suggested the potential importance of large-scale orography. 102 

Instead of taking a process-by-process approach, some studies have taken advantage of a 103 

framework of atmospheric energetics (Chang 2001; Zhao and Liang 2019; Schemm and 104 

Rivière 2019), which has evolved in the framework put forward by Lorenz (1955). Most 105 

recently, Okajima et al. (2022a) evaluated the detailed seasonal evolution of energy 106 

conversion/generation rates associated with transient eddies along the NP storm-track, in a 107 

normalized fashion by the eddy total energy. Their energetics was performed from a 108 

comprehensive perspective of the MWM of the NP storm-track activity that encompasses 109 

various mechanisms proposed by previous studies. They pointed out that the net normalized 110 

energy conversion/generation rate is indeed suppressed in midwinter. Specifically, EAPE 111 

conversion plays a substantial role especially in the reduction of the net normalized energy 112 

conversion/generation rate from its early-winter peak, whereas that of the net energy influx 113 

into the NP is of particular importance for the spring recovery. 114 

The above studies are based basically on Eulerian eddy statistics. Studies of the MWM of 115 

the NP storm-track activity from the Lagrangian perspective have been relatively few. Penny 116 

et al. (2010) focused on the importance of upper-level cyclonic eddies propagating from the 117 

Asian continent upstream of the storm-track (“seeding effect”), through a Lagrangian 118 

tracking method. They suggested that a significant seasonal reduction of cyclonic eddies is 119 

responsible for the MWM, although no such clear relationship was found in an independent 120 

analysis by Chang and Guo (2012). Hoskins and Hodges (2019a, b) investigated seasonal 121 

evolution of the number and intensity of upper- and lower-tropospheric cyclones over the 122 

Northern Hemisphere. They demonstrated that, in the western NP, both the number and 123 

intensity of upper-tropospheric cyclones along the storm-track axis tend to minimize in 124 

midwinter, while the number of lower-tropospheric cyclones peaks in midwinter but their 125 

intensity exhibits a weak MWM. Schemm and Schneider (2018) examined the relationship 126 

among storm-track activity, number, and lifetime of surface cyclones over the NP. They 127 
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suggested that shorter lifetime of cyclones in midwinter may contribute to the MWM of the 128 

Eulerian storm-track activity. Subsequently, Schemm et al. (2021) suggested that cyclones 129 

downstream of Kamchatka are less numerous and less intense in January, contributing 130 

primarily to the MWM of the NP storm-track activity, along with a contribution from 131 

cyclones moving from the East China Sea (ECS) to the spring recovery of the NP storm-track 132 

activity. Most recently, through tracking of upper- and lower-tropospheric cyclonic eddies in 133 

idealized GCM simulations in which the jet strength was systematically increased, Hadas and 134 

Kaspi (2021) investigated the dependence of the number, intensity, and lifetime of those 135 

eddies on the jet intensity. As the jet strengthens and the corresponding vertical shear 136 

increases in the model, they found a tendency that the eddy coupling between the upper and 137 

lower levels diminishes, their westward-tilting baroclinic structure becomes broken and thus 138 

their baroclinic growth becomes suppressed. This tendency therefore results in an inverse 139 

relation between jet intensity and eddy growth under the excessively strong jet. 140 

One of the major difficulties in understanding the MWM is a gap between the 141 

“Lagrangian” statistics of moving cyclones and “Eulerian” eddy statistics that depict the 142 

MWM of the NP storm-track activity. The latter regards transient eddies as waves where 143 

contributions from both cyclonic and anticyclonic deviations are combined (Wallace et al. 144 

1988). Meanwhile, those studies of the MWM from the Lagrangian perspective focus mainly 145 

on cyclones, while excluding the potential contribution from anticyclones, which makes it 146 

difficult to compare quantitatively the results obtained from the two different perspectives. Of 147 

course, there is no necessity for measures of eddy activity from the Lagrangian and Eulerian 148 

perspectives to accord with one another. In Schemm and Schneider (2018), for instance, 149 

distributions of the Lagrangian surface cyclone density and Eulerian eddy activity differ 150 

substantially; the former is highest over the Gulf of Alaska, whereas the latter maximizes 151 

along a zonal band at ~40°N. A similar difference is also shown by Shaw et al. (2016). 152 

With more attention paid to extratropical cyclones that are directly related to stormy 153 

weather, few studies have focused on the climatological-mean behavior of migratory 154 

anticyclones based on a tracking, especially over the NP. Hoskins and Hodges (2002) found 155 

that climatological wintertime distributions of cyclone and anticyclone densities distinctively 156 

differ over the NP. Specifically, the former is highest to the east of Japan, while the latter 157 

peaks along ~30°N. Since then, some studies have conducted a feature-tracking analysis for 158 

migratory anticyclones over the NP (Favre and Gershunov 2006; Iaonnidou and Yau 2008; 159 
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Kravtsov et al. 2015; Pepler et al. 2019), but they did not focus on the relationship between 160 

anticyclone tracks and storm-track activity measured as Eulerian eddy statistics. All in all, the 161 

role of migratory anticyclones in the formation of the “NP storm-track” within the Eulerian 162 

framework is still not well understood.  163 

Recently, Okajima et al. (2021; hereafter cited as ONK21) have developed a method to 164 

separate cyclonic and anticyclonic contributions to Eulerian eddy statistics. They revealed 165 

that anticyclonic vortices play an important role in maintaining the midwinter Pacific jet, 166 

especially in the upper troposphere, and they make greater contributions to the barotropic 167 

energy conversion and net energy outflow for the midwinter NP storm-track. Their results 168 

therefore suggest that anticyclones should not be dismissed in investigating the MWM of the 169 

NP storm-track from the Lagrangian perspective. 170 

To this end, the present study aims to investigate the detailed seasonal evolution of 171 

climatological density of surface migratory anticyclones over the NP, in comparison with that 172 

of cyclones, based on a Lagrangian tracking algorithm. We demonstrate that the seasonality 173 

of the frequency of surface anticyclones is substantially contributed by the upstream 174 

influence from the Japan Sea region and thus differs distinctively from that of cyclones. In a 175 

companion paper (Okajima et al. 2022b; hereafter Part II), seasonal evolution of the 176 

contributions from cyclonic and anticyclonic vortices to Eulerian eddy statistics are 177 

investigated. 178 

This paper (Part I) is organized as follows; in section 2, data and analysis methods used in 179 

this study are explained. In section 3, seasonal evolution of climatological-mean activity of 180 

NP cyclones and anticyclones is described. Then, composite analysis is conducted to 181 

investigate mechanisms for the seasonality in section 4. Long-term modulations of the 182 

densities of cyclone and anticyclone centers are examined in section 5. Section 6 offers a 183 

summary and discussions. 184 

 185 

2. Data and analysis methods 186 

a. observational data 187 

This study utilizes 6-hourly fields of atmospheric variables, including geopotential height, 188 

temperature, and wind velocities in pressure coordinates as well as sea-level pressure (SLP), 189 

taken from the Japanese 55-year reanalysis (JRA-55) by the Japan Meteorological Agency 190 
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(JMA) (Kobayashi et al. 2015; Harada et al. 2016) for the period 1958-2017. The JRA-55 has 191 

been constructed with a four-dimensional variational data assimilation (4D-Var) system with 192 

TL319 horizontal resolution (equivalent to 55-km resolution) and 60 vertical levels up to the 193 

0.1-hPa level. Those variables are available on a 1.25°×1.25° grid.  194 

At each grid point, sub-weekly fluctuations associated with synoptic-scale transient 195 

eddies have been extracted from the 6-hourly atmospheric reanalysis through an 8-day cutoff 196 

Lanczos filter with a 121-point window. Their low-frequency modulations have then been 197 

calculated locally as low-pass-filtered fields of their products, to represent eddy activity of 198 

fluxes. Climatological-mean fields are calculated with a 31-day running mean. 199 

 200 

b. Identification of tracks of surface migratory cyclones and anticyclones 201 

In this study, tracks of migratory cyclones and anticyclones are objectively identified 202 

based on the JRA-55 reanalysis, by identifying cyclones and anticyclones on a surface 203 

weather map, taking the different typical characteristics of cyclones and anticyclones into 204 

account. Assessment of the performance of the tracking algorithm is provided in the 205 

Appendix. We have also confirmed the robustness of tracking results with ~6000-years of a 206 

large ensemble GCM experiment (Supplementary Figs. S1 and S2). 207 

1) CYCLONE TRACKS 208 

For identifying surface cyclone centers, we adopt a tracking algorithm used in Kuwano-209 

Yoshida et al. (2022). SLP and the Laplacian of SLP (hereafter, ∇2SLP) are utilized to 210 

identify cyclones on a surface weather map. The combination of SLP and ∇2SLP (or surface 211 

vorticity) has been adopted to identify cyclone tracks in previous studies (e.g., Murray and 212 

Simmonds 1991; Pinto et al. 2005; Simmonds et al. 2008; Hewson and Titley 2010). Before 213 

initiating the tracking, a Gaussian spatial filter whose half-amplitude length is 300km was 214 

applied to ∇2SLP to obtain a smoother field. Those grid points at which surface elevations are 215 

higher than 1500m were not used for the tracking to avoid identifying spurious centers. 216 

First, local minima of SLP were regarded as candidates for cyclone centers, and among 217 

them only the SLP minimum with the lowest pressure in the vicinity of a 400km circle has 218 

been identified. The SLP minimum must accompany a local maximum of ∇2SLP within 219 

700km, which must be stronger than 80 Pa/(100km)2. This condition was imposed to discard 220 

weak cyclones with no significant amplitudes.  221 
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Next, those SLP minima identified above were compiled as tracks. Specifically, the 222 

nearest SLP minima at successive time steps were connected, only when the distance is not 223 

more than 800km. Any track must persist at least over 4 time-steps (viz. 24 hours) and must 224 

travel at least over 600km during the lifetime. A cyclone track must pass through a domain 225 

encompassing the NP storm-track [100°E−120°W, 20−65°N]. 226 

2) ANTICYCLONE TRACKS 227 

For anticyclones, only SLP was used to identify their centers as in previous studies 228 

(Hoskins and Hodges 2002; Kravstov et al. 2015). Unlike cyclones, anticyclones are unlikely 229 

to have distinct ∇2SLP minima, reflecting the gradient wind balance. Local SLP maxima 230 

were regarded as candidates for anticyclone centers, after SLP has been horizontally 231 

smoothed with performing a 9-point horizontal smoothing (weight is 0.5 next to the center 232 

point and 0.3 at corners) eight times. Here, only a SLP maximum that is highest within a 233 

400km circle around the maximum was identified as a surface anticyclonic center at which 234 

SLP should not be lower than 990 hPa. 235 

Similar to the case for cyclone centers, the nearest SLP maxima identified above at 236 

successive time steps were connected. The distance must not exceed 1000km. Again, any 237 

track must persist at least over 4 time-steps (i.e., 24 hours) and travel at least over 600km 238 

during the lifetime. The distribution of their density is similar if longer thresholds for 239 

movement are imposed. Any anticyclone track must pass through the domain [100°−120°W, 240 

20−65°N] around the NP storm-track. 241 

 242 

3. Climatological-mean activity of North Pacific cyclones and anticyclones 243 

Figure 1 shows horizontal distributions of climatological-mean densities of cyclone and 244 

anticyclone centers1 from November to March. As shown in previous studies, the cyclone 245 

 

 

 

1 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 
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density is high over the NP poleward of 30-35°N, in association with the climatological-mean 246 

Aleutian Low (AL). Those cyclones tend to move eastward or northeastward (not shown). 247 

Around the AL center, density of migratory cyclones maximizes in midwinter (Fig. 1b). Just 248 

off the east coast of Japan at ~35°N, a hint of a local maximum of the cyclone density 249 

suggests the influence from the Kuroshio Extension (KE) on the development of synoptic- 250 

and meso-α-scale cyclones (Masunaga et al. 2020), especially from midwinter to early spring. 251 

Another noticeable feature is high density along the south coast of Japan in spring (Fig. 1c), 252 

corresponding to frequent “southern coast cyclones” around Japan (Takano 2002). 253 

 

 

 

bypasses the potential uncertainty owing to splitting of tracks. Nevertheless, the influence by 

the number and duration is discussed in section 6. 
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 254 

Fig. 1. Climatological-mean densities (*0.01%) of identified surface (a-e) cyclone and (f-255 

j) anticyclone centers for the calendar months as indicated, based on 6-hourly SLP fields of 256 

the JRA-55 in 1958/59-2016/17. Meridians of 100°E and 120°W, and latitude circles of 20°N 257 

and 65°N are highlighted, which indicate the lateral boundaries of the domain through which 258 

those centers must pass. Contours indicate climatological-mean SLP (every 4hPa, thick for 259 

every 20hPa). 260 

 261 

Conversely, the anticyclone density exhibits a zonally-extended band of maxima at 262 

~30°N, slightly poleward of the climatological-mean subtropical high-pressure belt. 263 

Migratory anticyclones over the western and central NP tend to move eastward or 264 

southeastward especially in midwinter (not shown). The different moving directions between 265 

cyclones and anticyclones is consistent with previous studies (Wallace et al. 1988; Tamarin 266 

and Kaspi 2016). The maximum over the eastern NP collocates with the climatological-mean 267 

center of the subtropical high (Nakamura et al. 2010), which is consistent with Pepler et al. 268 

(2019). The density is also high over the Yellow Sea in addition to eastern and northern 269 
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China, which may correspond to synoptic-scale anticyclones that are separated from the 270 

persistent Siberian High. The anticyclone density in the storm-track entrance region (at 271 

~140°E, 40°N) is reduced in midwinter compared with that in the shoulder seasons. 272 

To highlight the seasonality of the cyclonic and anticyclonic densities in the NP storm-273 

track core region, their latitude-season sections as zonal means for 150°−180E° are shown in 274 

Fig. 2. Cyclone density maximizes in midwinter, coincided with the climatological peak of 275 

the AL (Fig. 2a). The seasonality is consistent with Hoskins and Hodges (2019b). The region 276 

of highest cyclone density extends most southward in midwinter, leading to its striking 277 

midwinter maximum between 40°N and 50°N. Meanwhile, the latitude of maximum 278 

anticyclonic density migrates southward from 35°−40°N in the shoulder seasons to ~30°N in 279 

midwinter along with the subtropical high-pressure belt (Fig. 2b). In sharp contrast to the 280 

cyclonic density, the anticyclonic density shows its distinct MWM.  281 

The contrasting seasonality between surface cyclone and anticyclone densities has not 282 

been described in previous studies. One may consider that the midwinter maximum of 283 

cyclone density may be compatible with the stronger westerly jet and baroclinicity in 284 

midwinter than in the shoulder seasons, leading to higher maximum growth rate of baroclinic 285 

eddies, which may also influence their intensity and lifetime. At the same time, however, the 286 

seasonality of NP cyclones suggests that it may not be responsible for the MWM of the NP 287 

storm-track activity as measured by Eulerian statistics. The contrasting seasonality suggests 288 

that migratory anticyclones can be of certain importance for the MWM of the NP storm-track 289 

activity. 290 

 291 

Fig. 2. Latitude-season sections of climatological-mean densities (*0.01%) of surface (a) 292 

cyclone and (b) anticyclone centers identified over the central NP based on 6-hourly SLP 293 

fields of the JRA-55 for 1958/59-2016/17. Contours indicate climatological-mean SLP (every 294 
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2 hPa, thick for every 10 hPa). All the quantities are longitudinally averaged between 150°E 295 

and 160°W. Labels on the ordinate mark the beginnings of the individual calendar months. 296 

 297 

To delineate the striking difference in the seasonality between cyclone and anticyclone 298 

densities, only tracks passing the central NP domain [150°E−150°W, 20−65°N] are counted 299 

to illustrate where cyclones and anticyclones detected within the storm-track core region 300 

come from. The three calendar days in Fig. 3 correspond to the first peak, MWM, and the 301 

second peak during the seasonal cycle of the NP storm-track activity, especially for lower-302 

tropospheric Eulerian eddy statistics (Okajima et al. 2022a). The NP cyclones tend to 303 

propagate from the northern Japan Sea and the Okhotsk Sea in early winter (Fig. 3a), whereas 304 

in spring more cyclones tend to travel along the Kuroshio just south of Japan and then along 305 

the KE (Fig. 3c). Propagation from the ECS is also more frequent in spring. These cyclone 306 

paths seem to correspond to the two branches of the upper-level disturbances pointed out by 307 

Chang (2005), and they are also consistent with Schemm et al. (2021). Another noticeable 308 

aspect is that the number of cyclones propagating from northern China (especially west of 309 

120°E) decreases in midwinter (Fig. 3b), suggestive of reduced cyclone activity along ~50°N 310 

over East Asia, and consistent with the upstream “seeding” effect pointed out by Penny et al. 311 

(2010).  312 

The NP anticyclones are likely to propagate from the Japan Sea in early winter and spring 313 

(Figs. 3d and 3f). This typical pathway is consistent with the climatologies for SON, DJF, 314 

and MAM obtained by Pepler et al. (2019). The propagation is greatly suppressed in 315 

midwinter (Fig. 3e), suggestive of the important contribution of anticyclones traveling from 316 

the Japan Sea for the NP anticyclone density. The high density around the Yellow Sea may 317 

be due to rather slow movement of anticyclones (not shown) after separated from the SH, as 318 

hinted by climatological SLP contours (Fig. 3f). 319 
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 320 

Fig. 3. Same as in Fig. 1, but for identified surface (a-c) cyclone and (d-f) anticyclone 321 

centers passing through the domain [150°−150°W, 20°−65°N] over the central NP as 322 

climatologies for the calendar days as indicated. 323 

 324 

To further investigate the origin of the NP cyclones and anticyclones, frequency of their 325 

geneses is shown in Fig. 4. Cyclogenesis occurs most frequently over the KE and around the 326 

Kamchatka Peninsula. The latter signifies cyclones generated locally around the peninsula, 327 

and the number of these cyclones decreases in spring, when cyclogenesis over ECS becomes 328 

more frequent (Fig. 4c). These results are consistent with Schemm et al. (2021), and the 329 

frequent midwinter cyclogenesis over the KE is in agreement with Masunaga et al. (2020). 330 

Conversely, genesis of anticyclones is most likely around Japan. In early winter and 331 

midwinter, genesis is most frequent over the central Japan Sea (Figs. 4d and 4e). In spring 332 

(Fig. 4f), genesis around Japan becomes less frequent, implying that the high anticyclone 333 

density over the Japan Sea in Fig. 3f is due to genesis around the northwestern Japan Sea or 334 

farther upstream over China (west of 120°E). 335 
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 336 

Fig. 4. (a-c) Climatological-mean density (*0.01%) of the genesis of surface cyclones that 337 

pass through the domain [150°−150°W, 20°−65°N] over the central NP, for the calendar days 338 

as indicated. Black contours denote climatological-mean SLP (every 4hPa). (d-f) Same as in 339 

(a-c), respectively, but for the genesis of identified anticyclones. 340 

 341 

The results obtained thus far suggest that anticyclones around the Japan Sea can be 342 

important for the seasonality of anticyclone density over the NP. To assess the influence on 343 

the NP storm-track activity from upstream, the densities of cyclones and anticyclones shown 344 

in Fig. 2 for the NP are decomposed into those due to those cyclones and anticyclones that 345 

have passed through the domain [130°−140°E, 35°−42°N] over the Japan Sea (JPS) and the 346 

residuals (Fig. 5). As evident in Fig. 5b, the dual peaks of the NP anticyclone density in 347 

autumn and spring as well as its distinct MWM are explained exclusively by anticyclones 348 

coming from upstream. This can be confirmed also by the nearly constant density of the 349 

residual anticyclones throughout the cold season (Fig. 5d). Conversely, cyclones coming 350 

from the JPS domain exert only modest influence on the seasonality in the NP cyclone 351 

density in Fig. 2a compared to the residual (Figs. 5a and 5c). Although migratory cyclones 352 

are more numerous from early- to mid-winter along ~41°N over the JPS domain (not shown), 353 

a substantial fraction of those cyclones must be meso-α-scale cyclones that develop within 354 

monsoonal cold airflows associated with upper-level cold cyclonic vortices, which are most 355 

frequent in January (Yanase et al. 2016; Watanabe et al. 2018). 356 
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 357 

Fig. 5. (a, b) Same as in Figs. 2a-b, respectively, but for identified cyclones and 358 

anticyclones that pass through the domain [130°−140°E, 35°−42°N] over the Japan Sea (JPS) 359 

during their lifetimes. (c, d) Same as in (a-b), respectively, but for cyclones and anticyclones 360 

that do not pass through the JPS domain during their lifetimes. 361 

 362 

Activity of synoptic-scale disturbances is strongly influenced by upper-tropospheric 363 

eddies (Takayabu 1991). To examine the seasonality of upper-level eddy activity, frequencies 364 

of cyclonic and anticyclonic vortices are evaluated by a method based on local curvature 365 

introduced by ONK21. The curvature thresholds are set to be ±4×10-7 m-1 for cyclonic and 366 

anticyclonic vortices, respectively, which correspond to circulation of radius less than 2500 367 

km. Note that this method is unlikely to be influenced strongly by the actual size of an 368 

individual migratory trough or ridge, because their radii must be smaller than 2500 km. 369 

Nevertheless, the result is qualitatively similar when centers of vortices (equivalently, local 370 

extrema of curvature) are tracked in an analogous manner to the surface tracking algorithm 371 

(See Supplementary Fig. S3). The result is also qualitatively similar with a threshold radius of 372 

1000km.  373 
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Both in the western NP (Fig. 6a) and JPS (Fig. 6c) sectors, cyclonic vortices are less 374 

frequent around the axis of the upper-tropospheric westerly jet-stream and its southern flank 375 

than to the north, in good agreement with ONK21. The probability of upper-level cyclonic 376 

vortices peaks in midwinter at ~45°N and to the north, where the surface cyclone density also 377 

maximizes over the central NP (Fig. 2a). This is also consistent with Watanabe et al. (2018), 378 

who showed that a surface meso-α-scale cyclone in midwinter over the Japan Sea tends to be 379 

accompanied by an intense free-tropospheric pressure trough. Conversely, upper-level 380 

anticyclonic vortices tend to be less frequent in the extratropical western NP (Figs. 6b and 381 

6d), except along the southern flank of the jet-stream in autumn and spring. The MWM of 382 

frequency of anticyclonic vortices is evident over both the NP and JPS sectors, which is 383 

consistent with the suppressed activity of surface anticyclones. 384 

The result showing the midwinter maximum of the frequency of upper-tropospheric 385 

cyclonic vortices over the JPS sector may apparently be inconsistent with Penny et al. (2010), 386 

who showed that the “seeding effect” on the NP storm-track from the upstream is less 387 

effective in midwinter than in the shoulder seasons, based on a tracking of negative 388 

anomalies of high-pass-filtered 300-hPa height. Actually, our 300-hPa curvature tracking 389 

applied to a sector west of 130°E indicates that the frequency of cyclonic vortices does not 390 

maximize in midwinter but rather it is slightly reduced between the peaks in the shoulder 391 

seasons north of ~40°N (not shown). Together with the MWM in frequency of cyclonic 392 

vortices over the Eurasian continent south of 40°N, the seasonality revealed by our analysis is 393 

compatible with Penny et al. (2010). 394 
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 395 

Fig. 6. Latitude-season sections of climatological-mean probability (colors, %) of 396 

domains of (a) cyclonic and (b) anticyclonic vortices at 300-hPa based on curvature. Grid 397 

points where instantaneous curvature radius is smaller than 2500 km are counted as domains 398 

of cyclonic or anticyclonic vortices depending on their sign. Contours indicate 399 

climatological-mean U300 (every 10 m/s). All the quantities plotted are averaged zonally 400 

between 150°E and 180°. (c, d) Same as in (a, b), respectively, but for probability averaged 401 

between 130°E and 140°E. 402 

 403 

4. Composite analysis for anticyclones over the Japan Sea 404 

In section 3, we have demonstrated that anticyclones from the JPS sector is of critical 405 

importance for the seasonality of anticyclone density over the NP. To elucidate the structure 406 

and associated environment for those anticyclones, Figs. 7a-c show a composited three-407 

dimensional structure of those anticyclones moving over the JPS sector after shifting their 408 

surface centers horizontally in such a manner that they are collected at the origin of 409 

coordinates. The composited SLP fields (Figs. 7a-c) suggest features of a synoptic-scale 410 

anticyclone separated from the climatological-mean Siberian High (SH). The typical vertical 411 

structure of the composited anticyclonic anomalies over the JPS region is shown in Figs. 7d-f, 412 

as latitudinal averages of high-pass-filtered geopotential height and temperature from 10° 413 

south to 10° north of the composited centers. Those figures highlight westward-tilted height 414 

anomalies with altitude, showing their baroclinic nature. The midwinter JPS surface 415 
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anticyclones tend to be accompanied by stronger upper-tropospheric height anomalies (Fig. 416 

7e) than their counterpart in the shoulder seasons (Figs. 7d and 7f), which is not the case for 417 

surface cyclones over the JPS (not shown). 418 

 419 

Fig. 7. (a-c) Composited fields of SLP (hPa) based on the surface anticyclone centers 420 

identified for the calendar days as indicated. Before the compositing, all selected SLP fields 421 

have been shifted horizontally in such a manner that the surface anticyclone centers are 422 

collocated at a grid point as indicated in each of the panels and marked with a black cross. 423 

Labels on the abscissa and ordinated denote longitudes and latitudes (in degree) relative to 424 

the center. (d-f) Zonal sections of the composited high-pass-filtered anomalies in geopotential 425 

height (colors, m) and temperature (colored contours, K) for the surface anticyclones for the 426 

indicated calendar days. In each panel, variables are averaged over a 20° latitudinal band 427 

centered at the latitude of an identified surface anticyclone center. 428 

 429 

A question arising here is what kind of background field is favorable for an anticyclone to 430 

exist over the JPS. When we calculate a composited SLP field at time steps when a surface 431 

anticyclone is located over the midwinter JPS, SLP over the Asian continent is lower than the 432 

climatology (not shown), indicative of the weakened SH. To investigate an anomalous 433 

background state for a JPS anticyclone, we composite a low-pass-filtered anomaly field of a 434 

given variable X defined as [𝑋]𝐿 ≡ [𝑋] − [𝑋]′ − 𝑋𝐶, where [𝑋] denotes a composited field, 435 

prime high-pass-filtered field, and subscript c the climatological mean. Figure 8 shows 436 

[𝑍300]𝐿 and [𝑇850]𝐿 when an anticyclone exists over the JPS domain. An anticyclonic [𝑍300]𝐿 437 

anomaly spreads over midlatitude East Asia (Fig. 8b), suggesting the weakened 438 

climatological-mean East Asian trough. The corresponding warm anomaly over East Asia 439 
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indicates that the East Asian cold monsoonal airflow is weaker associated with a surface JPS 440 

anticyclone (Fig. 8e). Furthermore, those low-frequency anomalies are strongest in midwinter 441 

(Fig. 8). These results indicate that the marked weakening of the climatological-mean East 442 

Asian trough and monsoonal cold surge is needed in midwinter for a surface anticyclone to 443 

be cut off from the SH into the JPS sector. This seasonality implies that migratory 444 

anticyclones over the JPS sector are more unlikely in midwinter under seasonally-enhanced 445 

cold surge from the SH. 446 

 447 

Fig. 8. (a-c) Composite maps of low-frequency anomalies of 300-hPa geopotential height 448 

(colors, m) at time steps when one or more anticyclonic centers are located over the Japan 449 

Sea domain [130°−140°E, 35°−42°N; indicated with dashed rectangles] for the calendar days 450 

as indicated. Purple contours indicate composited low-frequency component of U300 (m/s). 451 

(d-f) Same as in (a-c), respectively, but for low-frequency anomalies of temperature at 850-452 

hPa (K). 453 

 454 

To investigate upstream influence on the low-frequency height anomaly over midlatitude 455 

East Asia, a wave-activity flux defined by Takaya and Nakamura (2001) is utilized. The low-456 

frequency anticyclonic anomaly in the upper troposphere is influenced by wave-activity 457 

injection from the upstream (Figs. 9a-c). Wave-activity flux extends over Siberia through a 458 

cyclonic anomaly at ~100°E especially in midwinter. These cyclonic and anticyclonic 459 

anomalies are quasi-stationary and roughly along the polar-front jet, as seen in lag-composite 460 

maps by three days especially in early- to midwinter (Figs. 9d-f). The wavetrain resembles 461 

the Eurasian teleconnection (EU) pattern (Wallace and Gutzler 1981), which is one of the 462 

dominant teleconnection patterns in the wintertime Northern Hemisphere. Actually, the 463 

wavetrain shown in Fig. 9e resembles the composite map at lag −3 days based on the EU 464 
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pattern index (Wang and Zhang, 2015). The wavetrain also resembles the Scandinavian 465 

pattern in January (Bueh and Nakamura 2007). In addition, a similar wavetrain but with the 466 

reversed polarity is observed in blocking events around [57°N, 80°E] in association with the 467 

intensified surface SH (Takaya and Nakamura 2005), suggesting the potential influence by 468 

upstream blocking events and North Atlantic. 469 

 470 

Fig. 9. (a-c) Composite map of low-frequency anomalies of 300-hPa geopotential height 471 

(colors, m) at time steps when one or more anticyclonic centers are located over the Japan 472 

Sea domain (indicated with dashed rectangles) for the calendar days as indicated. Vectors 473 

indicate a Rossby wave-activity flux (m2/s2) at 300-hPa defined by Takaya and Nakamura 474 

(2001). (d-f) Same as in (a-c), respectively, but for time steps leading those in (a-c) by 3 days. 475 

 476 

To investigate the vertical structure of the low-frequency anomalies associated with JPS 477 

surface anticyclones, meridional sections are constructed by taking a zonal average between 478 

130°E and 140°E. As evident in Figs. 10a-c, the low-frequency anomalies are characterized 479 

by dipolar anomalies in upper-level zonal winds. The westerlies are anomalously weakened 480 

around the jet core and enhanced to its north, representing a poleward widening of the jet. 481 

These low-frequency anomalies associated with the JPS surface anticyclones are strongest in 482 

midwinter (Fig. 10b), rendering the jet structure in midwinter similar to its counterpart as 483 

often observed in the shoulder seasons (Figs. 10a and 10c). Consistently, the dipolar upper-484 

level wind anomalies accompany a warm anomaly over the JPS throughout the depth of the 485 

troposphere, capped by a cool anomaly at the tropopause level (Figs. 10d-f). Again, these 486 

thermal anomalies are maximized in midwinter. Associated with these anomalies, static 487 

stability is lowered by ~20% and thus the Rossby depth (≡𝑓𝐿 𝑁⁄ , with horizontal scale L and 488 
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the Brunt-Väisälä frequency N) increases, especially in the mid-troposphere. Due to the 489 

combined effects of the lowered static stability and the reduced jet intensity in midwinter that 490 

can weaken the trapping effect of upper-level eddies into the jet core, upper-tropospheric 491 

eddies tend to be linked more strongly with the lower-tropospheric anomalies for their 492 

baroclinic development. 493 

 494 

Fig. 10. (a-c) Meridional sections of composited low-frequency anomalies of westerly 495 

wind speed (colors, m/s) at time steps when one or more anticyclonic centers are located over 496 

the Japan Sea domain for the calendar days as indicated. Black and blue contours indicate 497 

composited low-frequency component and climatological-mean of westerly wind speed, 498 

respectively (every 10m/s). All the quantities plotted have been averaged between 130°E and 499 

140°E. Stippling indicates statistically significant difference at the 95% confidence level 500 

based on a random subsampling of time steps by 5000 times, the number of which is the same 501 

as that of cyclones used for respective composites (viz. 176, 114, and 226), within the entire 502 

time steps used for 31-day running-mean climatologies around the respective calendar days 503 

of individual years (i.e., 31*4*59). (d-f) Same as in (a-c), respectively, but for low-frequency 504 

anomalies of potential temperature (colors, K). Black and blue contours indicate composited 505 

low-frequency component and climatological-mean potential temperature, respectively (every 506 

10K). 507 

 508 

As the midwinter climatology (Fig. 11b), vertical gradient of potential temperature, 509 

corresponding to static stability, is pronounced at the tropopause level to the north of the jet 510 

core, while it is relatively low in the free troposphere over the JPS sector and much lower 511 

near the surface. Compared with the midwinter situation, static stability tends to be slightly 512 

lower in the mid- and upper troposphere in the shoulder seasons (Figs. 11a and 11c), 513 
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suggesting the climatologically greater Rossby depth. The midwinter maximum of mid-514 

tropospheric static stability, which seems consistent with the result obtained by Frierson and 515 

Davis (2011) from a zonal-mean perspective, probably reflects seasonally enhanced cold 516 

surge from the stronger SH (Zhang et al. 1997). The smaller Rossby depth retards the vertical 517 

connection of upper-tropospheric eddies with lower-tropospheric eddies, which can 518 

contribute to less frequent surface anticyclones over JPS together with fewer upper-519 

tropospheric anticyclonic vortices. The discussion is consistent with the tendency for upper-520 

tropospheric eddies to be trapped in the jet core and thus less connected with the surface 521 

baroclinic zone anchored by the midlatitude oceanic frontal zone, as argued by Nakamura and 522 

Sampe (2002). In addition, excessively strong vertical shear of the westerlies in midwinter 523 

(namely, small Richardson number) may render the vertical scale of eddies smaller than the 524 

corresponding Rossby depth, as indicated as a characteristic of non-geostrophic baroclinic 525 

instability by Nakamura (1988). The retarded vertical linkage of upper-tropospheric vortices 526 

with surface anticyclones can be seen in the fractional amplitude of the composited lower-527 

tropospheric [𝑍]′ relative to the upper-tropospheric eddies (Figs. 11d-f). In midwinter, the 528 

relative amplitude of low-level anticyclonic eddies is indeed smaller than in the shoulder 529 

seasons, which is consistent with Nakamura and Sampe (2002). The vertical connection 530 

becomes more prominent in spring (Fig. 11f). Midwinter weakening of the vertical linkage is 531 

also found in the corresponding composites for cyclonic vortices in the JPS domain (not 532 

shown). 533 
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 534 

Fig. 11. (a) Ratio of climatological-mean vertical gradient of potential temperature for 535 

04Dec to that for 24Jan (colors, %). Black contours are identical to grey contours in (b). (b) 536 

Meridional sections of the climatological-mean vertical gradient of potential temperature 537 

(colors, K/100hPa) and westerly wind speed (black contours, every 10m/s) for 24Jan. (c) 538 

Same as in (a), but for the climatological mean for 19Mar. All the quantities plotted have 539 

been averaged between 130°E and 140°E. (d-f) Meridional sections of composited high-pass-540 

filtered anomalies of geopotential height normalized by the maximum value between the 500-541 

hPa and 100-hPa levels (colors, m/m) at time steps when one or more anticyclonic centers are 542 

located over the Japan Sea domain for the calendar days as indicated. Values of 0.3 and 0.6 543 

m/m are highlighted by grey contours. Black contours indicate climatological-mean westerly 544 

wind speed (every 10m/s). All the quantities plotted have been averaged between 125°E and 545 

135°E. 546 

 547 

5. Long-term modulations of the MWM 548 

In this section, we briefly describe long-term modulations of densities of cyclone and 549 

anticyclone centers and associated background states. Following Nakamura et al. (2002), we 550 

divide the full analysis period into the earlier (1958/59−1985/86) and later 551 

(1986/87−2016/17) periods. The earlier (later) period is characterized by a stronger (weaker) 552 
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suppression of the midwinter NP storm-track activity. Note that results for the long-term 553 

modulations of frequency of surface cyclones/anticyclones are qualitatively the same when 554 

the latter period is extended to 2020/21. 555 

The two periods are marked basically by the midwinter maximum in cyclone density and 556 

the MWM in anticyclonic density over the western NP (Fig. 12) as seen for the entire period, 557 

suggestive of robustness of the characteristics. Comparison between the two periods reveals, 558 

however, that the seasonality of cyclone and anticyclone densities shows long-term 559 

modulations. In the earlier period (Fig. 12a), southward expansion of the region of high 560 

cyclonic density persists longer than in the later period (Fig. 12c). In addition, in the earlier 561 

period (Fig. 12b), the MWM of anticyclonic density is more distinct, and its axis migrates 562 

further equatorward compared to the later period (Fig. 12d). It may be related to enhanced 563 

equatorward expansion of the AL as well as the southward-shifted and weakened subtropical 564 

high-pressure belt in midwinter in the earlier period (black contours in Fig. 12). This is 565 

consistent with the interdecadal modulations of the East Asian winter Monsoon shown by 566 

previous studies (Nakamura et al. 2002; Wang et al 2009). 567 

 568 
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Fig. 12. Same as in Fig. 2, but for probability in (a-b) the earlier period (1958/59-569 

1985/86) and (c-d) the later period (1986/87−2016/17). Red and blue contours in (c-d) denote 570 

statistically significant increase and decrease, respectively, from the former period at the 90% 571 

confidence level by Student’s t-test. 572 

 573 

The interpretation presented in the preceding section can also apply to the long-term 574 

modulations of anticyclonic density. Figures 13a and 13d show the density of surface 575 

anticyclones over the NP that have passed through the JPS domain as in section 4. Evidently, 576 

the contribution of anticyclones coming from the JPS domain to the MWM of the NP 577 

anticyclone density is more distinct during the earlier period than in the later. Though less 578 

significant, residual anticyclones increased in the later period, which also contributed to the 579 

weakening of the MWM in the total density over the NP (Figs. 13b and 13e). Conversely, the 580 

seasonal evolution of the density of residual cyclones over the NP is similar to that of the 581 

total density (Figs. 12 and 13), which is consistent with the results for the entire period. This 582 

result suggests that cyclones passing through the JPS domain may not be quite relevant to 583 

shaping the midwinter maximum of the NP cyclone density. 584 

 585 

Fig. 13. (a-c) Same as in Figs. 5b, 5d and 5c, respectively, but for probability in the 586 

earlier period (1958/59−1985/86). (d-f) Same as in (a-c), respectively, but for probability in 587 

the later period (1986/87−2016/17). Red and blue contours in (d-f) denote statistically 588 

significant increase and decrease, respectively, from the former period at the 90% confidence 589 

level by Student’s t-test. 590 

 591 

In the later period, the wintertime NP upper-tropospheric westerly jet has widened 592 

poleward compared to the earlier period over the East Asian sector (Figs. 14a-c), which is 593 
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consistent with previous studies (e.g., Archer and Caldeira 2008). Though not statistically 594 

significant, the widening in the mid- and upper troposphere is most prominent in midwinter, 595 

while lower-tropospheric westerly intensification to the north of ~40°N is comparable 596 

between midwinter and early spring. Compared to the shoulder seasons, the corresponding 597 

long-term modulations of potential temperature are marked in midwinter with more rapid 598 

warming to the north (south) in the lower (upper) troposphere and the tropopause-level 599 

cooling especially to the north of 50°N (Figs. 14d-f). The warming in the lower- to mid-600 

troposphere is statistically significant, especially in midwinter. It acts to attenuate the 601 

stratification just below the westerly jet axis (~600-300 hPa), leading to an increase in 602 

Rossby depth. In other words, the retardation of the vertical connection of upper-tropospheric 603 

eddies with near-surface disturbances in midwinter has been somewhat relaxed in the later 604 

period, which is consistent with the suggestion by Nakamura and Sampe (2002). 605 

 606 

Fig. 14. (a-c) Differences in climatological-mean westerly wind speed (m/s; colored as 607 

indicated) averaged for 130°−140°E between the earlier (1958−1985) and later (1986−2016) 608 

periods. Blue and red contours denote climatological-mean westerly wind speed (m/s) in the 609 

earlier and later periods, respectively. Stippling indicates statistically significant difference at 610 

the 90% confidence level by Student’s t-test. (d-f) Same as in (a-c), but for difference in 611 

climatological-mean potential temperature (K; colored as indicated). Black contours denote 612 

climatological-mean potential temperature (K) in the later period. 613 

 614 
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6. Summary and Discussions 615 

In this study we investigate the detailed seasonal evolution of frequency of migratory 616 

surface anticyclone centers over the NP, in comparison with its cyclonic counterpart, based 617 

on the feature tracking algorithm described in section 2. We point out that the seasonality of 618 

those surface anticyclones is distinctively different from that of surface cyclones. 619 

Additionally, we revealed that the seasonality of the surface anticyclone density around the 620 

NP storm-track is substantially under the upstream influence, especially from the JPS domain 621 

located at the storm-track entrance region. 622 

In the shoulder seasons, density of migratory surface anticyclones is relatively high over 623 

the JPS region under the frequent passage of upper-tropospheric anticyclonic vortices and 624 

relatively low mid-tropospheric static stability. Some of those anticyclones propagate into the 625 

NP storm-track region to form the two distinct peaks in the seasonal density of migratory 626 

anticyclones. In midwinter, on the contrary, density of surface anticyclones over JPS is lower 627 

under the less frequent passage of upper-tropospheric anticyclonic vortices and higher mid-628 

tropospheric static stability in association with the monsoonal cold-air outbreaks and the 629 

excessively strong westerly jet-stream. In this circumstance, the vertical coupling between 630 

upper- and lower-tropospheric eddies tends to be retarded (Nakamura and Sampe 2002), 631 

leading to the distinct density minimum of migratory anticyclones over the NP. This is 632 

apparently inconsistent with the baroclinic instability theory. 633 

The composite analysis for migratory anticyclones over the JPS domain indicates that 634 

they tend to be accompanied by persistent weakening of the climatological East Asian trough 635 

associated with upper-level planetary waves and associated lower-tropospheric warming. The 636 

weakening of the East Asian winter monsoon tends to be preceded by Rossby wave 637 

propagation from upstream. Midwinter anticyclones moving over the JPS domain are likely 638 

to be accompanied by stronger, more distinct low-frequency anomalies than in the shoulder 639 

seasons. This suggests that a more prominent, unusual weakening of the winter monsoon is 640 

needed for a migratory anticyclone over the JPS domain to form under the unfavorable 641 

climatological-mean condition, which is consistent with the fewer migratory anticyclones 642 

over the midwinter NP.  643 

In sharp contrast to the seasonality of anticyclone density, density of migratory cyclones 644 

over the NP is maximized in midwinter, which is compatible with the baroclinic instability 645 

theory. It may be explained by local cyclogenesis around the Kamchatka Peninsula, Kuroshio 646 
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Extension, and East China Sea, rather than that over the JPS sector. Density of migratory 647 

surface cyclones over the JPS sector is indeed maximized under the more frequent upper-648 

tropospheric cyclonic vortices aloft. 649 

Additionally, we have briefly confirmed that the above discussion can be applied to 650 

interdecadal modulations of the MWM of the NP storm-track activity. In the more recent 651 

period after the mid-1980s, the MWM became less distinct both in the NP storm-track 652 

activity and NP anticyclone density, latter of which may be related to the less frequent 653 

anticyclones over JPS under the lowered mid-tropospheric static stability. In this period, the 654 

midwinter density of NP migratory cyclones became lower, although its midwinter maximum 655 

was still obvious. 656 

The fact that anticyclones are less frequent over the midwinter NP in contrast to the 657 

midwinter maximum of cyclone density suggests that anticyclones may be the key to the 658 

understanding of the MWM of the NP storm-track activity, as measured by Eulerian eddy 659 

statistics (Nakamura 1992). Indeed, the anticyclonic contribution plays a pivotal role in 660 

setting the MWM of Eulerian eddy statistics such as V’V’300 and V’T’850 (Part II). As for its 661 

interdecadal modulations, both cyclones and anticyclones seem important for the sharpening 662 

of the midwinter maximum of cyclone density and the weakening of the MWM of 663 

anticyclonic density, respectively. In Part II, seasonal evolution of the contributions from 664 

cyclonic and anticyclonic vortices to Eulerian eddy statistics is also investigated. 665 

The present study investigates densities of centers of migratory cyclones and 666 

anticyclones, which are influenced by both the number of tracks and their lifetime. We have 667 

compiled cyclone tracks passing the western NP domain [150°−180°E, 25°−55°N] in their 668 

lifetime. Compared to the shoulder seasons, the number of tracks increases in midwinter, 669 

which is found to dominate over the shortening of their typical lifetime and thus lead to the 670 

increase in density of NP cyclone centers as seen in Fig. 2. The result is qualitatively 671 

consistent with Schemm and Schneider (2018), and at least not contradicting the results for 672 

cyclones identified with 850-hPa vorticity by Hadas and Kaspi (2021), in a sense that the 673 

reduction in their lifetime is more distinct than that in their number. Note that their results are 674 

based on an aquaplanet GCM experiment with no land-sea contrast, unlike around the JPS 675 

domain. Interestingly, the midwinter decrease in the number of anticyclone tracks is also 676 

found to contribute to the MWM of the density of NP anticyclone centers on top of the 677 

shortening of their typical lifetime. Another aspect possibly relevant to this study is that 678 
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typical lifetime of cyclone tracks passing the JPS sector is not clearly suppressed in 679 

midwinter, while that of the corresponding anticyclones exhibits a distinct MWM. This may 680 

be interpreted as the different characteristics of vertical coupling between upper- and lower-681 

tropospheric eddies for cyclones and anticyclones over the midwinter JPS. Specifically, 682 

surface cyclones are more likely to be coupled with upper-level cyclonic vortices under the 683 

moderate background westerly wind speed a little away from the jet axis after their 684 

northeastward propagation into the NP (Fig. 1). By contrast, migratory anticyclones are less 685 

likely to form, because frequency of upper-level anticyclonic vortices is climatologically 686 

reduced, and excessively strong background westerlies hamper the vertical coupling around 687 

the jet axis (Nakamura and Sampe 2002), owing to their southeastward propagation. 688 

The composite analysis associated with JPS migratory anticyclones suggests their close 689 

relation to the EU teleconnection pattern. It has been suggested that the EU pattern exerts an 690 

influence onto the activity of the East Asian winter monsoon (Wang and Zhang 2005; Takaya 691 

and Nakamura 2013). The strength of the East Asian winter monsoon and upper-level East 692 

Asian trough is also closely related also to the western Pacific (WP)-like pattern (Takaya and 693 

Nakamura 2013; Wang and Chen 2014; Song et al. 2016). Compared to those previous 694 

studies, the anomalous low-frequency circulation typically associated with a JPS anticyclone 695 

is characterized more by Rossby wave propagation over Eurasia rather than a WP-like 696 

anomaly (Fig. 9). It has been suggested that the EU pattern is linked more to North Atlantic 697 

SST anomalies, while WP-like pattern tends to be under the remote influences of the ENSO 698 

variability (Takaya and Nakamura 2013) and the variability of the Australian summer 699 

monsoon (Sekizawa et al. 2021). Additionally, the influence of Arctic sea ice, especially over 700 

the Brents-Kara Sea, on the East Asian winter monsoon has been recently intensively 701 

investigated. Some of those studies suggested that Arctic sea ice loss, which has become 702 

distinct after 2000s, tends to be linked with the blocking formation around the Ural region 703 

and the stronger East Asian trough (e.g., Kim et al. 2014; Mori et al. 2014, 2019; Zhang et al. 704 

2018; Tyrlis et al. 2020). Zhang et al. (2022) suggested that the interdecadal change in 705 

EAWM around the 2000s is related to the recent Arctic sea ice loss. Potential influence from 706 

those external forcing onto the activity of JPS anticyclones and the MWM of the NP storm-707 

track activity is in our future scope. 708 

Considering that the midwinter suppression of storm-track activity is a unique 709 

phenomenon for the NP, comparison of the seasonality in cyclone and anticyclone densities 710 
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between the NP and NA storm-tracks is also needed. In fact, our preliminary result indicates 711 

that the seasonality in cyclonic and anticyclonic densities over the NA is not as discernible as 712 

over the NP (not shown). The brief investigation of the long-term modulations of the MWM 713 

of the NP storm-track activity in this study should be complemented by a more detailed study 714 

in future. Interannual variability of the storm-track activity is also to be examined. 715 
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APPENDIX 737 

Appendix. Assessment of feature tracking algorithm 738 

In this study, tracks of surface centers of migratory cyclones and anticyclones are 739 

objectively identified by the procedure described in section 2. It is established that 740 
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identification of cyclone tracks can be influenced by a tracking scheme used (Ulbrich et al. 741 

2009). Therefore, given the identification algorithm used in this study includes some degree 742 

of arbitrariness, it is important to assess the performance of the tracking algorithm. 743 

As the most intuitive way, we have verified identified cyclone and anticyclone centers in 744 

snapshots. As mentioned in section 2, the procedure has been constructed to identify features 745 

as migratory synoptic-scale cyclones and anticyclones represented on a surface weather map. 746 

Indeed, identified centers are consistent with a SLP field as a given snapshot in Fig. A1a.  747 

 748 

Fig. A1. (a) Snapshot of SLP (black contours, every 4hPa) and identified cyclone and 749 

anticyclone centers (red and blue open circles, respectively) at 1200UTC01Dec2016. (b) 750 

Wintertime (DJF) climatological-mean density of identified surface cyclone centers 751 

(%/(1000km)2) based on the JRA-55 for 1958/59−2016/17. Unit is set to be the same in Neu 752 

et al. (2013). Meridians of 100°E and 120°W are highlighted, which indicate the western and 753 

eastern boundaries of the domain through which the identified centers must pass. (c) Same as 754 

in (b), but for identified anticyclone centers. 755 

 756 

It is also of particular importance to compare our tracking results with those in previous 757 

studies. The wintertime (DJF) cyclone density with our tracking algorithm is clearly within a 758 

range of variations among those algorithms in the IMILAST project (Neu et al. 2013) in its 759 

overall density values and horizontal distribution. It is noteworthy that the cyclone density 760 

with our algorithm is consistent especially with that with algorithms using both SLP and 761 

∇2SLP (or, equivalently, surface vorticity). Meanwhile, the anticyclonic density has much 762 

fewer literature to be compared with. Nevertheless, our result is qualitatively consistent with 763 

the results by Hoskins and Hodges (2002) and Pepler et al. (2019). One discernible 764 

characteristic of our result compared with the previous studies, especially Hoskins and 765 
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Hodges (2002), is a density maximum over the eastern NP collocated with the climatological 766 

center of the southeastward-retreated wintertime subtropical high. The difference is 767 

presumably caused by the different ways of calculating density from track data to draw 768 

spatial maps. That is, while Hoskins and Hodges (2002) computed density using all grid 769 

points along a given track, the present study assembles grid points at which an anticyclone 770 

center exists in a particular time step. The difference should lead to lower (higher) density 771 

over domains where a typical propagation speed of anticyclones is fast (slow) compared to 772 

Hoskins and Hodges (2002), which can be evidently seen in Fig. A1c. We confirm that the 773 

density maximum over the eastern NP becomes less distinct when all grid points along a 774 

track are taken into account (not shown). Nevertheless, the density of centers of features is 775 

comparable more directly with results for Eulerian eddy statistics (Okajima et al. 2022a), 776 

which is the central purpose of Part II. 777 
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Supplementary Materials 1009 

1. Tracking results with d4PDF 1010 

In this study, tracks of surface centers of moving cyclones and anticyclones are identified 1011 

on the basis of the JRA-55 atmospheric reanalysis (Kobayashi et al. 2015) for a relatively 1012 

long period (~60 years). The robustness of the seasonality of cyclone and anticyclone track 1013 

densities based on the reanalysis is further verified by utilizing the Database for Policy 1014 

Decision Making for Future Climate Change (d4PDF; Mizuta et al. 2017; Fujita et al. 2019). 1015 

The d4PDF has been developed with the Meteorological Research Institute Atmospheric 1016 

General Circulation Model (MRI-AGCM) version 3.2, whose horizontal resolution is TL319 1017 

(equivalent to ~60 km grid) with 64 vertical levels (up to 0.01 hPa). To minimize the effect of 1018 

difference in horizontal resolutions, SLP fields have been interpolated onto a 1.25°×1.25° 1019 

grid before identifying cyclone and anticyclone tracks. We take full advantage of 100-1020 

member historical simulations for 1958–2011. 1021 

The climatological-mean cyclone and anticyclone track densities are shown in Fig. S1. 1022 

Evidently, the horizontal distributions of track densities are consistent with those based on the 1023 

JRA-55 (Fig. 1), indicative of their high robustness. The consistency of the seasonality of the 1024 

NP cyclone and anticyclone densities can be further confirmed in latitude-season sections 1025 

similar to Fig. 2. As shown in Fig. S2, the distinctive seasonality between surface cyclone 1026 

and anticyclone densities is consistent with our result with the JRA-55. The two peaks of the 1027 

NP anticyclone density in the shoulder seasons are explained by anticyclones from the 1028 

upstream, whereas cyclones from JPS exert only weak influence on the NP cyclone density 1029 

compared to the residual. There are some minor differences in the results between the two 1030 

datasets, including a peak (at ~45°N) of cyclonic density from JPS in early winter and slight 1031 

increase of midwinter residual anticyclonic density. Nevertheless, the importance of 1032 

anticyclones passing JPS for the seasonality of anticyclone density over the NP is thus 1033 

verified with the large-ensemble climate model output covering nearly 6,000 cold seasons. 1034 
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 1035 

Fig. S1. Same as in Fig. 1, but for ensemble-mean probability based on 100 members of 1036 

the d4PDF historical simulation for 1951-2010. 1037 

 1038 

Fig. S2. (a, b) Same as in Figs. 2a-b, respectively, but for ensemble-mean probability 1039 

based on 100 members of the d4PDF historical simulation for 1951-2010. (c-f) Same as in 1040 

Figs. 5a-d, respectively, bur for ensemble-mean probability based on 100 members of d4PDF 1041 

historical simulation for 1951-2010. 1042 

 1043 
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 1044 

2. Tracking of upper-tropospheric vortices 1045 

To further confirm the seasonality of the frequency of upper-tropospheric cyclonic and 1046 

anticyclonic eddies, the seasonal march of climatological-mean density of centers of 1047 

migratory cyclonic and anticyclonic vortices at 300 hPa is investigated. To identify tracks of 1048 

vortex centers, we apply the same tracking procedure to a curvature field as used for 1049 

migratory surface anticyclones. After the curvature has been horizontally smoothed with the 1050 

9-point horizontal smoothing performed six times, only a curvature maximum (minimum) 1051 

that is highest (lowest) within an 800km circle around the extremum was identified as the 1052 

center of the 300-hPa cyclonic (anticyclonic) vortex. The nearest curvature extremum 1053 

identified above at successive time steps were connected. The distance must not exceed 1054 

1200km. As migratory surface features, any track must persist at least over 4 time steps (i.e., 1055 

24 hours) and travel at least over 600km during the lifetime. 1056 

Figure S3 shows the seasonal march of frequency of upper-tropospheric migratory 1057 

cyclonic and anticyclonic vortices. The result is overall similar to Fig. 6 for their surface 1058 

counterpart, indicating that the frequency of upper-tropospheric vortices identified only with 1059 

local curvature appears to capture the characteristic seasonality of upper-level migratory 1060 

eddies, especially for vortices observed north of ~42°N, although the detection procedure 1061 

includes some arbitrariness in the choice of parameters. Note that the frequency of ‘centers’ 1062 

of troughs or ridges is shown here, which are likely to be located north of the JPS domain. 1063 
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 1064 

Fig. S3. Same as in Fig. 6, but for climatological-mean density (colors, *0.01%) of 1065 

centers of migratory (a, c) cyclonic and (b, d) anticyclonic vortices at 300-hPa. 1066 

 1067 
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