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Abstract

In East Asia, strong winter monsoon and high baroclinicity enhance cyclone activity. Winter
cyclone activity modulates the daily weather over Japan by inducing low temperatures and snowfall.
Strong wind and heavy precipitation induced by the winter cyclone can cause disasters. It is well
known that mesoscale cyclones frequently occur in the Sea of Japan, causing locally but strong
winds and heavy snowfall. Despite the high frequency of genesis of mesoscale cyclones around the
Sea of Japan, most previous studies on the cyclone activity in the decadal timescale have focused
only on synoptic-scale cyclones. Since mesoscale cyclones cause local snowfall, the understanding
of the decadal trends in winter cyclone activity, including mesoscale cyclones, can provide new
insight into regional response to climate change, especially in Hokkaido where the frequency of
mesoscale cyclone is high. The purpose of this study is to clarify the decadal trends of winter
cyclone activity that include mesocyclones over and around northern Japan. In addition, the
regional features of mesoscale cyclogenesis in the northern part of the Sea of Japan were
investigated by using numerical experiments.

This decadal trend of the passage of cyclones over and around Japan, including mesoscale
cyclones, was investigated during 62 winter seasons (December—March) from 1958/1959 to
2019/2020 using the long-term reanalysis dataset JRA-55. During the study period, the passage of
cyclones around northern Japan showed a decreasing trend. Most of the cyclones that pass around
northern Japan are generated over the northern part of the Sea of Japan, where mesoscale
cyclogenesis frequently occurs. It was also found that the duration of the cyclones generated in the

northern part of the Sea of Japan is relatively short compared to the cyclones that originated in the



other regions.

Analyses based on the weather pattern classification revealed that the passage of upper-level
troughs and lower-level cold air outbreaks over the northern part of the Sea of Japan are preferential
conditions for the cyclogenesis in the northern part of the Sea of Japan. These conditions are
consistent with the conditions for the development of mesoscale cyclones in this region. Statistical
analysis indicated that magnitude of the cold air outbreak in this region was weakened. Hence, the
changes in atmospheric conditions due to climate change may have reduced mesocyclone genesis
over the northern Sea of Japan, resulting in the number of cyclones passing over and around
Hokkaido over the past 60 years.

In this study, the role of the surrounding topography in the cyclogenesis over the northern part
of the Sea of Japan was also investigated. Long-term numerical experiments using the regional
climate model WRF (The Weather Research and Forecasting Model) were conducted to investigate
the effects of mountains located on the eastern coast of the Eurasian continent (i.e., the Sikhote-Alin
mountain range) on the mesoscale cyclones generated over the northern part of the Sea of Japan.
Weather pattern classification clarified that the effects of the mountains on the mesoscale cyclone
vary depending on synoptic-scale atmospheric conditions. The difference in sensitivity is due to the
difference in the development mechanism of the mesoscale cyclones. Mesoscale cyclogenesis over
the northern part of the Sea of Japan associated with the Siberian high and Aleutian low is caused
by the lower-level horizontal wind shear formed over the offshore region west of Hokkaido. This
horizontal wind shear is caused by the northwesterly winds that blow across the Sikhote-Alin

mountain range. Sensitivity experiment revealed that the removal of the Sikhote-Alin mountain
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range weakens the horizontal shear of the lower-level winds over the northern part of the Sea of
Japan and decreases this type of mesoscale cyclogenesis. Therefore, the mesoscale cyclogenesis
caused by lower-level horizontal wind shear is very sensitive to the local topography. In contrast,
the number of occurrences of mesoscale cyclogenesis induced by baroclinic instability did not vary
even after the removal of mountains. It is suggested that formation of the mesoscale cyclones, is not
affected by the surrounding topography if their development is driven by upper-level atmospheric
conditions.

The analysis using reanalysis dataset and high-resolution datasets derived from the regional
climate model clarified the regional characteristics of winter cyclone activities around northern
Japan. The results are summarized as follows; 1) the passages frequency of winter cyclones around
Hokkaido originated from the northern part of the Sea of Japan has decreased since the 1960s, 2)
the weakening of the cold air outbreak over the northern part of the Sea of Japan suppressed the
mesoscale cyclogenesis in this region, and 3) the mesoscale cyclogenesis over the northern part of
the Sea of Japan associated with the Siberian high and Aleutian low is caused by the lower-level
wind shear formed by the mountains along the eastern coast of the Eurasian continent. Decadal
trend of cyclone activity over recent years and the factors behind that revealed in this study can
provide new insight into the response of regional climate in Hokkaido under ongoing climate

change.
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1. Introduction

1.1 Winter climate and surface pressure pattern around Japan

In winter, a surface high pressure over the eastern Eurasian Continent and low pressure over
the Northwest Pacific Ocean causes cold air advection over Japan (e.g., Murakami and Sumi 1981,
Lau and Lau 1984; Boyle and Chen 1987; Kashiwabara 1988). The surface high pressure, which is
formed by the radiative cooling over the continent, is called the Siberian high (e.g., Ding and
Krishnamurti 1987; Takaya and Nakamura 2005). The cold air mass on the Siberian high is the
source of the East Asia winter monsoon, and that outflows cause the cold surge over East Asia
(Chang et al. 1979; Ding and Krishnamurti 1987; Gong et al. 2001; Jhun and Lee 2004; Iwasaki et
al. 2014). Figure 1.1 shows the topography and winter averaged (December to March) sea level
pressure (SLP) in East Asia. A high pressure corresponding to the Siberian high exists on the
Eurasian continent, and a quasi-stationary low pressure called the Aleutian low is identified around
the Kamchatka Peninsula. This west-east high and low surface pressure pattern around northern
Japan, formed by the Siberian high and Aleutian low, is generally known as the typical pressure
pattern that induces cold winter in Japan.

Numerous studies have shown that the pressure pattern determines the synoptic-scale
atmospheric circulation and affects the regional weather systems (e.g., Lund 1963). In recent years,
long-term observations and the development of reanalysis datasets have made it possible to
highlight the statistical relationship between pressure patterns and extreme weather events. For
example, Esteban et al. (2005) showed that heavy snowfall in the Pyrenees between France and
Spain was caused by the warm air advection from the sea and the cold air advection from the

continent induced by a specific synoptic-scale surface pressure pattern. Farukh and Yamada (2018)
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showed that the extreme low temperatures in winter in Sapporo, the largest city in Hokkaido located
in northern Japan, were caused by the cold air advection induced by the west-east high and low
surface pressure pattern. Conversely, extreme high temperatures were caused by warm air advection
due to an opposite pressure pattern (west-east low and high surface pressure). Recently, Kawazoe et
al. (2020) revealed that heavy snowfall in Sapporo tends to occur under three typical pressure
patterns: high pressure on the eastern end of the Eurasian Continent, low pressure to the east of
Hokkaido, or low pressure over central Japan. Thus, the analysis based on pressure patterns helps to

provide a statistical understanding of regional weather events.

1.2 Winter cyclone activity around Japan

Winter synoptic-scale cyclones passing over and around Japan develop over the Eurasian
continent and surrounding oceans (e.g., Chen et al. 1991; Adachi and Kimura 2007). Meanwhile,
mesoscale cyclones develop in the Sea of Japan due to cold air advection caused by the strong
winter monsoon (e.g., Asai 1988; Yanase et al. 2016). Activity of these synoptic-scale and
mesoscale cyclones characterize the winter climate in Japan. This section describes the
climatological features of the cyclones around Japan. Section 1.2.1 deals with synoptic-scale

cyclones, and Section 1.2.2 deals with mesoscale cyclones.

1.2.1 Synoptic-scale cyclone

Storm track refers to the region with frequent cyclone passage (e.g., Blackmon et al. 1977,
Chang 1993). Japan is located on the part of the storm track and strong winter monsoon and high

baroclinicity enhance cyclone activity (e.g., Chung et al. 1976; Chen et al. 1991; Adachi and
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Kimura 2007). Analysis of cyclone tracking revealed that major genesis locations of the
extratropical cyclones passing over and around Japan are the northwestern Pacific Ocean, Sea of
Japan, East China Sea, Yangtze River basin, and over the eastern Eurasian Continent (e.g., Chen et
al. 1991; Adachi and Kimura 2007; Lee et al. 2020). Many cyclones generated over the continent is
originated from the lee of the mountains, such as the Mongolia Plateau (Chung et al. 1976; Chen et
al. 1991). Development of the maritime extratropical cyclone is related to the distribution of sea
surface temperature (e.g., Chen et al. 1992; lizuka et al. 2013). Especially around Japan, warm
ocean current (Kuroshio current) enhances lower tropospheric baroclinicity, and the extratropical
cyclones develop rapidly (Sanders and Gyakum 1980; Hanson and Long 1985). These cyclones are
called explosive (or bomb) cyclones and cause strong wind and precipitation events in Japan (e.g.,
Yoshida and Asuma 2004; Tsukijihara et al. 2019; Hirata 2021).

Many studies have investigated the relationship between cyclone activity and snowfall. For
example, heavy snowfall years in the Sea of Japan side of central Japan, the passage of explosive
cyclones tend to concentrate over the Sea of Japan and the Pacific coast of Japan (Yamashita et al.
2012). On the other hand, snowfall in the Kanto region located on the Pacific coast of central Japan
is induced by the extratropical cyclone that passes through the southeastern coast of Japan (e.g.,
Takano 2002; Yamazaki et al. 2015; Kawase et al. 2018). Inatsu et al. (2021) has shown that slight
differences in the location of extratropical cyclones significantly alter the amount of regional
snowfall in Hokkaido, pointing out the importance of the synoptic-scale atmospheric condition such
as cyclone activity for snowfall. Furthermore, along the Sea of Japan coast, mesoscale cyclones

(described in a later section) cause localized but intense snowstorms (e.g., Ninomiya 1991,



Ninomiya et al. 1993). Therefore, winter cyclonic activities that can trigger severe weather events
are an essential component of the winter climate in Japan.

Global climate models have projected the reduction of the total number of winter cyclones in
the Northern Hemisphere in response to human-induced climate change, but the tendency of this
decrease varies with region and cyclone intensity (Mizuta et al. 2011). Regional variations of this
decline tendency have also been captured in reanalysis datasets. For example, the frequency of
occurrence of extratropical cyclones has decreased in parts of East Asia, although the change is not
statistically significant (Lee et al. 2020). In contrast, an increase in the frequency of explosive
cyclones over ocean areas to the east of Hokkaido (Tsukijihara et al. 2019) is indicative of recent
change in cyclone intensity. These changes revealed in reanalysis datasets suggest that regional

cyclone activity may have already altered owing to ongoing climate change.

1.2.2 Mesoscale cyclone

Over the high latitude oceans, small cyclone features, called polar mesocyclones (PMCs),
often occur. PMCs have a horizontal scale of meso-a (200-2000 km) to meso-f (20-200 km) scale
(definition of scale: Orlanski 1975). Intense (surface wind speed exceeds 15 m st) meso-a scale
PMCs are called polar lows (Rasmussen and Turner 2003). Polar lows are observed over various
oceans, such as the Northern Atlantic Ocean (e.g., Harold et al. 1999), the Barents Sea (e.g.,
Rasmussen 1985), the Labrador Sea (e.g., Mailhot et al. 1996), the Southern Ocean (e.g., Carleton
and Carpenter 1990), and the Sea of Japan (e.g., Ninomiya 1989). They often cause locally heavy
precipitation and strong wind around coastal seas and land areas in the circumpolar region.

Therefore, the genesis and development processes of such mesoscale cyclones have attracted
4



considerable scientific attention.

Case studies suggested that multiple mechanisms contribute to polar low development. For
example, baroclinic instability is necessary during the initial stage of polar low development (Reed
and Duncan 1987), whereas conditional instability of the second kind and wind-induced surface
heat exchange processes can help their rapid development (Rasmussen 1979; Emanuel and Rotunno
1989). An idealized numerical simulation revealed that the primary energy source for polar low
development varies according to synoptic-scale baroclinicity (Yanase and Niino 2007). These
studies highlighted that PMCs, including polar lows, have a variety of formation and development
processes, and thus, the role of environmental conditions differ from case to case.

Besides meteorological and oceanic effects, topographic effects can have a crucial role on
PMCs. Over the Barents Sea, cold air outbreaks originating from the Arctic Sea can be split by the
Svalbard islands, forming lower-tropospheric vorticity filaments that later grow into polar lows
(Sergeev et al. 2018). The mountains located in the north of the Korean Peninsula can intensify a
convergence zone over the southern Sea of Japan, along which frequent PMC genesis is observed
(Watanabe et al. 2018). Despite the substantial impact of topographic effects on such mesoscale
cyclogenesis, previous discussions have tended to focus on case studies or idealized numerical
experiments (Kristjansson et al. 2011). Therefore, because the role of topographic effects on the
genesis of various forms of PMC is not fully understood, the impact of topographic effect on the
climatological features of PMCs also remains unexplored.

Despite the relatively lower latitude region, the frequency of PMCs is high over the northern

Sea of Japan (Asai 1988), especially offshore region west of Hokkaido (Fujiyoshi et al. 1988). In



this region, the PMC tends to be generated under cold air advection induced by the northerly wind
(e.g., Watanabe et al. 2017), and/or strong horizontal wind shear caused by warm easterly wind and
cold westerly wind associated with a synoptic-scale cyclone located to the east of the PMC
(Ninomiya 1991; Ninomiya et al. 1993). Topography of the Eurasian continent and Hokkaido are
one of the factors of PMC genesis in this region. The mountain range on the eastern edge of the
Eurasian continent (i.e., the Sikhote-Alin mountain range) weakens the westerly wind over the Sea
of Japan, establishing conditions suitable for PMC growth that allow PMCs to remain longer over
the sea (Watanabe et al. 2017). Additionally, the mountain range creates local (Tamura and Sato
2020) and synoptic-scale (Ninomiya 1991) horizontal temperature gradients in the lower

troposphere which are likely to affect PMC genesis.

1.3 Objective of the present study

Related studies for the interannual variation of cyclone activities have focused mainly on the
extratropical cyclones (e.g., Lee et al. 2020), whose horizontal scale is typically >1000 km.
Conversely, mesocyclones have not been the target of intensive research despite their substantial
impact on regional climate. Research has shown that the lifecycle of a mesocyclone is sensitive to
regional geographical factors such as topography and local atmospheric conditions (e.g., Tamura
and Sato 2020). Therefore, the response of a mesocyclone to regional climate change can differ
from that of an extratropical cyclone. For example, Stoll et al. (2018) found that the frequency of
mesocyclones over the offshore region south of Svalbard in recent years (2001-2016) was higher
than that of past years (1979-1994).

The objective of this study is to clarify the interannual variation of winter cyclone activity over
6



northern Japan using an original cyclone tracking product that includes mesocyclones. Additionally,
the mechanism behind the interannual variation is investigated by considering synoptic-scale
weather pattern classifications. The present study also examines the characteristics of mesocyclones
in the offshore region west of Hokkaido by using the regional climate model and the weather

pattern classifications.
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2. Data and methodology
2.1 Dataset

In this study, the Japanese 55-year Reanalysis dataset (JRA-55), obtained from the Japan
Meteorological Agency (Kobayashi et al. 2015), was used for the detection and tracking of cyclones
(Chapter 3), classification of pressure patterns (Chapter 4), and the analysis of the atmospheric
conditions (Chapter 3 and 4). This dataset has 1.25° horizontal resolution and a 6-hourly time
interval. To validate the impact of data assimilation on the cyclone tracking shown in Chapters 3
and 4, the JRA-55 Conventional reanalysis (JRA-55C) and the JRA-55 Atmospheric Model
Intercomparison Project type simulation (JRA-55AMIP) were used. JRA-55C is produced by the
same model, data assimilation system, and boundary conditions as JRA-55, but satellite
observations are not assimilated (only the observations over land, sea, and upper-level air are used)
(Kobayashi et al. 2014). JRA-55AMIP is produced by the same model and boundary conditions as
JRA-55 without data assimilation. Numerical experiments described in Chapter 5 used JRA-55, the
NOAA 0.25° daily Optimum Interpolation Sea Surface Temperature v2.0 (OISST v2.0), and the

distribution of sea ice dataset (Reynolds et al. 2007) as the initial and boundary conditions.

2.2 Algorithm for tracking cyclones

Cyclone tracks were determined using the methodology described in Adachi and Kimura
(2007) and Hayasaki and Kawamura (2012) with slight modifications to ensure detection of
mesoscale cyclones. The algorithm first detects a grid point with a local minimum sea level pressure
(SLP) that is lower than that at any of the neighboring eight grids. The second step eliminates

topographically anchored SLP minima. A cyclone center is designated only when an anomalous
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SLP minimum remains at least 0.5 hPa lower than that at the neighboring eight grids after removal
of the 31-day running mean SLP field. A cyclone track is created by connecting the positions of the
nearest cyclone center at each 6-hour interval. If there are no cyclone centers within the search area
(i.e., four grids to the north, six grids to the east, four grids to the south, and three grids to the west
relative to the current cyclone center) in the subsequent time step, cyclone tracking is terminated.
The algorithm was applied to the region 0°-80°N and 90°-180°E, and cyclones that persisted for
more than 24 h were analyzed. This algorithm is capable of detecting intense but relatively small
cyclones that were previously removed through spatial filtering in the study of the decadal trend of
cyclone activity (Lee et al. 2020). From the reanalysis dataset JRA-55 used in this study, it is
possible to detect the cyclone with a diameter of approximately 300 km, corresponding to a
horizontal scale of three grids. However, cyclones with a diameter of less than 300 km occur, such
as meso-p scale cyclones (Tsuboki and Asai 2004; Watanabe and Niino 2014; Watanabe et al. 2018),
in the Sea of Japan, the area covered by the present study. Such small cyclones cannot be detected
by this algorithm. Hence, the cyclone tracking algorithm is suitable for studying the synoptic-scale
cyclones and meso-a scale cyclones (greater than 300 km) like polar low, but not suitable for
mesocyclone smaller than 300km. Note that this algorithm does not use wind speed as a threshold.
Therefore, the small cyclones detected by this algorithm include polar lows and polar mesoscale

cyclones.

2.3 Validation of the tracking algorithm

This section validates the accuracy of the tracking algorithm used in the present study by

checking whether some cyclones cases are detected appropriately. In the following subsections, as
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two examples, the cyclone that was detected by the algorithm (Case 1) and the cyclone that was not

detected (Case 2) are shown.

2.3.1 Case 1: 9 December 1985

This subsection compares the cyclone introduced in Ninomiya (1991). Ninomiya (1991)
investigated the development of mesoscale cyclone over the offshore region west of Hokkaido
generated on 9 December 1985. In this case, mesocyclone developed over the offshore region west
of Hokkaido where lower-level temperature gradient was strong. The temperature gradient was
formed between the warm air advection from the Pacific Ocean and cold air advection from the
continent induced by the synoptic-scale cyclone located on the east of Hokkaido.

Figure 2.1 shows the surface whether chart and the location of cyclones on 9 December 1985
(Ninomiya 1991). Synoptic-scale cyclone formed over the Sea of Japan at 00 UTC 8 December
1985 moved northeastward and reached the Okhotsk Sea. The mesocyclone was generated over the
offshore region west of Hokkaido at 00 UTC 9 December 1985 and moved southeastward. Satellite
infrared images at (a) 00 UTC and (b) 12 UTC on 9 December is shown in Figure 2.2 (Ninomiya
1991). Large and upper-level (cloud top temperature is low) cloud system corresponding to the
synoptic-scale cyclone (Figure 2.1) is seen over the Pacific Ocean, and there is a small and
lower-level (cloud top temperature is high) cloud over the northwest of Hokkaido (red circle)
(Figure 2.2a). This small and lower-level cloud developed into a large comma-shaped cloud with a
diameter of about 500 km after 12 hours (Figure 2.2b). This comma-shaped cloud corresponds to
the mesocyclone located on the offshore region west of Hokkaido shown in Figure 2.1. SLP fields

and the location of the cyclones detected by the cyclone tracking algorithm in the present study are
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shown in Figure 2.3. The algorithm in the present study well captured the pathway of the
synoptic-scale cyclone which reached the Sea of Okhotsk. Although the mesocyclone at the initial
developmental stage (Figure 2.2a) was not detected (Figure 2.3a), the mesocyclone was detected 12
hours later in the offshore region west of Hokkaido as a cyclogenesis (cross mark in Figure 2.3Db).
Therefore, this cyclone tracking algorithm can detect the synoptic-scale cyclone and the mesoscale

cyclone that has a clear local pressure minimum.

2.3.2 Case 2: 10 January 1987

This subsection compares the cyclone introduced in Ninomiya et al. (1996). Figure 2.4 shows
the surface weather chart (Figure 2.4a), satellite infrared image (Figure 2.4b), and SLP and cyclone
tracks (Figure 2.4c) detected by the present study at 12 UTC 10 January 1987. In this case, the
synoptic-scale cyclone which had passed through over Hokkaido was accompanied by mesoscale
cyclogenesis over the offshore region west of Hokkaido. A mesocyclone was located over southwest
of Hokkaido (Figure 2.4a), and a small cloud cover ranging about 200 to 300 km can be seen
(Figure 2.4b; red circle). The cyclone tracking algorithm in the present study, however, was not able
to detect the cyclone (Figure 2.4c). SLP field shows the west-east high and low surface pressure
gradient over the offshore region west of Hokkaido, but there is no local pressure minimum (Figure
2.4c). Since the tracking algorithm in this study aims to detect the local pressure minimum, the
cyclone with a relatively small horizontal size or those without local pressure minimum is not
detected. Hence, the tracking algorithm in the present study can detect two types of cyclones, i.e.,
(1) synoptic-scale cyclones (extratropical cyclones) and (2) mesoscale cyclones with a distinct

pressure minimum, such as intense mesoscale cyclones (i.e., polar lows).
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2.4 Determination of horizontal size of cyclones

In Chapter 3, the horizontal scale of cyclones was defined by using low-level relative vorticity.
Figure 2.5 shows a flow chart of the determination of the horizontal scale of the cyclones. This
algorithm is adapted from Watanabe et al. (2016). In this algorithm, the vortex area that includes
only one cyclone center detected by the cyclone tracking algorithm (Section 2.3) was determined.
This enables the identification of small-scale cyclone which appear near synoptic-scale cyclone, and

hence, it allows statistical analysis of cyclone size.

2.5 Classification of pressure patterns

The synoptic-scale atmospheric conditions over northern Japan in winter seasons were
examined using the classification method based on self-organizing maps (SOMs) (Kohonen 1982).
The SOMs approach offers visualization of high-dimensional datasets via reduction to a
two-dimensional map through neural network techniques. In meteorological studies, this technique
has been used widely in the classification of temporally varying atmospheric conditions such as
SLP patterns (e.g., Lennard and Hegerl 2015; Ohba et al. 2015; Kawazoe et al. 2020). In this study,
the SOMs was used to classify the SLP patterns leading to cyclogenesis. The SOM was trained
using 6-hourly standardized SLP fields over northern Japan (35°—55°N, 127°—157°E). The training
was performed using 30,072 input vectors (4 times daily x 121/122 winter days x 62 years).

To consider the optimum number of nodes for the SOM, the below examinations were

conducted. In this study, Quantization Error (QE) and Topographic Error (TE) (Kohonen 2001;
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Sakai et al. 2010) were measured. QE is the difference between the input vector and the

best-matching reference vector (node in trained SOM) and is computed by the following equation:

1w 1
QEi=N2 ;”Zi,j—mi”
j=1

where i is node number, j indicates the number of the input vector, z;; is jth input vector in node i, m;
is the reference vector in node i, k is the dimension of the input vector, and N is a total number of
input vectors assigned in node i. As the number of nodes increases, trained SOM can represent finer
patterns, and average QE; (QE) decreases. TE measures the preservation of topology in a reference

vector and is defined as the following equation:

N
1
TE = NZ S,
p=1

where N is the total number of input vectors. Sp is decided as O if the second-best-matching node is
located on the neighboring node of the best-matching node, and otherwise, Sp is 1. Low TE means
similar reference vectors tend to be located on the nearby nodes. Table 2.1 shows QE and TE for
each size of SOM. Rate of change in QE becomes smaller from 4 x 4 to 5 x 5 nodes and the values
of QE are also relatively low at 4 x 4, 4 x 5,5 x 4, and 5 x 5. Thus, these four sizes of SOMs are
adopted in this study. In addition, interpretation of classification based on the SOMs is ensured by

K-means clustering. The analysis using these classification methods is shown in Chapters 4 and 5.
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Figure 2.1. Surface weather chat at 12 UTC 9 December 1985 (Ninomiya 1991). The center of the
synoptic-scale low (indicated by the blacked circle) and the mesocyclone (indicated by the comma)

are shown at 12-hour intervals.
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Figure 2.2. Infrared images obtained by the geostationary meteorological satellite of the Japan
Meteorological Agency (Ninomiya 1991). (a) 00 UTC 9 December 1985, (b) 12 UTC 9 December

1985.
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(@) 00 UTC 9 Dec. 1985 (b) 12 UTC 9 Dec. 198

Figure 2.3. Sea level pressure (contour) and cyclone tracks (brack line) detected in this study. Red
dot indicates the cyclone center. Black cross indicates the location of occurrence of cyclogenesis.

(@) 00 UTC 9 December 1985, (b) 12 UTC 9 December 1985.

17



(a) Surface weather chart  (b) Infrared image

12 UTC 10 JAN 1987 S
L sk —ie

Figure 2.4. (a) Surface weather chart and (b) infrared images at 12 UTC 10 January 1987

(Ninomiya et al., 1996). (c) Same as Figure 2.3 for 12 UTC 10 January 1987.
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Figure 2.5. Flow chart and schematic of the definition of vortex area of the cyclone. (1) Relative
vorticity (900 hPa level) at the cyclone center is defined as o. If o is smaller than 5.0 x 107° s7%,
terminate the analysis. (2) Expand the vortex area (Varea) to the surrounding continuous grids if
relative vorticity is equal or greater than {o. (3) Using the vorticity threshold (Cmin), attempt to

expand the vortex area (Varea x). Repeat the steps until {min becomes below 5.0 x 10 s or the

expanded vortex area contains multiple cyclone centers.
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Table 2.1. QE and TE for SOM maps.

Size of SOM 2%X2 3%3 4x4 5x5 6X6
QE 0.46 041 0.38 0.36 0.34
TE 0.0 0.007 0.05 0.06 0.10
Size of SOM 3x2 4x3 5x4 6x5 7X6
QE 0.44 0.40 0.37 0.35 0.34
TE 0.01 0.12 0.06 0.10 0.12
Size of SOM 10%x2 4x5 2%10
QE 0.37 0.37 0.37
TE 0.13 0.06 0.13
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3. Winter-cyclone activity around Japan

3.1 Introduction

In the winter season, frequent passage of cyclones brings strong winds and heavy snowfall in
Japan. Changes in cyclone activity associated with climate change can influence the frequency of
strong winds and snowfall (Kawazoe et al. 2020; Kawase et al. 2021; Inatsu et al. 2021). Therefore,
it is important to identify interannual variations in cyclone activity from adaptation to climate
change.

Despite the high genesis frequency of mesoscale cyclones recently pointed out in the Sea of
Japan (Yanase et al. 2016), related studies aimed to elucidate the long-term trends of the
synoptic-scale disturbances (e.g., Lee et al. 2020). The method of extracting cyclones by using
thresholds confines the number of cyclones to be analyzed. Therefore, new insight is expected by
the consideration of cyclones at various horizontal scales. The cyclone tracking method described in
Chapter 2 detects cyclones of varying sizes. This method has the potential to detect the regional
climate changes in cyclone activity over oceans where the frequency of the mesoscale cyclogenesis
is high such as the Sea of Japan.

In this chapter, the number of cyclone passages was examined using an original cyclone
tracking product that includes mesocyclones described in Chapter 2 to quantify the winter cyclone
activity around Japan. The interannual variation of the number of cyclones passage and the possible

reasons for the interannual variation are discussed.

3.2 Result

3.2.1 Climatology of cyclone genesis and passage
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Figure 3.1a shows the number of cyclone passages in winter (December—March) over Japan
from 1958-2019. The number of cyclone passages means the number of individual cyclones, i.e., a
cyclone that remained longer or passed over the same grid multiple times was counted as one. The
number of cyclone passages was high over the Sea of Japan and the northwestern Pacific, consistent
with the findings of Lee et al. (2020). Figure 3.1a shows that the number of cyclone passages
around Hokkaido was also relatively high. This result is a feature not seen in Lee et al. (2020) that
investigated only synoptic-scale cyclones. Therefore, this high passage frequency implies that the
cyclones ignored in the related study make a contribution to the climatology of cyclonic activity in
the studied area.

The distribution of the number of occurrences of cyclogenesis is shown in Figure 3.1b. The
large number of occurrences of cyclogenesis evident over the western Sea of Japan might reflect the
topographic effects of the Changbai Mountains, which are located in the region of the border
between China and North Korea (Chung et al. 1976; Shimizu et al. 2017; Watanabe et al. 2018;
Shinoda et al. 2021). Over the offshore region east of Japan, cyclogenesis occurred predominantly
along the track of the Kuroshio Current (Hanson and Long 1985; Gyakum et al. 1989; Chen et al.
1991; Yoshida and Asuma 2004; Tsukijihara et al. 2019). The concentration of cyclogenesis over the
offshore region west of Hokkaido corresponds to the high frequency of the mesoscale cyclogenesis
investigated in the previous studies (Asai 1988; Yanase et al. 2016; Tamura and Sato 2020). Figure
3.1c shows the linear trends of the number of cyclone passages. The number of cyclone passages
increased along the eastern and southern coasts of Japan but decreased around Hokkaido. This

tendency of increase along the eastern and southern coasts of Japan appears consistent with the
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increase in explosive cyclone activity reported in Tsukijihara et al. (2019).

The factors controlling the tendency of decrease of cyclone passages around Hokkaido were
investigated. The area in which the number of cyclone passages decreased substantially
(41.25°-46.25°N, 138.75°-146.25°E; red rectangle in Figure 3.1c) was defined as the target area of
the analysis. Figure 3.1d illustrates the pathways of cyclones reaching the target area. Majority of
the cyclones that passed over the target area developed over nearby upwind seas, i.e., the offshore
region west of Hokkaido and the western Sea of Japan near the Korean Peninsula (Figure 3.1d).
Overall, 52% of the cyclones that passed over the target area developed in these two genesis regions.
The remaining 48% of cyclones that passed over the target area developed over the East China Sea,
northwestern Pacific, and the Far East of the Eurasian Continent. The following sections focus on
those cyclones that developed over the offshore region west of Hokkaido and the western Sea of
Japan and investigate their contribution to the trend of decline in the number of cyclone passages

across northern Japan.

3.2.2 Interannual variation of cyclone activity

Cyclones that pass over and around Hokkaido are generated mainly over the offshore region
west of Hokkaido and the western Sea of Japan (Figure 3.1d). Cyclones are classified into four
types and are designated based on their genesis location as followings (see also Figure 3.2):
Local-cyclones for those generated over and around Hokkaido, including the offshore area west of
Hokkaido, Remote-cyclones for those generated over the Sea of Japan region except for the
Local-cyclone, Continental-cyclones generated over the land except for Japanese Islands, and

Oceanic-cyclones generated over other oceans.
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Figure 3.3 shows the interannual variation of the number of cyclones passing over and around
Hokkaido, and the number of occurrences of cyclogenesis. The total number of all cyclones passing
over and around Hokkaido decreased significantly at a rate of —1.0 decade™* (black line in Figure
3.3a). The highest number of cyclone passages occurred in 1985/1986 when a strong winter
monsoon brought a cold winter to East Asia (Jhun and Lee 2004). Interannual variation of the
number of occurrences of Local-cyclone genesis (red line in Figure 3.3b) was almost identical to the
number of cyclone passages over Hokkaido (red line in Figure 3.3a), and both showed significant
trends of decrease (genesis: —0.65 decade™, passage: —0.62 decade ). In contrast, interannual
variation of the number of occurrences of Remote-cyclone genesis (blue line in Figure 3.3b) and
passage (blue line in Figure 3.3a) did not show significant trends (genesis: —0.06 decade?, passage:
—0.17 decade™?). Other cyclone passages also showed no significant trends (Continental-cyclones:
—0.13 decade !, Oceanic-cyclones: —0.09 decade ™) (Figure 3.3a). The observed rate of decrease in
Local-cyclones genesis (—0.62 decade™) corresponds to 60% of that for all cyclones passing over
and around Hokkaido (—1.0 decade ). Furthermore, the interannual variation of all cyclone
passages over Hokkaido and the genesis of Local-cyclones are highly correlated with a correlation
coefficient of 0.62. The number of passages of Continental-cyclones is also highly correlated with
All passages (correlation coefficient of 0.59), but the decadal trend of the number of cyclone
passages is not significant (—0.13 decade ™). These results suggest that reduction in Local-cyclone
genesis was the main reason for the observed decrease in the number of cyclone passages over and
around Hokkaido.

Synoptic-scale conditions at the cyclogenesis and the time of passage over Hokkaido for each

24



type of cyclone are shown in Figures 3.4, 3.5, and 3.6. Here, the time of passage refers to the time
when the cyclone first reached around Hokkaido (red rectangle in Figure 3.1c). There is little
difference in the synoptic-scale condition of the Local-cyclone between the cyclogenesis (Figures
3.4a and 3.4c) and the passage (Figures 3.4b and 3.4d) because its region of cyclogenesis (Figure
3.1b) overlaps with the region around Hokkaido (red rectangle in Figure 3.1c). Local-cyclones were
generated on the west-east high and low surface pressure pattern consisting with the Siberian high
and the Aleutian low (Figure 3.4a), and the upper-level trough on the eastern end of the Eurasian
continent (Figure 3.4c). These synoptic-scale conditions are similar to the condition at the
mesoscale cyclogenesis in this region (e.g., Yanase et al. 2016). However, because cyclones occur in
this region at various synoptic-scale conditions (e.g., Yanase et al. 2016), the composite fields in
Figure 3.4 might be an average of the different fields. At the Remote-cyclone genesis,
synoptic-scale low pressure was located on the Changbai Mountains (Figure 3.5a). This
synoptic-scale low pressure induces cyclogenesis on the east of the Changbai Mountains (Watanabe
and Niino 2014; Shimizu et al. 2017; Watanabe et al. 2018; Shinoda et al. 2021). In addition, as the
upper-level trough moved eastward, Remote-cyclones developed and reached over Hokkaido
(Figures 3.5b and 3.5d). Therefore Remote-cyclone is considered to be extratropical cyclones that
originated in the topographic effect of the Changbai Mountains. Since the synoptic-scale conditions
of Continental- and Oceanic-cyclones when they pass over and around Hokkaido (Figure 3.6) were
similar to that of the Remote-cyclone (Figure 3.5), these cyclones are also considered to be

extratropical cyclones.
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Here, this study describes the characteristics of each cyclone. Horizontal size of each
cyclone type is shown in Figure 3.7. Here, the horizontal size of the cyclones is defined as the
vortex area determined using relative vorticity at 900 hPa (Section 2.4). It can be seen that more
than half (54%, 752 cases) of the total cyclones have small vortex areas of less than 35 x 10* km?
(Figure 3.7). The area 35 x 10* km? is approximately equivalent to 4.5 times the land area of
Hokkaido (7.8 x 10* km?). Proportions of cyclones that have such small vortex area are different for
each cyclone type (Local-cyclone: 72% (345 cases); Remote-cyclone: 42% (116 cases);
Continental-cyclone: 49% (215 cases); Oceanic-cyclone: 39% (76 cases)). This implies that most of
the Local-cyclones did not develop as large as other cyclone types. Figure 3.8a shows the duration
of the cyclones. All cyclone (white bars) and Local-cyclone (red bars) tend to have shorter lifespans.
The short duration cyclones (= 2 days) occupy 39% (572 cases) for all cyclone and 63% (301
cases) of the Local-cyclones. In contrast, majority (70%, 190 cases) of the Remote-cyclones have
duration longer than 2 days. Figure 3.8b shows the relation between the duration and horizontal size
of the cyclones. Cyclones with a short duration were relatively small. These results clearly show
that most of the Local-cyclones were relatively short-lived and small-scale cyclones like polar

mesoscale cyclones.

3.3. Discussion and conclusion

Cyclone tracking, including mesocyclones, revealed that the number of cyclones passing over
and around Hokkaido had decreased significantly since the 1960s. There were the two major
genesis regions of the cyclones that reached Hokkaido: (1) the offshore region west of Hokkaido

and (2) the western Sea of Japan. In this study, the former cyclone is referred to as Local-cyclone
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and the latter as Remote-cyclone.

The genesis number of Local-cyclones showed significant tendency of decrease, while the
Remote-cyclone did not vary (Figure 3.3). Most of the Local-cyclones are relatively small cyclones
associated with west-east high and low surface pressure patterns (Figures 3.4a and 3.7), and most of
them are short-lived (Figure 3.8a). These characteristics are consistent with the mesocyclones
generated over the offshore region west of Hokkaido (e.g., Watanabe et al. 2017), suggesting that
most of the Local-cyclones are the mesocyclone. Over the western Sea of Japan, the lee side of the
Changbai Mountains has many cyclogeneses (Watanabe and Niino 2014; Shimizu et al. 2017;
Watanabe et al. 2018; Shinoda et al. 2021). Among them, the mesocyclones generated by cold air
advection from the continent are relatively small, short lifespan, and move southward over the Sea
of Japan (Watanabe et al. 2018). Thus, the mesocyclones, which are formed in the western Sea of
Japan, cannot reach Hokkaido. In addition, synoptic-scale cyclones located in the west of the
Changbai Mountains can cause cyclogenesis over the western Sea of Japan (Shimizu et al. 2017).
Analyses of the atmospheric conditions showed that the synoptic-scale cyclone is located on the
Changbai Mountain at the time of cyclogenesis for the Remote-cyclone (Figure 3.5a). The
Remote-cyclone developed and moved east toward Hokkaido (Figure 3.5b), accompanied by the
upper-level trough (Figure 3.5d). Therefore, most of the Remote-cyclones are considered to be
eastward-moving extratropical cyclones generated by the synoptic-scale cyclone and Changbai
Mountains. Results in this section are summarized in Figure 3.9. The number of Local-cyclones (i.e.,
cyclones that originated around Hokkaido and reached over Hokkaido) was significantly decreased

(—0.62 decade™). In contrast, other cyclones (i.e., cyclones that originate in distant areas and pass
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over Hokkaido) did not show a significant decrease. Therefore, the decrease in the number of
cyclone passages over and around Hokkaido is considered to be mainly due to the decrease in the
number of cyclogeneses around Hokkaido.

This analysis suggests that the decrease in the number of cyclone passages around Hokkaido is
due to a decrease in the mesoscale cyclogenesis over the offshore region west of Hokkaido.
However, the mesocyclones are formed under the various types of synoptic-scale conditions (e.g.,
Yanase et al., 2016). Therefore, the composite fields in Figure 3.4 are also likely to be a composite
of various types of synoptic-scale conditions, and it is not clear which types of synoptic-scale
conditions are attributable to the decrease in the number of cyclogeneses. In order to clarify the
factors behind the decrease in the number of cyclogeneses over the offshore region west of
Hokkaido, it is necessary to investigate the interannual variations of the number of cyclogeneses on

the various types of synoptic-scale conditions.
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Figure 3.1. Climatology of winter cyclone activity around Japan per 2.5° grid from 1958-2019: (a)
number of cyclone passages, (b) occurrence of cyclogenesis, (c) linear trend of the number of
cyclone passages, and (d) number of cyclone passages that reached Hokkaido (red rectangle in (c)).
Red broken lines in (d) indicate areas in which the number of occurrences of cyclogenesis exceeds
1.0 winter %, and thin black lines indicate the pathways of cyclones. Hatched grids in (c) indicate

the trend exceeding the 95% confidence level in the t-test for ordinary least squares regression.
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Figure 3.2. Map showing the definition of cyclone classification. Local-cyclone is defined as the
cyclone generated over the offshore area west of Hokkaido and around Hokkaido (red shading and
white dot). Remote-cyclone is defined as the cyclone generated over the Sea of Japan (blue shading
and white line). Continental-cyclone is defined as the cyclone generated over the land except for
Japanese Islands (light green). Cyclone generated over the other oceans is defined as the

Oceanic-cyclone (gray).
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Figure 3.3. Interannual variations of cyclone passage and of genesis. (a) Number of cyclones
passing over the Hokkaido area (black line) and its decomposition into four cyclone types. (b)
Number of geneses for Local-cyclones (red line and circle) and Remote-cyclones (blue line and
rhombus). Broken straight lines indicate significant trends exceeding the 95% confidence level in

the t-test for ordinary least squares regression.
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Figure 3.4. Composite of SLP (a and b) and geopotential height fields at 500-hPa level (c and d) for
Local-cyclone genesis (a and c) and passage (b and d). Contours show SLP and geopotential height.
Colors indicate deviations from the daily climatology. Hatching indicates the difference is

significant at the 95% confidence level (Welch’s t-test).
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(d) Z500 (Remote-cyclone passage)
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Figure 3.5. As in Figure 3.4 but for the Remote-cyclone.
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Figure 3.6. As in Figure 3.4 but for the Continental-cyclone and Oceanic-cyclone only for the

passage.
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Figure 3.7. Histogram of the maximum vortex area for each cyclone. Maximum vortex area is

defined based on the relative vorticity at 900 hPa level (Section 2.4).

35



200

(@) [J: All passages
3 150 H: Local-cyclones
S M: Remote-cyclones
S
(&)
< 100] |
@
o]
£
Z 501
0_
200
(b)
"€ 1501
¥
<
o +
=)
51001
© +
x
Q [o] *
5 so] §
> é
0 .
1

2 3 4 5 6 7 8
Duration (days)

Figure 3.8. (a) Histogram for the duration of the cyclone passing over Hokkaido (white: all cyclone,

red: Local-cyclone, blue: Remote-cyclone, see Figure 3 for definition). (b) Box plot for the

maximum vortex area against the duration of the cyclone. Box represents interquartile range and the

middle horizontal line in the box means median. Whisker indicates the range of +1.5 times the

interquartile range, and the values outside of this range are plotted as outliers (circle and plus mark).
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Figure 3.9. Schematic illustration of the decadal trend of the number of cyclone passages over

Hokkaido for each cyclone. The numbers in the arrows show the trend of the number of cyclones

passing over and around Hokkaido (decade™).
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4. Surface weather pattern analysis in winter season around
Hokkaido

4.1 Introduction

Chapter 3 revealed that the number of cyclone passages around Hokkaido is significantly
decreased, and the tendency of decrease is mainly due to the decrease of cyclogenesis over and
around Hokkaido (Local-cyclone) especially in the offshore region west of Hokkaido. Because of
the high similarity of the synoptic-scale atmospheric conditions, most of the Local-cyclones are
likely to the mesoscale cyclones.

West-east high and low surface pressure pattern, the averaged synoptic-scale atmospheric
condition at the time of the occurrence of the Local-cyclone, was consistent with the typical
pressure pattern in which the mesocyclones occur over the offshore region west of Hokkaido
(YYanase et al. 2016). The synoptic-scale surface low pressure causes lower-level cyclonic horizontal
wind shear over the offshore region west of Hokkaido and develops mesocyclone (Watanabe et al.
2017). However, mesocyclones also occur under the opposite surface pressure patterns (west-east
low and high surface pressure) induced by the approaching upper-level trough. In this condition,
upper-level baroclinicity is a main agent for mesoscale cyclone development (Yanase et al. 2016).
Therefore, since mesoscale cyclones occur in various synoptic-scale conditions in this region, there
remain questions for the relationship between the synoptic-scale conditions and decrease of the
Local-cyclones.

In this chapter, characteristics of the synoptic-scale conditions related to the cyclogenesis over
the offshore region west of Hokkaido (Local-cyclone) are investigated to clarify the factors of the

decreasing tendency of the cyclogenesis. Weather pattern classification described in Section 2.4 was
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conducted, and the analyses in this chapter are based on that classification.

4.2 Result

4.2.1 Weather pattern analysis

Figure 4.1 shows standardized SLP patterns produced by the SOM. To focus on the
synoptic-scale pressure patterns around Hokkaido, the analysis targets the domain from Northeast
Asia to the Sea of Okhotsk and part of the northwestern Pacific Ocean. The pressure pattern at each
node is characterized by the contrast between low pressure (blue shading in Figure 4.1) and high
pressure (red shading in Figure 4.1). Nodes in the three left-hand columns (columns 1-3 in Figure
4.1) include synoptic-scale low pressure located northeast/southeast of Hokkaido and high pressure
over western/southwestern areas of the domain. Upper-right nodes (columns 4 and 5 and rows a and
b in Figure 4.1) include relatively weak low pressure close to Hokkaido. Lower-right nodes
(columns 4 and 5 and rows ¢ and d in Figure 4.1) include weak low pressure located to the
west/north of Hokkaido and high pressure to the southeast/south of Hokkaido. The frequency of the
nodes in the three left-hand columns (6.9 days), which include the eastern low pressure and western
high pressure, is higher than that in the two right-hand columns (4.9 days). This clear low-high
pressure pattern with high frequency indicates that the nodes in the three left-hand columns
represent the typical winter surface pressure pattern of northeast Asia, comprising the Aleutian Low
and the Siberian High.

To ensure the above interpretation is reasonable, trained 5 x 4 SLP patterns were classified by
K-means clustering and three clusters were obtained: left-hand 12 nodes in columns 1-3 (3 x 4

nodes), upper-right four nodes (2 x 2 nodes), and lower-right four nodes (2 x 2 nodes) (Figure 4.1).
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These clusters are defined as Cluster 1, Cluster 2, and Cluster 3 as indicated by red, blue, and green
rectangles in Figure 4.1, respectively. This classification consisting of left-hand columns,
upper-right nodes, and bottom-right nodes, is robust regardless of SOM settings (4 x 4, 4 x 5,and 5
x 5 settings were tested; not shown). Figure 4.2 summarizes the counts of Local-cyclone genesis for
every 6-hourly snapshot categorized into each SOM node (Figure 4.1). The average number of
occurrences of Local-cyclone genesis under the typical winter pressure pattern (Cluster 1) is 28
cases, while that of the remainder of the pattern, upper-right nodes (Cluster 2) is 16 cases, and
lower-right nodes (Cluster 3) is 19 cases, respectively. Hereafter, Local-cyclones generated under
synoptic conditions corresponding to Cluster 1, Cluster 2, and Cluster 3 are defined as C1-cyclones,
C2-cyclones, and C3-cyclones, respectively. The probability of cyclogenesis at each node can be
obtained from the total number of occurrences of cyclogenesis (Figure 4.2) divided by the number
of days (Figure 4.1). There is no significant difference in the probability of Local-cyclone genesis
with respect to the background surface pressure pattern (C1-cyclones: 6.6%, C2-cyclones: 6.2%,

C3-cyclones: 6.5%).

4.2.2 Synoptic-scale atmospheric conditions

Figures 4.3a—c shows the synoptic-scale conditions for Local-cyclone genesis for each node. In
this section, the nodes in the three left-hand columns in which the SLP anomaly fields (Figure 4.3a)
include the western high pressure anomaly (Siberian high) and the eastern low pressure anomaly
(Aleutian low) are highlighted. The upper-level pressure patterns are characterized by the low

pressure anomaly (upper-level trough) located over the offshore region west of Hokkaido (Figure
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4.3b). The lower-level temperature fields show strong cold air advection over the Sea of Japan,
which reflects the cold air outbreaks from the continent induced by the Siberian High and the
Aleutian Low (Figure 4.3c). These atmospheric conditions coincide with the synoptic-scale
conditions known to enhance mesocyclone genesis over the offshore region west of Hokkaido (e.g.,
Ninomiya et al. 1996; Watanabe et al. 2017). Therefore, Local-cyclones generated under the
synoptic conditions assigned in the three left-hand columns of the SOMs are likely to represent
mesocyclones produced by cold air outbreaks from the continent.

Considering the SOM nodes aligned in the two right-hand columns in Figure 4.3a, the surface
low pressure anomaly is located close to Hokkaido or over the Eurasian Continent. The upper-level
trough extends over eastern parts of the Eurasian Continent (Figure 4.3b). Lower-level temperature
fields show warm advection from the Pacific Ocean or the Sea of Japan toward Hokkaido (Figure
4.3c). Especially in relation to the upper right four nodes (4,a), (5,a), (4,b), and (5,b), the
synoptic-scale low pressure over Hokkaido (Figure 4.3a) encourages warm advection from the
Pacific Ocean and cold advection from the Eurasian Continent over the offshore region west of
Hokkaido (Figure 4.3c). These advective motions intensify the low-level horizontal temperature
gradient embedded within the cyclonic circulation of the synoptic-scale low pressure, causing
cyclogenesis over the offshore region west of Hokkaido (e.g., Ninomiya et al. 1993). The upper
right four nodes show relatively large surface low pressure over the offshore region west of
Hokkaido, and a corresponding mid-tropospheric trough is evident to the west of the surface low
pressure (Figures 4.3a and 4.3b). Therefore, Local-cyclones at these nodes can be developed

through baroclinic instability (Yanase et al. 2016).
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Another cyclone-formation process that might be relevant in such a synoptic condition is
lee-cyclogenesis, which is found to dominate the offshore region west of Hokkaido owing to the
presence of mountains on the eastern coast of the Eurasian Continent (the Sikhote-Alin mountain
range in Figure 1.1) (e.g., Chung et al. 1976). Surface low pressure over the Eurasian Continent
shown in the bottom right four nodes can cause cyclogenesis over the offshore region west of
Hokkaido through this process (Figure 4.3a).

The characteristics of the atmospheric conditions for the C1-, C2- and C3-cyclone genesis are
summarized in Figures 4.4, 4.5, and 4.6. C1-cyclone is characterized as a small cyclone feature
generated locally over the offshore region west of Hokkaido, as evidenced by northwestward
extension of the low pressure area (contour) shown in Figure 4.4a. C1-cyclone tends to develop
between the synoptic-scale low pressure anomaly located over the Kamchatka Peninsula and the
Siberian High (Figure 4.4a). Upper-level trough (Figure 4.4b) and the cold air advection (Figure
4.4c) exist over the offshore region west of Hokkaido. These are the typical conditions of mesoscale
cyclogenesis developed in the northerly wind caused by the synoptic-scale cyclone to the east of
Hokkaido and northwesterly winter monsoon (Yanase et al. 2016; Watanabe et al. 2017). In contrast,
C2-cyclone is characterized as a relatively large-scale cyclone with a high pressure anomaly located
over the south of the Kamchatka Peninsula (Figure 4.5a) and an upper-level trough over the
continent (Figure 4.5b). These conditions are similar to the mesocyclones developing through
baroclinic interaction (Yanase et al. 2016). Since there is a surface low pressure anomaly located
over the continent at the time of C3-cyclone genesis (Figure 4.6), it is possible that C3-cyclone is a

cyclone associated with secondary cyclogenesis such as lee cyclogenesis (Chung et al. 1976).
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Interannual variation of the cyclogenesis for each cluster (Figure 4.7a) reflects that the number
of occurrences of C1-cyclone genesis (red) is significantly decreased (—0.54 decade™®; p = 0.003),
while the change in C2-cyclone genesis (blue) (—0.08 decade™; p = 0.26) and C3-cyclone genesis
(green) (0.002 decade™®; p = 0.98) are not significant. These trends are similar in the other SOM
settings. Figure 4.7b shows the relation between the number of occurrences of C1-cyclone genesis
and the frequency of Cluster 1. The frequency of occurrence of the weather pattern for the
C1-cluster is decreased (—0.70 decade™*; p = 0.17) but this trend depends on SOM settings, meaning
that the decadal trend of the likelihood of a west-east high and low surface pressure pattern (Figure
4.4a) is weak. However, the ratio of C1-cyclone genesis to the number of days of Cluster 1, i.e.,
C1-cyclone number divided by the number of Cluster 1 snapshots, shows a significant tendency of
decrease (—0.15 decade™; p = 0.003). This trend is robust regardless of SOM settings. These results
suggest that the decrease in the number of occurrences of cyclogenesis over the offshore region
west of Hokkaido (C1-cyclones) is not only attributable to the reduction in the frequency of
occurrence of the favorable pressure pattern.

C1l-cyclones occur in association with lower-level cold air outbreaks (Figure 4.4c). In
considering the interannual variation in the frequency of the cold air outbreaks over the offshore
region west of Hokkaido, CAO-index is utilized that defined as follows:

CAO-indexgso = Oskt — Hsso
where 6gso the potential temperature at 850 hPa level, and s the surface skin potential temperature.
This index is utilized in many studies to focus on the air-sea temperature difference induced by the

cold air outbreaks (Kolstad et al. 2009; Kolstad 2017; Terpstra et al. 2021). The frequency of cold
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air outbreaks was defined as the number of events with the averaged CAO-indexsso over the sea in
the target area (Figure 3.2; red) of more than +1 standard deviation. Similarly, the frequency of
upper-level trough events was defined as the number of events with the geopotential height at 500
hPa averaged over the target area of less than —1 standard deviation. Figure 4.7c indicates the
frequency of occurrence of cold air outbreaks (light blue line) and upper-level trough (violet line) in
Cluster 1. The frequency of the cold air outbreaks (light blue) showed a weak decrease (—2.2
decade™; p = 0.09). The frequency of the upper-level trough event also decreases (—0.5 decade™; p
= 0.6), but both trends are not statistically significant. However, the averaged CAO-indexsso at the
events of cold air outbreak (black line) decreased significantly at the 95% confidence level (0.05
decade™; p < 0.005). This decreasing trend is observed in other SOM settings. It suggests that the
intensity of the cold air outbreak in this region has weakened in recent years. The correlation
against the interannual variation of C1-cyclones genesis (red line in Figure 4.7a) for the frequency
of cold air outbreaks (correlation coefficient of 0.19; p = 0.14), the trough events (correlation
coefficient of 0.09; p = 0.5), and the average CAO-indexsgso (correlation coefficient of 0.23; p =
0.07) are not statistically significant. Although the decisive factors are not found, the decrease and
weakening in the cold air outbreak events on the west-east high and low surface pressure pattern
might have suppressed cyclogenesis in this region, resulting in the reduction in the number of
cyclones passing over and around Hokkaido.

4.2.3 Impact of data assimilation on the decadal trend of cyclone activity

According to the analysis in Chapters 3 and 4, the number of cyclone passages around

Hokkaido has been decreasing since the 1960s. However, because of satellite data assimilation since
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November 1972, quality of the JRA-55 data set is not uniform during the study period. Therefore,
the observed decreasing tendency of the number of cyclones in this study may have included the
effect of data assimilation. In this section, these effects on the cyclone activities are evaluated by
comparing the cyclone activity in JRA-55 and JRA-55C. A comparison of the cyclone activity
between the JRA-55 and JRA-55AMIP is also conducted to figure out the characteristics of the
forecast model and the effect of external forcings such as SST, greenhouse gases, and aerosols used
in these datasets.

Climatological features of winter cyclone activity around Japan in each dataset (JRA-55,
JRA-55C, and JRA-55AMIP) are shown in Figure 4.8. For comparison, the same period
(1958-2011 winters) is used. The distributions of cyclone passage and cyclogenesis in JRA-55
(Figures 4.8a and 4.8b) and JRA-55C (Figures 4.8d and 4.8e) are similar to the original results
shown in Chapter 3 (Figures 3.1a and 3.1b). In JRA-55AMIP, the frequency of cyclone passage is
relatively higher in the western Sea of Japan and lower in the northwestern Pacific and the offshore
region west of Hokkaido (Figures 4.8g and 4.8h). Trends of cyclone passage in JRA-55 and
JRA-55C are also similar, but the decreasing tendencies around Hokkaido are not significant (red
rectangles in Figures 4.8c and 4.8f). In this area, a significant decline trend was observed in the
original result (Figure 3.1c), indicating that the decreasing tendency in the number of cyclone
passages around Hokkaido has been enhanced after 2012. In the JRA-55AMIP, the number of
cyclone passages around Hokkaido is relatively small, but some grids show a significant decreasing
tendency (Figure 4.8i). These results suggest that the decreasing tendency of cyclone passage

around Hokkaido produced by the model (JRA-55AMIP) was mitigated by the data assimilation.
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Figure 4.9 shows interannual variations of the cyclone passage. Comparison of the interannual
variation is summarized in Table 4.1. The variation of all cyclone passages in JRA-55C is similar to
that of JRA-55 (Figure 4.9a) and these are significantly correlated with a correlation coefficient of
0.82 (Table 4.1). The interannual variations of cyclone passages in JRA-55C are also significantly
correlated with JRA-55 (Figure 4.9a—e, Table 4.1). The similarity of the interannual variation
between JRA-55 and JRA-55C indicates that the effect of the assimilation of satellite observation
data on the number of cyclone passages is small. This lends credibility to the cyclone activity before
1972, when only conventional observations were assimilated.

On the other hand, the interannual variations of cyclone passages in JRA-55AMIP are different
from JRA-55. Focusing on the period from 1958 to 1971, the number of all passages around
Hokkaido (Figure 4.9a) in JRA-55AMIP is smaller than the JRA-55 (JRA-55: 341, JRA-55AMIP:
300). Most of this difference is caused by Local-cyclone (JRA-55: 126, JRA-55AMIP: 94), with
almost no differences in Remote-cyclone (JRA-55: 70, JRA-55AMIP: 65), Continental-cyclone
(JRA-55: 93, JRA-55AMIP: 91), and Oceanic-cyclone (JRA-55: 52, JRA-55AMIP: 50). This result
suggests that the model underestimates the number of Local-cyclones geneses.

Comparisons of the number of Cl-cyclone geneses, CAO-indexsso, and trough events are
shown in Figure 4.10. Decadal trends (1958-2011) of the interannual variations of Cl1-cyclone
genesis (Figure 4.10a) are similar, and all trends are not significant (JRA-55: —0.34 decade?,
JRA-55C: —0.29 decade ™, JRA-55AMIP: —0.36 decade ). Correlation with JRA-55 is significant
only for JRA-55C (JRA-55C: 0.70, JRA-55AMIP: —0.007). Therefore, the effect of the assimilation

of the satellite datasets on the decreasing trend in the number of cyclogeneses around Hokkaido
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shown in this study is likely to be small. Average CAO-indexgso at the at the CAO events showed a
significant decreasing trend for JRA-55 and JRA-55C but not for JRA-55AMIP (JRA-55: —0.04
decade ™, JRA-55C: —0.04 decade ™, JRA-55AMIP: 0.009 decade ™). Decadal trends of the number
of CAO events (JRA-55: —1.6 decade !, JRA-55C: —2.0 decade ™, JRA-55AMIP: 1.4 decade ™) and
the number of trough events (JRA-55: 0.1 decade !, JRA-55C: 0.2 decade, JRA-55AMIP: 3.0
decade™) are not significant (Figure 4.10b—c). Correlations of the interannual variations in the
atmospheric conditions between JRA-55 and JRA-55C are high (average CAO-indexsso: 0.85, CAO
events: 0.89, trough events: 0.96). These high correlations suggest that assimilation of conventional
observations is likely to determine the number of cyclone formations around Hokkaido. Comparing
the number of cyclogeneses between 1958 and 1971, JRA-55 (88 geneses) has more cyclogenesis
than JRA-55AMIP (68 geneses). In this study, the reason for the relatively small number of
cyclones in JRA-55AMIP is not figured out. Kanno et al. (2016) showed that the JRA-55AMIP
tends to underestimate the warming trend in the Arctic and overestimate the decrease in cold air
mass around Japan. However, the CAO-indexsso in JRA-55AMIP (Figure 4.10b) did not show a
decreasing trend. This difference may be due to the difference between the CAO-indexsso and the
cold air mass. Additionally, the CAO-indexsso used in this study was calculated only for the specific
pressure pattern (west-east high and low surface pressure pattern), whereas the cold air mass
(Kanno et al. 2016) is a winter average (December to February). The factor is unclear, but that may

also reflect differences in the pressure pattern.

4.3 Discussion and conclusion

Synoptic-scale weather pattern classification based on the SOM approach showed that
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cyclogenesis over the offshore region west of Hokkaido is mainly caused by the cold air outbreaks
from the Eurasian Continent induced by the west-east high and low surface pressure pattern.
Mesocyclones tend to form preferentially in an area with a low-level horizontal temperature
gradient induced by cold air outbreaks, and they develop in association with instabilities triggered
by upper-level intrusion of cold air when the trough migrates (e.g., Ninomiya et al. 1996; Kolstad
2011; Watanabe et al. 2017). In this region, the intensity of the cold air outbreaks (CAO index) is
significantly decreased (Figure 4.7c; black line), and the interannual variation in the frequency of
cold air outbreaks showed a weak tendency of decrease (Figure 4.7c; light blue line). Hence, the
decreasing chance of occurrence of such favorable conditions is probably the reason for the
significant reduction in the number of cyclones passing over and around Hokkaido over the past 60
years. The trend of decrease and weakening of cold air outbreaks is likely related to global
warming.

The interannual variations of the cyclogenesis associated with cold air advection over the
offshore west of Hokkaido were similar between JRA-55 and JRA-55C (Figure 4.10a). This result
suggests that the interannual variation in the genesis and development of the cyclones around
Hokkaido is determined by the assimilation of conventional observations. This might be because the
conventional observation can capture the atmospheric conditions over Eurasia, which is located on
the upwind side of Hokkaido. In other words, the satellite data assimilation may not be necessary to
reproduce the occurrence of cold air advection and passage of the upper-level trough over Hokkaido
if conventional observations are available.

Enhanced heat and moisture fluxes associated with high sea surface temperature (SST)
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promote the development of mesocyclones (Watanabe et al. 2017). Despite SST warming in recent
years, the number of occurrences of cyclogenesis has decreased over the offshore area west of
Hokkaido. Therefore, most mesocyclones generated in this region could be affected more by cold
air outbreaks (intensified low-level horizontal temperature gradient) than by high SST (strong heat
and moisture fluxes). However, high SST can cause stronger mesocyclones if other conditions
remain the same. Hence, it is undeniable that the number of stronger mesocyclones will increase in
the future as SST experiences further warming. To evaluate the various effects of SST on
mesocyclones, sensitivity experiments using a numerical model should be conducted in future
studies.

A mesocyclone is a crucial winter disturbance that can trigger extreme weather events such as
local severe snowstorms. Ongoing climate change is projected to decrease the amount of snowfall
in Hokkaido. The decrease in mesocyclone genesis revealed in this study is likely to contribute to
the further reduction of snowfall in this region. This means that if mesoscale cyclogenesis in this
region decreases in the future climate, the occurrence of local snowfall induced by the mesocyclone
is decreased. The key environmental factors, including synoptic-scale atmospheric conditions and
SST, are found to respond to climate change (Gan and Wu 2013), which could potentially lead to
substantial modification of the behavior of mesocyclones. From the perspective of predicting future
changes in regional climate, the results of this study highlight the climate change signal apparent in
mesoscale weather systems. Further studies on historical and future changes in mesoscale

phenomena should be conducted in other regions of the world.
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Figure 4.1. Composite map of standardized SLP patterns on 5 x 4 SOM. The classification is based
on standardized 6-hourly SLP snapshots around Hokkaido (35°-55°N, 127°-157°E) for
December—March during 1958/1959-2019/2020. Numbers shown in the lower-right corner of each
node indicate the number of days classified into each node (winter™). The definitions of Cluster 1,

Cluster 2, and Cluster 3 are documented in Section 4.2.
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Figure 4.2. Number of occurrences of Local-cyclone genesis (color and numbers) in each SOM
node illustrated in Figure 4.1. Color rectangles indicate the clustering (red: Cluster 1, blue: Cluster 2,

green: Cluster 3) defined in Figure 4.1.
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Figure 4.3. Composite map of (a) SLP (hPa), (b) geopotential height at 500 hPa (m), and (c)
850-hPa temperature (K) fields averaged for cases having Local-cyclone genesis. Shading indicates
the mean differences between the raw data (contours) in each case and the daily climatology of
1958-2019 winters. Hatching indicates the difference is significant at the 95% confidence level
(Welch’s t-test). Color rectangles indicate the clustering (red: Cluster 1, blue: Cluster 2, green:

Cluster 3) defined in Figure 4.1.
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Figure 4.4. Composite map of (a) SLP, (b) geopotential height at 500 hPa, and (c) 850-hPa
temperature and wind fields (vector) averaged for Cl-cyclone cases. Shading indicates the mean
differences between the raw data (contours) in each case and the daily climatology of 1958-2019

winters. Hatching indicates the difference is significant at the 95% confidence level (Welch’s t-test).

54



C2-cyc

120 E 130°E 140°E 150°E 160°E

=
0nsDg s 0 4 8 (K

lones
(b) ZSOO

50°N

130°E 140°E 150°E 160°E

-120 -60 0 60 120 (m)

Figure 4.5. As in Figure 4.4 but for the C2-cyclones.
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Figure 4.6. As in Figure 4.4 but for the C3-cyclones.
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Figure 4.7. (a) Number of occurrences of cyclogenesis for C1-cyclones (red), C2-cyclones (blue),
and C3-cyclones (green). (b) Number of Cluster 1 days (bars) and the probability (%) of C1-cyclone
genesis per Cluster 1 days (lines). (¢) Number of cold air outbreaks and upper-level trough events
over the offshore region west of Hokkaido (Figure 3.2; red), and average CAO-index at the
occurrence of cold air outbreak. Black broken line indicates significant trends for the average

CAO-index exceeding the 95% confidence level in the t-test for ordinary least squares regression.
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Figure 4.8. As in Figure 3.1 but during 1958-2011. (a), (d), and (g) number of cyclone passages, (b),
(e), and (h) occurrence of cyclogenesis, (c), (f), and (i) linear trend of the number of cyclone

passages. (a), (b), and (c) JRA-55, (d), (e), and (f) JRA-55C, (g), (h), and (i) JRA-55AMIP.
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Figure 4.9. As in Figure 3.3a but for each dataset (JRA-55, JRA-55C, and JRA-55AMIP). Gray
dashed lines indicate the period when the assimilated data in JRA-55 and JRA-55C are different

(1972-2011).
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Table 4.1. Linear trends shown in Figure 4.9 for each dataset. All passages refer to all cyclones that
passed over the target area (red rectangle in Figure 3.1c). Local-cyclones, Remote-cyclones,
Continental-cyclones, and Oceanic-cyclones are the cyclone generated in each area defined in
Figure 3.2. Correlation coefficients are calculated against the interannual variation of cyclone
passages in JRA-55. Trends and the correlation coefficients exceeding the 95%, 99%, and 99.9%

confidence levels are marked by superscripts *, **, and ***, respectively.

Correlation coefficient with JRA-55

_ -1
Trend (1958-2011) (decade™) o1\ 55 1972-2011, JRA-55AMIP: 1958-2011)

JRA-55 JRA-55C JRA-55AMIP JRA-55C JRA-55AMIP
All passages -0.84 -0.55 -0.65 0.82%** 0.12
Local-cyclones -0.41 -0.41 -0.18 0.78%** -0.18
Remote-cyclones -0.29 -0.15 -0.29 0.70%** -0.02
Continental-cyclones  0.05 0.06 -0.19 0.84*** 0.14
Oceanic-cyclones -0.19 -0.04 0.007 0.46** -0.03
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Figure 4.10. As in Figure 4.7 (a) C1-cyclone genesis (b) CAO-index (c) trough events, but for each
dataset (JRA-55, JRA-55C, and JRA-55AMIP). Gray dashed lines indicate the period when the

assimilated data in JRA-55 and JRA-55C are different (1972-2011).
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5. Mesoscale cyclone activity around Hokkaido

5.1 Introduction

In Chapter 3, the interannual variation of the number of winter cyclone passages around Japan,
including mesocyclones, was investigated. Chapter 4 showed that the relationship between the
synoptic-scale surface pressure patterns around Hokkaido and the number of occurrences of
cyclogeneses around the offshore region west of Hokkaido. In those studies, the number of
occurrences of cyclogenesis on the west-east high and low surface pressure pattern was found to be
decreasing over the offshore region west of Hokkaido. However, as shown in Section 2.3, the
reanalysis dataset and the cyclone tracking algorithm used in Chapters 3 and 4 are unable to detect
cyclones without a distinct low pressure minimum. In addition, relatively weak mesoscale cyclones
with diameters of less than 200 km occur over the offshore region west of Hokkaido, but the
horizontal resolution of JRA-55 (1.25° grid) might not be finer enough to capture them, especially
in the initial developmental stage of the mesocyclones. Therefore, an additional analysis using a
higher-resolution dataset is needed to investigate the factors behind the occurrence of the mesoscale
cyclogenesis, which are thought to be decreasing in number over the offshore west of Hokkaido.

In this chapter, numerical experiments using a regional climate model were conducted to
generate the long-term, high-resolution dataset to reproduce and extract mesoscale cyclones
generated in the offshore region west of Hokkaido. Sensitivity experiments using modified
topography were also conducted to investigate the effect of the mountains over the eastern end of
the Eurasian Continent on the mesoscale cyclogenesis in this region. In addition, the SOM used in
Chapter 4 was used to summarize the relationship between the synoptic-scale atmospheric

conditions and the mountains over the eastern edge of the Eurasian Continent on the mesoscale
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cyclogenesis. Numerical experiments and cyclone tracking algorithms in Chapter 5 are based on

Tamura and Sato (2020) as detailed in Section 5.2.

5.2 Model and experimental designs

Numerical experiments using the Weather Research and Forecasting (WRF) Model version
3.2.1 with the Advanced Research version of the WRF core (Skamarock et al. 2008). Model domain
is shown in Figure 5.1a. The domain had 140 x 100 horizontal grid points with a 20 km grid size
and 32 vertical levels from the surface to the 50 hPa level. This horizontal grid size can resolve
mesoscale cyclones that diameter exceeds at least 100 km. This would reproduce most of the
mesoscale cyclones generated in the domain because their diameter is typically larger than 100 km
(Tsuboki and Wakahama 1992; Yanase et al. 2016). Physics schemes are summarized in Table 5.1.
These physics schemes well simulate the mean and interannual variation of the precipitation around
the Sea of Japan in the winter season (Sato and Sugimoto 2013). Initial and boundary conditions
were obtained from the JRA-55 (Kobayashi et al. 2015), OISST and the sea ice concentration
(Reynolds et al. 2007).

In this study, two types of experiments were conducted to investigate the effect of the
mountains on mesoscale cyclogenesis. The first experiment used realistic topography (hereafter,
REAL, see Figure 5.1a). In the second experiment, the Sikhote-Alin mountain range, which is
thought to contribute to the occurrence of cumulus convection and PMC genesis over the offshore
area west of Hokkaido (Ohtake et al. 2009; Watanabe et al. 2017), was modified (hereafter, NoMt;
see Figure 5.1b). In this experiment, the terrain height of the Sikhote-Alin mountain range was

flattened to 100 m, where the elevation is higher than 100 m. Each experiment covered 36 winter
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seasons (1 November 1981-31 March 2017). The experiments are started on 1 November and
terminated on 31 March for each winter season. The first month (November) was regarded as a

spin-up period and thus is not used for analysis.

5.3 Algorithm for tracking mesocyclones

Mesocyclones that include local disturbances were detected by using a new tracking algorithm
developed in this study. Figure 5.2 shows the workflow of the algorithm. First, a local minimum
grid point of the 850 hPa geopotential height is detected as the center of low pressure (Figure 5.2b).
Next, the detected center of low pressure, with relative vorticity at 850 hPa greater than 1.0 x 107°
s1, is designated as a cyclone center and its movement is tracked (Figure 5.2c). In the next time
step, if the cyclone center is detected within 50 km of a previous cyclone center, the cyclone is
regarded as the same cyclone (Figure 5.2c). This tracking process is repeated for all low pressures.
The above procedure could also detect synoptic-scale cyclones (i.e., extratropical cyclones) whose
horizontal size is much greater than a mesocyclone. To remove synoptic-scale cyclones, the
following procedure was incorporated. The 850 hPa geopotential height field derived from the
original 20 km mesh WRF output (Figure 5.2a) is smoothed to a 100 km mesh grid (Figure 5.2d),
and centers of low pressure are detected using the smoothed field (Figure 5.2¢). Eventually, the
absolute location of the center within a 100 km mesh grid is determined by using the original 20 km
mesh data (850 hPa geopotential height minima) so that the locations of the low pressure center are
consistent before and after smoothing (Figure 5.2e). In this attempt, only large-scale cyclone
(diameter is over ~ 300 km) are detected (Figure 5.2f), which is in contrast to the cyclones detected

without smoothing (i.e., 20 km mesh grid) that include all cyclone features (Figure 5.2c). If the
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detected cyclone tracks in both attempts are exactly the same, that cyclone is regarded as a
synoptic-scale cyclone (Figure 5.2g). The diameter of the mesocyclone may exceed 300 km during
the tracking. In such a case, the cyclone is regarded as a mesocyclone because the cyclone track is
different before and after smoothing. In other words, only the cyclones with a diameter greater than
300 km from the beginning are considered as synoptic-scale cyclones and excluded from the
analysis. Of the remaining cyclones, the cyclones that track last for at least 12 hours are regarded as

mesocyclones (hereafter polar mesocyclones: PMCs).

5.4 Results
5.4.1 Number of PMCs

The distribution of PMC genesis is shown in Figure 5.3. In the REAL experiment, PMCs
frequently occur over the area offshore west of Hokkaido and over the Strait of Tartary (Figure
5.3a). This distribution pattern is similar to that of polar lows detected using reanalysis data (Yanase
et al. 2016). However, the number of PMC genesis over the offshore region west of Hokkaido is
relatively higher in the present study because the smaller-scale PMCs are detected by using finer
mesh data and weaker thresholds. The number of generated PMCs is lower in the NoMt experiment
than that in the REAL experiment, especially over the western coastal sea of Hokkaido (Figure
5.3b), and the difference is clearly shown in Figure 5.3c which indicates the difference in the
distribution of PMCs genesis between the NoMt and REAL experiments (NoMt — REAL). This
result indicates that the Sikhote-Alin mountain range strongly enhances PMC genesis over the
offshore region west of Hokkaido. The following analysis will focus on this region.

The seasonal variation in the number of PMCs generated in the area offshore region west of
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Hokkaido (42—49°N, 136—142°E; area indicated by red lines in Figure 5.3c) is shown in Figure 5.4.
In the REAL experiment, the number of generated PMCs is lowest in December, reaches a peak in
January, and then falls through February and March, which is consistent with satellite data analysis
(Fujiyoshi et al. 1988). In the NoMt experiment, the number of PMCs generated in January
dramatically decreases to 56% of the REAL experiment followed by December (59%) and February
(60%), whereas there is a slight decrease in March (65%). Therefore, the contribution of the
Sikhote-Alin mountain range to PMC genesis has a strong monthly variation. This suggests that
PMCs could be classified into two groups: those sensitive to topographic effects and those less
sensitive.

The direction of movement of PMCs generated in the area offshore region west of Hokkaido
varies depending on the synoptic-scale environments prevailing at the time of their occurrence. A
PMC moves southward when an extratropical cyclone is located to its east, whereas it moves
eastward in association with an eastward-migrating upper-level trough (Yanase et al. 2016). The
number of PMCs moving in each of the four main cardinal directions is shown in Figure 5.5. Here
the direction of movement is defined as the orientation of the line connecting the points of PMC
occurrence and disappearance. The dominant directions of movement in the REAL experiment are
southward and eastward. Southward-moving PMCs occur more frequently in January than in the
other months. In comparison with the REAL experiment, the number of southward-moving PMCs
in the NoMt experiment is reduced, whereas that of eastward-moving PMCs is only slightly

reduced.

5.4.2 Classification based on the SOM maps
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To understand the relationship between the direction of the movement of PMC and the
synoptic-scale conditions, the classification method SOM, which is used in Chapter 4, is applied
here. This analysis expands the SOM-based classification of the SLP pattern in JRA-55 (Section 4,
Figure 4.1) to hourly data of the WRF outputs. First, standardized SLP fields in JRA-55 are
compared with each node of the SOM map in Section 4 (Figure 4.1) and chose the node with the
closest Euclidean distance. By this procedure, the correspondence between the date and time every
6 hours and the node number of the SOM map is obtained. Next, utilizing the settings that JRA-55
is used for the boundary condition in the WRF experiments, the node numbers as determined above
are assigned to the date and time for WRF outputs (e.g., the same node number on 1 December 00
UTC classified in JRA-55 is assigned from 1% December 00 UTC to 1% December 05 UTC in WRF
experiments). Hereafter, the number of occurrences of PMC geneses in the WRF outputs at each
node are investigated using this correspondence. Figure 5.6 shows the number of PMC occurrences
at each node of the SOM map illustrated in Figure 4.1. Figure 5.7 shows the composite SLP fields
when a PMC occurs. In Figure 5.7, both SLP fields are similar to the SOM map in Figure 4.1.
Therefore, it is appropriate to assume that this analysis based on the classification by SOM in
Chapter 4 is applicable to the WRF outputs.

Here, relation between the main direction of the movement of the PMCs, namely southward
and eastward, and the synoptic-scale atmospheric conditions when the PMCs occur is examined.
Number of southward moving PMC (Figure 5.6a) is large at the upper left nodes and less at the
lower right node. Based on the classification in Figure 4.1, interannual variation of the number of

PMC genesis in Cluster 1 show a decreasing but not significant (southward-moving: —0.3 decade™1).
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Decadal trends in the number of PMCs generated in Cluster 2 (southward-moving: 0.33 decade ™,
eastward-moving: —0.001 decade!) and Cluster 3 (southward-moving: 0.04 decade™,
eastward-moving: —0.22 decade™) are not significant. Although the comparison is affected by the
difference in the analysis period and method, the results in this section and Chapter 4 suggest that
the number of cyclogeneses over the offshore region west of Hokkaido from 1981 to 2016 does not
vary, but the number of the developed cyclone, which can be captured in JRA-55, is decreased.
Focusing on the differences in each node of SOM map, the node in (2,b) and (2,c) show a clear
west-east high and low surface pressure pattern consisting of a synoptic-scale low pressure over the
Sea of Okhotsk and a high pressure over the continent (Figure 5.7a). This is a typical surface
pressure pattern of the southward-moving PMCs (Yanase et al. 2016). The surface pressure patterns
at nodes (3,a) and (4,a) are also similar to those of mesoscale cyclogenesis, which consists of a
temperature gradient in the lower troposphere induced by the synoptic-scale cyclone located in the
southeast of Hokkaido (Ninomiya et al. 1993). Unlike the southward-moving PMC, the
eastward-moving PMC occurs in all nodes. Contrary to the nodes (2,b) and (2,c), nodes (4,b), (5,b),
(4,¢), and (5,c) have the west-east low and high surface pressure anomaly around Hokkaido (Figure
5.7b). This surface pressure pattern is similar to the characteristics of the eastward-moving PMC
(Yanase et al. 2016). However, a large number of eastward-moving PMCs also occur at the left node,
which consists of a west-east high and low surface pressure pattern. Moreover, the number of
southward-moving PMCs generated in (2,b) and (2,c) showed a significant decreasing trend of
—0.64 decade® (p = 0.03), but the tendency of the number of eastward-moving PMC is not

significant. (—0.18 decade™, p = 0.43). These results suggest that SOM-based classification in this
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study may provide a more detailed classification of PMCs.

Differences in the number of PMCs genesis (i.e., NoMt — REAL) for each direction of
movement are shown in Figure 5.8. Number of southward-moving PMC shows a large decrease
around the node (2,b) (Figure 5.8a). At the bottom right node in Figure 5.8a, where the number of
PMCs is originally small (Figure 5.6a), the numbers remain almost the same. The number of
eastward-moving PMC is reduced to less than half at the node (2,b) (Figure 5.8b). In the nodes on
the right, there is a large decrease at (5,b), but not much change in the other nodes. The nodes (2,b)
and (2,c) where PMCs occurred in the west-east high and low surface pressure pattern (Figure 5.7)
are defined as Type 1. Additionally, the nodes (4,b), (5,b), (4,c) and (5,c) where PMCs occurred in

the west-east low and high surface pressure pattern are defined as Type 2.

5.4.3 Atmospheric conditions

Figure 5.9 shows the composite fields of geopotential height at 500 hPa for the 12 h before
PMC genesis in the REAL experiment and track of PMCs. In the case of Type 1, the conditions in
prior to PMC genesis are similar for both southward- and eastward-moving PMC, and the
upper-level trough is located over the offshore region west of Hokkaido (Figures 5.9a and 5.9b).
This upper-level condition and the west-east high and low surface pressure pattern in Type 1 (Figure
5.7) are consistent with the synoptic-scale conditions at the southward-moving PMC genesis
indicated in Yanase et al. (2016). In both cases, locations of the PMCs genesis are concentrated near
the western coast of Hokkaido. In contrast to Type 1, the conditions for the occurrence of PMCs in
Type 2 differ according to the direction of movement (Figures 5.9¢c and 5.9d). Before the occurrence

of southward-moving PMCs, low pressure is located over the north of Hokkaido, and although the
69



number of occurrences is small, their genesis locations are concentrated in the Strait of Tartary
(Figure 5.9¢). In the case of eastward-moving PMCs, a deep trough is located over the continent,
and a ridge is located over the east of the Sea of Okhotsk (Figure 5.9d). These features are
consistent with the synoptic-scale atmospheric conditions at the occurrence of eastward-moving
PMCs (Yanase et al., 2016).

The composite fields of potential temperature and wind at 900 hPa 12 h before PMC genesis in
the REAL experiment for the PMCs are shown in Figures 5.10 (Type 1) and 5.11 (Type 2). In the
case of Type 1, the temperature gradient from northwest to southeast across the domain suggests the
occurrence of cold air outbreaks (Figures 5.10a and 5.10b). A part of the cold air outbreaks passes
across the southern part of the Sikhote-Alin mountain range, where the elevation is relatively low
and then causes northwesterly wind over the Sea of Japan (Figure 5.1a). Additionally, northerly
wind blowing from the Strait of Tartary is found (Figures 5.10a and 5.10b). These wind systems can
form horizontal wind shear over the offshore region west of Hokkaido. In the case of Type 2, the
winds and temperature field over the offshore region west of Hokkaido is westerly and weak cold
air advection in southward-moving PMC (Figure 5.11a), but in eastward-moving PMC is
southwesterly and warm air advection (Figure 5.11b). The difference in 900-hPa winds between the
NoMt and REAL experiments (NoMt — REAL) is presented (Figures 5.10c, 5.10d, 5.11c, and
5.11d) to investigate how the Sikhote-Alin mountain range might modulate the lower-tropospheric
wind. Here, the reference time for the composite analysis is common for both experiments, i.e., 12 h
before PMC genesis in the REAL experiment. In the NoMt experiment, compared with the REAL

experiment, the westerly wind component is stronger, and the potential temperature is lower over
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the offshore region west of Hokkaido (Figures 5.10c, 5.10d, and 5.11c). Additionally, the northerly
wind over the Strait of Tartary is slightly weak, and the potential temperature is a little higher in the
NoMt experiment, which is the common circulation change for many PMC types as found in
Figures 5.10c, 5.10d, and 5.11c. These differences are not clear in the case of eastward-moving
PMCs in Type 2 (Figure 5.11d).

Most of the PMCs in Type 1 occurred near the west coast of Hokkaido, and the number of
occurrences of the PMC was reduced by strong westerly winds in the NoMt experiment. Therefore,
the vortex of the PMCs in Type 1 may have been caused by low-level wind shear in the offshore
region west of Hokkaido induced by the north-south topographic contrast of the Sikhote-Alin
mountain range. To investigate the effect of the mountain on the wind fields, the gradient of the
zonal wind in the lower troposphere is shown in Figure 5.12. In the case of Type 1, over the
offshore region west of Hokkaido, westerly component is added to the northerly wind from the
Strait of Tartary. This results in a weakening of the zonal wind gradient from the southern end of the
Sikhote-Alin mountain range to near the western coast of Hokkaido, and the zonal wind gradient is
slightly strengthened over the Strait of Tartary (Figures 5.12a and 5.12b). In the case of Type 2, the
zonal wind gradient is weakened over the offshore west of Hokkaido in the southward-moving
PMCs, while no significant change is observed in the eastward-moving PMCs (Figures 5.12¢ and
5.12d). Therefore, the PMC in Type 1 is considered to have been suppressed by the removal of the
mountain range, which weakens the horizontal shear of the lower-level winds over the offshore west
of Hokkaido. In the case of the southward-moving PMCs in Type 2, the number of occurrences does

not change despite the change in the wind field over the offshore west of Hokkaido due to the
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removal of the mountain range. This is because most of the PMCs occur over the Strait of Tartary,
and the effect of the change in the wind field is small. This result suggests that the influence of the
Sikhote-Alin mountain range on the occurrence of PMCs varies with slight differences in the

location of the PMCs genesis.

5.5 Discussion and conclusion

In this section, long-term numerical experiments were conducted to investigate the effects of
topography (i.e., the Sikhote-Alin mountain range) on PMCs generated over the northern Sea of
Japan. The cyclone tracking and weather pattern classification clarified that the effects of the
Sikhote-Alin  mountain range on PMCs vary depending on differences in synoptic-scale
atmospheric conditions. Among the many PMCs investigated, those generated over the offshore
region west of Hokkaido with the west-east high and low surface pressure pattern (Type 1) are most
sensitive to topographic effects, whereas those generated with the west-east low and high surface
pressure pattern (Type 2) are less sensitive.

The difference in sensitivity is due to the difference in the development mechanism of PMC.
During PMC genesis on the Type 1 condition, the horizontal wind shear over the offshore region
west of Hokkaido is formed because of two wind systems: a northwesterly wind from the continent
and a northerly wind from the Strait of Tartary (Figures 5.10a, 5.10b). This horizontal wind shear is
likely induced by the high pressure over the continent (Siberian high) and the synoptic-scale low
pressure over the Sea of Okhotsk (Aleutian low) (Figures 5.7a and 5.7b). The northwesterly wind
over the Sea of Japan originates from the air mass passing across the Sikhote-Alin mountain range.

Therefore, the wind shear is very sensitive to the local topography.
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The westerly wind over the mountain can cause vertical shrinkage of the air column and
enhances anticyclonic vorticity over the mountain in terms of the conservation of potential vorticity
(Ohtake et al. 2009). Therefore, the removal of the mountain region can suppress the anticyclonic
rotation resulting in the cyclonic wind anomalies over the Sikhote-Alin mountain range (Figures
5.10c, 5.10d, 5.11c, and 5.11d). Moreover, the Sikhote-Alin mountain range modulates the westerly
winds over the Sea of Japan due to the difference in elevation between the northern and southern
parts of the mountains (Ohtake et al. 2009). Specifically, the relatively higher region over the
northern part of the mountain (around the north of 45°N) blocks low-level westerly wind. In
contrast, over the southern part of the mountain, westerly wind passes over the mountain. Therefore,
by removing the Sikhote-Alin mountain range, the westerly wind from the continent can blow
directly over the Sea of Japan. Consequently, the westerly wind over the offshore region west of
Hokkaido becomes horizontally uniform and wind shear becomes negligibly weak, which
discourages PMCs genesis. However, in eastward-moving PMCs generated on the Type 2 condition,
the wind and temperature fields do not vary by removing the Sikhote-Alin mountain range (Figures
5.11d and 5.12d). The baroclinic instability is likely to be a primary development mechanism for
this type of PMCs (Yanase et al. 2016). Therefore, the occurrence of this type of PMCs may not
require lower-level wind shear. As the southward-moving PMCs generated on the Type 2 condition
occur further north than where wind fields changed, it is likely that the effect of the removal of the
mountains was small. Moreover, sea ice extends to the northern part of the Strait of Tartary in
mid-winter (Figure 5.1). Near the ice edge, low-level baroclinicity stimulates the development of

PMCs (Mailhot et al. 1996). Hence, southward-moving PMC genesis on the Type 2 conditions is
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likely affected more strongly by sea ice than by the Sikhote-Alin mountain range.

Through the long-term numerical experiments, analysis of this study showed that, in a
climatology sense, PMC generated with the west-east high and low surface pressure pattern is
sensitive to the topography. Since the present study considers many PMCs, the sensitivity here
means the tendency of behavior for the PMC population. Considering that the expected response of
PMC to mountains varies for each case, probably depending on the background synoptic patterns,
the statistical approach like the present study is useful to comprehensively understand the
characteristics of PMC in the studied area.

Besides the orographic effects, SST has been known to affect the development of PMCs. PMC
is likely to be modulated by the variability of local sea surface conditions (Kolstad and Bracegirdle
2017). Furthermore, variations in SST and sea ice distribution can modulate the pattern and
frequency of PMC genesis at various timescales, e.g., interannual to decadal. To elucidate the trend
of PMCs within such timescales, it will be important to analyze many PMC cases using long-term
and high-resolution numerical simulations that have recently become possible. Consideration of the
effect of air—sea interaction is also necessary. The numerical experiment in the present study was
conducted by an atmospheric model that does not predict oceanic response to modified atmospheric
circulation. This offline ocean setting might underestimate the reduction of PMC genesis due to the
removal of mountains. The accelerated low-level westerly and intensified cold air outbreaks in the
NoMt experiment enhance heat fluxes from the ocean and, consequently, could decrease SST
(Kawamura and Wu 1998). The formation of PMC could be further reduced over the colder SST

(Watanabe et al. 2017) in comparison with our NoMt experiment. To investigate the role of air—sea
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interaction, future studies need a coupled model experiment with sufficiently high spatial resolution

and with better ability in simulating planetary boundary layer processes and mesoscale convection.
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Table 5.1. Physics schemes used in the numerical experiments using the WRF Model.

Physics

Reference

Cloud Microphysics

WRF Single-Moment 6-class
microphysical scheme

(Hong et al. 2004)

Cumulus Convection

Grell 3d ensemble cumulus
scheme

(Grell and Dévényi 2002)

Longwave Radiation

Rapid Radiative Transfer Model
(RRTM)

(Mlawer et al. 1997)

Shortwave Radiation

Dudhia scheme

(Dudhia 1989)

Surface Layer

Nakanishi—Niino PBL surface
layer scheme

(Nakanishi and Niino 2004)

Planetary Boundary Layer

Mellor—Yamada
Nakanishi—-Niino Level 2.5
boundary layer scheme

(Nakanishi and Niino 2004)

Land Surface

Noah Land Surface Model
(Noah LSM)

(Chen and Dudhia 2001)
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Figure 5.1. Topography (color; m), January mean sea surface temperature (contours; interval 1°C),
and distribution of sea ice concentration (gray shading; %) around Hokkaido in the numerical
simulations. Topography shown in (a) was used for the REAL experiment, whereas that shown in

(b) was used for the NoMt experiment.
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Figure 5.2. Schematic of the workflow of the PMC detection algorithm. (a) Original grid (20-km
mesh grid) and (d) smoothed grid (100 km mesh grid). (b) and (e) Gray-filled grids indicate the
search area validating whether there is a local minimum 850-hPa geopotential height within 3 x 3
grids. Black-filled grids indicate detected centers of low pressure. (c) and (f) Detected centers of

low pressure and their tracks. (g) Track of a detected PMC. Full details are provided in the text.
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Figure 5.3. Distribution of PMC genesis over the 36 winter seasons between December 1981 and
March 2017: (a) the REAL experiment, (b) the NoMt experiment, and (c) difference (i.e., NoMt —
REAL). Colors indicate the number of PMCs per winter generated within each 1° x 1° box.
Contours indicate the altitude at 100 m intervals. The area in which the number of PMC genesis
decreased substantially (42°—49°N, 136°-142°E; red rectangle in Figure 5.3c) is defined as the

target of the following analysis.
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Figure 5.4. Number of PMCs generated within the analysis domain (42—49°N, 136—142°E; red

rectangle in Figure 5.3c) in each month. White (gray) bar indicates the REAL (NoMt) experiment.
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Figure 5.5. Number of PMCs moving in each of the four main cardinal directions. Black line (gray

shading) indicates PMCs in the REAL (NoMt) experiment
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Figure 5.6. Total number of PMC genesis in the REAL experiment in the SOM illustrated in Figure

4.1. Upper (bottom) panels show southward (eastward)-moving PMCs.

82



(a) Southward-moving (SLP)

Figure 5.7. Composite map of SLP (hPa) fields averaged for cases having (a) southward-moving
and (b) eastward-moving PMCs genesis. Shading indicates the mean differences between the raw
data (contours) in each case and the daily climatology of 1981-2016 winters, and the difference is
significant at the 0.05 confidence level (Welch’s t-test). Blank nodes in (a) mean that there is no

PMCs genesis.
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Figure 5.8. As in Figure 5.6, but for the difference (i.e., NoMt — REAL).
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Figure 5.9. Composite fields of geopotential height at 500 hPa (m) for the 12 h before PMC genesis
in REAL experiment. (a) and (b) PMCs generated in Type 1, (c) and (d) those generated in Type 2.
(@) and (c) southward-moving, (b) and (d) eastward-moving PMCs. Shading indicates the mean
differences between the raw data (contours) in each case and the daily climatology of 1981-2016
winters. Red dots indicate statistical significance at the 5% level for the difference (Welch’s t-test).
Colored dots and tracks indicate genesis location and track of PMCs (blue: southward-moving

PMCs, red: eastward-moving PMCs), respectively
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Figure 5.10. Composite and anomaly (i.e., NoMt — REAL) fields of potential temperature (shading;
K) and horizontal winds (vectors) at 900 hPa for the 12 h before PMC genesis in Type 1: (a) and (c)
represent southward-moving PMCs, and (b) and (d) represent eastward-moving PMCs. Red dots
and arrows indicate statistical significance at the 5% level for the difference between the

experiments (Welch’s t-test).
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Figure 5.11. As in Figure 5.10, but for the Type 2 cyclone.
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Figure 5.12. Anomaly fields of the magnitude of zonal wind gradient (i.e., NoMt — REAL) and wind
field in the NoMt experiment (vector) at 900 hPa for the 12 h before PMC genesis. (a) and (b)
PMCs generated in the Type 1, (c) and (d) Type 2. (a) and (c) for southward-moving PMCs and (b)
and (d) for eastward-moving PMCs. Red dots indicate statistical significance at the 5% level for the

difference between the experiments (Welch’s t-test).
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6. Summary and discussion

Strong winds and precipitation brought by winter cyclones have caused disasters in many parts
of Japan. Therefore, it is important to study the interannual variations of winter cyclone activity
from the viewpoint of adaptation to climate change. In East Asia, the number of winter cyclones is
expected to become less with climate change (Mizuta et al. 2011). This tendency is also observed in
long-term trends over recent years (Lee et al. 2020). In addition to extratropical cyclones, mesoscale
cyclones also occur around Japan in winter. Therefore, the inclusion of mesoscale cyclones in the
analysis may reveal regional characteristics in the long-term trend of winter cyclone activity. In this
study, analysis of the long-term changes in winter cyclone activity and its factors for the cyclones
around Japan were conducted.

In this study, three statistical analyses for winter cyclone activity around Japan are presented.
The first analysis is implemented by the objective tracking of cyclones, in which a cyclone tracking
algorithm is applied to the long-term reanalysis data in order to reveal the interannual variations of
the number of cyclone passages. The results show that the frequency of cyclone passages around
Hokkaido, located in northern Japan, tends to decrease. The main source regions of those cyclones
are the offshore region west of Hokkaido and the western part of the Sea of Japan. Only the number
of cyclogeneses over and around the offshore region west of Hokkaido is significantly decreased. It
is also found that this cyclone has a short lifetime and a relatively small horizontal scale and that it
occurs with the upper-level trough located over the offshore region west of Hokkaido. These results
suggest that most of the cyclones decreasing are mesoscale cyclones.

The second is the classification of surface pressure patterns using self-organizing maps, which
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is a kind of machine learning technique. In this study, the self-organizing maps was adapted to
classify winter surface pressure patterns around Hokkaido to clarify the characteristics of the
synoptic-scale atmospheric conditions at the occurrence of the cyclone generated around the
offshore region west of Hokkaido. As a result, it is found that most of the cyclones are generated
when cold air is advected over the offshore region west of Hokkaido by a west-east high and low
surface pressure pattern consisting of high pressure over the continent (Siberian High) and low
pressure over the Sea of Okhotsk (Aleutian Low). The characteristics of these atmospheric fields
are similar to the atmospheric conditions at the mesoscale cyclogenesis over the offshore region
west of Hokkaido. Furthermore, the number of occurrences of this cyclone showed a significant
decreasing trend, suggesting that the decrease in the number of mesocyclones over the offshore
region west of Hokkaido is the main reason for the decrease in the number of cyclone passages
around Hokkaido.

The third is a numerical experiment using a regional climate model. In this study, a long-term,
high-resolution experiment was conducted to statistically analyze the relationship between the
factors that cause mesocyclones over the offshore west of Hokkaido and the synoptic-scale
atmospheric conditions at the time of cyclone occurrence. In addition, a sensitivity experiment was
conducted by removing a mountain range on the eastern edge of the Eurasian Continent, which is
considered to be a factor in the occurrence of the mesocyclone. Statistical analysis shows that the
number of mesocyclones generated over the offshore west of Hokkaido decreases with the removal
of the Sikhote-Alin mountain range. Analysis using the self-organizing map-based classification

revealed that most of the mesocyclones occurring in the west-east high and low surface pressure
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pattern are generated by the presence of the mountains. The Sikhote-Alin mountain range blocks
some of the cold air advection from the continent to the Sea of Japan, and the relatively low
elevation on the south of the mountain region causes horizontal wind shear in the lower troposphere
over the offshore region west of Hokkaido. This horizontal wind shear is considered to be the initial
disturbance causing the formation of the mesocyclone over this region. This study was able to
clarify the regional characteristics of winter cyclones around Hokkaido through the analysis of
reanalysis data and high-resolution data from the regional climate model. The results are
summarized as follows.
1) The number of cyclone passages around Hokkaido has been decreasing since the 1960s, and 60%
of the decrease can be explained by a decrease in the number of cyclones generated in the area
around the offshore region west of Hokkaido.
2) Among the cyclones occurring around the offshore region west of Hokkaido, the number of
mesocyclones, which occur in a west-east high and low surface pressure pattern, has markedly
decreased.
3) The weakening of lower-level cold air advection into the area over the offshore region west of
Hokkaido is likely to be suppressed the number of occurrences of cyclogenesis in this area.
4) The mesoscale cyclones that develop over the offshore area west of Hokkaido under a west-east
high and low surface pressure pattern are generated by lower-level wind shear caused by the
presence of the mountains at the eastern edge of the continent.

Winter cyclones bring disasters caused by strong winds and snowfall, which have a huge

impact on human activities. For example, the winter of 2021/2022 brought record snowfalls
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associated with cyclone activities (Japan Meteorological Agency 2022), causing many problems,
especially in Hokkaido, including cancellations of trains and airplanes and traffic disruptions.
Therefore, the characteristics of winter cyclone activity around Hokkaido shown in this study may
be an important finding from the viewpoint of adaptation to climate change. Furthermore,
comparison of cyclone activity among the JRA-55 products in this study suggested that data
assimilation of conventional observations determines the atmospheric conditions over Eurasia, and
hence the cyclone activity around Hokkaido is determined. This means that the expansion of the
observations over Eurasia may contribute to improved winter weather forecasts in Japan, especially
in Hokkaido. | hope that this new insight will contribute to the development of many kinds of
research related to the winter climate around Japan. Since cyclone activity also affects the activities
of wildlife such as seabirds (Clairbaux et al. 2021), the results of the present study may also
contribute to the assessment of the effects of regional climate on animal activity in and around
Hokkaido. Therefore, the study of regional climate can create new interdisciplinary research

through a combination of data from other fields.
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