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In this study, the northward-moving tropical cyclones (TCs) that influence Northeast China
(NEC) in July–September are identified based on the distance between the TC center and
the boundaries of NEC. Then, based on a machine learning algorithm named hierarchical
agglomerative clustering, the tracks of northward-moving TCs that influence NEC are
classified into the eastern-track type and the turning type. In NEC, the precipitation
induced by eastern-track type TCs gradually decreases from east to west, and the
precipitation induced by turning-type TCs gradually decreases from south to north. For
eastern-track type TCs, negative Niño3 sea surface temperature (SST) anomalies in
preceding January–March can induce cyclonic circulation anomalies and positive
vorticity anomalies over the Philippine Sea during subsequent July–September, which
favors the genesis of TCs. Moreover, the westerly anomaly in the subtropical western north
Pacific and the strengthening of cyclonic steering flow over the Philippines jointly steer the
TCs to move northward along the northerly airflow on the west of the western Pacific
subtropical high, which favors the genesis of eastern-track type TCs. For turning-type TCs,
the positive SST anomalies in the West Wind Drift area during preceding May–July cause
positive vorticity anomalies from the northern Philippines to Taiwan from July to
September. The cyclonic steering flow over the Philippines and the anticyclonic
steering flow over the Sea of Japan lead the TCs to move northwestwards and then
turn to northeast, which is conducive to the genesis of turning type northward-moving TCs.
Finally, the results of numerical experiments have confirmed these findings.

Keywords: machine learning, hierarchical agglomerative clustering, tropical cyclone track, air-sea interactions,
West wind drift, steering flow

1 INTRODUCTION

China is severely affected by typhoons, and suffers substantial economic losses and great casualties from
typhoons every year. In recent years, northward-moving typhoons have significantly influenced the
precipitation in Northeast China (NEC) during the flood season, which may even result in severe
flooding. In the summer of 2020, NECwas hit by three strong northward-moving tropical cyclones (TCs)
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successively. Frequent northward-moving TCs have attracted
considerable attention. Previous studies have mainly analyzed
intermonthly characteristics, interannual and interdecadal
variations, climate incidents and oscillation period of the TCs
influencing northern China. The TCs influencing northern China
exhibit remarkable intermonthly and interannual variations. The
main TC season in northern China is from July to September (Wang
and Liang, 2006). The TCs affecting the Liaodong Peninsula from
different source regions have different impacts and disaster
distributions (Liang and Chen, 2005). The landing northward-
moving and turning TCs are able to bring heavy rainstorm and
gale (Zhou et al., 2007; Gao Q. Q. et al., 2017). The position and
intensity of the western Pacific subtropical high (WPSH), the
middle-latitude westerlies and the South Asian high have an
important influence on TC’s northward movement (Jin et al.,
2006). The influence of northward-moving TCs on NEC can
vary significantly with the TC tracks (Gao S. Y. et al., 2017).
Therefore, only considering the overall TC intensity or frequency
is insufficient for predicting the weather and climate in NEC. It is
necessary to classify the northward-moving TCs objectively. Many
studies have tried to classify the tracks of TCs and northeast cold
vortices. For example, following Nakamura et al. (2009), Zheng et al.
(2013) and Peng et al. (2019) used K-means clustering algorithm to
classify TC tracks in the western north Pacific based on the location,
intensity, track length and moving direction of TCs. Wang et al.
(2019) and Fang et al. (2020) also usedK-means clustering algorithm
to classify the tracks of Madden-Julian Oscillation (MJO) and the
northeast cold vortex.

Sea surface temperature (SST) and its distribution can
significantly influence the genesis and development of TCs
(Huang et al., 2005; Yamasaki, 2007). Air-sea interactions can
alter the distribution of atmospheric circulation (Wang et al.,
1999; Huang et al., 2011), and then result in the changes of TC
tracks (Cheung and Chan, 2010). Therefore, such interactions are
the fundamental for TC development. Seasonal-scale movement
of TCs is regulated mainly by the large-scale and slowly-moving
background fields. El Niño-Southern Oscillation (ENSO) events
are the most significant interannual variation signals occurring in
tropical oceans, and their relationship with TCs in the western
north Pacific has been studied extensively (Zuki and Lupo, 2008;
Guo and Tan, 2021). The changes of large-scale circulations in
tropical regions caused by ENSO events can be used to explain the
relationships between TCs and ENSO, such as the Walker
circulation and the western north Pacific monsoon trough
(Chen and Huang, 2006a; Feng et al., 2013).

In El Niño years, the western north Pacific monsoon trough
deepens towards the east, and TCs are generated in the
southeastern areas of the western north Pacific. In La Niña
years, the monsoon trough is shallow, and the location of TC
genesis is more northwesterly (Chen et al., 1998; Wang and
Chan, 2002; Huang and Xu, 2009; Tao and Cheng, 2012).
However, the effect of ENSO on the frequency of TCs
generated has not reached an agreement by researchers.
Some scholars pointed out that the total frequency of TCs
generated in an El Niño year is smaller than the climatic mean
(Wu and Lau, 1992; Chan, 2000). But some other studies
showed that there are no substantial correlations between

the frequency of TC and the ENSO index (Lander, 1994;
Chen et al., 2006). At present, the influence of central
Pacific El Niño events on TCs has become a hot topic.
Previous studies have indicated that the TC activities during
a central Pacific El Niño year are more westward and extend to
the northwest part of the western north Pacific, which could
affect the coastal areas of East Asia (Kim et al., 2011; Ha et al.,
2012). The western Pacific warm pool can also influence TC
activity. Specifically, the warm pool is correlated with the onset
of the South China Sea summer monsoon and the variation of
theWPSH through the East Asia-Pacific (EAP) teleconnection,
influencing the TC activities in the western north Pacific. In
addition, the western Pacific warm pool influences the genesis
and movement of TCs in the western north Pacific through the
monsoon trough (Chen and Huang, 2006b; Huang and Chen,
2007; Huang and Wang, 2010; Huang et al., 2016). Moreover,
the tropical Atlantic SST anomalies can also regulate the
atmospheric circulation over the western north Pacific,
affecting TC activities (Huo et al., 2016; Yu et al., 2016). In
contrast, the warming of the Indian Ocean Basin negatively
correlates with the frequency of TC genesis in the western
north Pacific. The Indian SST anomaly can remotely influence
the low-level anticyclone circulation anomaly and strengthen
the vertical wind shear, resulting in fewer TCs over the western
North Pacific (Zhan et al., 2011a, 2011b, 2012; Ha et al., 2015).

The TC activity in the North Indian Ocean is found to
correlate well with the Indian Ocean dipole-like SST anomaly.
The adjustment of atmospheric circulation caused by such
anomaly can influence the genesis environment and
movement of TCs (Yuan and Cao, 2013). Related studies were
conducted to study the genesis, development and movement of
TCs, and provided substantial theoretical support for
governmental decision-making in disaster prevention and
mitigation plans.

FIGURE 1 | The tracks of TCs that can influence Northeast China (NEC)
during 1949 and 2019. The red (blue) dots represent the genesis (dissipation)
locations of TCs.
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However, relatively few studies have analyzed the different
types of northward-moving TCs that affect NEC, Although
classifying TC tracks can benefit the prediction of TC track.
To this end, this study uses geographic information technology to
isolate the northward-moving TCs that affect NEC. Then, based
on the precipitation data during the TC influence period, the
rationality of the derived TC data is verified. Furthermore, the
machine learning method (hierarchical agglomerative clustering)
is used to classify the tracks of northward-moving TCs
objectively. Then, the influence mechanisms of precedent SST
on the tracks of northward-moving TCs are investigated from an
air-sea interaction perspective. It is expected to provide an
important reference for the refined diagnosis, forecasting and
scientific research of northward-moving TCs.

The remainder of this paper is organized as follows. Section 2
introduces the data and method used in this study. The variation
characteristics of two types of northward-moving TCs that affect
NEC are detailedly presented in Section 3. The relationships
between the two types of TCs and SST are analyzed in Section 4.
Section 5 discusses the effects of Pacific SST on the two types of
northward-moving TCs. In Section 6, we conduct some sensitivity
experiments and try to explore the influence of SST on atmospheric
circulations. Section 7 presents the discussions and conclusions.

2 DATA AND METHOD

2.1 Observation Data and Statistical Method
The best track dataset of TCs from 1949 to 2019 in the western
north Pacific is provided by the Shanghai Typhoon Research
Institute of China Meteorological Administration (CMA; Ying
et al., 2014; Lu et al., 2021). The daily precipitation data in
northeastern China from 1951 to 2019 is obtained from the
National Meteorology Information Center of CMA. The monthly
SST data from 1951 to 2019 with a horizontal resolution of 1° × 1°

are provided by the United Kingdom Met Office Hadley Center
(Rayner et al., 2003). The daily and monthly reanalysis data
between 1951 and 2019 are obtained from the National Centers
for Environmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR; Kalnay et al., 1996) of the
United States National Oceanic and Atmospheric

administration (NOAA), with a horizontal resolution of 2.5° ×
2.5° and 17 vertical layers. The Niño3 index and the West Wind
Drift index are provided by the National Climate Center of CMA.

To analyze the reasons for the anomaly of northward-moving
TCs, some statistical methods are used, including composite
analysis, regression analysis and partial correlation analysis.
The peak season of TC activities is defined as July–September
in this study. The pressure-weighted mean airflowmethod is used
to calculate the steering flow. The pressure-weighted mean
airflow between 850 and 300 hPa is considered as the steering
flow (Holland, 1993) in this study. The formula is as follows:

�V � ∫P2

P1

�Vdp

P2 − P1
(1)

where P1 and P2 represent geopotential heights of 850 and
300 hPa, respectively.

2.2 Model Introduction
The NCAR atmospheric circulation model (CAM5.3) is used to
run the sensitivity experiments. The atmospheric section of the
general Earth model (CESM1.2.2) can be operated independently
or coupled with ocean, land surface and other models. The model
uses the finite volume dynamical core. The horizontal resolution
is 1.9° × 2.5°, with 96 (meridional) × 144 (zonal) grid points. In the
vertical direction, a δ-p hybrid coordinate system is adopted, and
there are 30 vertical layers.

2.3 JudgementMethod forWhether Tropical
Cyclones Influence Northeast China
TCs that can influence NEC are identified by using an objective
method, which can estimate TC’s influence on NEC based on the
range of strong wind and rainfall caused by TC. Relevant studies
have shown that, thunderstorms (Molinari et al., 1999), strong
winds (Mueller et al., 2006) and severe precipitation (Lonfat et al.,
2007) frequently occur within around 200 km from the TC center.
This study evaluates the TC influence radius by applying a
cartographic python library (Cartopy, developed by the
United Kingdom Met Office). With the help of geographic
information technology, the buffer zone (i.e., the influence
range) is defined as the circular region with a radius of 2°

(about 222 km in the Cartesian coordinate system in middle
latitudes) centered on the TC center. Then the spatial
relationship between the influence range and the NEC
boundary is analyzed. Any intersection between the TC
influence range and the NEC boundary indicates that the TC
process has influenced NEC. After selection, 81 TC processes are
considered to have possible influence on NEC between 1949 and
2019. Figure 1 shows the tracks of TCs influencing NEC. Most
northward-moving TCs influencing NEC are generated in the
tropical western Pacific and the adjacent sea areas, and they
first move to the northwest and then moves to the northeast,
presenting recurving tracks. The centers of most TCs reach the
eastern or southernNEC. But a few TCs travel northeastward along
the coastal areas of China instead of landfall. The dissipation
locations of most TCs are in southern or eastern NEC, the

FIGURE 2 | Silhouette coefficients of various clustering results.
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Korean Peninsula, the Sea of Okhotsk and as far as the Bering Sea.
Some of the TCs can deeply reach the inland of China and dissipate
on the east side of the Mongolian Plateau.

2.4 Classification of the Tracks of
Northward-Moving Tropical Cyclones
Influencing Northeast China
The northward-moving TCs with different types of tracks have
different characteristics and influences. Therefore, based on the
machine learning method we perform clustering analysis on the
tracks of northward-moving TCs, so as to distinguish the
differences among the tracks.

2.4.1 Hierarchical Agglomerative Clustering Method
The hierarchical agglomerative clustering method is used in this
study because its advantage that the number of clusters is not
predetermined. In this study, scattered adjacent clusters are

merged from bottom to top. The clustering ends when all
samples are merged into the same cluster. The hierarchical
agglomerative clustering has several methods for calculating
the cluster proximity. In this study, the Ward method which
is based on the explained sum of squares (ESS) is applied (Ward,
1963):

ESS � Σn
i�1x

2
i −

1
n
(∑ n

i�1xi)
2

(2)

where xi is the score of the i-th individual cluster. First, the sumof the
original ESS of the whole data is calculated by totaling the individual
ESS of all clusters. Second, one of the clusters is selected for merging
with another one to calculate the ESS. Then, the ESSs of the merged
clusters and remained ones are added to obtain the merged ESS
value. The difference between the original ESS andmerged ESS is the
merge cost. The merged cluster corresponds to the minimum value
of the n × n−1

2 merge cost.

FIGURE 3 | Pedigree chart of hierarchical agglomerative clustering. The x-axis represents 81 samples, and the y-axis is the relative distance between the samples.
Green and orange lines represent the clustering results obtained by hierarchical agglomerative clustering for the first and second type of TC tracks, respectively.

FIGURE 4 | Classification of the tracks of TCs influencing NEC. (A) Eastern-track type TCs; (B) turning type TCs. The red (blue) dots represent the genesis
(dissipation) locations of TCs.
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2.4.2 Selection Scheme for the Tropical Cyclone
Characteristic Parameters
The TC track information is presented as several TC
characteristic parameters, and then we perform the

hierarchical agglomerative clustering on these parameters.
Because this study focuses on the TCs that can influence NEC,
we narrow the scope by setting the tracks when TCs influencing
NEC as the characteristic parameter. The initial location of the

FIGURE 5 | TC Track frequencies at 2° × 2° spatial resolution for (A) eastern-track type TCs, and (B) turning type TCs.

FIGURE 6 | Time series of (A) TC number and (B) influence days of the two types of northward-moving TCs.
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TCs influencing NEC is widely distributed in the range of
117°E–134°E and 36.8°N–45°N. The region of TC activities
when NEC is influenced is generally in the south of 50°N. In
the clustering analysis of TC tracks, the initial location and track
characteristics of TCs are considered as the characteristic
parameters. The longitude and latitude of the TC center when
NEC is firstly influenced by TC are selected as classification
parameters for characterizing the initial location of TC.
Considering that the TC track when influencing NEC is
generally in a southwest-northeast orientation and the
meridional span is large, so selecting the average longitude
and initial location as the parameters can well cover the
information of location and span. Therefore, the average
longitude of the TC track when influencing NEC is included
in the classification parameters. Before clustering, the
characteristic parameters are standardized by the Z-score, and
the processed data conform to the standard normal distribution.
The conversion function is

Z � x − μ

δ
(3)

where Z is the value after Z-score normalization, μ is the average,
and δ is the standard deviation. The Z value indicates the
relationship between the data and the average. Z > 0 means
that the data is greater than the average.

2.4.3 Classification Results of Northward-Moving
Tropical Cyclones
After comprehensively considering the subsequent classification
of TC track characteristics and the circulation characteristics, the
hierarchical agglomerative clustering is conducted for all TCs
influencing NEC according to the cluster number (from two to
five). The silhouette coefficients of the clustering results are shown
in Figure 2. When the number of clusters is two or three, the
silhouette coefficient is obviously greater than that of 4–5 clusters.
Further analysis on the classification data shows that, when the
number of clusters is 3–5 the number of samples in certain cluster

FIGURE 7 | (A,B) Average precipitation in NEC (mm/day) and (C,D) precipitation anomaly percentages (%) for the different types of northward-moving TCs. (A,C)
are for the eastern-track type TCs; (B,D) are for the turning type TCs.
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is less than 5, which is too less to be statistically significant. Therefore,
considering the silhouette coefficient and sample distribution, the
number of clusters is finally set as two. Figure 3 depicts the detailed
process of hierarchical agglomerative clustering. Figure 4 illustrates
the classification of TC tracks. The first type of TC tracks is relatively
easterly and is named as the eastern-track type (Figure 4A). This type
of TCs move northward through the East China Sea and the Yellow
Sea, and then travel northeastward in the Korean Peninsula and its
east.Most TCs of this type do not pass throughmainlandChina, and a
few move eastwards out of China after passing through the
southeastern NEC. Generally, the tracks of the eastern-track type
TCs are relatively straight. Differently, most of the second type of TCs
move northwestwards after their genesis, making landfall in the
coastal areas between the southeastern NEC and southern NEC.
Afterward, they turn northeastwards and pass through the southern
and easternNEC. This type is named as the turning-type (Figure 4B).
Most of the turning-type TCs dissipate in the southern NEC or the
oceans near the Korean Peninsula, while a few dissipate after moving
away from the eastern NEC. Figure 5 shows the frequency of the two
types of northward-movingTCs. It is found that the eastern-track type
TCs affect mainly parts of the southeastern and eastern NEC.
However, the turning-type TCs influence most parts of NEC.
Thus, the turning-type TCs should have more substantial effects
on NEC. Accordingly, we should pay more attention to the turning-
type TCs when studying the influence of TCs on NEC.

3 VARIATION CHARACTERISTICS OF
NORTHWARD-MOVING TROPICAL
CYCLONES INFLUENCING NORTHEAST
CHINA

The interannual variations of the number and duration of the two
types of TCs are presented in Figure 6. During 1949–2019,
81 northward-moving TCs have influenced NEC in 45 of the
total 71 years, and there are 2–4 TCs in 22 years and 1 TC in
23 years. Specifically, 32 of them belong to the eastern–track type
and 49 of them belong to the turning-type, accounting for 39.5%
and 60.5%, respectively. In particular, the total days when NEC is
influenced by the eastern-track type and turning-type TCs are 30

and 54, respectively, with an average of 0.94 and 1.10,
respectively. Therefore, the influence period of the turning-
type TCs on NEC is longer. Figure 7 shows the average
precipitation and precipitation anomaly percentage in NEC in
the period influenced by the two types of TCs. Figures 7A,C show
that the NEC precipitation anomaly induced by the eastern-track
type TCs gradually decreases from east to west. These TCs mainly
affect the eastern part of NEC, particularly the eastern
Heilongjiang and the northeastern Jilin. The precipitation
amount and the precipitation anomaly percentage reach
12 mm/day and 300%/day, respectively. As is seen from
Figures 7B,D, the NEC precipitation anomaly induced by the
turning-type TCs gradually decreases from south to north. These
TCs mainly affect Liaoning Province which is in southern NEC,
especially the south-eastern Liaoning. The average precipitation
and precipitation anomaly percentage reach 24 mm/day and the
300%/day, respectively. The distribution of the anomalous
precipitation in the active days of TCs in the NEC is
consistent with the TC track characteristics shown in
Figure 5. Hence, the obtained TC cases are reasonable.

4 RELATIONSHIP BETWEEN SEA SURFACE
TEMPERATURE AND THE TWO TYPES OF
NORTHWARD-MOVING TROPICAL
CYCLONES

Figure 8 provides the 850 hPa wind on the initiation day of the two
types of TCs, and notable differences can be found in the locations of
the monsoon trough and western north Pacific subtropical
anticyclone. For the eastern-track type TCs, the monsoon trough
is located in the south of 15°N, 130°E, while the western north Pacific
subtropical anticyclone is located in the eastern and western north
Pacific with a center in the southeastern Japan. The western ridge of
theWPSH is located around 30°N, 130°E. In the initiation day of the
turning-type TCs, themonsoon trough shows a northwestward shift.
The center of the western north Pacific subtropical anticyclone is
over Japan, and the western end of the WPSH ridge is located at
35°N, 125°E. The location of the western north Pacific subtropical
anticyclone on the initiation days of two types of TCs is generally

FIGURE 8 | Composite of 850 hPa flow field on the genesis day of the two types of TCs (m/s): (A) eastern-track type; (B) turning type.
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more eastward, which is conducive to the northward movement of
the TCs along the northerly wind on the left side of the anticyclone.
Some past studies have indicated that most TCs are generated in the
monsoon trough (Wang et al., 2006; Gao et al., 2008). The mean
genesis location of eastern-track type TCs is 14.6°N, 144.1°E, while
that of the turning-type TCs is 16.5°N, 139°E. The latter is slightly
northwestward than that of the eastern-track type, which is
consistent with the location of monsoon trough. The locations of
the monsoon trough andWPSH are different between the two types
of TCs, resulting in the difference in TC tracks.

Figure 9 shows the composite SST anomalies (SSTAs) for the
two types of TCs during late winter and early spring
(January–March), late spring and early summer (May–July),
and the peak season of TC activities (July–September). The
selected composite years are listed in Table 1. For the eastern-
track type TCs, the SSTA distribution corresponds to the La Niña

state during late winter and early spring. Significant negative
SSTA appears in the tropical central-eastern Pacific (Figure 9A),
while positive SSTA appears in the subtropical North Pacific
Ocean. During the peak season of TC activities, the SSTA is
positive in the tropical central and eastern Pacific (Figure 9E).
Thus, the eastern-track type TCs are more likely to occur in the
decay year of La Niña. For the turning-type TCs, the negative
SSTA in January–March is relatively weak in the tropical central-
eastern Pacific (Figure 9B). In May–July, the composite SST
shows a significant positive anomaly in the West Wind Drift area
in the subtropical central North Pacific (Figure 9D). The
composite results suggest that the SSTA is important to the
tracks. The Niño3 area (5°S–5°N, 150°W–90°W) of the
equatorial Central and Eastern Pacific in late winter and early
spring (January–March) is the key location for the eastern-track
type TCs. Whereas the West Wind Drift area (35°N–45°N,

FIGURE 9 | Composite of SST anomalies (°C) in (A,B) late winter and early spring (January–March), (C,D) late spring and early summer (May–July), and (E,F) peak
season of TC activities (July–September). (A,C,E): eastern-track type; (B,D,F): turning type. The dotted areas indicate the anomalies that are significant at the 95%
confidence level.

TABLE 1 | List of the years when two types of northward-moving TCs occur independently.

Type Year

Eastern-track type 1951, 1956, 1957, 1968, 1970, 1979, 1986, 1999, 2006, 2008, 2015
Turning type 1953, 1955, 1960, 1962, 1963, 1964, 1966, 1967, 1974, 1984, 1992, 1994, 1997, 2001, 2005, 2007, 2011, 2014
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160°E–160°W) in late spring and early summer (May–July) is
crucial for the turning-type TCs.

5 EFFECTS OF PACIFIC SEA SURFACE
TEMPERATURE ON THE TWO TYPES OF
NORTHWARD-MOVING TROPICAL
CYCLONES

To understand the mechanisms for the impacts of SST in various
key areas on TC tracks, two SST indexes are used. The first is the
Niño3 index, which is defined as the area-mean SSTA over
5°S–5°N, 150°W–90°W. The second is the West Wind Drift
index, which is defined as the area-mean SSTA over
35°N–45°N, 160°E–160°W. Figure 10 shows the distribution of
correlation coefficients between the January–March mean Niño3
index (multiplied by −1) and the 850 hPa stream function and
rotational wind from January to March, from April to June, and
from July to September. The negative SSTA in the tropical eastern
Pacific can stimulate a Gill type Rossby wave through the diabatic
heating (Gill, 1980). An anticyclonic circulation appears in the
tropical northeastern Pacific during January–March, and

meanwhile a cyclonic circulation appears on the Northwest
Pacific. The southerly wind on the west side of the
anticyclonic circulation transports warm air to the subtropical
western north Pacific and weaken the atmosphere stability.
Additionally, the southerly wind acts to decelerate the trade
wind and warm SST in the subtropical western north Pacific.
The SST warming and the weakened atmosphere stability favor
the convection in the tropical eastern and western north Pacific,
further emanating a cyclonic circulation over the western
Northwest Pacific. The cyclonic circulation can further sustain
and expand to Northeast Asia from July to September through
local air-sea interaction or the capacitor effect of the Indian
Ocean, which in turn affects the circulation that is important
for the genesis and movement of TCs.

To eliminate the influence of West Wind Drift index in the
early stage, partial correlation analysis is conducted on the Niño3
index and the atmospheric circulation during the peak season of
TC activities. Figure 11A shows the distribution of partial
correlation coefficients between the sign-reversed
January–March mean Niño3 index and the 500 hPa
geopotential height and 850 hPa wind during the peak season
of TC activities. The negative SSTA in the Niño3 area during
January–March is conducive to the decrease of the 500 hPa
geopotential height in tropical and subtropical North Pacific.
The anomalous cyclonic circulation occurs in the Northwest
Pacific, which is conducive to the genesis and development of
TCs. Table 2 lists the correlation coefficients between the sign-
reversed January–Marchmean Niño3 index and theWPSH index
in the peak season of TC activities. The sign-reversed Niño3 index
shows a significant negative correlation with the area, intensity
and the location of the WPSH northern boundary, which is
significant at the 99% confidence level. When the Niño3 SST
shows negative anomalies during January–March, the area of
WPSH is relatively small, and its intensity is relatively weak. The
weakened and eastward WPSH is favorable for the northward
movement of TCs along the northerly wind to the west of the
WPSH and is conducive to the TC landfall in NEC, North Korea,
the Republic of Korea, Japan and other subtropical regions.
Figure 11B shows the partial correlation coefficients between
the sign-reversed January–March mean Niño3 index and the
500 hPa zonal wind during the peak season of TC activities.
Significant positive correlation coefficients can be found in the
tropical western Pacific. Thus, when the Niño3 SST shows
negative anomalies during January–March, the WPSH in the
peak season of TC activities is weakened and moves eastwards. At
the same time, the associated westerly wind anomalies in the
tropical western Pacific can weaken the southeasterly wind on the
south of the WPSH, which is conducive to the northward
movement of TCs to higher latitudes. Figure 11C shows that
the sign-reversed Niño3 index and the 850 hPa vorticity are
significantly positively correlated in the subtropical western
north Pacific near 140°E–150°E, which is the main genesis
region of eastern-track type TCs (Figure 8A). When the Niño3
area SST shows negatively anomalies during January–March,
the positive low-level vorticity in the western north Pacific
near 150°E during the late stage of the peak season of TC
activities is conducive to the genesis of the eastern-track type

FIGURE 10 | The correlation coefficients between the sign-reversed
Niño3 index in January–March and the 850 hPa stream function anomaly
(shading) and rotational wind anomaly (vector) in (A) January–March, (B)
April–June and (C) July–September. The dotted areas indicate the
correlations that are significant at the 90% confidence level.
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TCs in this area. As shown in Figure 11D, the negative Niño3
SST anomaly during January–March generates a cyclonic
steering circulation in the vicinity of the Philippine Basin.
The anomalous westerly steering flow associated with the
cyclonic circulation can weaken the easterly wind on the
south of the WPSH. Meanwhile, the northerly steering flow
on the east of the cyclonic circulation is conducive to the
northward movement of TCs. Therefore, the zonal circulation
is weakened and the meridional circulation is strengthened,
which is favorable for TC’s northward movement along the
northerly steering flow rather than moving westwards or
turning. As a result, more TCs will influence NEC.

In summary, the negative SSTA in the Niño3 area during
January–March can stimulate Gill-type Rossby wave, which can
cause atmospheric circulation anomalies that last to the peak season
of TC activities. The negative SSTA in the Niño3 area during
January–March favors the generation of cyclonic circulations and
positive vorticity anomalies in the lower levels in the vicinity of

Philippines during the peak season of TC activities. The anomalous
circulation corresponds to an eastward extension of the monsoon
trough, facilitating TC genesis in the vicinity of Philippines. In
addition, the westerly anomalies associated with the weakened
WPSH can weaken the strong easterly wind on the south side of
theWPSH, hindering the westward movement of TCs. The cyclonic
large-scale steering flow in the vicinity of Philippine Sea further
enables the TCs to move northwards along the northerly steering
flow on the west of the WPSH.

The upper-level disturbances could propagate downstream along
the jet in the mid-high latitudes of the Northern Hemisphere,
producing teleconnection wave trains and affecting the
atmospheric circulation around the entire Northern Hemisphere
(Gong et al., 2006). Figure 12 shows the distribution of regression
coefficients of the 500 hPa height and wave action flux anomalies
from July to September against theMay–JulymeanWestWindDrift
index. There are anomalous teleconnection wave trains with
alternative positive and negative anomalies along the middle

FIGURE 11 | The partial correlation coefficients between the sign-reversed Niño3 index in January–March and the (A) 500 hPa geopotential height anomaly
(shading) and 850 hPa wind anomaly (vector), (B) 500 hPa zonal wind anomaly, (C) 850 hPa vorticity anomaly, and (D) steering flow in July–September. Both the dotted
areas and shaded areas indicate the correlations that are significant at the 90% confidence level.

TABLE 2 | Correlation/partial correlation coefficients between the SST index and the West Pacific Subtropical high index in different key areas.

Type Area Intensity Ridge position North boundary
location

Western ridge
point

Niño3 *−1 −0.52/−0.51 −0.49/−0.49 −0.08/−0.08 −0.40/−0.37 0.04/0.03
West wind dirft −0.15/0.04 −0.10/0.08 −0.08/0.05 −0.02/0.01 −0.16/−0.03
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latitudes of the Northern Hemisphere from the central North Pacific
to East Asia. It indicates that the SSTA in the West Wind Drift area
may affect the geopotential height and circulations over the
Northwest Pacific and East Asia through the teleconnection wave
train, and thereby regulating the movement of TCs.

To eliminate the influence of the January–March mean Niño3
index on the atmospheric circulation in the peak season of TC
activities, we conduct a partial correlation analysis. Figure 13A shows
the partial correlation coefficients between the May–July averaged
WestWind Drift index and the 500 hPa geopotential height anomaly
and 850 hPa wind anomaly in the peak season of TC activities. The

May–July averaged West Wind Drift index shows a negative
correlation with the 500 hPa geopotential height in the Northern
Hemisphere tropics except a positive correlation to the north of 30°N,
with significant anomalies in the Korean Peninsula, Japan, the West
Wind Drift area and North America. The partial correlation
coefficients between the May–July averaged West Wind Drift
index and the 500 hPa zonal wind during the peak season of TC
activities are shown in Figure 13B. A positive correlation appears in
the tropical western Pacific, while a negative correlation appears along
the zonal band in 15°N–30°N.Moreover, a positive correlation occurs
in the East Asia to the north of 30°N and the northeastern Pacific.
When the SST in the West Wind Drift area is high, the anomalous
westerlywind to the north of 15°N is favorable for enabling the TCs to
enter the SouthChina Sea. However, the easterly wind anomaly in the
zonal band in 15°N–30°N facilitates northwestward movement of
TCs. Moreover, the westerly wind anomaly over East Asia (to the
north of 35°N) deflects the northwestwardmoving TCs and steers the
TCs to move eastward. Figure 13C shows that the West Wind Drift
index and the 850 hPa vorticity anomaly are positively correlated in
Taiwan, the Philippines, and the southeastern part of the tropical
western north Pacific. When the SSTA in the May–July West Wind
Drift area is positive, the positive low-level vorticity anomalies in the
western north Pacific during the late stage of the peak season of TC
activities facilitate the genesis of turning-type TCs. Figure 13D
indicates that the positive SSTA in the West Wind Drift area in
May–July corresponds to the cyclonic steering flow over the northern
Philippines during the peak season of TC activities. The southeasterly

FIGURE 12 | Regression coefficients of West Wind Drift index in
May–July with 500 hPa geopotential height anomaly (shading, gpm) and wave
activity flux from July to September (vector, m2/s2). The dotted areas indicate
the coefficients that are significant at the 90% confidence level. Only the
part with the regression coefficient of wave activity flux greater than 0.02 m2/
s2 is shown.

FIGURE 13 | The partial correlation coefficients between the West Wind Drift index in May–July and (A) 500 hPa geopotential height anomaly (shading) and
850 hPa wind anomaly (vector), (B) 500 hPa zonal wind anomaly, (C) 850 hPa vorticity anomaly, and (D) steering flow in July–September. The dotted areas and shaded
areas indicate the correlations that are significant at the 90% confidence level.
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steering flow on the northeast of the cyclonic circulation steers the
TCs generated in the western part of the western north Pacific to
move northwestward and eventually make landfall in China. An
anticyclonic circulation anomaly appears in the Japan Sea. The
southwesterly wind in front of the anticyclonic circulation makes
the TCs to turn around and move to the northeast. In summary, the
positive SSTA in the West Wind Drift area during May–July is
conducive to the formation of the cyclonic circulation anomalies and
positive vorticity anomalies over the northern Philippines and
Taiwan during the peak season of TC activities, which facilitates
TC genesis in this region. In addition, the cyclonic steering flow over
the Philippines and the anticyclonic steering flow over Japan Sea steer
TCs to move northwestward. Then TCs turn to NEC.

6 NUMERICAL EXPERIMENT VALIDATION
ON THE EFFECTS OF SEA SURFACE
TEMPERATURE ON ATMOSPHERIC
CIRCULATIONS

As discussed above, the SSTA in Niño3 area during January–March
influences the geopotential height and circulation in the western
Pacific during the peak season of TC activities, and further influences
the northwardmovement of TCs. The SSTA in theWestWind Drift
area duringMay–July results in cyclonic circulation anomalies in the
western north Pacific and anticyclonic anomalies in the Japan Sea.
The associated steering flow steers TCs tomove northwestwards and
then northeastward. To verify this proposed mechanism in two key
areas, four groups of sensitivity experiments are designed (Table 3).

Each group is continuously integrated for 15 years. To remove the
possible influence of the initial condition, we only use the model
results of the last 5 years are used to remove the possible influence of
the initial condition and spinning up of the model. In the sensitivity
experiments, the positive (negative) SSTAs are added to the
climatological SST, which is referred to as the warm (cold) phase
experiment. Niño3_W (Niño3_C) represents that warm (cold)
SSTA forcing is added to the Niño3 area (5°S–5°N,
150°W–90°W) from January to March. The West Wind Dirft_W
(West Wind Dirft_C) represents that warm (cold) SSTA forcing is
added to theWestWindDirft area (35°N–45°N, 160°E–160°W) from
May to July. Figure 14 shows the differences in the 500 hPa
geopotential height and the 850 hPa wind between the cold and
warmphase experiments for theNiño3 area in the peak season of TC
activities. When the SSTs in January–March are low, a negative
anomaly of the 500 hPa geopotential height occurs in the western
north Pacific to the south of 30°N. Meanwhile, there is a low-level
cyclonic circulation anomaly to the south of Japan and an
anticyclonic circulation anomaly to the east of Japan. The
simulated low-level wind anomalies are generally consistent with
the observed steering flow (Figure 11D). However, compared with
the observations, a positive geopotential height anomaly is presented
over North China, and the cyclonic circulation in southern Japan is
slightly northeastward. Figure 15 shows the differences in 500 hPa
geopotential height and the 850 hPa wind between the warm and
cold phase experiments in the West Wind Drift area in the peak
season of TC activities. As shown in Figure 15, a positive
geopotential height anomaly occurs over East Asia. A cyclonic
circulation anomaly is presented over the low-level troposphere
in the southern part of Japan, and an anticyclonic circulation

TABLE 3 | Design of numerical experiments.

Experiments SSTA condition

Niño3_W Warm SSTA forcing added to the Niño33 area (5°S–5°N, 150°W–90°W) from January to March
Niño3_C Cold SSTA forcing added to the Niño33 area (5°S–5°N, 150°W–90°W) from January to March
West wind dirft_W Warm SSTA forcing added to the West Wind Dirft area (35°N–45°N, 160°E–160°W) from May to July
West wind dirft_C Cold SSTA forcing added to the West Wind Dirft area (35°N–45°N, 160°E–160°W) from May to July

FIGURE 14 | Ensemble-mean differences of (A) 500 hPa geopotential height (gpm), (B) 850 hPa wind (m/s) anomalies in July–September between Niño3-C and
Niño3-W. (A) Dotted areas and (B) shaded areas indicate the differences that are significant at the 90% confidence level.
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anomaly appears over East Asia. The geopotential height over the
western north Pacific and East Asia are in anti-phase, and the
anomalous configuration of the cyclonic-anticyclonic circulation
anomaly is generally consistent with the observation (Figures
13A,D). However, the locations of the cyclonic circulation in the
southern part of Japan and the anticyclonic circulation over East
Asia are slightly northeastward than the observation.

Overall, the numerical experiments have generally reproduced
the low geopotential height in the middle troposphere over the
western north Pacific and the cyclonic circulation anomaly in the
lower troposphere during the peak season of TC activities when
the SSTA is negative in the Niño3 area in January–March.
Moreover, the results well reproduce, the observed anti-phase
of geopotential height over the western north Pacific and East
Asia during the peak season of TC activities when the SSTA is
positive in the West Wind Drift area in May–July. Therefore, the
numerical experiments have well confirmed the proposed
mechanism.

7 DISCUSSION AND CONCLUSION

A machine learning method is used in this study to objectively
classify the selected northward-moving TCs that can influence
NEC into eastern-track type and turning type. Then, the possible
influences of SST on TC tracks are discussed. In July–September
between 1949 and 2019, 81 TCs affecting NEC are identified. For
the eastern-track type TCs, the TC induced precipitation in NEC
gradually decreases from east to west. Differently, for the turning
type TCs the TC induced precipitation in NEC gradually
decreases from south to north, which means the southern
NEC is more influenced by TCs (i.e., Liaoning).

Notable interannual variabilities are found in the number of TCs
and the days with TC influencing NEC. The genesis location of the
eastern-track type TCs is relatively southeastward. The genesis
location of the turning type TCs is more northward, and the
influence time is longer. The interannual variability has a close
relationship with the Pacific SST. For the eastern-track type TCs,
negative SSTA in the tropical central-eastern Pacific Ocean during

January–March is conducive to development of anti-cyclonic
circulation anomalies by stimulating Gill-type Rossby wave. The
southerly wind on the west of the anticyclonic circulation transports
warm air to the subtropical western north Pacific and weakens the
atmospheric stability there. Additionally, the southerly wind can
decelerate the trade wind and the warming up of SST in the
subtropical western north Pacific. The SST warming and the
weakened atmospheric stability favor the convection in the
tropical eastern Northwest Pacific, which then further emanates a
cyclonic circulation over the westernNorthwest Pacific. The cyclonic
circulation can further sustain and expand to Northeast Asia from
July to September and facilitate the TC genesis in that area. Also, the
associated westerly wind anomalies in the tropical western Pacific
canweaken the southeasterly wind on the south of theWPSH, which
is conducive to the northwardmovement of TCs along the northerly
steering flow to the north of the subtropical high. For the turning
type TCs, the positive SSTA in the West Wind Drift area in
May–July induces positive vorticity anomalies in the northern
Philippines and Taiwan from late July to September. The
associated cyclonic steering flow over the Philippines and the
anticyclonic steering flow over the Japan Sea steer TCs to move
northwestward and then turn to northeast, which is favorable for the
genesis of the turning type TCs.

The numerical experiments have successfully reproduced the
negative SSTA in the Niño3 area in January–March, the low
geopotential height in the middle troposphere over the western
north Pacific during the peak season of TC activities, and the
cyclonic circulation anomaly in the lower troposphere. Moreover,
the simulation results have well reproduced the positive SSTA in
May–July in the West Wind Drift area. In addition, the observed
anti-phase of geopotential height over the Northwest Pacific and
East Asia during the peak season of TC activities is also
reproduced. The numerical experiments can well confirm the
proposed mechanism.

Previous studies have shown that the sea ice out of the tropics
(Fan, 2007; Gao Q. Q. et al., 2017; Sato et al., 2018) and the snow
cover on the Tibetan Plateau (Lian et al., 2005; Xie and Yan, 2007)
also have influences on TC activities over the Northwest Pacific.
Their effects will be analyzed in our future studies. In this study,

FIGURE 15 | Ensemble-mean differences of (A) 500 hPa geopotential height (gpm), (B) 850 hPa wind (m/s) anomalies in July–September between West Wind
Dirft_W and West Wind Dirft_C. Dotted areas and shaded areas indicate the differences that are significant at the 90% confidence level.
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the influence of SST in different sea areas on the circulation is
discussed. But, the year with the simultaneous occurrence of
different types of northward-moving TC is not discussed, which
will be the focus of our subsequent research.
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