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Abstract: Using data of tropical cyclones making landfall in China between May and October each year during the
1951-2015 period from the Shanghai Typhoon Institute, China Meteorological Administration (CMA-STI) Tropical
Cyclone (TC) Best Track Dataset, we developed a method of rapid classification of TC tracks based on their average
movement velocities and noted three types of tracks: a westward type, a northwestward type, and a northward type. We
compared the climate characteristics of the westward and northward types and discuss their corresponding causes. The
results show that the westward and northward types account for more than 80% of all TCs making landfall in China.
Their climate characteristics, such as the frequency, landfall intensity, duration over land, velocity over land, movement
distance over land, and other changes, show both similarities and differences. Both TC types show significant increases
in their over-land durations, indicating that the effects of these landfalling TCs are increasing. However, the causes of
these two TC types are similar and different in certain respects. The changes in large-scale steering flows have
significantly affected the frequencies and over-land velocities of the landfalling TCs of the westward and northward
types. In addition, differences between the changes in formation locations of the westward and northward types may

lead to significant difference in their landfall intensities.
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1 INTRODUCTION

Tropical cyclones (TCs) are warm-core cyclonic
vortexes that originate over tropical oceans, and they
rank among the top 10 types of natural disasters
worldwide. China is located in the East Asian monsoon
region, where tropical system activity is vigorous every
summer. On average, China experiences 7 TC landfalls
annually, leading to tremendous losses of lives and
property in the southeast coastal provinces of China
(Chen and Ding!; Zhao and Wul; Chen and Wang®).
Against a background of global warming, the frequency
and impacts of strong TCs over the northwest Pacific
have gradually increased, with significant changes in
their prevailing tracks (Emanuel™; Webster et al.”); Wu

Received 2017-08-21; Revised 2018-03-12; Accepted
2018-05-15

Foundation item: Natural Science Foundation of Jiangsu
Province (BK20161074, BK20171095); Beijige Fund of Jiangsu
Institute of Meteorological Sciences (BJG201512); Key Scien-
tific Research Projects of Jiangsu Provincial Meteorological Bu-
reau (KZ201605); Young Meteorological Research of Jiangsu
Provincial Meteorological Bureau (Q201611)

Biography: LIU Yin, Ph. D., primarily undertaking research on
tropical cyclones.

Corresponding author: CHEN Xiao-yu, e-mail: kristophchan@
gmail.com

et al.'"; Zhao et al.”’; Zhao et al.¥). These changes are
bringing greater attention to TC landfalls in China and
the effects of disasters that they cause.

TC tracks are an important basis for assessing the
geographic extent and disaster risk posed by TCs, and
these tracks can generally be classified according to
their characteristics, including their shape, length, and
trajectory. The main goal of TC track classification is to
obtain multiple types of tracks with varying life cycles,
active seasons, impacts, and regions for the purpose of
classifying and summarizing their characteristics and
impacts and providing a theoretical foundation for TC
track analysis and prediction (Huang et al.”).

Researchers have generally classified TC tracks
using certain subjective recognition methods (Liang!"
Chen ™; Meng et al.l'). Recently, cluster analysis has
been favored by scholars in China and elsewhere. This
method generally excludes the use of subjective factors
and thus maintains a maximum degree of objectivity.
Based on the coordinates of TCs at their maximum and
final intensities, Elsner obtained an ideal TC track
classification using K-means cluster analysis and
showed that this method was suitable for classifying TC
and hurricane tracks . However, because K-means
cluster analysis requires vector data with the same
length, its utilization ratio of TC tracks is relatively low,
and it is easy to miss important information regarding
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TC tracks. To address this issue, Camargo et al.
developed a hybrid regression model and reported that
this new method of cluster analysis was useful for
effectively classifying TCs with different characteristics
and could be used to analyze the relationship between
different types of TC tracks and large-scale
environmental changes ™. To solve the problem of
clustering vector data with different lengths, Nakamura
et al. added a mass matrix to their K-means cluster
analysis and considered the track characteristics of TCs
at their powerful stages . They achieved good results
when applying this method to the classification of TC
tracks over the Pacific. Currently, scholars in China
have mainly used the method of Nakamura et al.! to
classify landfall TC tracks, with the only differences
being the index coefficients and classification numbers
(Zheng et al.'"l; Ma et al.'"). For example, Zhang et al.
used cluster analysis to classify TCs making landfall in
China during the periods of 1951—2009 and 2000—
2009™. They mainly divided these TCs into three types:
type 1 TCs that moved westward after making landfall
in southern China, type 2 TCs that moved inland after
making landfall in southeast coastal China, and type 3
TCs that moved toward high latitudes and turned after
making landfall in coastal provinces such as Fujian and
Zhejiang. Based on their results, Zhang et al. conducted
statistical and composite analysis of the characteristics,
including the durations and intensities, of these three
types of TC and found that they display different
climate  characteristics  ".  Nonetheless, their
classifications were based mainly on landfall locations,
and the different types still lacked clear definitions,
resulting in certain errors in classification.

These studies of TC track classification are based
mainly on cluster analysis theory, which requires very
precise selection of index coefficients and generates a
relatively large number of track types, which creates
disadvantages for later statistical analysis (Zheng et al.'¥).
The existing studies are often problematic in terms of
partial overlaps between types and even classification
errors, and the classification results warrant
improvement. In addition, landfalling TCs account for
the majority of TCs that cause losses of lives and
property in coastal China (Chen and Ding™). Therefore,
we selected TCs making landfall in China during the
1951—2015 period and attempted to find a simple,
effective, and reasonable method of rapid classification
to identify the main types of TCs affecting China with
significantly different climate characteristics and aid in
analyzing TCs passing over China and climate
prediction in a context of global warming.

2 DATA

The data we used were taken from the Shanghai
Typhoon Institute, China Meteorological Administration
(CMA-STI) Tropical Cyclone (TC) Best Track Dataset,
which is compiled from meteorological data obtained

during the TC season each year by the Shanghai
Typhoon Institute with the trust of the China
Meteorological Administration. The dataset includes
information such as the TC international numbers of the
northwest Pacific, 6-hour locations (longitude and
latitude), intensity marks, near-core maximum wind
velocities, and near-core minimum atmospheric
pressures. Compared with the TC best track datasets
released by the Japan Meteorological Agency (JMA)
and Joint Typhoon Warning Center (JTWC), the
CMA-STI dataset includes more abundant over-land
track information of TCs that make landfall in China.
This study focused mainly on the tracks of TCs making
landfall in China and their relevant characteristics, and
the formation and development of typhoons over the
northwest Pacific and the South China Sea are relatively
independent of each other and show significant
differences in seasonal changes (Li et al.™™). Thus, we
selected TCs that formed and reached tropical storm
intensity (near-core maximum wind velocity >17.2 m/s;
we define TC formation as the time when a TC reaches
tropical storm intensity for the first time during its life
cycle) over the northwest Pacific (excluding the South
China Sea, i.c., located east of 122°E) and maintains
intensities exceeding that of a tropical storm after
making landfall in China (the mainland, Hainan and
Taiwan) between May and October during the period of
1951—2015 (Fig.1). We thus selected 246 TCs that
meet these criteria. We mainly investigated the rapid
classification and climate characteristics of TCs with
over-land intensities greater than those of subtropical
low pressure systems (near-core maximum wind
velocity >10.8 m/sec) after making landfall in China.
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Figure 1. Formation locations of TCs selected in this study (i.
e., locations where the TCs reached tropical storm intensity for
the first time during their life cycles).

We also used global reanalysis data of monthly
mean wind developed by the National Centers for
Environmental Prediction-National Center for
Atmospheric Research (NCEP/NCAR) spanning the
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period of 1965—2015 and the geographic range of 90°
S-90°N and 0°E-360°E; the spatial resolution is 2.5°%
2.5°. The data are gridded globally into 10,512 (144x
73) cells with 17 wind levels.

3 METHOD OF RAPID CLASSIFICATION OF
TRACKS

The classification of TC tracks in this study was
based mainly on the average TC movement velocities
and consisted of the following two steps: (1) calculate
the average movement velocities over land, mainly
consisting of the zonal velocity Vx and meridional

velocity Vy, and (2) then, classify the TC tracks based
on the arctangent of (Vy/Vx). Since most of the TCs
over the northwest Pacific Ocean move northwestward,
we assigned the movement angles to three ranges: 0-—
30°, 30-60°, and 60 -90°. Compared with various
methods of TC track classification proposed previously,
the method developed in this study is simpler and faster
to implement.

Figure 2 shows the classification results obtained
using the proposed rapid TC track classification method.
Figs.2a, 2b, and 2¢ show the tracks of the three ranges
during their life cycles (intensity greater than that of a
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Figure 2. Results of using the rapid TC track classification method proposed in this study. Tracks of life cycles (intensity exceeding
that of a tropical low pressure system) of (a) Westward Type, (b) Northwestward Type, and (¢) Northward Type landfalling TCs.

(d), (e), and (f) are the same but over the landfall regions.
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tropical low pressure system). TCs with the three
movement-angle ranges (0-30°, 30-60°, and 60-90°)
are designated Westward Type, Northwestward Type,
and Northward Type TCs, respectively. Our findings
indicate that these three type designations are able to
capture the main characteristics of each type of TC
track, resulting in ideal effects. To better understand the
effects of the classification and serve the main purpose
of focusing on the TCs making landfall in China, Figs.
2d, 2e, and 2f show the effects over land, respectively,
of the Westward Type, Northwestward Type, and
Northward Type (intensity exceeding that of a tropical
low pressure system). These results also show that the

classification based on these three types of TCs is
useful.

To quantify the TC track classifications, Table 1
lists statistics, including the number of TCs of each
type, its fraction of the total number of TCs, and its
mean annual frequency. The Westward Type TCs
account for almost half of the total TCs, with an
average of 1.9 per year. The Northward Type TCs rank
second in number, with an average of 1.2 per year.
These two types account for over 80% of the total TCs,
indicating their relative abundance. In contrast, the
Northwestward Type TCs accounts for less than 20%,
with an average of fewer than one per year.

Table 1. Number of each TC type, its fraction of the TC total number, and its mean annual TC number.

Type Number of TCs Fraction of total TCs Mean annual frequency
Westward 122 49.6% 1.9
Northwestward 46 18.7% 0.7
Northward 78 31.7% 1.2

4 COMPARISON AND CAUSAL ANALYSIS
OF THE CLIMATE CHARACTERISTICS OF
TYPICAL TRACK CLASSIFICATIONS

4.1 Comparison of the climate characteristics of the
Westward and Northward landfalling TCs

As shown in Table 1, the majority of TCs making
landfall in China are of the Westward and Northward
Types, which account for over 80% of the total.
Statistics indicate that the Northwestward Type was
absent during the 34 years of 1951—2015. Therefore, to
reasonably assess the classification effects from the
perspective of climate characteristics, we chose to
compare the two typical tracks of the Westward Type
and Northward Type. In addition, Webster et al. showed
that against a background of global warming, sea
surface temperatures (SSTs) increased during the
1970—2004 period, leading to significant changes in
TC frequency and intensity and a significant increase in
the frequency of Category 4 and 5 TCs™. Emanuel et al.
noted that the TC power dissipation index (PDI)
increased significantly since the mid-1970s, and the
longer life cycles and stronger intensities of TCs
accompanied by the effects of changing global SSTs
played important roles in this PDI increase ™. Based on
previous analysis methods, we also attempted to analyze
the climate characteristics of various TC types from the
perspective of frequency, over-land duration, and
landfall intensity. Satellite observation technology has
been applied to TC observation since the mid-1960s,
and the accuracies of TC frequency, core location, and
moving tracks have greatly improved, based on the
previous analysis time periods (Zhao and Wu™;, Wu and
Zhao ). We therefore focused mainly on analyzing the
trends in the climate characteristics of TCs making

landfall in China during the 1965—2015 period.

Figure 3 shows the frequency, over-land duration,
and landfall intensity of the Westward Type landfalling
TCs during the 1951—2015 period. During these 65
years, the Westward Type TCs making landfall in China
showed significant interannual oscillations; their annual
frequency peaked at 5 in 1990 and showed a slightly
decreasing trend after 1965. Meanwhile, the annual
frequency of the Northward TCs showed a slightly
increasing trend (see Fig.4). In addition, the over-land
durations of the Westward and Northward Type TCs
both showed significant increasing trends during the
1965—2015 period: these durations increased from 11.5
hours and 14.2 hours to 28.0 hours and 38.5 hours,
respectively, i.e., increases of 143.5% and 171.1% ,
respectively.

Moreover, these changes both pass the 95%
significance test (Kundzewicz and Robsona™; Yue and
Wang @) (all significance tests in this study are the
Mann-Kendall test), which is consistent with the results
of Chen et al. ®. In addition, the increase in the
over-land duration of the Northward landfalling TCs is
significantly greater than that of the Westward
landfalling TCs. The significant changes in the landfall
intensities of these two types of TCs are very different.
The landfall intensity of the Westward TCs decreased
from 34.7 m/s to 28.6 m/s, whereas that of the
Northward TCs increased from 27.2 m/s to 33.9 m/s.
Both changes pass the 95% significance test. The
changes in the frequency and over-land duration of
these two types of landfalling TCs are consistent with
the results of Wu et al. regarding the prevailing TC
tracks over the northwest Pacific Ocean during the 1965
—2003 period Pl Against the backdrop of global
warming, due to changes in large-scale environmental
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Figure 3. (a) Frequency (black solid line), (b) over-land

duration (black solid line), and (c) landing intensity (black

solid line) of 1951-2015 Westward Type landfalling TCs. The

blue dotted lines denote trends during the 1965-2015 period,

and the black dashed lines span missing years.

circulations, the prevailing TC tracks changed
significantly: there was a gradual decrease in TCs
entering the South China Sea and moving westward and
an increase in TCs that moved northward or turned
adjacent to Taiwan. This indirectly confirms that the
proposed rapid classification method is useful for
identifying the distribution of prevailing TC tracks and
their changes, discovered by Wu et al., and is useful for
distinguishing the two typical types of landfalling TC
tracks.

To further analyze the differences in climate
characteristics between the Westward and Northward
landfalling TCs, Fig.5 and Fig.6 were prepared to show
the over-land movement velocities, movement distances,
zonal movement velocities, and meridional movement
velocities of the two TC types. A comparison of Figs.

5a and 6a shows that the over-land movement velocities
of these two TC types both decreased between 1951 and
2015. That of the Westward landfalling TCs decreased
from 6.86 m/s to 593 m/s, a decrease of 13.6% ,
whereas that of the Northward landfalling TCs
decreased from 6.41 m/s to 5.49 m/s, i.e., 14.2%. Figs.
5b and 6b show that the over-land movement distances
of the Westward and Northward landfalling TCs
increased significantly during the 1965—2015 period.
That of the Westward landfalling TCs increased from
221.6 km to 448.1 km, an increase of 102.2%, whereas
that of the Northward landfalling TCs increased from
311.8 km to 593.4 km, or 90.3% . These increasing
trends of the two landfalling TC types both pass the
95% significance test. Similar to the over-land
durations, the over-land movement distance of the
Northward TCs was significantly greater than that of the
Westward TCs, indicating that the activity of these two
TC types differed significantly after making landfall.
These TCs have slowed and have moved greater
distances, leading to significant increases in their
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Figure 4. Same as Fig.3, but for the Northward Type.
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over-land duration, which is highly consistent with the
results of Chen et al.®. To analyze the changes in
over-land movement velocities of these two landfalling
TC types in detail, we decomposed their over-land
velocities in the zonal and meridional directions and
analyzed them separately (Figs.5c and 6¢ and Figs.5d
and 6d). The results show that the annual variations in
the over-land meridional velocity of the Westward
landfall TCs and the zonal velocity of the Northward
TCs were very small. Therefore, the decrease in
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over-land velocity of the Westward TCs was due mainly
to a decrease in the zonal component, and that of the
Northward TCs was due to a decrease in the meridional
component. The combination of the changes in these
factors suggests that the changes in over-land duration
are due not only to changes in the over-land velocity
and distance but also to other factors. For example, the
increased landfall intensity may be one cause of the
longer duration of the Northward TCs.
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Figure 5. (a) Over-land movement velocity (black solid line), (b) over-land movement distance (black solid line), (c¢) over-land
zonal movement velocity (black solid line), and (d) over-land meridional movement distance (black solid line) of the Westward
landfalling TCs during the 1951-2015 period. Blue dotted lines denote trends during the 1965-2015 period, and black dashed lines

span missing years.

4.2 Causal analysis

Early studies (Adem and Lezama'!; Franklin et
al.?%; Chan™"; Dong and Neumann™; Wang®); Zhao et
al.P%) showed that TC movement is controlled mainly
by large-scale environmental steering flows, whereas
studies of recent years showed that TC movement is
controlled by both large-scale environmental steering
flows and small-scale propagation (beta drift). This
small-scale propagation is closely related to factors
including tropical cyclonic circulations, environmental
flows, planetary vorticity gradients, and adiabatic
heating (Holland®"; CARR III and Elsberry®?; Wu and
Wang®™). Therefore, using NCEP/NCAR monthly mean
wind velocities measured during the 1965—2015 period
(spatial resolution of 2.5°x2.5°) and the method of Wu
et al.B® and Wu et al.™, we calculated the large-scale
steering flow (i.e., the average steering flow between

850 hPa and 300 hPa within 500 km of the TC core
during the May-September period) and obtained the
average difference in the large-scale wind field between
850 hPa and 300 hPa over the northwest Pacific Ocean
during the 1965—2015 period (the average of 1990—
2015 minus the average of 1965—1989). As shown in
Fig.7, the changes in the large-scale steering flow
during this period were mainly manifested as a cyclonic
circulation with its core located over eastern China. The
westerly anomaly over coastal southern China tended to
block TCs originating from the northwest Pacific Ocean,
leading to fewer Westward landfalling TCs (Fig.3a). In
addition, some TCs may have been affected by the
large-scale wind anomaly and turned northward, thereby
increasing the frequency of Northward TCs to some
degree (Fig.4a). Furthermore, the westerly anomaly over
coastal southern China could also have caused the
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decrease in over-land movement velocities of the
Westward landfalling TCs. The foregoing analysis
indicates that this decrease was due mainly to the
decrease in its zonal component, and thus, the westerly
anomaly may be an important reason for the decrease in

the zonal velocity of the Westward landfalling TCs (Fig.
5¢). Similarly, the northeasterly anomaly north of 30°N
may have caused the decrease in meridional velocities
of the Northward landfalling TCs passing over this
region (Fig.6d).
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Vertical wind shear is another important factor affecting
TC life cycles (Xin et al.®; Yin et al.?¥; Li and Xu®").
Previous studies indicated that weak vertical wind shear
is one of the prerequisites for generating TCs, whereas
strong vertical wind shear can weaken TCs or slow their
development. Thus, weak vertical wind shear is
important for TC formation and development and for
maintaining its structure (Gray"; Frank and Ritchie®,
Corbosiero and Molinari™”). Based on the NCEP/NCAR
monthly mean wind velocities spanning the 1965—2015
period (spatial resolution of 2.5° x2.5°), Fig.8 was
developed to show the changes in vertical shear of the
horizontal winds (200 -850 hPa) over the northwest
Pacific Ocean during this period. Combined with Fig.1,
these results show that the examples selected in this
study were located mainly over the negative zone before

making landfall (i.e., decrease in vertical shear of
horizontal wind), which was beneficial to the
maintenance of their TC structures over the ocean. In
addition, the vertical shear of the horizontal wind over
coastal eastern China also decreased, which was also
beneficial for maintaining the TC structure over the
ocean and thus enhanced the increase in the over-land
duration for part of the Northward TCs. Similarly, the
vertical shear of the horizontal wind over coastal eastern
China increased, thereby reducing the over-land
duration for part of the Northward TCs. However, the
above analysis indicates that the over-land durations of
both the Westward and Northward Types increased, and
thus, other factors need to be considered when
analyzing the TC over-land durations.
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Figure 8. Changes in vertical shear of horizontal winds (200-850 hPa) over the northwest Pacific Ocean during the 1965-2015

period, units of 0.01 m/s-year.

Figure 9 shows the annual mean formation
longitudes of the Westward and Northward landfalling
TCs during the 1951—2015 period. The formation
longitude of the Westward landfalling TCs decreased
with time after 1965, indicating that these formations
have tended to occur farther west and closer to Asia.
Therefore, the time between formation and landfall of
these TCs has shortened, hindering their absorption of
water vapor and energy from the sea and leading to
weaker intensity upon landfall. In contrast, the
formation longitude of the Northward landfalling TCs
has increased with time, resulting in longer times for
them to absorb water vapor and energy and stronger
landfall intensities. In addition, the northwest Pacific

SSTs at low latitudes has increased significantly (Vecchi
and Soden™), which has enhanced the maintenance and
intensity of these two types of TCs while over the sea.
However, the impacts of SSTs on the landfall intensities
of these two TC types need to be investigated based on
a variety of data in a follow-up study. While stronger
TC landfall intensity tends to increase over-land TC
duration, the landfall intensities of the Westward and
Northward TCs show completely different trends. The
over-land durations of both TC types increased,
indicating that an analysis of TC over-land durations
must take into account the combined effects of many
factors.
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S CONCLUSIONS

To accurately determine the geographic extent and
disaster risk of TC impacts and to minimize their
economic losses, it is necessary to perform TC
classifications and statistical analyses. Based on the TCs
making landfall in China during the 1951—2015 period,
we developed a simple, practical, and rapid
classification method for classifying TCs making
landfall in China. Based on the results, we also
compared the climate characteristics of the typical
tracks of three classes and discussed their possible
causes. The following conclusions were obtained:

(1) The rapid classification method developed in
this study yields a division of the tracks of TCs making
landfall in China into three types: Westward Type,
Northwestward Type, and Northward Type. The
Westward and Northward Types account for over 80%
of the total landfalling TCs.

(2) The climate characteristics of the Westward
and Northward landfalling TCs are similar and different
in certain respects. Both the frequency and landfall

intensity of the Westward (Northward) TCs show
decreasing (increasing) trends, whereas the over-land
durations, movement velocities, and movement distances
of both TC types show increasing, decreasing and
increasing trends, respectively. The similarities and
differences between the climate characteristics of these
two landfalling TC types show that the rapid
classification method is useful for distinguishing the two
typical track types noted by Wu et al. and indirectly
confirm the feasibility and practicality of the rapid
classification method developed in this study'.

(3) The significant increases in the over-land
durations of the Westward and Northward landfalling
TCs indicate that the effects of TCs passing over China
are increasing. The post-landfall decrease in movement
velocity and increase in movement distance are two of
the reasons for the increase in over-land duration. In
addition, the contributions of other factors to these two
TC types are different. The decrease (increase) in
landfall intensity of the Westward (Northward) TCs is
beneficial (adverse) to the maintenance of post-landfall
TC structure and intensity, and the -corresponding
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changes in the regional vertical wind shear are adverse
(beneficial) to the increase in the over-land duration of
the Westward (Northward) TCs.

(4) Changes in the large-scale steering flow are the
main reason for the changes in the frequencies and
over-land movement velocities of the Westward and
Northward landfalling TCs. The differences between the
changes of the formation locations of the Westward and
Northward landfalling TCs may be the main reason for
the significant difference between the landfall intensities
of these two TC types.

The rapid method of classifying TC tracks
developed in this study shows good results. It
distinguishes between TC types with different climate
characteristics, providing wuseful information for
analyzing TCs that make landfall in China and for
climate prediction. However, the discussion of TC
over-land durations presented here may be too
simplistic. In addition to the several factors mentioned
in this study, TC over-land durations are also related to
the TC structure, underlying surface condition, and
other weather systems. The effects of each factor merit
further investigation. Application of the rapid TC track
classification method to climate zoning and disaster
assessment is a focus of a follow-up study.
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