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Abstract Intensity variations of the SE-NW-oriented tropical cyclones (TC) in the East China Sea (ECS)
passing over the Kuroshio are studied using multi-year high-resolution sea surface temperature data, the
tropical cyclone data, and the global reanalysis dataset. The statistical results show that there are 81 TCs
passing over the Kuroshio from the southeast in the East China Sea, over 68 years from 1949 to 2016. In
terms of the change of the atmospheric pressure in the center of the TC, there are three categories: 31 TCs
are intensiﬁed, 28 maintain their intensities, and 22 weakened. Signiﬁcant seasonal diﬀerences are presented
in the distribution. In the analysis on the intensiﬁed TCs, it is found that the TCs in the range where the
center translational speed is from 1 m/s to 8 m/s and the distance from the Kuroshio main axis is from 10 km
to 75 km are intensiﬁed more signiﬁcantly. The analysis of three speciﬁc examples of TCs show that the
stronger characteristics of the Kuroshio warm water in the ECS, the greater the intensity increase of such
tropical cyclones.
Keyword: intensity of typhoons; Kuroshio; East China Sea

1 INTRODUCTION
Tropical cyclones are one of the most catastrophic
extreme weather processes in China, and cause
storm surges, huge waves, and other destructive
phenomena in the areas of typhoon hit (Price, 1981;
Shay et al., 2000; Wada et al., 2014). At present, the
forecast on tropical cyclone’s track is eﬀective, but
the forecast on the intensity changes of tropical
cyclones are less than satisfactory. The hurricane
intensity forecast of the National Hurricane Center
(NHC) has an error of more than 20 m/s in about 5%
of hurricanes within 24 h (Rogers et al., 2013). There
are many factors aﬀecting the forecasting accuracy
among them, air-sea interaction is an important
aspect aﬀecting the forecasting accuracy of tropical
cyclones. Especially when tropical cyclones passing
over local high-temperature areas, such as the
western boundary warm currents (Gulf Stream in the
North Atlantic and Kuroshio in the North Paciﬁc),
tropical cyclones are strongly aﬀected (Bright et al.,
2002). Sea surface temperature (SST) also plays a

crucial role in the formation and development of
tropical cyclones. The changes in the distribution
and magnitude changes of SST are closely related to
the intensity of tropical cyclones. High-temperature
seawater provides the energy to tropical cyclones by
heat transfer (sensible heat and latent heat), and
tropical cyclones are formed only on sea surface
with SST above 26°C (Emanuel, 2001). While
tropical cyclones pass over, they also cause
thermocline cold water upwelling through
entrainment or pumping (Chen et al., 2013).
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In studies of the eﬀects of Gulf Stream on the
changes in tropical cyclones intensity, Bright et al.
(2002) used the measured data of the intensity and
track of the tropical cyclones in the Gulf of Mexico in
1944–2000 to statistically analyze the eﬀects on the
Gulf Stream on the changes in the intensity of tropical
cyclones. Galarneau et al. (2013) analyzed that
typhoon Sandy (2012) that landed in New Jersey in
2012, was intensiﬁed two times when passing over
the Gulf Stream and the minimum central pressure
(MCP) decreased by 60 hPa and 70 hPa, respectively,
and then proposed that the warm water of the Gulf
Stream would form a warm seclusion and cause an
increase in hurricane intensity. Lin et al. (2005) also
found that Bret (1999) was rapidly intensiﬁed after
passing over a warm vortex.
The Kuroshio is a warm current that is diverted to
the northeast from the east side of Taiwan, China,
after entering the ECS. It is featured with high
temperature, high salinity, a large ﬂow, and has an
important impact on East Asian climate. Most of the
analysis of the eﬀect of the Kuroshio in the ECS on
the intensity change of tropical cyclones focus on
super typhoons (Xue et al., 2007; Chang et al., 2008;
Wu et al., 2008; Wei et al., 2015; Zhou and Xu, 2015).
When Saomai (2006) passes over the high-temperature
Kuroshio region, the low-level cyclonic circulation is
intensiﬁed, causing the upper-level divergence of the
atmosphere, making a great amount of water vapor
accumulated, converged and rose, and releasing the
latent heat (Xue et al., 2007). Zhou and Xu (2015)
point that, when using the Weather Research and
Forecasting Model (WRF) to simulate the typhoon
process, the warm water of the Kuroshio could
promote the cumulus convection of the upper
atmosphere if there are the areas with high convective
precipitation, the positive SST, and the maximal
diﬀerence of convective available potential energy at
the same time. Wu et al. (2008) ﬁnd that Nari (2001)
decreases the SST of the Kuroshio by 5°C, but its
intensity continues to increase when it crosses the
Kuroshio for multiple times, which is mainly due to
that the regional upwelling and cooling eﬀect causes
by cyclones could be compensated by the heat
transferred by the ocean warm vortex. There is a lack
of systematicity in the study of the eﬀects of the
Kuroshio in the ECS on the intensity change of
tropical cyclones. The purpose of this paper is to
statistically analyze the intensity changes before and
after the TCs in the ECS interacting the Kuroshio and
to systematically discuss the intensity change of such
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TCs under the action of the Kuroshio.
The structure of this paper is organized as follows.
Section 2 is the introduction of the data used. Section
3 is the results of the statistical analysis, including the
statistical results of the Kuroshio’s eﬀect on the
change of TC intensity, the seasonal distribution of
the Kuroshio’s eﬀect on the change of TC intensity,
and the parametric analysis of TC intensiﬁcation
caused by Kuroshio. Sections 4 and 5 are the
discussions and conclusions, respectively.

2 MATERIAL AND METHOD
The data used in this paper include:
Sea surface temperature (SST) data is the daily
data provided by the National Oceanographic Data
Center of the United States (REMSS SST Analysis,
download from: ftp://ftp.nodc.noaa.gov/pub/data.
nodc), with a resolution of 0.09°×0.09° and a period
from January 12, 2002 to December 31, 2016.
Tropical cyclone data is the 1949–2016 tropical
cyclone optimal tracks dataset (download from: http://
www.typhoon.org.cn/) with a temporal resolution of
6 h provided by the China Meteorological
Administration, including the latitude and longitude
of the tropical cyclones center in the West Paciﬁc
Ocean, the atmospheric pressure at the center, and the
maximum wind speed.
The ﬂow ﬁeld data at the sea surface is the
observation data at depth of 15 m which are obtained
by satellite tracking in the Global Drifter Program
(GDP, download from: http:www.aoml.noaa.gov/
phod/dac/gdp_information.php); the gridded results
of the climatic state with a horizontal resolution of
0.1°×0.1° are obtained (Dong et al., 2011; Lumpkin et
al., 2013).
Figure 1 shows the study sea area, where the
shading represents the average SST (1979–2011).
The vector ﬁeld is the average speed (1979–2011),
and the black box is the study sea area where TCs
pass. TCs (1949–2016) are selected in this paper for
statistical analysis, which meet the following
requirements: (1) located in the black box in Fig.1;
(2) intersecting with the Kuroshio main axis; (3)
orienting in southeast-southwest direction. The
statistical results (Table 1) show that there are 81 TCs
passing over the Kuroshio from the southeast in the
ECS between 1949 and 2016. In terms of the change
of atmospheric pressure in the center of the TC, 31
TCs are intensiﬁed, 28 maintain their intensity, and
22 weakened.
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Fig.1 Composed distribution of average sea surface
currents and average SST
The shaded area is the distribution of sea surface temperature, the
black arrow indicates the current, the blue line is the line connecting
the maximum current, representing the Kuroshio main axis, and the
black frame represents the study area. The data is the observation
data of the SST and the current at depth of 15 m which are obtained
by satellite tracking in the Global Satellite-tracked Drifter Project
(GDP, http://www.aoml.noaa.gov/phod/dac/gdp_information.php;
the gridded results of the climatic state with a horizontal resolution
of 0.1°×0.1° are obtained (Dong et al., 2011; Lumpkin et al., 2013).
Map drawing number is GS(2019) No. 1652.
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Fig.2 Monthly distribution and average MCP change of 81
TCs
The blue bars are the number for MCP<0; the red bars are the
number for MCP=0; the yellow bars are the number for MCP<0;
the purple line is the absolute values of variations of MCP for
PTCs; the green line is the absolute values of variations of MCP
for NTCs.

3 RESULT

as the positive eﬀect process, and the latter type is
referred to as the negative eﬀect process, so that in the
TCs that occur during the 68-year period (1949 to
2016), totally 72.8% is in the positive eﬀect process
and 27.2% in the negative eﬀect process.
Another indicator describing the TC intensity is the
maximum wind speed (MWS). Learned from Table 1,
the TCs with increased MWS are distributed as
follows: 20 in 31 PTCs, 13 in 28 BTCs and 0 in 22
NTCs. The TCs with decreased MWS are distributed
as follows: 2 in 31 PTCs, 1 in 28 BTCs and 15 in 22
NTCs. Therefore, in the positive eﬀect process, most
corresponding TCs are increased in the MWS, and in
the negative eﬀect process, most corresponding TCs
are decreased in the MWS.

3.1 Statistical results of the Kuroshio eﬀect on the
change of TC intensity

3.2 Seasonal distribution of the Kuroshio eﬀect on
the change of TC intensity

The MCP is an important physical variable that
directly characterizes the change of TC intensity. The
MCP is deﬁned as S1 at the time A and S2 at A+6 h,
and then the variation of the MCP (ΔMCP) is deﬁned
as the diﬀerence between S1 and S2, i.e., MCP=S2–
S1. Statistical analysis of the intensity changes of the
TCs from 1949 to 2016 (Table 1) shows that there are
81 TCs meeting the above conditions, including 31 of
MCP<0 (referred to as PTC), 28 of ΔMCP=0
(referred to as BTC), and 22 of ΔMCP>0 (referred to
as NTC). According to the study of Bright et al.
(2002), the ﬁrst two types are collectively referred to

Figure 2 shows the number and monthly MCP
distribution of the above 81 TCs. It can be seen from
Fig.2 that the number of PTCs peaks from August to
September, the number of BTCs peaks from July to
August, and the number of NTCs peaks in July. It is
partially caused by that most TCs occur from July to
September. From the monthly statistical distribution,
there are 1 BTC and 1 NTC occured in May, because
they are too weak to change their tracks after a short
contact with the Kuroshio, 3 TCs in June, all of which
are BTC, 23 TCs in July, of which 15 are in positive
eﬀect progress, 27 TCs in August, of which 12 are

Table 1 Analysis of Changes in the Intensity of TCs of the
ECS from 1949 to 2016
Species

MCP
decreased

MCP
unchanged

MCP
increased

Maximum wind speed
(MWS) increased

20

13

0

MWS unchanged

9

14

7

MWS decreased

2

1

15

Total

31

28

22

Distance from the Kuroshio(km)

Translational speed (m/s)
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Table 2 Three speciﬁc examples

20
15
10

Type

Name (year)

Time when passing over the
Kuroshio main axis (time zero)

PTC

Khanun (2012)

2012-7-17, 23:00

5

BTC

Meari (2011)

2011-6-25, 00:00

0
-30

NTC

Vongfong (2014)

2014-10-12, 08:00

-25

-20

-15
∆MCP (hPa)

-10

-5

0
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-50
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-10
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0

Fig.3 Scatterplots of MCP variations vs translational
speeds of PTCs (upper panel) and MCP vs distances
from Kuroshio main axis of PTCs (lower panel)

PTCs, and 28 TCs in September. Therefore, the
statistics show that there is an intensiﬁcation trend in
the summer for the TCs passing over the Kuroshio in
the ECS from the southeast. Two key factors that
make the TCs intensiﬁed by the Kuroshio are
discussed in the next section (3.2): TC translational
speed and the distance of TC center away from the
Kuroshio main axis (Fig.2).
3.3 Parametric analysis of TC intensiﬁcation
caused by Kuroshio
Figure 3 analyzes the relationship between the
ΔMCP, the translational speed of the PTC and the
distance from the PTC center to the Kuroshio main
axis. Along the ﬂow direction of the Kuroshio, the
distance is positive on the right side and negative on
the left side. As indicated in Fig.3, PTCs gather in the
range where the center translational speed is from
1 m/s to 8 m/s and the distance from the Kuroshio
main axis is from 10 km to 75 km. It reﬂects that TCs
with low speed and TCs closer to the Kuroshio are in
the positive eﬀect progress.
How the Kuroshio aﬀects the intensity of TCs is
analyzed further. Regarding the TC duration time in
the study area (in the black rectangle in Fig.1), the
average duration time is 13.2 h for the stronger PTCs
(stronger than the magnitude of a typhoon) and 25.6 h
for the weaker PTCs; in terms of the average center
translational speed, it is 4.7 m/s (5.9 m/s) for the
stronger (weaker) PTCs; as for the distance from the
Kuroshio main axis, it is 44.4 km (39.3 km) for the
stronger (weaker) PTCs. The TCs with higher
intensity than the average level move faster and stay

shorter, which is not conducive to intensiﬁcation. It
could be seen that the translational speed is one of the
important reasons aﬀecting the TC intensiﬁcation.
The response time of the TC passing over the
Kuroshio diﬀer in the two intensity parameters: the
MCP and the MWS (Bright et al., 2002). In terms of
the initial response time of the MCP (MWS), after
passing over the Kuroshio, the average response time
is 6.3 h (19.1 h) for stronger TCs and 14.7 h (8.6 h) for
weaker TCs. It is seen that the initial response time of
the MCP and the MWS is not consistent. The initial
response of the MWS is later than the MCP by at least
about 2 h.

4 DISCUSSION
The Kuroshio intensiﬁes TC development by
transporting heat to the atmosphere (Shan et al.,
2012). Totally 3 speciﬁc examples (Table 2) are
selected for the further analysis to explore how a TC
is intensiﬁed rapidly in limited contact time, how to
remain its intensity or how to become weaker.
Figure 4 shows the temperature characteristics of
the SST of three TCs before and after passing over the
Kuroshio, which are logarithmically plotted. It could
be seen that when Khanun (2012), Meari (2011) and
Vongfong (2014) pass the Kuroshio, the SST of the
ECS is decreased in latitude, and there is relatively
obvious SW-NE-oriented warm water on the left side
of the Ryukyu Islands. The SST is warm when Khanun
(2012) passing over the Kuroshio, forming a wide
belt of warm water; the SST is relatively colder when
Meari (2011) passing over, forming a stripped belt of
warm water; and the warm SST is distributed in the
SW-NE direction when Vongfong (2014) passing
over, only forming a block of warm water.
Khanun (2012) occurs in July 2012, and the
temperature is generally higher than the other two
cases. The overall water temperature is high in the
northwestern Paciﬁc Ocean. A rapid passage of
Khanun (2012) is presented through a warm sea
(above 27.5°C, lower than the SST of the Kuroshio)
before it contacts the Kuroshio main axis. Due to its
fast translational speed and the narrow warm water
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Fig.4 Daily changes in SST of selected TCs (Khanun (2012), Meari (2011) and Vongfong (2014)) before and after passing
over the Kuroshio main axis
Shaded area: log10SST; black straight line: the TC track; red dots: powerful typhoon; yellow dots: the typhoon; green dots: super powerful tropical
cyclones; title: number of the typhoon cases.

strip, Khanun (2012) quickly enters the cold water
area on the east side of the Ryukyu Islands, so it could
not be intensiﬁed before it contacts the Kuroshio
(Fig.4). Before the TC passing, the SST of the
Kuroshio is higher than the surrounding water by
1.5°C; when passing over, there is a cold water patch
which is lower than the surrounding water by -0.5°C
at the intersection of the TC moving track and the
cold water patch is more obvious on the right side of
the TC moving track; after passing, the SST of the
cold water patch decreases, and the warm water is
replenished again. In Fig.5, the average SST values in
the square of 0.5°×0.5° around the cyclone center
position of typical TCs within 24 h before and after
TCs pass over the Kuroshio main axis are compared.

For Khanun (2012), the average SST is about 25°C,
the MCP is 1 002 hPa and the MWS is 18 m/s before
passing over the Kuroshio main axis; the average SST
is 25.6–30°C, the MCP is 1 002–985 hPa and the
MWS is 20–25 m/s when passing over the Kuroshio
main axis. The SST diﬀerence before and after passing
is about 3°C (increase), and MCP is 17 hPa and
WMS is 10 m/s, so the intensity of Khanun (2012)
increases when it passes the Kuroshio in terms of both
MCP and WMS.
Meari (2011) moves southwest and contacts with
the Kuroshio at lower latitude. Figure 4 shows that the
SST near the center is higher and reaches 28°C or
higher. However, Meari (2011) moves too fast
(35 km/h) to fully contact with the warm water, so the
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Fig.5 Relative changes in the MCP, MWS (bar graph) and the average SST (line chart) within a square of 0.5°×0.5° around
the tropical cyclone centers of selected TCs (Khanun (2012), Meari (2011), and Vongfong (2014)) within 24 h before
and after passing over the Kuroshio main axis
Dotted box: TC in the study area (as shown by the parallelogram box in Fig.1); the time zero on the abscissa is the time when the TC passes over the
Kuroshio main axis; title: number of the typhoon cases.

MWS and the MCP do not increase and remain stable.
In Fig.5, for Meari (2011), the average SST is 25.5°C,
the MCP is 975 hPa and the MWS is 30 m/s before
passing over the Kuroshio main axis; the average SST
is 27°C to 29°C, the MCP is 975 hPa and the MWS is
30 m/s when passing over the Kuroshio main axis.

The SST diﬀerence before and after passing is about
1°C (decrease), MCP is almost 0 hPa and WMS is
almost 0 m/s, so the intensity of Meari (2011) remains
the same when it passes the Kuroshio in terms of both
MCP and WMS.
When Vongfong (2014) enters the ECS, it is the
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season of the fall (October), the SST is lower than that
in the summer, and the Kuroshio warm water is not
obvious (Fig.4). Compared with the ﬁrst two cases,
the temperature of the Kuroshio warm water is 1 to
2°C lower. When Vongfong (2014) passes over the
Kuroshio main axis (Fig.5), the cyclone itself entrains
water locally, causing a sudden drop in surface water
temperature, which not only fail to eﬀectively increase
the heat transfer from the ocean to the atmosphere,
but also the cold water upwelling continues to weaken
the passing cyclone. This conclusion is also reﬂected
in the seasonal distribution of TC intensity changes in
Section 3.2. In Fig.5, for Vongfong (2014), the
average SST is about 27°C, the MCP is 955 hPa and
the MWS is 40 m/s before passing over the Kuroshio
main axis; the average SST is 29.7–28.8°C, the MCP
is 960–980 hPa and the MWS is 40–23 m/s when
passing over the Kuroshio main axis, and rapidly
increases after passing over, and the temperature
diﬀerence before and after passing is about 1°C
(decrease), MCP is 30 hPa and WMS is 22 m/s, so
the intensity of Vongfong (2014) decreases when it
passes the Kuroshio in terms of both MCP and
WMS.
In summary, if the SST of the Kuroshio in the ECS
is high and the temperature diﬀerence of the
surrounding water body is large, the intensity of a TC
increases more signiﬁcantly when it passes the
Kuroshio, but the high SST does not necessarily
guarantee the increase in the intensity of a TC.

5 CONCLUSION
This paper examines the TCs that interacts with the
Kuroshio main axis oriented in the southeastnorthwest direction. First, the statistical results of the
TCs from 1949 to 2016 shows that 72.8% of such
tropical TCs has a positive response (PTCs and BTCs)
during the 68-year period, and the TCs in the range
where the center translational speed is 1–8 m/s and
the distance from the Kuroshio main axis is 10–75 km
are intensiﬁed more signiﬁcantly. In addition, for
PTCs and BTCs, the response of MCP is about 2 h
earlier than that of MWS, and such cyclones are most
likely to intensify in August to September each year.
The analysis of the intensity changes of selected TCs
when they pass over the Kuroshio indicates that the
more signiﬁcant the Kuroshio warm water, the more
likely the TC intensity increases (the decrease of the
MCP and the increase of the MWS). Since this paper
only analyzes the TCs that interact with the Kuroshio
main axis and orient in the southeast-northwest
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direction, and the dataset on best TC tracks is collected
6 h once, there are uncertainties on the analysis
results. Therefore, it is necessary to apply the air-sea
coupling model in the future study to explore the
mechanism of the eﬀects of the Kuroshio on the
intensity change of TCs.

6 DATA AVAILABILITY STATEMENT
The datasets analyzed during the current study are
available in the REMSS Analysis (Sea surface
temperature data is the daily data provided by the
National Oceanographic Data Center of the United
States, download from: ftp://ftp.nodc.noaa.gov/pub/
data.nodc), the China Meteorological Administration
(CMA, http://www.typhoon.org.cn/), and the Global
Drifter Program (GDP, download from: http:www.
aoml.noaa.gov/phod/dac/gdp_information.php).
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