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ABSTRACT

This  study examines the long-term change in  the threat  of  landfalling tropical  cyclones (TCs)  in  East  Asia  over  the
period 1975–2020 with a  focus on rapidly intensifying (RI)  TCs.  The increase in  the annual  number  of  RI-TCs over  the
western North Pacific and the northwestward shift of their genesis location lead to an increasing trend in the annual number
of landfalling RI-TCs along the coast of East Asia. The annual power dissipation index (PDI), a measure of the destructive
potential of RI-TCs at landfall, also shows a significant increasing trend due to increases in the annual frequency and mean
landfall  intensity  of  landfalling  RI-TCs.  The  increase  in  mean  landfall  intensity  is  related  to  a  higher  lifetime  maximum
intensity (LMI) and the LMI location of the landfalling RI-TCs being closer to the coast. The increase in the annual PDI of
East  Asia  is  mainly  associated  with  landfalling  TCs  in  the  southern  (the  Philippines,  South  China,  and  Vietnam)  and
northern parts (Japan and the Korean Peninsula) of East Asia due to long-term changes in vertical wind shear and TC heat
potential. The former leads to a northwestward shift of favorable environments for TC genesis and intensification, resulting
in the northwestward shift in the genesis, RI, and LMI locations of RI-TCs. The latter provides more heat energy from the
ocean for TC intensification, increasing its chances to undergo RI.
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Article Highlights:

•  The  threat  of  rapidly  intensifying  tropical  cyclones  making  landfall  along  the  coast  of  East  Asia  shows  a  significant
increasing trend.

•  The location of lifetime maximum intensity is closer to the coast, resulting in a higher annual mean landfall intensity.
•  The long-term changes in vertical wind shear and tropical cyclone heat potential are the major factors responsible for the

above changes.
 

 
  

1.    Introduction

Tropical cyclone (TC) landfall poses a severe threat to
coastal  areas  and  the  variability  and  long-term  changes  of
landfalling activity in East  Asia have received much atten-
tion in the recent decade. Park et al. (2014) showed that the
threat  of  intense  TCs  to  East  Asia  has  increased  over  the
period 1977–2010 because the locations of maximum intens-
ity have moved closer to East Asian coastlines, resulting in
an increase in landfall intensity over east China, Korea, and
Japan. Mei and Xie (2016) showed a long-term increase in
the  lifetime  peak  intensity  of  landfalling  typhoons  that

strike East  and Southeast  Asia  over  the period 1977–2014,
hence suggesting an increasing threat to these regions. Guan
et al. (2018) examined the landfalling TCs with the lifetime
maximum intensity  (LMI),  of  at  least  typhoon intensity,  in
East and Southeast Asia between 1974 and 2013 and found
an increasing trend in the annual mean landfall intensity due
to an increase in the intensification rate.

Tropical  cyclone  (TC)  rapid  intensification  (RI)  is
defined as a significant increase in TC intensity over a short
time,  and  represents  another  important  issue  in  TC studies
and has always been a great challenge to forecasting. The vari-
ations  and  long-term change  of  RI  over  the  western  North
Pacific (WNP) have been examined by some studies.  Zhao
et al. (2018) showed a significant increase in the proportion
of  RI-TCs  over  the  WNP  since  1998.  Song  et  al.  (2020)
found a significant increase in RI magnitude (24 h intensity
change of an RI event) during 1979–2018, which is related
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to an increase in the number of strong RI events [24 h intens-
ity increase of at least 50 knot (kt; where 1 kt = 0.51 m s−1)].
Song et al. (2021) showed a significant upward trend in the
average  LMI  of  RI-TCs,  which  is  linked  to  a  significant
increase in the mean intensification rate.

These studies generally examined the landfalling activ-
ity and RI separately but very few studies have focused on
those  landfalling  TCs  that  have  undergone  RI  before  land-
fall  (hereafter referred to as landfalling RI-TCs).  The max-
imum intensity attained by an RI-TC is usually high (Lee et
al., 2016) and the risk of damage at TC landfall is therefore
higher.  Moreover,  the  time  available  for  typhoon  prepara-
tion and evacuation is usually short especially for those that
strengthen  just  before  landfall.  The  high  risk  of  a  landfall-
ing  RI-TC  and  the  relatively  poor  skill  in  forecasting  RI
events pose a significant challenge for operational forecast-
ing.  Therefore,  a  better  understanding  of  the  variations  of
landfalling  RI-TCs  is  very  important  and  this  study  is  an
attempt to investigate the long-term change in the landfall-
ing RI-TCs and the associated influence on the coastal areas
of East Asia.

The remainder of this paper is organized as follows: Sec-
tion 2 describes the data and methodology employed in this
study.  The long-term changes in RI-TCs and their  possible
impact on the coastal areas of East Asia are given in section
3. The large-scale environmental conditions responsible for
these changes are presented in section 4. Section 5 gives the
summary and discussion. 

2.    Data and methodology
 

2.1.    Data

The  TC  best-track  dataset  is  acquired  from  the  Joint
Typhoon Warning Center, which includes 6-hourly TC posi-
tions  and  intensities  (measured  as  1-min  maximum  sus-
tained  wind  speed).  Because  routine  satellite  observations
of  TCs  began  in  1975,  only  TCs  occurring  in  the  period
1975–2020 are  examined.  In  this  study,  only  the  TCs with
the 1-min-average maximum sustained wind > 34 kt are con-
sidered.

It  is  well  known that  TC development  and intensifica-
tion are primarily controlled by dynamic factors such as the
heat  content  of  the  ocean  and  vertical  wind  shear  (VWS).
The  VWS  is  estimated  as  the  magnitude  of  the  difference
between the 200- and 850-hPa zonal and meridional winds,
which are extracted from the ECMWF ERA5 reanalysis data-
set (Hersbach et al., 2020). The horizontal resolution of this
dataset  is  0.25°  ×  0.25°.  Monthly  mean  oceanic  temperat-
ure data (1980–2017) from the Simple Ocean Data Assimila-
tion (with 0.5° × 0.5° horizontal resolution and 50 vertical lay-
ers)  (Carton  et  al.,  2018)  are  used  to  estimate  the  TC heat
potential (TCHP), which is a measure of the ocean heat con-
tent  contained  in  water  warmer  than  26°C.  Some  studies
have  reported  that  the  TCHP  can  affect  TC  intensity  and
intensification  (Wada  and  Usui,  2007; Wada  and  Chan,
2008). Following Leipper (1967), the TCHP is estimated by 

TCHP = cpρ

∫ 0

D26
[T (z)−26]dz ,

where ρ is the density of seawater (1026 kg m−3), cp the spe-
cific  heat  capacity  of  the  seawater  at  constant  pressure
(4178 J  kg−1 °C−1), D26 is  the  depth  of  the  26°C isotherm,
and T(z) is the in situ temperature. 

2.2.    Methodology

Landfall is defined as a TC with its center passing over
the coastline of East Asia. An RI event is defined if the 24-h
intensity change is ≥ 30 kt (Kaplan and DeMaria, 2003). A
TC can undergo multiple RI events (i.e. the whole process >
24  h)  and  an  RI  process  can  consist  of  consecutive  RI
events.  An  RI-TC  is  defined  as  a  TC  with  at  least  one  RI
event. A landfalling RI-TC is then defined as an RI-TC that
makes landfall along the coast of East Asia. If a landfalling
RI-TC has multiple landfalls, only the landfall with an RI pro-
cess immediately prior to it  is  considered. For example,  an
RI-TC undergoes  an  RI  over  the  WNP and  makes  landfall
in  the  Philippines  and  it  is  considered  as  a  landfalling  RI-
TC in the Philippines. It may go on to enter the South China
Sea (SCS) and make another landfall in south China or Viet-
nam.  If  it  undergoes  another  RI  over  the  SCS,  it  is  con-
sidered  as  a  landfalling  RI-TC in  south  China  or  Vietnam.
Otherwise, the second landfall is not counted.

The  life  cycle  of  a  landfalling  RI-TC  consists  of  a
sequence of stages including genesis, RI, LMI, and landfall.
A set of parameters are used to describe these stages. The gen-
esis  location  is  defined  as  the  position  at  which  a  TC first
reaches  an  intensity  of  25  kt.  The  RI  locations  are  defined
as the positions at which a TC undergoes its RI, which are a
set of 6-hourly positions spanning from the beginning to the
end of the RI. Following Liu and Chan (2019), the location
of LMI of a TC is estimated as the position at which it last
attains  its  LMI.  This  definition  is  different  from  that  of
Kossin et al. (2014), which is the position at which the TC
first attains its LMI. The LMI location based on the present
definition is  usually closer  to  the coast  of  East  Asia  and is
believed  to  have  a  better  representation  of  the  distance
between the LMI location and landfall point (Liu and Chan,
2019). It should be noted that if an RI-TC has multiple land-
falls,  the  LMI  location  for  the  second  landfall  is  the  posi-
tion  at  which  it  attains  the  maximum  intensity  after  its
second RI.  Thus,  the LMI location for a second landfall  in
South  China  or  Vietnam  is  usually  located  over  the  SCS.
The landfall  intensity is  estimated as the 6-hourly intensity
at, or just prior to, landfall. To have a better measure of the
destructive potential at landfall, the power dissipation index
(PDI),  estimated  as  the  cube  of  the  wind  speed  at  landfall
(Emanuel,  2005),  is  defined.  The annual  PDI,  which is  the
sum of the PDI at landfall of each landfalling TC, depends
on both the number and intensity of  these TCs and is  con-
sidered as the parameter measuring the “total” destructive-
ness in a year (Liu and Chan, 2017).

The Mann-Kendall test (Mann, 1945) is used to test the
statistical  significance  of  the  trend  of  a  time  series.  This
non-parametric  test  can  be  used  on  data  with  an  unknown
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sample distribution and is minimally affected by outliers. Rel-
ative weight analysis is used to estimate the relative import-
ance  of  each  factor  based  on  its  contribution  to  the R-
squared values (percentage of the variance explained by the
factors)  obtained  from  multiple  linear  regression  when  the
factors are correlated to each other. 

3.    Variations in RI-TCs
 

3.1.    Temporal variations in RI-TCs

During  1975–2020,  there  were  470  RI-TCs  over  the

WNP,  representing  an  annual  mean  of  10.2  and  its  time
series shows an obvious upward trend, which is significant
at the 90% confidence level (Fig. 1a). The interannual vari-
ation is large, ranging from 4 in 1978 to 18 in 2015. Out of
the 470 RI-TCs,  289 make landfall  along the coast  of  East
Asia. The mean annual number of landfalling RI-TCs is 6.3
and its time series also shows a significant upward trend (con-
fidence  level  of  99%)  (Fig.  1b),  which  is  partly  related  to
the upward trend of the annual number of RI-TCs as sugges-
ted by the high correlation (r = 0.61) between the two time
series.

 

 

Fig. 1. Time series of (a) the annual number of RI-TCs, (b) the annual number of landfalling
RI-TCs, (c) percentage of RI-TCs that make landfall, and (d) annual PDI (units: 104 kt3). The
dashed lines indicate the linear trends.
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To  remove  the  effect  of  the  overall  RI-TC activity  on
the number of landfalling RI-TCs, the variation in the percent-
age of RI-TCs that make landfall is examined. On average,
62.7% of the RI-TCs make landfall along the coast of East
Asia and the percentage shows a gradual increase as indic-
ated  by  its  significant  upward  trend  (confidence  level  of
99%) (Fig.  1c).  The lowest percentage (22.2%) is  found in
1986,  with  only  2  out  of  the  9  RI-TCs making landfall.  In
2020,  all  the RI-TCs made landfall  along the coast  of  East
Asia, giving a percentage of 100%, which was the highest dur-
ing  the  study  period.  These  results  demonstrate  that  the
increase in the annual  number of  landfalling RI-TCs is  not
only related to the increase of RI-TCs over the entire WNP
but also the percentage of these TCs making landfall. Guan
et al. (2018) also found an increase in the percentage of TCs
with  at  least  typhoon  intensity  making  landfall  during
1974–2013. The correlations of the landfalling RI-TCs fre-
quency  with  the  total  RI-TCs  frequency  and  percentage  of
RI-TCs  that  make  landfall  are  similar  (correlation  coeffi-
cients  being  0.61  and  0.62,  respectively),  and  the  relative
weight  analysis  shows  that  their  contributions  to  the R-
squared values of the multiple regression model are also sim-
ilar  (49.8%  and  50.2%,  respectively),  suggesting  that  the
two  factors  are  of  equal  importance  in  controlling  the
annual number of landfalling RI-TCs.

To  better  understand  the  change  in  the  percentage  of
RI-TCs that make landfall, it is useful to investigate the char-
acteristics of the RI-TCs with and without landfall. An exam-
ination  of  the  tracks  of  non-landfalling  RI-TCs  shows  that
most of these TCs follow the recurving track, move towards
the  ocean  southeast  of  Japan  and  dissipate  over  water
without landfall (not shown). Only a few move towards the
coast of East Asia and dissipate over water without landfall.
Therefore,  the  percentage  of  RI-TCs  that  make  landfall
partly  depends  on  the  genesis  location  and  the  subsequent
track.  Normally,  a  TC that  forms  further  to  the  west  has  a
higher  chance  to  make  landfall.  Indeed,  the  percentage  of
landfalling  RI-TCs  is  significantly  correlated  with  the
annual  mean  longitude  of  genesis  location  of  all  RI-TCs
(including both landfalling and non-landfalling) (r = –0.48,
confidence level of 95%). In addition, the mean genesis long-
itude of landfalling RI-TCs (141.5°E) is further to the west
than that of non-landfalling RI-TCs (150.9°E) and the differ-
ence is significant at the 99% confidence level. The latitude
and  longitude  of  genesis  location  of  all  RI-TCs  show  an
increasing  trend  (confidence  level  of  98%)  and  a  decreas-
ing  trend  (confidence  level  of  97%),  respectively,  indicat-
ing a  northwestward shift  in  genesis  location (Figs.  2a and
2b), consistent with the result from Zhao et al. (2018). A sim-
ilar  trend  in  genesis  location  is  found  for  landfalling  RI-
TCs.  However,  no  trend  is  detected  for  the  genesis  longit-
ude of non-landfalling RI-TCs, suggesting that the genesis loc-
ations of non-landfalling RI-TCs are generally confined to a
longitudinal  band  and  a  westward  shift  in  genesis  location
will,  therefore,  increase  the  chances  for  an  RI-TC to  make
landfall.

While  the  chances  of  an  RI-TC  making  landfall  is
partly related to the genesis longitude, the actual number of
landfalling RI-TCs also depends on the total number of RI-
TCs over the WNP. As discussed above, the annual number
of landfalling RI-TCs is highly correlated with the total num-
ber of RI-TCs (r = 0.61) but its correlation with the mean gen-
esis  longitude  is  less  significant  (r = –0.20).  Using  these
two factors as predictors for the annual number of landfall-
ing  RI-TCs,  the  multiple  regression  model  gives  a  correla-
tion of 0.70, and the contributions of the total number of RI-
TCs and mean genesis longitude to the R-squared values are
84.4% and  15.6%,  respectively.  Thus,  the  upward  trend  in
landfalling RI-TCs is mainly due to the increase in RI-TCs
over the WNP and the role of the northwestward shift in gen-
esis  location  is  to  increase  the  percentage  of  RI-TCs  that
make landfall along the coast of East Asia.

The  annual  number  of  landfalling  RI-TCs  along  the
coast  of  East  Asia  has  been  shown  to  have  a  significant
increasing  trend.  To  better  measure  the  destructive  poten-
tial in coastal areas, the annual PDI, which depends on both
landfall  frequency  and  intensity,  is  also  examined.  The
annual PDI shows a significant increasing trend at the 99%
confidence  level  (Fig.  1d),  indicating  an  increasing  threat
posed by RI-TCs to the coastal areas of East Asia. The clima-
tological  mean  of  the  annual  PDI  is  554.9  ×  104 kt3.  Over
the  study  period,  the  annual  PDI  has  increased  by  160%.
The interannual variation of annual PDI is very large, with
the  lowest  value  (127.7  ×  104 kt3)  in  1983 and the  highest
value  (1363.7  ×  104 kt3)  in  2006.  Mei  and  Xie  (2016)
showed  that  the  increase  in  the  intensity  of  landfalling
typhoons  is  due  to  enhanced  intensification  rates.  Guan  et
al. (2018) also examined the PDI at land, defined as the sum
of  PDI  when  the  TC  center  is  over  land  for  each  TC,  and
found an increasing trend over the period 1974–2013. Our res-
ult  is  therefore  consistent  with  that  of  Guan  et  al.  (2018)
although  the  definitions  of  PDI  are  different  and  only  the
RI-TCs are considered in the present study.

The  increasing  trend  of  the  annual  PDI  is  obviously
related  to  the  increase  in  the  annual  number  of  landfalling
RI-TCs. Since the annual PDI also depends on landfall intens-
ity,  the  contribution  of  landfall  intensity  to  the  long-term
change  of  annual  PDI  is  investigated.  The  time  series  of
annual  mean  landfall  intensity  also  shows  an  increasing
trend (Fig. 3a), but it is not significant (confidence level of
82%).  It  should  be  noted  that  there  was  only  one  landfall-
ing RI-TC in 1978, making landfall in the Philippines with
an  intensity  of  125  kt  and  giving  an  exceptionally  high
annual mean landfall intensity. If this year is excluded in the
trend analysis, the confidence level rises to 92%, which is stat-
istically significant. Therefore, the increase in annual mean
landfall intensity could contribute to the increasing trend of
annual PDI.

The  annual  PDI  is  significantly  correlated  with  the
annual number of landfalling RI-TCs and annual mean land-
fall  intensity  (correlation  coefficients  being  0.66  and  0.53,
respectively,  both  are  significant  at  the  99%  confidence
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Fig. 2. Time series of the mean (a) latitude and (b) longitude of genesis location and the mean (c)
latitude and (d) longitude of LMI location and (e) the mean LMI (units: kt) of RI-TCs (including
both landfalling and non-landfalling). The dashed lines indicate the linear trends.

226 RAPIDLY INTENSIFYING TROPICAL CYCLONE THREAT VOLUME 39

 

  



level).  Using these two factors  as  predictors  for  the annual
PDI,  the  multiple  regression  model  gives  a  correlation  of
0.92  and  their  contributions  to  the R-squared  values  are
59.1%  and  40.9%,  respectively.  Thus,  the  increasing  trend
of annual PDI is mainly due to the increase in the annual fre-
quency  of  landfalling  RI-TCs,  with  the  increase  in  annual
mean landfall intensity playing a secondary role.

The intensity at landfall may be related to the LMI loca-
tion of  a  landfalling RI-TC. If  the LMI occurs close to the
coast,  weakening  may  not  be  significant  during  the  time
between  LMI  and  landfall  so  that  the  intensity  at  landfall
may  be  close  to  its  LMI.  In  some  cases,  a  TC  actually
attains its LMI near its landfall so that the landfall intensity
is equal to the LMI. This situation is usually found for those
RI-TCs making landfall in the Philippines. Thus, an RI-TC
with its  LMI location close to the coast  may pose a severe
threat to the coastal area. In contrast, a TC with its LMI loca-
tion  far  away  from  the  coast  may  substantially  weaken
before  making  landfall  so  that  the  intensity  at  landfall  is
lower.  Therefore,  the  long-term  change  in  LMI  location
may  exert  a  significant  influence  on  the  landfall  intensity
and hence the annual PDI. Indeed, the trend analysis of the
LMI occurrence of RI-TCs (both landfalling and non-landfall-
ing) shows an increasing trend in latitude (confidence level
of  79%)  and  a  decreasing  trend  in  longitude  (confidence
level  of  99%),  indicating a  possible  northwestward shift  in
the LMI location (Figs. 2c and 2d), consistent with the res-
ults from the previous studies (Park et al., 2014; Zhao et al.,
2018; Wang and Toumi, 2021). This implies that the LMI loc-
ation has moved closer to the coast of East Asia, which may
partly  explain  the  increase  in  landfall  intensity.  Park  et  al.

(2014)  also  showed  that  the  LMI  location  of  TCs  with  at
least tropical storm intensity has moved closer to East Asian
coastlines  over  the  period  1977–2010,  which  is  the  main
reason for the increase in landfall intensity over East China,
Korea, and Japan. In addition, the annual mean LMI of RI-
TCs  also  shows  a  significant  increasing  trend  (confidence
level  of  99%)  (Fig.  2e),  which  may  contribute  to  the
increase in landfall intensity. Song et al. (2021) also found a
similar  trend,  which  is  primarily  linked  to  a  significant
increase in the mean intensification rate prior to the LMI.

To further investigate the possible relationship between
LMI location and landfall intensity, the variation in the time
interval  between  LMI  occurrence  and  landfall  (the  time
when  LMI  occurs  minus  time  at  landfall)  is  examined.  A
shorter  time  interval  generally  implies  an  LMI  location
closer to the coast. The landfall intensity is negatively correl-
ated with the time interval (r = –0.51) suggesting that the land-
fall intensity is generally higher if the LMI location is closer
to the coast. The trend analysis shows an insignificant trend
in the annual mean time interval (Fig. 3b). The average LMI
location  of  landfalling  RI-TCs  is  near  (19.4°N,  126.4°E),
which  is  close  to  the  coast  of  the  Philippines  and  Taiwan
Island, but far away from the coasts of Japan, the Korean Pen-
insula, and East China. The LMI usually occurs at a lower lat-
itude because a TC generally experiences higher VWS and
cooler  water  as  it  moves  northward,  leading to  weakening.
Therefore,  the  mean  time  intervals  between  LMI  occur-
rence and landfall for the TCs making landfall in Japan, the
Korean Peninsula, and East China (69.0 h, 77.3 h, and 54.9 h,
respectively) are longer than those making landfall in the Phil-
ippines and Taiwan Island (16.4 h and 23.9 h respectively).

 

 

Fig.  3.  Time  series  of  (a)  the  annual  mean  landfall  intensity  (units:  kt)  and  (b)  the  time
interval (units: h) between LMI occurrence and landfall (original and adjusted). The dashed
lines indicate the linear trends.
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The mean time intervals for South China and Vietnam (21.4
h and 17.3 h, respectively) are also shorter because the LMI
is usually located over the SCS. Thus, the annual mean time
interval  depends  on  the  preferred  landfall  regions  in  that
year. A year with a higher portion of TCs making landfall in
the northern domain generally yileds a longer mean time inter-
val.

For example, the mean time interval in 1983, which con-
sists  of  four  landfalling  RI-TCs  (Japan:  2;  East  China:  1;
South China: 1), is 100.5 h. In contrast, the mean time inter-
val is generally shorter for a year in which the preferred land-
fall regions are to the south. A typical example occurred in
1980 when the four landfalling RI-TCs had a southern bias
(the  Philippines:  2;  Taiwan  Island:  2),  thus  resulting  in  a
very short mean time interval (4.5 h). To remove this effect,
the anomaly of the time interval for a region is obtained by
subtracting the time interval from the climatological mean cor-
responding  to  that  region.  The  time  series  of  the  adjusted
time interval,  which should reflect the actual change in the
time interval between LMI occurrence and landfall, shows a
significant  decreasing  trend  (confidence  level  of  93%)
(Fig.  3b).  In  other  words,  the  time  interval  has  actually
shortened, leading to a higher landfall intensity.

To  investigate  the  changes  of  annual  PDI  in  different
regions,  the  East  Asia  region  is  divided  into  three  sub-
regions and the landfalling TCs are accordingly grouped as
south  TCs  (South  China,  Vietnam,  and  the  Philippines),
middle TCs (East China and Taiwan Island), and north TCs
(Japan and the Korean Peninsula). The annual PDI of south
TCs shows a  significant  upward trend (confidence level  of
99%), which is related to the increasing trends of the annual
frequency  (confidence  level  of  86%)  and  the  annual  mean
landfall intensity (confidence level of 97%), suggesting that
the  latter  is  the  dominant  factor  (Table  1).  A  significant
upward  trend  (confidence  level  of  99%)  is  also  found  for
north TCs, which is mainly due to the increase in annual fre-
quency (confidence level of 99%). The role of landfall intens-
ity  is  minimal,  as  no trend exists  in  the annual  mean land-
fall intensity. The trend in the annual PDI of middle TCs (con-
fidence level of 63%) is not as significant as those of south
and  north  TCs.  It  can  be  concluded  that  the  increase  in
annual PDI in East Asia is mainly due to the increasing fre-
quency  of  RI-TCs  making  landfall  in  the  southern  (South

China,  Vietnam,  and  the  Philippines)  and  northern  parts
(Japan  and  the  Korean  Peninsula)  of  East  Asia  and  the
increase  in  annual  mean  landfall  intensity  for  the  former
also plays an important role. 

3.2.    Changes in characteristics of RI-TCs

The important stages of a landfalling RI-TC include gen-
esis, RI, LMI, and landfall. It is useful to investigate the spa-
tial  distribution of the trends in each of these stages of RI-
TCs  (both  with  landfall  or  without  landfall)  and  their  pos-
sible impacts on the annual PDI. The major genesis area of
RI-TCs is near (5°−15°N, 130°−160°E) and the spatial distri-
bution of genesis frequency shows a decreasing trend in the
southeastern part  of  the  WNP (5°−10°N,  145°−180°E) and
an  increasing  trend  north  and  northwest  of  the  major  gen-
esis  area,  indicating  a  northwestward  shift  in  genesis  loca-
tion (Fig. 4a), which is consistent with the increasing trend
(northward shift)  in  mean genesis  latitude and the decreas-
ing trend (westward shift) in mean genesis longitude of RI-
TCs  (see Figs.  2a and 2b).  The  shift  of  genesis  location
towards  the  coast  of  East  Asia  increases  the  chance  of  an
RI-TC to make landfall and hence the percentage of landfall-
ing  RI-TCs  as  indicated  by  the  significant  correlation
between  the  mean  genesis  longitude  and  the  percentage  of
RI-TCs  that  make  landfall  (r = –0.48,  confidence  level  of
95%).  Indeed,  such  an  increase  in  genesis  frequency  leads
to an increasing frequency of the RI-TCs that form at higher
latitudes  and  follow  the  recurving  path  towards  Japan  and
the  Korean  Peninsula  or  a  straight  path  towards  Taiwan
Island and east China (Fig. 4b). An increasing frequency of
RI-TCs  moving  across  the  SCS  and  making  landfall  in
south  China  is  also  observed.  These  results  are  consistent
with  the  upward  trend  in  the  annual  number  of  landfalling
RI-TCs along the coast of East Asia (see Table 1).

Because of the upward trend in the annual frequency of
RI-TCs,  the frequency of occurrence of RI should increase
and the spatial distribution of RI occurrence shows an increas-
ing  trend  in  most  parts  of  the  WNP (Fig.  4c).  Such  trends
are  more  significant  over  the  SCS,  northeast  of  Taiwan
Island, and southeast of Japan, which are outside the major
RI  region  (10°−23°N,  123°−150°E).  This  implies  a  west-
ward and northward expansion of the RI region and a higher
frequency  of  RI-TCs  undergoing  RI  near  the  coast  of  East

Table  1.   Linear  trends  of  the  annual  PDI,  the  annual  number  of  RI  landfalling  TCs,  the  annual  mean  landfall,  and  the  time interval
between LMI and landfall intensity for all TCs, north TCs, middle TCs, and south TCs (see text for the definitions). Percentages in the
parenthesis are the confidence levels, with those ≥ 90% in bold.

Annual PDI
Annual number of
landfalling RI-TCs

Annual mean landfall
intensity

Time interval between
LMI and landfall

All TCs Upward
 (99%)

Upward
 (99%)

Upward
(82%)

Downward
(98%)

North TCs Upward
 (99%)

Upward
 (99%)

Upward
(24%)

Downward
(37%)

Middle TCs Upward
(63%)

Upward
(48%)

Upward
(66%)

Downward
(39%)

South TCs Upward
 (99%)

Upward
(86%)

Upward
(97%)

Downward
 (95%)
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Asia. The increasing trend in the RI occurrence also implies
an  increasing  trend  in  the  RI-TCs  attaining  the  maximum
intensity  near  the  coast  of  south  China  and  Vietnam  (Fig.
4d).  Liu  and  Chan  (2020)  also  found  an  increase  in  max-
imum  landfall  intensity  near  the  south  China  coast  during
2012–18, which is related to the increase in the annual fre-
quency  of  the  RI-TCs  making  landfall  in  south  China.  An
increasing  trend  in  LMI  occurrence  is  also  observed  near

East China.
To further examine the impact of the change of LMI loca-

tion on annual PDI, the landfalling RI-TCs with a short time
interval  between  LMI  occurrence  and  landfall  (≤ 24  h)  is
examined.  This  type  of  landfalling  RI-TC  is  of  particular
importance  because  it  may  make  landfall  shortly  after  the
occurrence of LMI, leaving very little time for typhoon pre-
paration and evacuation. The areas with the increasing trend

 

 

Fig.  4.  Spatial  distribution  of  the  linear  trends  in  (a)  genesis  frequency,  (b)  track  density,  (c)  RI  occurrence,  (d)  LMI
occurrence,  and  (e)  annual  PDI  (units:  kt3 yr−1)  of  RI-TCs (including  both  landfalling  and  non-landfalling).  Red  and  blue
shadings indicate the areas with positive and negative trends significant at the 90% confidence level respectively. The purple
dashed rectangular box in (a) and (b) and the orange dashed rectangular box in (c) indicate the major area for genesis and RI
occurrence respectively. The purple dots in (d) indicate the LMI locations of all the landfalling RI-TCs with the time interval
between LMI occurrence and landfall ≤ 24 h occurring between 1975 and 2020.
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in LMI occurrence generally coincide with the major region
of the occurrence of these RI-TCs (Fig. 4d). Thus, the west-
ward  shift  in  LMI  locations  leads  to  an  increasing  fre-
quency of the landfalling RI-TCs with a short time interval
between  LMI  occurrence  and  landfall  (confidence  level  of
91%) (Fig. 5a) as well as an increase in their mean landfall
intensity (confidence level of 99%) (Fig. 5b), leading to the
higher annual PDI in these regions (Fig. 4e).  Note also the
increasing trend in annual  PDI near the coast  of  Japan and
the Korean Peninsula, which is largely related to the increas-
ing frequency of RI-TCs affecting these regions. 

4.    Environmental conditions

The results from section 3 suggest a significant increas-
ing trend of the annual PDI along the coast of East Asia asso-
ciated  with  landfalling  RI-TCs,  which  is  related  to  the
increase  in  the  annual  frequency of  RI-TCs over  the  WNP
and the shift of the LMI location towards the coast of East
Asia. The possible causes of these changes are investigated
in  this  section  by  examining  the  seasonal  mean  VWS  and
TCHP. The main season for landfalling RI-TCs is between
May and November, which represents 94% of the annual num-
ber of landfalls, therefore the environmental conditions aver-
aged between May and November are examined. 

4.1.    Vertical wind shear

The  development  of  an  RI-TC  consists  of  the  pro-
cesses  of  genesis  and  RI,  and  a  weak  VWS  environment
provides a favorable condition for both processes. The correla-

tion map between the annual  number  of  RI-TCs and VWS
shows  negative  correlations  extending  from  the  southeast-
ern part of the WNP to its northwestern part, which covers
the  northeast  quadrant  of  the  major  genesis  region  and  the
north  quadrant  of  the  major  RI  region  (Fig.  6a).  Thus,  the
large-scale  VWS  is  an  important  factor  controlling  the
annual number of RI-TCs over the entire WNP. For the correl-
ation map between the VWS and annual  PDI,  a  small  area
of negative correlation is found in the northwestern part  of
the  WNP  (Fig.  6b)  and  the  correlation  between  the  mean
VWS  in  this  region  and  annual  PDI  is –0.42  (confidence
level  of  95%).  A  weak  VWS environment  (low VWS val-
ues) in this region allows the TC to undergo RI in the area
northwest  of  the  major  RI  region,  resulting in  a  LMI loca-
tion closer to the coast and hence a higher annual PDI.

Positive  trends  in  VWS  are  found  in  the  southeastern
part  of  the  WNP  but  the  magnitude  is  small  (Fig.  6c).  A
large  area  of  negative  trend  is  found  in  the  northwestern
part of the WNP and the northern part of the SCS which coin-
cides  with  the  area  that  has  a  negative  correlation between
the  VWS  and  annual  PDI.  The  decreasing  VWS  in  these
regions  provides  for  a  more  efficient  environment  for  TC
intensification.  Thus,  the  atmospheric  environment  is  more
favorable  for  TCs undergoing RI,  which  might  explain  the
increasing trend in the annual frequency of RI-TCs. The north-
westward  shift  in  favorable  atmospheric  environments  is
also consistent with the observed northwestward shift in the
genesis location,  RI location,  and LMI of RI-TCs. In addi-
tion,  the  weaker  VWS  over  the  northern  part  of  the  SCS
may be responsible for the increasing frequency of TCs under-

 

 

Fig. 5. Time series of (a) the annual number and (b) annual mean landfall intensity (units: kt)
of the landfalling RI-TCs with the time interval between LMI occurrence and landfall ≤ 24 h.
The dashed lines indicate the linear trends.
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Fig. 6. Correlation maps (a) between the VWS and annual number of
RI-TCs  and  (b)  between  the  VWS  and  annual  PDI.  (c)  Spatial
distribution of the linear trends in VWS (units:  m s−1 yr−1).  Red and
blue  shadings  indicate  the  areas  with  positive  and  negative
correlation/trend significant at the 90% confidence level respectively.
The  purple  and  orange  dashed  rectangular  boxes  indicate  the  major
genesis  region  and  major  RI  region  respectively.  The  black  solid
rectangular  box  represents  the  area  with  a  significant  correlation
between the VWS and annual PDI.
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going  RI  over  the  SCS,  which  is  related  to  the  increase  in
the annual PDI for the southern TCs. 

4.2.    TCHP

Because  TCHP  data  are  only  available  between  1980
and  2017,  the  analysis  is  performed  for  the  period

1980–2017.  The  correlation  map  between  the  TCHP  and
annual  number  of  RI-TCs  reveals  the  pattern  associated
with El Niño-Southern Oscillation (ENSO), with positive cor-
relations in the equatorial Central and East Pacific (Fig. 7a).
Indeed, the annual number of RI-TCs is significantly correl-
ated with the May–Nov Niño3.4 index (r = 0.52), with more

 

 

Fig. 7. Correlation maps (a) between the TCHP and annual number of RI-TCs
and  (b)  between  the  TCHP  and  annual  PDI.  (c)  Spatial  distribution  of  the
linear  trends in  TCHP (units:  kJ  cm−2 yr−1).  Red and blue shadings indicate
the  areas  with  positive  and negative  correlation/trend  significant  at  the  90%
confidence  level  respectively.  The  purple  and  orange  dashed  rectangular
boxes indicate the major genesis region and major RI region respectively. The
black solid rectangular boxes represent the area with a significant correlation
between the TCHP and annual PDI.
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(fewer) RI-TCs in an El Niño (La Niña) year.  The correla-
tion map for the annual PDI is quite different, with the posit-
ive correlations extending from the ocean south of Japan to
the SCS (Fig. 7b). The correlation between the mean TCHP
in these  regions  and annual  PDI is  0.35,  which is  statistic-
ally significant at  the 95% confidence level.  No significant
correlation  is  found  in  the  equatorial  Central  and  East
Pacific, suggesting that ENSO has no impact on the annual
PDI.  Thus,  the  annual  number  of  RI-TCs is  largely related
to  the  ENSO  while  the  annual  PDI  is  partly  controlled  by
the TCHP near the coast of East Asia.

Positive trends in TCHP are found in most parts of the
WNP, especially the ocean east of the Philippines (Fig. 7c).
However,  the  increase  in  TCHP  in  the  tropical  WNP  may
not  be  related  to  the  increase  in  annual  PDI  (see Fig.  7b)
because the TCHP in this area is generally high enough for
RI  and  a  further  increase  in  TCHP  may  not  lead  to  an
increase in annual PDI. Instead, the increase in TCHP near
the coast of East Asia may partly explain the recent increase
in annual PDI. Climatologically, the TCHP in the SCS and
ocean south of Japan is generally lower and hence a lower fre-
quency  occurrence  of  RI.  However,  the  recent  increase  in
TCHP in these regions provides more heat energy from the
ocean for TC intensification and supports a TC undergoing
RI. An increasing trend in RI occurrence is therefore found
in these regions (see Fig. 4b).  The higher heat energy over
the SCS, which increases the chance of a TC to undergo RI,
results  in  a  higher  number  of  RI-TCs  over  the  SCS  and
hence resulting in the increase in annual PDI for south TCs.
The higher  TCHP also  provides  more  heat  energy for  TCs
undergoing RI in the northwestern part of the WNP, result-
ing in an increasing trend of annual PDI for north TCs. Trop-
ical  cyclone  heat  potential  (TCHP)  has  been  shown  to  be
the factor responsible for the increases in RI events (Wang
et  al.,  2015),  annual  mean  LMI  (Song  et  al.,  2021),  and
annual mean landfall intensity (Guan et al., 2018). Our res-
ults  further  demonstrate  its  role  in  the  increase  in  annual
PDI  associated  with  landfalling  RI-TCs.  The  increase  in
TCHP may be related to the recent strengthening of the east-
erly  trade  winds,  which  pile  up  warm surface  ocean  water
towards the WNP main development region (Merrifield and
Maltrud, 2011; Pun et al., 2013). 

5.    Summary and discussion
 

5.1.    Summary

This study examines the long-term change in the threat
of landfalling TCs in East Asia over the period 1975–2020
with a focus on the RI-TCs. The annual number of RI-TCs
over  the  WNP  shows  a  significant  increasing  trend.  The
mean genesis location of the RI-TCs shows an obvious north-
westward shift which increases the likelihood that an RI-TC
will make landfall and hence the percentage of RI-TCs that
make  landfall.  These  two  changes  lead  to  an  increasing
trend in the annual number of landfalling RI-TCs along the
coast of East Asia. The annual PDI, a measure of the destruct-

ive potential of RI-TCs at landfall, also shows a significant
increasing trend as a result of the increases in the annual fre-
quency  and  mean  landfall  intensity  of  landfalling  RI-TCs.
The  increase  in  mean  landfall  intensity  is  related  to  the
higher LMI and the closer LMI location to the coast of the
landfalling RI-TCs. The main contributors to the increase in
the  annual  PDI  of  East  Asia  are  the  southern  (the  Philip-
pines,  South  China,  and  Vietnam)  and  the  northern  (Japan
and  the  Korean  Peninsula)  parts.  The  former  is  a  result  of
the increases in both landfall frequency and landfall intens-
ity  in  these  regions.  The  latter  is  mainly  related  to  the
increase  of  landfall  frequency,  but  the  change  of  landfall
intensity in the northern part of the domain is insignificant.

The  long-term changes  in  VWS and TCHP are  shown
to be responsible for the increasing trend of the annual PDI
along the coast of East Asia. The decreasing trend in VWS
in  the  northwestern  part  of  the  WNP  implies  a  northwest-
ward shift in the favorable environment for TC genesis and
intensification, which might explain the northwestward shift
in the genesis, RI, and LMI locations of RI-TCs. The weaken-
ing of VWS over the northern part of the SCS is related to
the  increasing  trend  of  the  annual  PDI  associated  with  the
RI-TCs making landfall in South China and Vietnam. Increas-
ing  trends  in  TCHP  are  found  in  most  parts  of  the  WNP.
The  higher  TCHP  provides  more  heat  energy  from  the
ocean for TC intensification and supports a TC undergoing
RI,  which  partly  explains  the  increasing  frequency  of  RI-
TCs over the entire WNP. Moreover, the increase of TCHP
in the SCS and ocean south of Japan, where the climatolo-
gical TCHP is generally lower and is less favorable for RI,
leads  to  a  higher  frequency  of  RI-TCs  affecting  South
China, Vietnam, Japan, and the Korean Peninsula. The LMI
locations of the RI-TCs are generally closer to the coast, res-
ulting  in  higher  landfall  intensity  and  hence  the  higher
annual PDI in these regions. 

5.2.    Discussion

Compared with previous studies (Park et al., 2014; Mei
and Xie, 2016; Guan et al., 2018) that investigated the long-
term  change  in  the  threat  of  landfalling  TC  activity,  this
study focuses on the landfalling TCs that  undergo RI prior
to landfall. Among the TCs, the landfalling RI-TCs may be
a  particularly  dangerous  type  because  most  of  them  could
develop  into  intense  TCs  and  the  intensity  at  landfall  may
be  high.  Moreover,  the  migration  of  RI  locations  towards
the coast of East Asia causes the LMI location to be closer
to the coast so that the TC may make landfall  shortly after
the occurrence of LMI, leaving very little time for typhoon
preparation  and  evacuation.  The  social  and  economic
impacts could be tremendous due to the inadequate prepara-
tion and evacuation,  which results  from the short  notice of
an intense TC landfall. Thus, an accurate forecast of the RI
events  is  very  important.  However,  the  forecasting  of  TC
intensity  change  represents  a  forecast  challenge,  especially
within  the  RI  process.  Our  results,  therefore,  highlight  the
need for improving our understanding of RI and enhancing
the skill in the forecast of RI events especially the ones that
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occur just prior to landfall.
Previous studies have shown that the annual frequency

(Song  et  al.,  2020),  the  annual  mean  LMI  (Song  et  al.,
2021), and RI magnitude (Song et al., 2020) of RI-TCs have
significant upward trends. Our study further shows a signific-
ant trend in the annual frequency of landfalling RI-TCs and
the  annual  PDI  along  the  coast  of  East  Asia.  Collectively,
these results suggest an increasing threat of RI-TCs. There-
fore,  a  need  exists  for  a  re-examination  of  contingency
plans for RI-TCs, and the raising of public awareness of the
risk of RI-TCs especially for the ones near the coast.

Acknowledgements.      This  project  is  supported  by  the
Research  Grants  Council  of  Hong  Kong  Grant  City  U  E-
CityU101/16.

Open Access  This  article  is  licensed  under  a  Creative  Com-
mons Attribution 4.0 International License, which permits use, shar-
ing,  adaptation,  distribution  and  reproduction  in  any  medium  or
format,  as  long  as  you  give  appropriate  credit  to  the  original
author(s) and the source, provide a link to the Creative Commons
licence,  and  indicate  if  changes  were  made.  The  images  or  other
third party material in this article are included in the article’s Creat-
ive Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory reg-
ulation or exceeds the permitted use, you will need to obtain permis-
sion  directly  from  the  copyright  holder.  To  view  a  copy  of  this
licence, visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES
 

Carton, J. A., G. A. Chepurin, and L. G. Chen, 2018: SODA3: A
new  ocean  climate  reanalysis. J.  Climate, 31,  6967−6983,
https://doi.org/10.1175/JCLI-D-18-0149.1. 

Emanuel,  K.,  2005:  Increasing  destructiveness  of  tropical  cyc-
lones over the past 30 years. Nature, 436,  686−688, https://
doi.org/10.1038/nature03906. 

Guan, S. D.,  S. Q. Li,  Y. J.  Hou, P. Hu, Z. Liu, and J.  Q. Feng,
2018: Increasing threat of landfalling typhoons in the west-
ern  North  Pacific  between  1974  and  2013. International
Journal of  Applied Earth Observation and Geoinformation,
68, 279−286, https://doi.org/10.1016/j.jag.2017.12.017. 

Hersbach, H., and Coauthors, 2020: The ERA5 global reanalysis.
Quart. J. Roy. Meteor. Soc., 146, 1999−2049, https://doi.org/
10.1002/qj.3803. 

Kaplan, J., and M. DeMaria, 2003: Large-scale characteristics of
rapidly  intensifying  tropical  cyclones  in  the  North  Atlantic
basin. Wea. Forecasting, 18,  1093−1108, https://doi.org/10.
1175/1520-0434(2003)018<1093:LCORIT>2.0.CO;2. 

Kossin, J. P., K. A. Emanuel, and G. A. Vecchi, 2014: The pole-
ward  migration  of  the  location  of  tropical  cyclone  max-
imum intensity. Nature, 509, 349−352, https://doi.org/10.10
38/nature13278. 

Lee, C. Y., M. K. Tippett, A. H. Sobel, and S. J. Camargo, 2016:
Rapid  intensification  and  the  bimodal  distribution  of  trop-
ical  cyclone  intensity. Nature  Communications, 7,  10625,
https://doi.org/10.1038/ncomms10625. 

Leipper,  D.  F.,  1967:  Observed  ocean  conditions  and  Hurricane
Hilda, 1964. J. Atmos. Sci., 24, 182−186, https://doi.org/10.11
75/1520-0469(1967)024<0182:OOCAHH>2.0.CO;2.

 

Liu, K. S., and J. C. L. Chan, 2017: Variations in the power dissipa-
tion  index  in  the  East  Asia  region. Climate  Dyn., 48,
1963−1985, https://doi.org/10.1007/s00382-016-3185-5.

 

Liu,  K.  S.,  and  J.  C.  L.  Chan,  2019:  Inter-decadal  variability  of
the location of maximum intensity of category 4-5 typhoons
and its implication on landfall intensity in East Asia. Interna-
tional  Journal  of  Climatology, 39,  1839−1852, https://doi.
org/10.1002/joc.5919.

 

Liu,  K.  S.,  and J.  C.  L.  Chan,  2020:  Recent  increase in  extreme
intensity  of  tropical  cyclones  making  landfall  in  South
China. Climate Dyn., 55, 1059−1074, https://doi.org/10.1007/
s00382-020-05311-5.

 

Mann, H. B., 1945: Nonparametric tests against trend. Economet-
rica, 13, 245−259, https://doi.org/10.2307/1907187.

 

Mei,  W.,  and  S.  P.  Xie,  2016:  Intensification  of  landfalling
typhoons  over  the  northwest  Pacific  since  the  late  1970s.
Nature Geoscience, 9, 753−757, https://doi.org/10.1038/ngeo
2792.

 

Merrifield,  M.  A.,  and  M.  E.  Maltrud,  2011:  Regional  sea  level
trends due to  a  Pacific  trade wind intensification. Geophys.
Res.  Lett., 38,  L21605, https://doi.org/10.1029/2011GL
049576.

 

Park, D. S. R., C. H. Ho, and J. H. Kim, 2014: Growing threat of
intense tropical cyclones to East Asia over the period 1977-
2010. Environmental  Research  Letters, 9,  014008, https://
doi.org/10.1088/1748-9326/9/1/014008.

 

Pun, I. F., I. I. Lin, and M. H. Lo, 2013: Recent increase in high
tropical  cyclone  heat  potential  area  in  the  western  North
Pacific  Ocean. Geophys.  Res.  Lett., 40,  4680−4684, https://
doi.org/10.1002/grl.50548.

 

Song,  J.  J.,  Y.  H.  Duan,  and  P.  J.  Klotzbach,  2020:  Increasing
trend in rapid intensification magnitude of tropical cyclones
over the western North Pacific. Environmental Research Let-
ters, 15, 084043, https://doi.org/10.1088/1748-9326/ab9140.

 

Song, J. J., P. J. Klotzbach, and Y. H. Duan, 2021: Increasing life-
time maximum intensity of rapidly intensifying tropical cyc-
lones  over  the  western  North  Pacific. Environmental
Research Letters, 16,  034002, https://doi.org/10.1088/1748-
9326/abdbf1.

 

Wada, A., and N. Usui, 2007: Importance of tropical cyclone heat
potential for tropical cyclone intensity and intensification in
the  western  North  Pacific. Journal  of  Oceanography, 63,
427−447, https://doi.org/10.1007/s10872-007-0039-0.

 

Wada,  A.,  and  J.  C.  L.  Chan,  2008:  Relationship  between
typhoon  activity  and  upper  ocean  heat  content. Geophys.
Res.  Lett., 35,  L17603, https://doi.org/10.1029/2008GL0
35129.

 

Wang, S., and R. Toumi, 2021: Recent migration of tropical cyc-
lones toward coasts. Science, 371,  514−517, https://doi.org/
10.1126/science.abb9038.

 

Wang, X. D., C. Z. Wang, L. P. Zhang, and X. Wang, 2015: Multi-
decadal  variability  of  tropical  cyclone  rapid  intensification
in  the  western  North  Pacific. J.  Climate, 28,  3806−3820,
https://doi.org/10.1175/JCLI-D-14-00400.1.

 

Zhao, H. K., X. Y. Duan, G. B. Raga, and P. J. Klotzbach, 2018:
Changes  in  characteristics  of  rapidly  intensifying  western
North  Pacific  tropical  cyclones  related  to  climate  regime
shifts. J.  Climate, 31,  8163−8179, https://doi.org/10.1175/
JCLI-D-18-0029.1.

234 RAPIDLY INTENSIFYING TROPICAL CYCLONE THREAT VOLUME 39

 

  

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1175/JCLI-D-18-0149.1
https://doi.org/10.1038/nature03906
https://doi.org/10.1038/nature03906
https://doi.org/10.1016/j.jag.2017.12.017
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1038/nature13278
https://doi.org/10.1038/nature13278
https://doi.org/10.1038/ncomms10625
https://doi.org/10.1175/1520-0469(1967)024%3C0182:OOCAHH%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1967)024%3C0182:OOCAHH%3E2.0.CO;2
https://doi.org/10.1007/s00382-016-3185-5
https://doi.org/10.1002/joc.5919
https://doi.org/10.1002/joc.5919
https://doi.org/10.1007/s00382-020-05311-5
https://doi.org/10.1007/s00382-020-05311-5
https://doi.org/10.2307/1907187
https://doi.org/10.1038/ngeo2792
https://doi.org/10.1038/ngeo2792
https://doi.org/10.1029/2011GL049576
https://doi.org/10.1029/2011GL049576
https://doi.org/10.1088/1748-9326/9/1/014008
https://doi.org/10.1088/1748-9326/9/1/014008
https://doi.org/10.1002/grl.50548
https://doi.org/10.1002/grl.50548
https://doi.org/10.1088/1748-9326/ab9140
https://doi.org/10.1088/1748-9326/abdbf1
https://doi.org/10.1088/1748-9326/abdbf1
https://doi.org/10.1007/s10872-007-0039-0
https://doi.org/10.1029/2008GL035129
https://doi.org/10.1029/2008GL035129
https://doi.org/10.1126/science.abb9038
https://doi.org/10.1126/science.abb9038
https://doi.org/10.1175/JCLI-D-14-00400.1
https://doi.org/10.1175/JCLI-D-18-0029.1
https://doi.org/10.1175/JCLI-D-18-0029.1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1175/JCLI-D-18-0149.1
https://doi.org/10.1038/nature03906
https://doi.org/10.1038/nature03906
https://doi.org/10.1016/j.jag.2017.12.017
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1038/nature13278
https://doi.org/10.1038/nature13278
https://doi.org/10.1038/ncomms10625
https://doi.org/10.1175/1520-0469(1967)024%3C0182:OOCAHH%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1967)024%3C0182:OOCAHH%3E2.0.CO;2
https://doi.org/10.1007/s00382-016-3185-5
https://doi.org/10.1002/joc.5919
https://doi.org/10.1002/joc.5919
https://doi.org/10.1007/s00382-020-05311-5
https://doi.org/10.1007/s00382-020-05311-5
https://doi.org/10.2307/1907187
https://doi.org/10.1038/ngeo2792
https://doi.org/10.1038/ngeo2792
https://doi.org/10.1029/2011GL049576
https://doi.org/10.1029/2011GL049576
https://doi.org/10.1088/1748-9326/9/1/014008
https://doi.org/10.1088/1748-9326/9/1/014008
https://doi.org/10.1002/grl.50548
https://doi.org/10.1002/grl.50548
https://doi.org/10.1088/1748-9326/ab9140
https://doi.org/10.1088/1748-9326/abdbf1
https://doi.org/10.1088/1748-9326/abdbf1
https://doi.org/10.1007/s10872-007-0039-0
https://doi.org/10.1029/2008GL035129
https://doi.org/10.1029/2008GL035129
https://doi.org/10.1126/science.abb9038
https://doi.org/10.1126/science.abb9038
https://doi.org/10.1175/JCLI-D-14-00400.1
https://doi.org/10.1175/JCLI-D-18-0029.1
https://doi.org/10.1175/JCLI-D-18-0029.1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1175/JCLI-D-18-0149.1
https://doi.org/10.1038/nature03906
https://doi.org/10.1038/nature03906
https://doi.org/10.1016/j.jag.2017.12.017
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1038/nature13278
https://doi.org/10.1038/nature13278
https://doi.org/10.1038/ncomms10625
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1175/JCLI-D-18-0149.1
https://doi.org/10.1038/nature03906
https://doi.org/10.1038/nature03906
https://doi.org/10.1016/j.jag.2017.12.017
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1038/nature13278
https://doi.org/10.1038/nature13278
https://doi.org/10.1038/ncomms10625
https://doi.org/10.1175/1520-0469(1967)024%3C0182:OOCAHH%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1967)024%3C0182:OOCAHH%3E2.0.CO;2
https://doi.org/10.1007/s00382-016-3185-5
https://doi.org/10.1002/joc.5919
https://doi.org/10.1002/joc.5919
https://doi.org/10.1007/s00382-020-05311-5
https://doi.org/10.1007/s00382-020-05311-5
https://doi.org/10.2307/1907187
https://doi.org/10.1038/ngeo2792
https://doi.org/10.1038/ngeo2792
https://doi.org/10.1029/2011GL049576
https://doi.org/10.1029/2011GL049576
https://doi.org/10.1088/1748-9326/9/1/014008
https://doi.org/10.1088/1748-9326/9/1/014008
https://doi.org/10.1002/grl.50548
https://doi.org/10.1002/grl.50548
https://doi.org/10.1088/1748-9326/ab9140
https://doi.org/10.1088/1748-9326/abdbf1
https://doi.org/10.1088/1748-9326/abdbf1
https://doi.org/10.1007/s10872-007-0039-0
https://doi.org/10.1029/2008GL035129
https://doi.org/10.1029/2008GL035129
https://doi.org/10.1126/science.abb9038
https://doi.org/10.1126/science.abb9038
https://doi.org/10.1175/JCLI-D-14-00400.1
https://doi.org/10.1175/JCLI-D-18-0029.1
https://doi.org/10.1175/JCLI-D-18-0029.1
https://doi.org/10.1175/1520-0469(1967)024%3C0182:OOCAHH%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1967)024%3C0182:OOCAHH%3E2.0.CO;2
https://doi.org/10.1007/s00382-016-3185-5
https://doi.org/10.1002/joc.5919
https://doi.org/10.1002/joc.5919
https://doi.org/10.1007/s00382-020-05311-5
https://doi.org/10.1007/s00382-020-05311-5
https://doi.org/10.2307/1907187
https://doi.org/10.1038/ngeo2792
https://doi.org/10.1038/ngeo2792
https://doi.org/10.1029/2011GL049576
https://doi.org/10.1029/2011GL049576
https://doi.org/10.1088/1748-9326/9/1/014008
https://doi.org/10.1088/1748-9326/9/1/014008
https://doi.org/10.1002/grl.50548
https://doi.org/10.1002/grl.50548
https://doi.org/10.1088/1748-9326/ab9140
https://doi.org/10.1088/1748-9326/abdbf1
https://doi.org/10.1088/1748-9326/abdbf1
https://doi.org/10.1007/s10872-007-0039-0
https://doi.org/10.1029/2008GL035129
https://doi.org/10.1029/2008GL035129
https://doi.org/10.1126/science.abb9038
https://doi.org/10.1126/science.abb9038
https://doi.org/10.1175/JCLI-D-14-00400.1
https://doi.org/10.1175/JCLI-D-18-0029.1
https://doi.org/10.1175/JCLI-D-18-0029.1

