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ABSTRACT

A significant increase in the proportion of tropical cyclones undergoing rapid intensification at least once
during their lifetime (RITCs) over the western North Pacific (WNP) is observed since 1998 when an abrupt
climate regime shift occurred. Changes of large-scale atmospheric and oceanic conditions affecting TC ac-
tivity are compared between two subperiods: one before and one since 1998. Results suggest that both a
significant decrease in the number of TCs and a nearly unchanged number of RITCs since 1998 caused a
significant increase in the frequency of RITCs. The decrease in TC numbers is likely driven by considerably
increased vertical wind shear and decreased low-level vorticity. In contrast, the unchanged RITC counts and
thus increased ratio of RITCs during the recent decades are largely attributed to the dominance of a more
conducive ocean environment with increased TC heat potential and warmer sea surface temperature
anomalies. These associated decadal changes are closely associated with the recent climate regime shift.
During the recent decades with a mega—La Nifa-like pattern, stronger easterly trade winds have caused
increased vertical wind shear and a weakened monsoon trough, thus hampering TC formation ability over the
WNP. In addition, a steeper thermocline slope that hampered the eastward migration of warm water along the
equatorial Pacific has generated a more favorable thermodynamic environment supporting TC rapid in-
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tensification over the WNP.

1. Introduction

A tropical cyclone (TC) is one of the most devastating
and deadly weather phenomenon on Earth, having the
potential to cause significant economic damage and
great loss of life (Pielke et al. 2008; Zhang et al. 2009).
Accurate forecasts of TC activity play a vital role
in disaster prevention and mitigation. Over the past
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several decades, the prediction of TC tracks has steadily
improved (Rappaport et al. 2009; DeMaria et al. 2014;
Elsberry 2014), while there has been considerably less
improvement in our ability to forecast TC intensity and
intensity change (Elsberry et al. 2007; Rappaport et al.
2009; Chen et al. 2011; Elsberry 2014). Particularly, the
rapid intensification (RI) process for a TC has long been
one of the greatest challenges for operational forecasts
(Rappaport et al. 2009). Therefore, advanced un-
derstanding of the underlying physical processes related
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to RI would be helpful for improving TC intensity
forecast guidance and thus aiding in preparations ahead
of landfall. These preparations can then consequently
reduce losses caused by TCs.

The RI of a TC is largely dependent on the large-scale
atmosphere—ocean environment. Efforts have been
made to identify favorable environmental conditions
for RI on various time scales including the synoptic
scale (Kaplan and DeMaria 2003; Ventham and Wang
2007), the intraseasonal time scale (Wang and Zhou
2008; Klotzbach 2012), the seasonal time scale (Brand
1973; Holliday and Thompson 1979), the interannual
time scale (Wang and Zhou 2008; Klotzbach 2012), and
the decadal or interdecadal time scale (Wang et al.
2015; Wang and Liu 2016; Wang et al. 2017). Over the
western North Pacific (WNP), Wang and Zhou (2008)
suggested TC formation and RI share common envi-
ronmental conditions on intraseasonal and interannual
time scales. Similar results can be found for inter-
decadal time scales (Wang et al. 2015; Wang and Liu
2016). Weak vertical wind shear, a strong upper-level
anticyclonic circulation, and large midlevel relative
humidity were generally regarded to be favorable at-
mospheric factors for the RI process. Warm sea surface
temperatures (SSTs) and large upper-ocean heat con-
tent are known to be two positive oceanic factors for
the RI process. Particularly, the upper-ocean heat
content is a well-documented critical factor for RI,
with a general consensus that TCs are likely to undergo
RI when they form and develop over a region with
large upper-ocean heat content (Emanuel 1986, 1999;
Bender and Ginis 2000; Shay et al. 2000; Goni and
Trinanes 2003; Lin et al. 2005, 2008, 2011; Black et al.
2007; Mainelli et al. 2008; Goni et al. 2009; D’Asaro
et al. 2011; Pun et al. 2011).

Over the past two decades, considerable attention
has been placed on how climate change affects TC
activity (Emanuel 2005; Webster et al. 2005; Knutson
et al. 2010). On the interdecadal time scale, it is well
known that the Pacific basin SST experienced a cli-
mate regime shift around the late 1970s (Miller et al.
1994; Wang 1995), leading to significant circulation
changes over many regions of the globe (Chang et al.
2000a,b; Zhou et al. 2009). Recent studies suggested
that the tropical climate experienced another abrupt
regime shift around 1998 (McPhaden et al. 2011; Hong
et al. 2014). Correspondingly, a significant decrease in
WNP TC frequency was observed since the late 1990s
(Maue 2011; Liu and Chan 2013; Hsu et al. 2014; Hong
et al. 2016; Zhao and Wang 2016, 2018). Also, a pro-
nounced northwestward shift of TC genesis location
occurred around that time (Wu et al. 2015; Zhao and
Wang 2016; C. D. Hu et al. 2018). These changes in
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WNP TC activity are consistent with decadal changes
in large-scale phenomena [e.g., the tropical upper-
tropospheric trough (TUTT) and the monsoon
trough] and changes in environmental factors affect-
ing TC activity (Liu and Chan 2013; Hsu et al. 2014;
Wu et al. 2015; He et al. 2017; C. D. Hu et al. 2018;
Huangfu et al. 2017). For example, over the WNP, TCs
often occur to the west of the TUTT (Wu et al. 2015),
mostly over the main development region, as a result
of the strong vertical wind shear to the southeast of the
trough (e.g., Kelley and Mock 1982; Fitzpatrick et al.
1995). Studies suggested that these associated changes
were due to the synergy effect of the tropical Pacific
climate shift since 1998 (Liu and Chan 2013; Hsu et al.
2014; Zhao and Wang 2016; C. D. Hu et al. 2018).
Recent studies (Webster et al. 2005; Chan 2008; Wu
and Wang 2008; Zhan et al. 2017) have suggested that
the number of major TCs over the WNP and its per-
centage have shown an increasing trend over the past
three decades.

Wang and Zhou (2008) pointed out that most ty-
phoons over the WNP basin undergo at least one period
of RI; about 90% of category 4 and 5 TCs in the WNP
experience at least one RI process during their life cycle.
Wang et al. (2015) suggested that RI events over the
WNP basin exhibit strong interdecadal variability and
further pointed out that interdecadal variation of RI
events are strongly associated with changes of large-
scale factors modulated by the phase transition of the
Pacific decadal oscillation (PDO). However, the pro-
portion of rapid intensification of tropical cyclones
(RITCs) over the WNP basin has been relatively less
studied.

Details of how the spatiotemporal distribution of TC
intensity may change in response to climate change
remains uncertain (Knutson et al. 2010; Soloviev et al.
2014; Emanuel 2017). The projection of the most in-
tense TCs or of the RI process in the context of climate
change is notoriously difficult to simulate. Lee et al.
(2016) demonstrated that RI plays a crucial role
not only in weather forecasting but also in TC clima-
tology. A better understanding of RI in the current
climate therefore is necessary for exploring the fun-
damental physical mechanism or mechanisms re-
sponsible for TC variability in a changing climate.
Together with the recent abrupt climate regime shift
in 1998, two interesting questions arise: Does the
proportion of RITCs over the WNP basin change be-
tween pre- and post-1998? If yes, what is the possible
mechanism responsible for the change of proportion
of RITCs over the WNP since 1998? This study is an
attempt to answer these two questions, primarily fo-
cusing on the potential impacts of the recent climate
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regime shift in 1998 with specific emphasis on ex-
ploratory analyses.

The rest of this study is arranged as follows. The data
and methodology, as well as the techniques used to
identify RITC are introduced in section 2. Section 3
presents the statistical characteristics of TCs, RITCs,
and proportion of RITCs over the WNP basin. Section 4
compares the changes of large-scale atmospheric and
oceanic factors between two subperiods: the first sub-
period is 1979-97 (P1) and the second subperiod is 1998
2015 (P2). The hypothesized physical mechanisms driven
by the recent climate regime shift and how they impact the
proportion of RITCs are explored in section 5, followed
by a summary in section 6.

2. Data and methodology
a. TC data

TC data from 1979 to 2015 from the Joint Typhoon
Warning Center (JTWC) best track dataset (Chu et al.
2002) was used for this study. It consists of 6-hourly
positions including latitude and longitude and maximum
sustained wind speed. The starting year was chosen to be
1979 when both the Dvorak intensity technique esti-
mating TC intensity and satellites monitoring TC activity
became routine. In this study, we focus on TCs that are
at least of tropical storm (1-min sustained winds =34 kt;
1kt = 0.51ms™') intensity.

Wu and Zhao (2012) suggested that T'C intensity re-
cords from the JTWC are relatively more reliable than
other best track datasets. Several studies have pointed
out discrepancies in TC intensity records among various
best track datasets, mainly due to the changes in esti-
mation techniques and computational approaches among
different agencies (Emanuel 2005; Wu and Zhao 2012;
Song et al. 2010). Following Emanuel et al. (2006), Wu
and Zhao (2012) dynamically derived TC intensity re-
cords along all TC tracks from three best track datasets
[i.e., JTWC, the Shanghai Typhoon Institute of China
Meteorological Administration (CMA_STI), and the
Japan Meteorological Agency (JMA)] and found better
consistency in basinwide TC intensity records between
simulations and observations for the JTWC in terms of
various TC intensity metrics. For completeness, we also
have verified the results from the JTWC by using the TC
datasets from the JMA and CMA, also finding a con-
sistent increased ratio of RITCs over the WNP basin.
We caution that the results of this manuscript may be
influenced by uncertainty in the TC intensity record.

In this study, we focus on the potential impacts of the
recent climate regime shift in 1998 on TC activity over
the WNP basin and the underlying circulation changes
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(McPhaden et al. 2011; Xiang et al. 2013; Hong
et al. 2014).

b. Definition of a tropical cyclone undergoing RI

TC intensity records from the JTWC are used to
identify periods of RI in this study. An intensity change
threshold of 30kt in 24 h is employed to define RI for all
TCs over the WNP basin. Such a threshold is equivalent
to about the 95th percentile of overwater intensity
changes in 24 h, which was adopted for defining RI in
previous studies (Kaplan and DeMaria 2003; Wang and
Zhou 2008; Kaplan et al. 2010; Wang et al. 2015; Wang
and Liu 2016). Following Wang and Zhou (2008), to
further avoid ambiguity in determining the onset and
duration of the RI process, RI was defined in this study
as satisfying the following three criteria: (i) an increase
of at least Skt in TC intensity in the first 6 h, (ii) an in-
crease of at least 10kt in TC intensity in the first 12h,
and (iii) an increase of at least 30kt in TC intensity in
24h. We focus on each TC undergoing RI (hereafter
RITC) at least once during its life cycle. The proportion
of RITCs over the WNP is computed as the percentage
of RITC counts to total TC counts. According to this
definition, 389 RITCs out of the total of 949 TCs are
identified from 1979 to 2015 over the WNP basin. In
other words, about 41% of all TCs over the WNP basin
underwent RI at least once during our study period,
consistent with results from previous studies (Wang and
Zhou 2008; Wang et al. 2015; Wang and Liu 2016).

Both monthly RITC frequency and TC counts over
the WNP basin during 1979-2015 show a marked sea-
sonal cycle (Fig. 1a). The climatologically active part of
the TC season from July to November (JASON) is easily
identified. During JASON, about 78% and 81% of an-
nual total TC counts and RITC counts are observed,
respectively. As displayed in Fig. 1b, RITCs during
JASON tend to be concentrated in a region delimited
by 10°-22°N, 120°-155°E. About 60% of all RITCs can
be found in this core region, characterized by relatively
high low-level relative vorticity and relatively weak
vertical wind shear associated with the monsoon trough,
corresponding well with the main development region
for TC formation. In the following sections, we mainly
focus our analyses over the active season JASON during
the whole period 1979-2015 and the two subperiods
1979-1997 and 1998-2015, unless otherwise specified.

c. Atmospheric fields, SST, and TCHP

Monthly mean wind from 1979 to 2015 were obtained
from the National Centers for Environmental Prediction—
Department of Energy (NCEP-DOE) AMIP-II Re-
analysis products (Kanamitsu et al. 2002), which has
a horizontal resolution of 2.5° X 2.5° in longitude and
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FIG. 1. (a) Monthly frequency of TCs and RITCs over the WNP
basin during 1979-2015 and (b) climatological distribution of av-
eraged 850-hPa winds and vertical wind shear over July-November
during 1979-2015 together with the first position for all RITCs
(blue dots). (c) As in (b), but for a 42 mbday ! threshold for RI
from Holliday and Thompson (1979). The rectangular box (10°-22°N,
120°-155°E) in (b) and (c) indicates the main RI region.

latitude. The vertical wind shear in this study was calcu-
lated as the magnitude of wind vector differences between
850 and 200 hPa. The SST dataset was obtained from the
Extended Reconstruction SST, version 3b (ERSST v3b)
(Smith et al. 2008), which has a horizontal resolution of
2.0° X 2.0° in longitude and latitude.

Tropical cyclone heat potential (TCHP) represents the
ocean heat content contained in the water warmer than
26°C, which has been shown to be important for TC in-
tensification (DeMaria et al. 2005; Oey et al. 2007; Wang
et al. 2015; Wang and Liu 2016; Wang et al. 2017). In this
study, the TCHP is used to examine the impact of upper-
ocean conditions on RITCs. Following Leipper (1967) and
Guo and Tan (2018), the TCHP is calculated as follows:

TCHP=C,p jo [T(z) - 26] dz, (1)
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FIG. 2. Time series of (a) TC counts, (b) RITC counts, and
(c) proportion of RITCs over the WNP basin during the active
season from July to November from 1979 to 2015.

where C, is the specific heat capacity of the seawater at a
constant pressure (4178Tkg~'°C™!), Dy is the depth of
the 26°C isotherm, p is the density of seawater (taken as
1026kgm > in the upper ocean), and 7(z) is the in situ
temperature. TCHP is calculated using the monthly mean
oceanic temperature from the Simple Ocean Data As-
similation (SODA), which is based on the Parallel Ocean
Program ocean model with a horizontal resolution of
0.5° X 0.5° in longitude and latitude and 40 vertical layers.

Statistical significance of the composite difference of
all variables and their correlations are estimated based
on the Student’s ¢ test, unless otherwise specified. The
P values equal to or less than 0.05 are considered sta-
tistically significant in this study.
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FIG. 3. Composite differences between (a) the two subperiods for RITC occurrence fre-
quency (i.e., 1998-2015 minus 1979-97) and (b) track density for all RITCs. Diagonal hatching
and crosshatching represent statistical significance at the 90% and 95% confidence levels,

respectively.

3. Recent increase in proportion of RITCs
a. Decadal change of temporal characteristics

TC counts from 1979 to 2015 over the WNP basin are
shown in Fig. 2a. There has been an average of 19.7 TCs
per year with a standard deviation (STD) of 3.8 TCs per
year during this period, indicating strong interannual
variability. Such interannual variability in TC activity
may be associated with ENSO (Wang and Chan 2002;
Camargo and Sobel 2005; Zhao et al. 2010, 2011, 2014).
In addition to its interannual variability, a significant
decadal decrease in TC counts over the WNP basin and
weakened interannual variability since 1998 can be seen
(Fig. 2a). About 21.8 TCs each year on average occur
over the WNP basin with a STD of 3.8 TCs per year
during the first subperiod. This contrasts with the second
period since 1998, where a significant decrease in TC
counts occurred. The second period averaged 17.7 TCs
per year with a STD of 2.9 TCs per year. The differences
of mean and STD of TC counts respectively are 4.1 and
0.9 between the two subperiods, which both are signifi-
cant. The significance of the difference of the variance of
TC counts between the two subperiods is examined

using the F test (Snedecor and Cochran 1989). Such a
decadal shift in TC counts was extensively documented
in previous studies (Maue 2011; Liu and Chan 2013; Hsu
et al. 2014; Zhao and Wang 2016, 2018; He et al. 2017).
They largely attributed changes in environmental fac-
tors associated with the recent climate regime shift to
the significantly decreased TC number over the WNP
basin since 1998.

Previous studies (Wang and Zhou 2008; Klotzbach
2012; Shu et al. 2012; Wang and Liu 2016; Wang et al.
2015) have suggested that RI and TC formation gener-
ally share common environmental conditions. Associ-
ated with the abrupt decrease in TC frequency over the
WNP basin during recent decades, it may be natural to
speculate that the occurrence of RITCs over the WNP
since 1998 should experience a corresponding decrease.
Somewhat unexpectedly, RITC frequency over the WNP
is nearly unchanged between the two subperiods (Fig. 2b).
On an annual average, 8.5 RITCs occurred during both the
first and second subperiod.

By definition, changes in the proportion of RITCs de-
pend on the combined changes of TC counts and RITC
counts over the WNP basin. The significant decrease in
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FIG. 4. Composite differences between (a) the two subperiods for TC occurrence frequency
(i.e., 1998-2015 minus 1979-97) and (b) track density for all TCs. Diagonal hatching and
crosshatching represent statistical significance at the 90% and 95% confidence levels,

respectively.

TC counts and unchanged RITC frequency during the
second subperiod compared to the first subperiod (Figs. 2a
and 2b) consequently results in an increased probability of
TCs that develop over the WNP basin undergoing RI. The
decadal change in the fraction of RITCs over the WNP
basin is clearly displayed in Fig. 2c. The proportion of
RITCs over the WNP basin increases by 25% from the
first subperiod to the second subperiod. During the first
subperiod, the percentage of RITCs is 38.9%, which is
significantly smaller than the percentage of RITCs in the
second subperiod (48.5%). Additionally, we also used the
42mbday ! threshold (1 mb = 1hPa) from Holliday and
Thompson (1979) to differentiate storms that intensified
even more rapidly (Fig. 1c). A significant increase in the
ratio of RITCs over the WNP basin during the recent
decades is still observed, with some slight differences in
magnitude. During the first subperiod, the percentage of
RITCs is 17.1%, which is significantly smaller than the
percentage of RITCs in the second subperiod (24.8%).

b. Decadal change of spatial characteristics

The spatial distribution of first RI location displays an
increase of RITCs over the western WNP, especially

west of 135°E during 1998-2015 compared to that during
1979-1997 (Fig. 3a). In contrast, both the southern WNP
basin and the South China Sea (SCS) experience a de-
crease (Fig. 3a). Note that TC formation locations over
the WNP show similar decadal changes (Fig. 4a). Gen-
erally, an obvious northwestward decadal shift of both
TC formation and RI locations during the recent de-
cades can be observed, consistent with results from
previous studies (Liu and Chan 2013; Wu et al. 2015;
Zhao and Wang 2016; C. D. Hu et al. 2018). Decadal
changes in TC tracks for both all TCs and RITCs over
the WNP basin are also found. In recent decades, more
TCs and RITCs track northwestward, and fewer TCs
and RITCs take westward tracks (Figs. 3b and 4b). Such
decadal changes in TC formation location and sub-
sequent track are largely due to changes in environ-
mental factors associated with tropical Pacific decadal
variability (Maue 2011; Liu and Chan 2013; Wu et al.
2015; Zhao and Wang 2016, 2018; Zhao et al. 2018; He
et al. 2017; Z.-Z. Hu et al. 2017). In fact, a westward
retreat of the monsoon trough and a westward shift of
the TUTT over the WNP basin during recent decades
can be clearly seen (figure not shown), resulting in
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FIG. 5. Locations of lifetime maximum intensity of all TCs during (a) 1998-2015 and
(b) 1979-97. Shading represents the annual-mean number of lifetime maximum intensity lo-
cations for the two subperiods. The red triangle represents the mean location of peak lifetime

intensity.

decreased low-level relative vorticity and increased
vertical wind shear, especially over the eastern portion
of the WNP basin. Correspondingly, there has been a
significant decrease of TC genesis events especially over
the southeastern region of the WNP basin during recent
decades, which agrees well with a westward shift of TC
genesis location over the WNP basin, as suggested by
previous studies (Wu et al. 2015; Zhao and Wang 2016,
2018; F. Hu et al. 2018b).

As suggested by Lee et al. (2016), lifetime maximum
intensity can be viewed as an integrated TC statistic of
RI, and the distinctive bimodality of the lifetime maxi-
mum intensity distribution is a fundamental feature of
the climate system. They further pointed out that Rl is a
better criterion for explaining the bimodality of the
lifetime maximum intensity. Studies have indicated
a significant poleward shift of lifetime maximum in-
tensity over the WNP basin and other regions of the
globe (Kossin et al. 2014, 2016). Subsequent studies have
indicated that such a poleward shift of peak lifetime
intensity is closely associated with the westward shift in

TC formation location (Daloz and Camargo 2018; Zhan
and Wang 2017). Indeed, in this study, we find a con-
siderable poleward shift of lifetime peak intensity during
the second subperiod (1998-2015) compared to that
during the first subperiod (Fig. 5). The averaged location
of peak lifetime intensity during the second subperiod
and the first subperiod is 29.7°N, 129.9°E and 28.3°N,
132.6°E, respectively. The differences of averaged lati-
tude (1.4°) and longitude (2.7°) are both statistically
significant. Also, the decadal change of spatiotemporal
variation of RITCs over the WNP basin including its
number, location, and track is generally closely associ-
ated with the spatiotemporal changes of TC number,
formation location, and TC tracks before and after the
climate shift in 1998.

We next investigated RITC counts, TC counts, and
the proportion of RITCs at different TC intensity cate-
gories (Fig. 6). TCs with different intensity categories
experiencing RI between the two subperiods undergo
no apparent change (Fig. 6a). In contrast, there is a
significant decrease in category-1-2 typhoons and no
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FIG. 6. Occurrence frequency of (a) RITCs, (b) TCs, and
(c) proportion of RITCs over the WNP basin during the active
season from July to November for two subperiods for different
typhoon intensity categories.

significant change in category-3-5 intensity TCs during
the second subperiod compared to that during the first
subperiod (Fig. 6b). No RI processes were found for TCs
in the tropical storm category based on our definition,
and thus the number of tropical storms is not shown in
Fig. 6b. In fact, the number of TCs of tropical storm
category shows little change between the two sub-
periods. On an annual average, 7.3 and 7.8 tropical
storms are observed during the first and second sub-
periods, respectively. These results indicate that the
significant decrease in TC counts over the WNP basin
since 1998 is mainly due to a significant decrease in
weak typhoons at category-1-2 intensity. Moreover, as
shown in Fig. 6c, no obvious change in the ratio of RITCs
for category-3-5 TCs is observed, but a significantly
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TABLE 1. The proportion (%) of RITCs over the three regions of
the WNP basin for the whole period (1979-2015) and the two
subperiods: 1998-2015 (P2) and 1979-97 (P1). Statistical signifi-
cance is estimated based upon the Student’s ¢ test. The asterisk
indicates that the difference between the two subperiods is signif-
icant at a 95% confidence level.

SCS WWNP EWNP
(0°-25°N, (0°-30°N, (0°-30°N,
100°-120°E)  120°-135°E)  135°-180°E)
1979-2015 16.1 37.8 548
P2: 1998-2015 137 443 61.1
P1: 1979-97 179 315 50.1
P2 minus P1 —42 12.8+ 11.0%

increased ratio of RITCs for category-1-2 typhoons can
be readily seen. Note that most of these category-1-2
typhoons tend to occur over the western WNP. Zhan
et al. (2017) suggested that TCs over the western WNP
basin have a greater chance of becoming intense TCs
because of a decadal change to a more mega-ENSO state.
Therefore, the changes in proportion of RITCs should be
to some extent associated with the northwestward shift of
TC genesis location and the corresponding changes in
environmental conditions.

As shown by both changes in TC formation and first
RI location (Figs. 3a and 4a), TC formation locations in
the WNP basin can be approximately divided into three
regions: SCS (0°-25°N, 100°-120°E), western WNP
(WWNP) (0°-30°N, 120°-135°E), and eastern WNP
(EWNP) (0°-30°N, 135°E~180°), for examining possible
regional differences in the proportion of RITCs. During
the whole period from 1979 to 2015, a higher proportion
of RITCs can be found over the eastern region of the
WNP basin (i.e., EWNP, 55%) compared to that over
the western region of the WNP basin (i.e., WWNP,
38%) (Table 1). This agrees well with previous studies of
TCs over the eastern WNP, especially over the south-
eastern region of WNP. These EWNP TCs have a longer
duration and consequently have a larger chance for
intensification over the warm WNP (Chia and Ropelewski
2002; Wang and Chan 2002; Camargo and Sobel 2005;
Camargo et al. 2007; Zhao et al. 2011; Shay et al. 2000;
Goni and Trinanes 2003; Lin et al. 2005, 2008, 2009). A
comparison of the proportion of RITCs over the three
regions of the WNP basin between the two subperiods
indicates a significant increase of RITCs over both the
EWNP and WWNP during recent decades. During the
second subperiod, about 61% and 44 % of TCs undergo RI
in the EWNP and WWNP, respectively, which is signifi-
cantly larger than 50% and 32% over the corresponding
regions during the first subperiod (Table 1). In contrast, a
moderately decreased ratio of RITCs over the SCS can be
observed since 1998. During 1979-97, the proportion of
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TABLE 2. The median and variance of proportion (%) of RITCs over the three regions of WNP basin for the whole period (1979-2015)
and the two subperiods: 1998-2015 (P2) and 1979-97 (P1). Statistical significance of the difference of the median is estimated based upon
the Wilcoxon rank sum test and of the difference in the variance is estimated based upon the F test. The asterisk indicates that the
difference between the two subperiods is significant at a 95% confidence level.

SCS (0°-25°N, 100°-120°E)

WWNP (0°-30°N, 120°-135°E)

EWNP (0°-30°N, 135°E-180°)

Median Variance Median Variance Median Variance
1979-2015 16.7 29 40 25 30.8 13
P2: 1998-2015 83 20 43.6 29 325 16
P1: 1979-97 20 12 40 4 30 1
P2 minus P1 —11.7* 8 3.6 25% 2.5 15%

RITCs is 18% over the SCS, while a lower propor-
tion of RITCs (14%) is observed during 1998-2015
(Table 1). Although a decrease in the proportion of
RITCs over the SCS can be found in recent decades,
the difference between the two subperiods is not sta-
tistically significant. The significance of differences in
the median and variances between the two subperiods
was further examined using the Wilcoxon rank sum test
and the F test, respectively. As shown in Table 2, the
difference of the median in the proportion of RITCs
over the SCS between the two subperiods is significant
at a 95% confidence level based upon the Wilcoxon
rank sum test, while it is not significant over the WWNP
and EWNP subregions. In contrast, the difference of
variance of ratio of RITCs over the SCS is not significant
at a 95% confidence level based upon an F test, while
enhanced variances over the WWNP and EWNP sub-
regions are significant at a 95% confidence level. De-
termining the underlying physical mechanism responsible
for these differences is beyond the scope of this study.
Studies have suggested that the change in TC duration
is important for intensity change and TC RI (Wang and
Chan 2002; Camargo and Sobel 2005; Wang and Zhou
2008; Guo and Tan 2018). The average duration of a TC
is about 5.1 days during the period from 1998 to 2015
compared with 5.6 days during the period from 1979 to
1997, in response to the westward shift of mean TC
genesis location (Fig. 4a). This appears to be favorable
for the recent increase in the ratio of RITCs over the
WNP basin. Further examinations are conducted over
the three subregions. The decreased proportion of RITCs
over the SCS is possibly due to the significant decrease in
TC duration, which averaged 6.6 days during the first
subperiod and only 3.0 days during the second subperiod
(Table 3). The difference of 3.6 days is significant. Over
the WWNP and EWNP basin, the difference of the du-
ration for these two regions between the two subperiods
is not statistically significant, although the average TC
duration shows a slight decrease during the second sub-
period compared to the average TC duration during the
first subperiod. Moreover, climatologically, the lowest

proportion of RITCs among the three regions of the
WNP is over the SCS (16%) (Tables 1 and 3). During
the whole period, the average RITC lasts 5.3 days over
the SCS, 6.2 days over the WWNP, and 8.2 days over the
EWNP (Table 3). We intend to investigate in more detail
the impact of TC duration on RI likelihood in future
research.

4. Changes of large-scale atmospheric and oceanic
conditions

To attempt to understand the plausible causes of the
significant increase in the percentage of RITCs over the
WNP basin during recent decades, we focus on the decadal
changes of environmental factors affecting TC activity.
Composite differences between the two subperiods of at-
mospheric factors (e.g., vertical wind shear, low-level rel-
ative vorticity, midlevel relative humidity) and oceanic
factors (e.g., SST and TCHP) are examined in this section.

Enhanced vertical wind shear and decreased low-level
relative vorticity are observed over the WNP basin
during recent decades, especially over the southeastern
portion of the basin (Figs. 7a and 7b). These are con-
sistent with the significant decrease in TC formation
over the WNP basin during recent decades, especially
over the southeastern part of the basin. Over the EWNP,
8.6 TCs occurred per year during the second subperiod,

TABLE 3. The averaged lifetime (days) of RITCs over the three
regions of the WNP basin for the whole period (1979-2015) and the
two subperiods: 1998-2015 (P2) and 1979-97 (P1). Statistical sig-
nificance is estimated based upon the Student’s ¢ test. The asterisk
indicates that the difference between the two subperiods is signif-
icant at a 95% confidence level.

SCS WWNP EWNP
(0°-25°N, (0°-30°N, (0°-30°N,
100°-120°E) 120°-135°E) 135°E-180°)
1979-2015 53 6.2 8.2
P2: 1998-2015 3.0 6.3 8.0
P1: 1979-97 6.6 5.9 8.4
P2 minus P1 -36* 04 -04
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F1G. 7. Composite difference between the two subperiods (1998-
2015 minus 1979-97) for (a) vertical wind shear, (b) 850-hPa relative
vorticity, (c) 600-hPa relative humidity, and (d) TCHP (shading)
and SST (contours). Diagonal hatching and crosshatching repre-
sent statistical significance at the 90% and 95% confidence levels,
respectively.

which is significantly smaller than the 12.1 TCs per year
that occurred during the first subperiod. In contrast, 6.2
TCs on average each year formed over the WWNP
during the second subperiod, while 5.9 TCs were ob-
served during the first subperiod. The difference be-
tween TC formations in the two subperiods over the
WWNP is not significant. As suggested by previous
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studies on the common environmental conditions for TC
genesis and RI (Wang and Zhou 2008; Klotzbach 2012),
the recent increased vertical wind shear and decreased
850-hPa relative vorticity appear to be unfavorable for
supporting the occurrence of RITCs, especially over the
EWNP. The somewhat decreased vertical wind shear
over the WWNP plays a role in enhancing RITCs and
TCs. However, the midlevel relative humidity shows an
increase during the recent decades over almost the
whole WNP basin (Fig. 7c), implying that midlevel rel-
ative humidity plays a role in contributing to more TCs
and RITCs. In summary, the significantly decreased TC
counts are largely determined by the two unfavorable
atmospheric dynamic factors (i.e., enhanced vertical
wind shear and decreased low-level relative vorticity).
Meanwhile, the negative impacts of these two atmo-
spheric dynamic factors are partly cancelled out by the
positive impact from the midlevel moisture. In contrast,
the atmospheric thermodynamic effect (i.e., midlevel
moisture) appears to be more conducive for the occur-
rence of RITCs and thus the intensified proportion of
RITCs over the WNP basin since 1998 than the atmo-
spheric dynamic effect (i.e., enhanced vertical wind
shear and decreased low-level relative vorticity).
Relative to the impact of atmospheric factors on
RITCs, the effect from the oceanic environment appears
to be more important (Lin et al. 2008, 2009; Lin and
Chan 2015; Wang et al. 2015; Wang and Liu 2016; Wang
et al. 2017). Studies have further pointed out that TCs
interact not only with the ocean surface but with the
upper layer of the ocean (Price 1981; Lin et al. 2003a,b;
Sanford et al. 2011; Lin 2012). Therefore, it is very im-
portant to examine the oceanic impact on RITCs not
only in terms of SST but also in terms of TCHP. Figure 7d
depicts differences in the spatial distribution of SST and
TCHP over the WNP basin between the two subperiods.
SSTA exhibited an increase over the WNP basin, but
this increase was not statistically significant. In contrast,
the TCHP increased considerably over the WNP basin
since 1998, with a significant increase over the main
development region for WNP TCs. These seem to
present evidence that TCHP is more important than SST
for RI, in agreement with previous studies (Shay et al.
2010; Shay 2010). Our calculations indicate that the
TCHP exhibits an increase of about 15% from the first
subperiod to the second subperiod, which favors RITCs
and thus the ratio of RITCs during the second sub-
period. We also find a higher proportion of RITCs over
the WNP in the second subperiod. The larger upper-
ocean heat content is typically associated with the
presence of large areas of warm water that can effec-
tively limit a cyclone’s self-induced negative feedback
because of ocean cooling (Lin et al. 2008; Lin and Chan
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FIG. 8. Correlation pattern of the frequency of RITCs over the WNP basin during the active
season from July to November and TCHP for the period during (a) 1998-2015 and (b) 1979-97,
respectively. The black dots represent statistical significance at the 95% confidence level.

2015). The importance of TCHP is further highlighted
by the intensified association between TCHP and RITC
frequency during the recent decades (Fig. 8). A signifi-
cant correlation between TCHP and RITC over the
WNP is observed during the second subperiod but is not
present during the first subperiod.

5. Associated physical mechanism

As discussed above, the significant decrease of TC
counts over the WNP basin during the recent decades is
mainly due to both enhanced vertical wind shear and
decreased low-level relative vorticity. In contrast, the
frequency of occurrence of RITC remains virtually un-
changed during the second subperiod, thus leading to a
significant increased proportion of RITCs over the WNP
basin, which is largely dependent on more favorable oce-
anic factors together with increased midlevel moisture.

As suggested by previous studies, significantly different
impacts of different SSTA patterns over the WNP have
been found (Maue 2011; Liu and Chan 2013; Zhao et al.
2014; Hsu et al. 2014; Zhao and Wang 2016; C. D. Hu
et al. 2018; F. Hu et al. 2018a). The pronounced decadal/
interdecadal changes of the SSTA pattern during 1979—
2015 are shown in Fig. 9. Warm SSTAs over the tropical
Indo-Pacific region and cool anomalies over the tropical
central-eastern Pacific (CEP) are clearly seen during the
second subperiod, while an almost opposite pattern is ob-
served during the first subperiod with cooler SSTA over
the tropical Indo-Pacific region and warmer SSTA over the
tropical central-eastern Pacific. Similar decadal changes
in SSTA have also been observed in previous studies

(Weisberg and Wang 1997; Wang et al. 2015; Hsu et al.
2014; F. Hu et al. 2018b).

During recent decades, easterly trade winds have
strengthened and a sustained La Nifa-like decadal phe-
nomenon has been observed (Fig. 9). Such a strengthening
of the large-scale circulation can cause increased vertical
wind shear and a weakened monsoon trough over the
WNP basin (Figs. 7a and 7b), which impose a strongly
negative impact on TC formation over the WNP basin.
Additionally, changes in the upper ocean have also been
observed (e.g., an increase in the local TCHP). Such an
increase is thought to be associated with the recent
strengthening of the easterly trade winds, which pile up
warm surface ocean water toward the western Pacific.
As a result, a thicker layer of warm water accumulates in
the WNP basin (Fig. 7d), which plays an important role
in enhancing the occurrence of RI over the WNP basin. In
contrast, enhanced westerly wind anomalies due to warm
SSTA over the CEP basin caused an enhanced monsoon
trough and decreased vertical wind shear but also in-
hibited the build-up of warm surface ocean water in the
western Pacific during the first subperiod.

Similar changes to the atmosphere and ocean environ-
ment based on Pacific SSTA changes have been demon-
strated in previous studies (Hu et al. 2013; Lin and Chan
2015; Hsu et al. 2014; Zhao and Wang 2016; Xiang et al.
2013; Z.-Z.. Hu et al. 2017). The strengthening of the at-
mospheric circulation and increased local TCHP and
warm SSTA during the recent decades are closely associ-
ated with a tropical Pacific climate shift and shifting ENSO
conditions as suggested by previous studies (Z.-Z. Hu et al.
2013,2017; Zhang et al. 2014; Hsu et al. 2014; Lin and Chan
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F1G. 9. Composite difference of 850-hPa wind (vectors), SST (contours), and tropical cyclone
heat potential (TCHP) (shading) (a) between 1998-2015 and the full time period from 1979
to 2015, (b) between 1979-97 and 1979-2015, and (c) between 1998-2015 and 1979-97, re-
spectively. Crosshatching represents statistical significance at the 95% confidence level for the
SST difference. The black dots represent statistical significance at the 95% confidence level for
the TCHP difference. The vectors in black represent statistical significance at the 95% confi-

dence level for the 850-hPa wind difference.

2015; Zhao and Wang 2016; C. D. Hu et al. 2018). Addi-
tionally, the dominance of local TCHP to the interdecadal
modulation of RITCs over the WNP basin is further
confirmed by the correlation map between RITC fre-
quency and global TCHP. During the recent decades, an
intensified and significant teleconnection between RITC
frequency and TCHP over the WNP can be found (Fig. 8).
Similar intensified teleconnections during recent decades
have been shown in previous studies. These studies sug-
gested that these intensified teleconnections were closely
associated with the climate regime shift in 1998 (Zhao et al.
2016; Cao et al. 2016). This presents possible evidence that
current changes to the large-scale ocean—-atmosphere are
closely associated with the recent climate regime shift.

6. Summary

A steady and significant improvement in forecasting
TC tracks over the past two decades have been achieved,

while the prediction of TC intensity, and especially of
the RI process, remains a challenge (DeMaria et al.
2014). A well-documented climate shift occurred in 1998,
and several studies have highlighted its significant impacts
on large-scale factors over the WNP and other regions
that consequently affect TC genesis, track, and intensity
(C. D. Hu et al. 2018; Zhao and Wang 2016, Wang et al.
2013; Zhang et al. 2014; Xiang et al. 2013; Hu et al. 2013).

In this study we report a significant increase in the
proportion of RITCs over the WNP basin during the
recent decades compared to the period from 1979 to
1997 (Fig. 2c), which is due to the combined effect of a
significant decrease in TC counts and unchanged RITC
frequency since 1998 (Figs. 2a and 2b). Analyses of the
RITC ratio changes related to TC category and genesis
regions suggested that no obvious change in the ratio of
RITC:s for category-3-5 TCs has been observed, but a
significant increased ratio of RITCs for category-1-2
typhoons can be readily seen since 1998. These are
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F1G. 10. Correlation pattern of the proportion of RITCs over the WNP basin during the
active season from July to November and SST over the Indo-Pacific region for the periods
(a) 1998-2015 and (b) 1979-97. Diagonal hatching and crosshatching represent statistical sig-
nificance at the 90% and 95% confidence levels, respectively.

closely related to the changes of TC durations associ-
ated with a significant westward shift of TC genesis
locations during recent decades. We intend to in-
vestigate the impact of TC duration on RI likelihood in
future research.

Further analyses show that the decadal changes of
TCs and RITCs are largely due to decadal changes of
large-scale atmospheric and oceanic factors. Associated
with the climate regime shift since 1998, the recent
strengthening of the large-scale circulation (Fig. 9) en-
hances vertical wind shear and weakens the monsoon
trough over the WNP, thus inhibiting TC formation
and creating an environment unfavorable for RITCs
(Figs. 7a and 7b). These stronger easterly trade winds
during recent decades (Fig. 9) also contribute to the
piling up of warm surface water in the WNP basin,
therefore increasing the TCHP (Fig. 7d). The associated
increase in midlevel moisture (Fig. 7c) provides a more
favorable atmospheric environment for enhanced RITCs,
thus increasing the proportion of RITCs over the WNP
basin. In summary, during the recent decades the un-
favorable atmospheric dynamic conditions have led to a
significant decrease of TC genesis over the WNP basin.
A more favorable upper-ocean environment plays a
key role in the occurrence of RI and thus has increased
the ratio of RITCs over the WNP basin in recent de-
cades. Midlevel relative humidity also plays a positive
role in supporting RI and the ratio of RITCs over the
WNP basin.

This study gives a quantitative analysis of the recent
significant increased proportion of RITCs over the WNP
through the analysis of decadal change of TCs and
RITCs over the WNP basin. The results also indicate an
intensified and significant association between the pro-
portion of RITCs over the WNP and tropical SSTA
during the recent decades over two regions: the tropical
central-eastern Pacific and the tropical Indian Ocean
(Fig. 10). Note that in this study we only focus on the
possible impacts of the climate shift of 1998 on changes
of large-scale factors, while the impact of the recent
warm SSTAs in the tropical Indian Ocean and the as-
sociated physical process are not discussed. Lee et al.
(2015) recently pointed out that Indian Ocean heat
content increased abruptly and has accounted for more
than 70% of the global ocean heat gain in the upper
ocean during the recent decades. They further indicated
that it was mainly due to the strengthening of easterly
trade winds over the eastern Pacific during recent de-
cades, leading to the accumulation of warm water in the
western Pacific and thus conveying warm water into the
Indian Ocean via the Indonesian Throughflow. More
recently, Li et al. (2017) suggested that the southeastern
Indian Ocean (SEIO) warming was primarily induced
by the enhancement of the Pacific trade winds and the
Indonesian Throughflow associated with the transition
of the interdecadal Pacific oscillation (IPO) to its neg-
ative phase, and to a lesser degree by local atmospheric
forcing within the Indian Ocean. A significant and
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intensified association between the proportion of RITCs
and SEIO SSTAs is readily seen (Fig. 10). Changes in
these large-scale factors (e.g., shifting conditions in the
tropical Pacific and a warming trend in the tropical In-
dian Ocean) during recent decades can be found, but
their underlying physical mechanisms and the physical
processes controlling TC counts and RITCs frequency
and thus, the ratio of RITCs over the WNP basin, remains
uncertain. These issues deserve further exploration but
are beyond the scope of the present study. Finally, we
point out that the results of this study based on composite
differences and correlation analysis do not necessarily
imply causality, and more research using observations and
numerical simulations is needed to confirm the underlying
mechanisms of the observed changes.

Additionally, we should caution that the results of this
manuscript may be influenced by the uncertainty in TC
intensity, which needs further investigation with more
homogeneous TC records (Emanuel et al. 2018). More-
over, previous studies have suggested a strong impact of
the ISO and scale interaction for TCs over the WNP basin
by altering the large-scale environment and providing
critical precursors for TCs (Hsu et al. 2011; Tsou et al.
2014; Hsu et al. 2017; Weng and Hsu 2017). Given the
close association between changes of the proportion of
RITCs and the large-scale environment, scale interaction
may play an important role in impacting RITCs and the
ratio of RITCs over the WNP basin on interdecadal time
scales. This topic also deserves further research.
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