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ABSTRACT: This study examines the possible impact of tropical Indian Ocean (TIO) sea surface temperature anomalies (SSTAs)
on the proportion of rapidly intensifying tropical cyclones (PRITC) over the western North Pacific (WNP) during the extended boreal
summer (July-November). There is a robust interannual association (r = 0.46) between TIO SSTAs and WNP PRITC during 1979—
2018. Composite analyses between years with warm and cold TIO SSTAs confirm a significant impact of TIO SSTA on WNP PRITC,
with PRITC over the WNP basin being 50% during years with warm TIO SSTAs and 37% during years with cold TIO SSTAs.
Tropical cyclone heat potential appears to be one of the most important factors in modulating the interannual change of PRITC over
the WNP with a secondary role from midlevel moisture changes. Interannual changes in these large-scale factors respond to SSTA
differences characterized by a tropics-wide warming, implying a possible global warming amplification on WNP PRITC. The possible
footprint of global warming amplification of the TIO is deduced from 1) a significant correlation between TIO SSTAs and global
mean SST (GMSST) and a significant linear increasing trend of GMSST and TIO SSTAs, and 2) an accompanying small difference of
PRITC (~8%) between years with detrended warm and cold TIO SSTAs compared to the difference of PRITC (~13%) between
years with nondetrended warm and cold TIO SSTAs. Global warming may contribute to increased TCHP, which is favorable for

rapid intensification, but increased vertical wind shear is unfavorable for TC genesis, thus amplifying WNP PRITC.
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1. Introduction

Tropical cyclones (TCs) frequently cause large economic damage
and loss of life to various coastal regions, mainly through the direct
impact of TC-generated strong winds and heavy rainfall, as well as
the indirect impact of TC-associated meteorological and geological
disasters (Zhang et al. 2009, 2011; Mendelsohn et al. 2012; Peduzzi
et al. 2012; England et al. 2014; Lin et al. 2014). About 27 TCs occur
annually over the western North Pacific (WNP) basin, accounting
for ~1/3 of the average annual global TC total (Chan 2005; Schreck
et al. 2014). Over the past several decades, there has been a sub-
stantial improvement in the forecast skill of TC track prediction
(Rappaport et al. 2009; DeMaria et al. 2014). Until recently, how-
ever, little progress in TC intensity prediction has been made, with
the ability to predict rapid intensification (RI) still being problematic
(Elsberry et al. 2007; Rappaport et al. 2009). Recently, Emanuel
(2017) suggested that global warming may favor RI of hurricanes
before striking land, consequently making hurricane intensity fore-
casts more difficult. It is, therefore, important to explore key factors
affecting the rapid intensification of TCs (RITC) and the associated
underlying physical mechanisms on various time scales.
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Large-scale atmospheric and oceanic environmental conditions
including weak vertical wind shear, high midlevel relative humidity,
warm sea surface temperature (SST), large upper-ocean heat con-
tent (OHC), and weak interaction between TCs and the surrounding
upper-level circulation are recognized to be favorable for the RITC
process (Emanuel 1999; Kaplan and DeMaria 2003; Mainelli et al.
2008; Goni et al. 2009; Wang et al. 2015; Wang and Liu 2016;
Fudeyasu et al. 2018). Among these environmental factors, the role
of the oceanic environment (e.g., OHC) in the development of
RITC appears to be more important than the atmospheric condi-
tions. For example, Zhao et al. (2018a) found a significantly in-
creased proportion of rapidly intensifying TCs (PRITC) over the
WNP basin since 1998, mainly associated with a significant increase
in local tropical cyclone heat potential (TCHP). Moreover, they
indicated that the reduced TC genesis frequency over the WNP
basin in more recent years is mainly associated with unfavorable
atmospheric factors, including decreased low-level vorticity and in-
creased vertical wind shear. Guo and Tan (2018) emphasized the
importance of TCHP in RITCs over the WNP basin, associated with
both short- and long-lived El Nifio events. Moreover, there is sub-
stantial improvement in the accuracy of hurricane intensity forecasts
in several statistical models over the tropical Atlantic when TCHP is
considered as a predictor (Mainelli et al. 2008; Goni et al. 2009).

It has been well documented that both global and basin SST
anomalies (SSTAs) can exert direct as well as remote impacts on
changes in the large-scale environment affecting WNP TC activity
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(Duet al. 2011; Zhan et al. 2011a,b, 2014, 2018; Zhao et al. 2014; Huo
et al. 2015; Cao et al. 2016; L. Wang et al. 2017). Several recent
studies have shown that the tropical Indian Ocean (TIO) has a sig-
nificant impact on WNP TC frequency through changes in the East
Asian-WNP monsoon circulation and associated atmospheric fac-
tors (Du et al. 2011; Tao and Cheng 2012; Zhan et al. 2011a,b, 2014;
Zhao et al. 2014). The TIO capacitor has been proposed as the
prevailing mechanism by Xie et al. (2009) due to its ability to change
the equatorial Kelvin wave structure and thus impact the Indo-
Pacific summer climate. Currently, the TIO has experienced a large
increase in SST amplitude and has undergone a pronounced
warming trend far exceeding its natural historical variability
(Hoerling et al. 2004; Du and Xie 2008; Roxy et al. 2014; Hu and
Fedorov 2019). The TIO has generally been thought to track the rise
of global mean sea surface temperature (GMSST) (Thara et al. 2009;
Zheng et al. 2013; Dong and Zhou 2014; Hu et al. 2018). As global
warming has continued, there has been a significant change in both
East Asian and in WNP climate (Luo et al. 2012; Hu et al. 2014; Hu
and Bates 2018; Xie et al. 2009, 2016). During this time, there has
been a significant increase in the association between ENSO and
TIO SSTAs (Zheng et al. 2011; Tao et al. 2015; Zhao et al. 2018a).

On interannual time scales, prior studies have mainly focused
on the changes of atmospheric factors affecting WNP TC fre-
quency in response to change in TIO SSTAs (Zhan et al.
2011a,b, 2014, 2018; Zhao et al. 2015), while the impact of in-
terannual variability of TIO SSTAs on TC intensity change, and
especially on PRITCs over the WNP basin, has been relatively
less studied. Kang and Elsner (2019) pointed out a possible
amplified effect of global warming on the increase in RITC
count and the decrease in overall TC counts, thus increasing
PRITC over the WNP basin. With regard to the possible impact of
global warming, two questions naturally arise regarding the in-
terannual variability of TIO SSTAs and its impacts on WNP TCs:

1) What are the important environmental factors for PRITC
over the WNP basin?

2) What is the relative role of global warming on the observed
changes in PRITC over the WNP basin?

This study will focus on these two questions from an observa-
tional perspective.

The remainder of this study is arranged as follows. Section 2 de-
scribes the data and methodology used. Section 3 examines the in-
terannual relationship between TIO SSTAs and TC activity
including TC counts, RITC counts, and PRITC over the WNP basin.
In section 4, the key factors affecting RITC counts and PRITC over
the WNP basin are explored from the associated changes in the
large-scale oceanic and atmospheric environment in response to the
interannual variability in TIO SSTAs. Section 5 further investigates
the possible impact of global warming on WNP PRITC through its
association with the interannual variability of TIO SSTAs. Section 6
gives a brief summary and discussion.

2. Data and methodology

a. Data

The TC data for the period 1979-2018 are obtained from the Joint
Typhoon Warning Center (JTWC) best track dataset (Chu et al.
2002). This dataset includes TC location as denoted by latitude and
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longitude, maximum sustained surface winds, and minimum sea level
pressure (since 2001 for most TCs) at a 6-h interval. All TCs during
the peak season from July to November (JASON) with a maximum
sustained wind speed equal to or greater than 34kt (~17ms ) (ie.,
at least tropical storm intensity) are considered in this study.
Monthly atmospheric fields (e.g., air temperature, wind, rel-
ative humidity, and specific humidity) are obtained from the
National Centers for Environmental Prediction-Department of
Energy (NCEP-DOE) AMIP-II Reanalysis (Kanamitsu et al.
2002), with a 2.5° X 2.5° latitude and longitude resolution and 17
vertical pressure levels extending from 1000 to 10 hPa. Monthly
SST is obtained from the National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstruction SST version
5 (ERSSTVS), which provides global and spatially complete SST
data with a horizontal resolution of 2° X 2° (Huang et al. 2017).

b. Definition of RITC and calculation of TCHP

RITC is identified in this study as in previous studies (Wang and
Zhou 2008; Zhao et al. 2018a) and must satisfy the following three
criteria: 1) at least a 5-kt (1kt ~ 0.51 ms™ ") increase of TC intensity
in the first 6 h, 2) at least a 10-kt increase of TC intensity in the first
12h, and 3) at least a 30-kt increase of TC intensity in 24 h. The
threshold of intensity change [i.e., 30 kt (24 h) '] has also been widely
employed to define a RITC event since it generally represents the
~95th percentile of 24-h intensity changes for WNP TCs (Shu et al.
2012). The PRITC is defined to be the proportion of rapidly inten-
sifying tropical cyclones to the total number of tropical cyclones (e.g.,
RITC counts/TC counts) in this study. Thus PRITC is a measure of
the likelihood of a TC to undergo rapid intensification.

Previous studies have noted the importance of TCHP on TC
rapid intensification (Leipper and Volgenau 1972; DeMaria
et al. 2005; Guo and Tan 2018; Zhao et al. 2018a). The TCHP
is a measure of the integrated vertical temperature between the
ocean surface and an estimate of the depth of the 26°C iso-
therm (Shay et al. 2000). The calculation of TCHP follows
previous studies (Leipper 1967; Guo and Tan 2018; Zhao et al.
2018a) with the following expression:

TCHP = Cppr [T(z) - 26]dz. 1)

26

where C, is the heat capacity of seawater at a constant pres-
sure, which is taken as 4178 kg 1°C™%; p is the density of
seawater, which is taken as 1026 kg m 3 inthe upper ocean; Dog
is the depth of the 26°C isotherm; and 7'(z) is the in situ tem-
perature. The two variables, temperature and salinity, involved
in the computation of TCHP are obtained from the Simple
Ocean Data Assimilation 3 (SODA3; Carton et al. 2018),
which is based on the Parallel Ocean Program ocean model
with a 0.5° X 0.5° horizontal resolution and 50 vertical pressure
levels. We do note the importance of warm eddies for rapid
intensification of TCs (Shay et al. 2000; Goni and Trinanes
2003; Scharroo et al. 2005; Lin et al. 2005, 2008; Ma et al. 2017).
The computation of TCHP using 2° X 2° SST data from NOAA
ERSST-v5 in this study may smooth the impact of warm ocean
eddies on TC rapid intensification. However, we also use
higher-resolution 0.5° X 0.625° SST data from the Modern-Era
Retrospective Analysis for Research and Applications, version
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2 (MERRA-2; Gelaro et al. 2017) to compute TCHP and found
almost identical results (figure not shown).

¢. A diagnostic tool for the role of large-scale conditions in

TC genesis

To explore the association between the large-scale envi-
ronment and TC genesis, the genesis potential index (GPI)
proposed by Emanuel and Nolan (2004) is adopted in this
study. Studies have suggested that the GPI has a good repre-
sentation of TC genesis over the WNP as well as other TC
basins on intraseasonal to interdecadal time scales (Camargo
et al. 2007, 2009; Hsu et al. 2014; Zhao et al. 2015, 2016, 2018b;
Zhao and Wu 2018). The GPI is calculated using the following
expression:

_ 5 . 13/2 H 3 Vpol ’ -2
Ip = 1107277 X (%> X (70 ) X (1+0.1vws) %, (2)
where ¢ is the absolute vorticity at 850 hPa (10~ °s™ 1), H rep-
resents the relative humidity at 600 hPa (%), Vo is the po-
tential intensity (PT) (ms '), and vws is the vertical wind shear
between 850 and 200 hPa (200 hPa minus 850 hPa) (ms™'); Vot
represents the maximum TC potential intensity. Details on the
physical mechanism underlying PI can be found in previous
studies (Emanuel 1986, 1988, 2000). The PI is the theoretical
upper bound on TC intensity under a given set of atmospheric
and oceanic conditions and is calculated with the following
expression (Emanuel 1995; Bister and Emanuel 2002):

T C
Vgot = ?(S)C_Z (CAPEMS — CAPE, ), 3)

where T is SST (°C), T, is the mean outflow temperature (°C),
Ck is the exchange coefficient for enthalpy, and Cp, is the drag
coefficient. CAPEy;s is the convective available potential en-
ergy (CAPE) for an air parcel brought to saturation at the
radius of maximum winds; CAPE,, is the CAPE of a parcel
brought to the radius of maximum winds without input of en-
ergy or moisture.

d. Statistical significance

The statistical significance of correlations and composite
differences of TC variables and all environmental parameters
in this study is performed with a one-tailed Student’s ¢ test. The
differences and correlations are deemed to be statistically
significant if the probability of the phenomenon being random
is less than 1 in 20, resulting in a P value of <5% in this study,
unless specifically stated otherwise.

3. Significant interannual association between TIO

SSTAs and WNP PRITC

During the peak season (JASON), ~20.0 TCs and 8.6 RITCs
are on average observed per year over the WNP basin, respec-
tively, accounting for ~75% of the total of 26.5 TCs and 79% of
the total of 10.9 RITCs over the WNP basin during 1979-2018.
There is significant interannual variability in boreal summer TC
frequency, RITC frequency, and PRITC over the WNP basin
during the period from 1979-2018. There are, on average, ~20
TCs that occur during the peak TC season (JASON), with a
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FIG. 1. Correlations of SST and (a) TC counts, (b) RITC counts,
and (c) PRITC over the WNP basin during the peak TC season
(July-November) from 1979 to 2018. The rectangular box (30°S—
20°N, 45°-90°E) indicates the core TIO area that has significant
correlations. The values with the black dots are statistically sig-
nificant at a 95% confidence level.

standard deviation (STD) of 3.8 TCs. About 8.6 RITCs are an-
nually observed, with a STD of 2.4 RITCs during 1979-2018.
The annual-average PRITC rate is ~44%, with a STD of 12%.
Furthermore, there are significant correlations between TC
counts and RITC counts (r = 0.47), between RITC counts and
PRITC (r = 0.70), and between PRITC and TC counts (r =
—0.29). These significant correlations among these three pa-
rameters indicate that TC counts, RITC counts, and PRITC over
the WNP basin share some common large-scale conditions.
There are also some distinct factors that exist for differentiating
TC counts, RITC counts, and PRITC over the WNP basin.
Correlation maps between TC counts, RITC counts, and
PRITC over the WNP basin and global SSTAs (Fig. 1) confirm
that there are different factors and associated physical mech-
anisms driving each of these TC parameters. The TIO and
tropical North Atlantic (TNA) correlate significantly with
WNP TC count (Fig. 1a). This result agrees well with prior
research noting the importance of changes in TIO and TNA
SSTAs in modulating WNP TC frequency (Zhan et al. 2011a,b,
2014, 2018; Zhao et al. 2014; Huo et al. 2015; Cao et al. 2016;
C. Wang et al. 2017). For example, Zhan et al. (2011a,b) pointed
out that anomalous SSTAs in the tropical East Indian Ocean
basin have had a strong impact on TC frequency over the WNP
basin since the late 1970s. They hypothesized that this impact was
primarily due to a warm (cold) equatorial Kelvin wave caused
by warm (cold) EIO SSTAs decreasing (increasing) the surface
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FIG. 2. Standardized time series of (a) annual WNP RITC counts
(red) and the TIO SST index (black), (b) annual WNP TC counts (red)
and the TIO SST index (black), and (c) annual WNP PRITC (red) and
the TIO SST index (black). Correlation coefficients are shown in the
upper-right corner of each panel, and values with two asterisks (**)
indicate significance at a 95% confidence level.

pressure in the equatorial region. This then leads to anomalous
anticyclonic (cyclonic) vorticity and divergence (convergence)
over the WNP TC genesis region. Huo et al. (2015) found a strong
influence of TNA SSTAs on TC frequency over the WNP basin
through modulation of tropospheric midlevel humidity and large-
scale vorticity. The correlation map between RITC frequency
over the WNP basin and global SST displays an ENSO-like
pattern (Fig. 1b), which agrees well with prior studies showing a
strong modulation of ENSO on RITC location and occurrence
over the WNP basin (Wang et al. 2015; Guo and Tan 2018; Shi
et al. 2020). More importantly, a strong correlation with WNP
PRITC is observed over the TIO, especially over the region
bounded by 30°S-20°N, 45°-90°E (Fig. 1c).

We further examine the relationship between WNP TC activity
and TIO SSTAs over the region bounded by 30°S-20°N, 45°-90°E
(Fig. 2) during 1979-2018. TIO SSTAs have a weak correlation
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(~0.09) with WNP RITC counts (Fig. 2a), a significant correla-
tion (~—0.44) with WNP TC counts (Fig. 2b), and a significant
correlation (~0.46) with WNP PRITC (Fig. 2¢). In summary,
interannual changes in TIO SSTAs have a strong association with
PRITC over the WNP basin. The associated physical mechanism
behind this relationship has not been extensively studied. The
close interannual relationship between TIO SSTAs and PRITC
was noted in Zhao et al. (2018a). Zhao et al. (2018a) mainly fo-
cused on the Pacific climate regime shift and its relationship with
the increase in PRITC over the WNP basin during recent de-
cades. The associated underlying mechanism causing the strong
association between TIO SSTAs and PRITC over the WNP basin
was not further investigated in that study. We now focus on the
important factors associated with interannual changes in TIO
SSTs affecting PRITC over the WNP basin and explore associ-
ated plausible physical mechanisms.

4. Key factors affecting WNP PRITC associated with
interannual changes in TIO SSTAs

To further clarify the effect of TIO SSTAs on the PRITC
over the WNP basin, the years with strong warm (cold) TIO
SSTAs are identified based upon the standardized annual TIO
SSTAs over the region bounded by 30°S-20°N, 45°-90°E. We
define strong warm (strong cold) TIO years as those where the
SSTA is greater than (less than) or equal to 1 standard devia-
tion (Fig. 2). We identify eight years with strong warm TIO
SSTAs (i.e., 1987,2009, 2011, 2012, 2014, 2015, 2017, and 2018)
and six years with strong cold TIO SSTAs (i.e., 1984, 1985,
1986, 1989, 1992, and 1996). The following sections mainly
focus on the composite analyses between these years with
warm and cold TIO SSTAs. Note that the selection of these
years with warm and cold TIO SSTAs is determined by the
standardized annual time series of TIO SSTAs over the core
region without removing the linear trend. The years with warm
and cold TIO SSTAs without removing the linear trend are
labeled as RAW-warm and RAW-cold TIO SSTAs. Later in
this study we will present results in which the linear trend is
removed, and the corresponding years will be identified as
RWT-warm and RWT-cold TIO SSTAs.

During years with RAW-warm TIO SSTAs, there are ~17.8
TCs during the peak season over the WNP basin, which is
significantly smaller than ~23.7 TCs during the peak season for
RAW-cold TIO SSTAs. As shown in Fig. 3a, there is a decrease
of TCs in the South China Sea (SCS), the Philippine Sea, and
the eastern WNP basin during years with RAW-warm TIO
SSTAs compared to that during years with RAW-cold TIO
SSTAs. The change in TC counts may be caused by changes in
atmospheric factors including suppressed low-level vorticity
and increased vertical wind shear over the WNP basin in re-
sponse to anomalously warm TIO SSTAs (Du et al. 2011; Xie
et al. 2009, 2016; Wang et al. 2006) and associated divergence
over the subtropical region that triggers suppressed convection
over the WNP basin (Zhan et al. 2011a,b, 2014). In contrast,
there is no significant difference in RITC counts (~0.4) over
the WNP basin between years with RAW-warm and RAW-cold
TIO SSTAs. There are ~8.6 RITCs over the WNP basin during
years with RAW-warm TIO SSTAs and ~9.0 RITCs during
years with RAW-cold TIO SSTAs annually, on average.
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FIG. 3. Spatial distributions of the difference in (a) TC counts and
(b) RITC counts in each 5° longitude X 5° latitude grid box over the
WNP basin between years with warm and cold TIO SSTAs.

As shown in Fig. 3b, there is an increase in RITCs over the
main development region of the WNP basin (7.5°-27.5°N,
110°-160°E) during years with RAW-warm TIO SSTAs rela-
tive to years with RAW-cold TIO SSTAs. Due to a significant
difference in TC counts and little difference in RITC counts
over the WNP basin, the annually averaged PRITC over the
WNP is found to be higher (~50%) during years with RAW-
warm TIO SSTAs and smaller (~37%) during years with
RAW-cold TIO SSTAs. This difference in PRITC is significant
at a 95% confidence level (Table 1).

We next examine composite differences of oceanic and at-
mospheric conditions (Fig. 4). As shown in Figs. 4a and 4b,
there is an increase in vertical wind shear especially over the
region bounded by 15°-25°N, 145°E-180° and a decrease in
low-level relative vorticity especially over the region bounded
by 0°-15°N, 165°E-180° during years with RAW-warm TIO
SSTAs compared to that during years with RAW-cold TIO
SSTAs. Changes in vertical wind shear and low-level relative
vorticity match well with the significant differences in TCs
counts over the WNP basin between years with RAW-warm

TABLE 1. Annually averaged RITC counts, TC counts, and the
proportion of RITCs (PRITC) (%) over the WNP basin during the
peak TC season (July-November) for 1979-2018, and for years
with warm and cold TIO SSTAs. Statistical significance is esti-
mated based upon a one-tailed Student’s ¢ test. Two asterisks (**)
indicate that the difference is significant at a 95% confidence level.

RITC TC PRITC
1979-2018 8.6 20 44%
Years with warm TIO SSTAs 8.6 17.8 50%
Years with cold TIO SSTAs 9 23.7 37%
Difference (warm minus cold) —0.4 —5.9%%* 13%**
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FIG. 4. Composite differences between years with warm and cold
TIO SSTAs for (a) vertical wind shear (ms ™), (b) 850-hPa relative
vorticity (105~ 1), (c) 600-hPa relative humidity (%), and (d) TCHP
(kJ cm™2). The plus signs (+) indicate that the differences are statis-
tically significant between years with warm and cold TIO SSTAs at a
95% confidence level.

and RAW-cold TIO SSTAs (Fig. 3a). The increased midlevel
relative humidity observed in RAW-warm TIO SSTAs relative
to RAW-cold TIO SSTAs (Fig. 4c), may play a positive role in
enhancing TC frequency over the WNP basin. We find no
significant difference in RITCs but significant differences in
TCs between years with RAW-warm and RAW-cold TIO
SSTAs (Table 1) as well as changes in large-scale factors
(Fig. 4). Therefore, the positive contributions to RITC counts
from increased TCHP and midlevel moisture are partially can-
celled by negative contributions from decreased low-level rela-
tive vorticity and increased vertical wind shear over the WNP
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FIG. 5. (a) The absolute BDIs of large-scale environmental fac-
tors including vertical wind shear, 850-hPa relative vorticity, 600-
hPa relative humidity, and TCHP between the RITC and the TC
center (10° X 10°) in the main development region (7.5°-27.5°N,
110°-160°E). (b) Standardized time series of annual TIOSST
(black), TCHP (red), and RHUM (green) in the main development
region (7.5°-27.5°N, 110°~160°E).

basin. Similar results have been reported in previous studies
(Wang and Zhou 2008; Klotzbach 2012; Zhao et al. 2018a).

The effect of the oceanic environment (e.g., TCHP) appears
to play a dominant role in controlling RITCs when compared
with the atmospheric environment, similar to what has been
suggested in previous studies (Wada and Chan 2008; Wang
et al. 2015; C. Wang et al. 2017; Guo and Tan 2018; Zhao et al.
2018a). As shown in Fig. 4d, the difference in TCHP between
years with RAW-warm and RAW-cold TIO SSTAs shows a
considerable increase over the WNP basin in RAW-warm TIO
SSTA years, especially over 8°-30°N, agreeing well with the
main development region for RITC (15°-30°N, 120°-150°E).
The close association between changes in TCHP over the WNP
basin and interannual changes in TIO SSTAs is further con-
firmed by a significant correlation (~0.41) between TCHP over
the main development region for WNP RITC and TIO SSTAs
over the core region.

To further differentiate the relative importance of these four
environmental factors for both TCs and RITCs, we applied the
box difference index (BDI) proposed by Fu et al. (2012) and
Peng et al. (2012) to rank the importance of environmental pa-
rameters differentiating RITC and TC cases by accounting for
the mean and variability of the individual sample. The BDI is
applied to identify controlling factors measuring the differences
subjectively and quantitatively between RITC and TC cases
over the MDR. Over the MDR, the RITC count is 311 (i.e., 89%
of the total RITC counts), and the TC count is 689 (i.e., 86% of
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FIG. 6. (a) Composite difference of 850-hPa winds (ms™ ') be-
tween the years with RAW-warm and RAW-cold TIO SSTAs over
July-November during 1979-2018. (b) As in (a), but between the
years with RWT-warm and RWT-cold TIO SSTAs and 850-hPa
winds with linear trends removed (see text for details on deter-
mining RWT-warm and RWT-cold). The red and black arrows
denote 850-hPa winds, with the arrows in red being statistically
significant at a 95% confidence level.

the total TC count). The magnitude of the BDI measures how
well the variable can differentiate between rapid intensification
and TC genesis. As shown in Fig. 5a, the TCHP is the most
important factor contributing to RITCs, with 600-hPa relative
humidity and vertical wind shear being of secondary importance.
Low-level vorticity appears to only play a small role.

The greater importance of TCHP relative to midlevel
moisture associated with TIO SSTA is further confirmed by
both parameter’s individual associations with TIO SSTAs.
There is a significant correlation between TIO SST and TCHP
(~0.36), while the correlation between TIO SST and midlevel
relative humidity is insignificant (~0.21) (Fig. 5b). In summary,
TIO SSTAs exert a significant impact on the total WNP TC
number, mainly through associated changes in the dynamic
factors (e.g., vertical wind shear and low-level vorticity), but
RITCs are primarily modulated by associated changes of
thermodynamic factors (e.g., TCHP and midlevel relative
humidity).

Figure 6a shows the difference in 850-hPa winds between
years with RAW-warm and RAW-cold TIO SSTAs. The in-
crease of TCHP over the WNP basin is likely due to a positive
contribution from anticyclonic circulation anomalies over the
tropical Indo-Pacific regions, while the contribution of low-
level westerly anomalies over the eastern portion of the trop-
ical WNP basin likely partly cancels this positive contribution.
The anticyclonic circulation anomalies over the tropical Indo-
Pacific region contribute thermal energy from the atmosphere
to the ocean, increasing SST and TCHP over the WNP basin
(Xie et al. 2009; Liu et al. 2016). The increase in TCHP would
be partly offset by increased equatorial westerly wind anom-
alies over the eastern portion of the WNP basin that tend
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SSTAs. The black dots in (c) indicate that the
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to move warmer water toward the tropical eastern Pacific
(Wang et al. 2015; Zhao and Wang 2016, 2019).

In summary, although there are significantly more TCs over
the WNP basin during years with RAW-cold TIO SSTAs
compared to years with RAW-warm TIO SSTAs, there is a
reduced efficiency in their intensification. The lower efficiency
of a TC developing into a RITC during years with RAW-cold
TIO SSTAs is found to be primarily determined by decreased
TCHP over the WNP basin, with an increase in RITC effi-
ciency when RAW-warm TIO SSTAs and associated increased
TCHP over the WNP basin are present. Correspondingly, an
increase in PRITC over the WNP basin is observed during
years with RAW-warm TIO SSTAs.

5. Possible amplification impact of global warming on

WNP PRITC

Changes in oceanic and atmospheric factors are closely as-
sociated with changes in SSTAs between years with RAW-
warm and RAW-cold TIO SSTAs (Fig. 7). As shown in Fig. 7c,
the composite difference of SSTs between RAW-warm and
RAW-cold TIO SSTAs is characterized by a tropics-wide
warming, signaling the possible impact of global warming on
RITC over the WNP basin. The possible impact of global
warming is partly related to the fact that the selected years with
RAW-warm TIO SSTAs mostly occurred during the second
subperiod of 1998-2018 characterized by warmer SSTs. In fact,
the upward trend in SST (0.06°C yr™!) during 1979-2018 over
the TIO is one of the most significant in any ocean basin around
the world, as has also been indicated in previous studies (Hu and
Fedorov 2019; Dong and Zhou 2014; Alory et al. 2007; Levitus

(°C) between years with warm and cold TIO
difference is statistically significant at a 95%

et al. 2000). Additionally, prior studies have suggested a con-
sistency between interdecadal changes in TC activity and accom-
panying environmental factors over the tropical WNP basin (Maue
2011; Liu and Chan 2013). Also, global warming has been im-
plicated to possibly amplify changes in these large-scale factors
(Vecchi and Soden 2007; Trenberth 2005; Knutson et al. 2010; Yang
et al. 2018). The recent westward shift of the tropical upper-
tropospheric trough since the late 1990s has weakened the inten-
sity of the monsoon trough and has thus led to anomalously strong
vertical wind shear and an anomalous reduction in low-level vor-
ticity over the eastern WNP basin (Liu and Chan 2013; Hsu et al.
2014; He et al. 2017, Hu et al. 2018; Zhao et al. 2019). These findings
agree well with the recent apparent decrease of TC genesis fre-
quency over the WNP basin. A question therefore naturally arises:
Is global warming amplifying the impact of interannual variability
of TIO SSTAs on RITC and PRITC over the WNP basin?

To further show the possible relationship between global
warming and PRITC over the WNP basin associated with in-
terannual changes in TIO SSTAs, we first compare the stan-
dardized time series of GMSST and PRITC over the WNP
basin and TIO SSTAs during JASON from 1979 to 2018
(Fig. 8). As expected, there is a significant correlation (~0.45)
between WNP PRITC and GMSST during 1979-2018. The
GMSST during 1979-2018 is found to be significantly associ-
ated with TIO SSTAs over the core region (30°S-20°N, 45°-
90°E) (r = 0.78). Together with a significant increasing trend in
GMSST (0.08°Cyr ™", significant at a 95% confidence level),
these results suggest that a possible impact of global warming
may be a substantial decrease in TC counts but an increased
chance for RITCs and thus an increased PRITC over the WNP
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(black) with the linear trend removed. Two asterisks (**) indicate
that the correlation is significant at a 95% confidence level.

basin in response to interannual variability in TIO SSTAs. To
isolate the possible role of global warming on RITCs and
PRITC over the WNP basin, we remove the associated impact
of global warming on PRITC over the WNP basin by removing
the linear trend of all variables. The years that we select for
warm RWT-TIO SSTAs are 1982, 1983, 1987, 1988, 2015, and
2017 and the six years that we select with cold RWT-TIO
SSTAs are 1984, 1993, 1996, 1999, 2005, and 2016. Other var-
iables including TC counts, RITC counts, and PRITC over the
WNP basin as well as local atmospheric and oceanic factors
included in the following composite analyses between years
with RWT-warm and RWT-cold TIO SSTAs are also dis-
played with linear trends removed.

Asshown in Table 2, on average, there are ~19.0 and ~22.7 TCs
during the WNP peak season, with RWT-warm and RWT-cold
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TIO SSTAs, respectively. The difference of 3.7 TCs is signifi-
cant between years with RWT-warm and RWT-cold TIO
SSTAs, but this difference is also smaller than the difference of
5.9 TCs between years with RAW-warm and RAW-cold TIO
SSTAs. Similarly, the difference of RITC counts (~0.3) be-
tween years with RWT-warm and RWT-cold TIO SSTAs is not
significant and is similar to the insignificant difference of RITC
counts (~0.4) between years with RAW-warm and RAW-cold
TIO SSTAs. Correspondingly, on an annual-average basis,
there is a larger PRITC (45%) over the WNP basin during
years with RWT-warm TIO SSTAs than during years with
RWT-cold TIO SSTAs (37%). The difference in PRITC rate
(8%) is not significant during years with RWT-warm and
RWT-cold TIO SSTAs and is substantially smaller than the
difference of PRITC (13%) between years with RAW-warm
and RAW-cold TIO SSTAs. Moreover, the correlation of 0.46
between RAW-TIO SSTAs and PRITC over the WNP basin is
reduced to 0.32 between PRITC over the WNP basin and
RWT-TIO SSTAs (Figs. 2c¢ and 8c). In summary, global
warming appears to significantly reduce TCs over the WNP
basin but insignificantly modulate RITCs, leading to an am-
plified difference of PRITC over the WNP basin between years
with RAW-warm and RAW-cold TIO SSTAs.

Figure 9 shows composite SSTAs for years with RWT-warm
and RWT-cold TIO SSTAs (Figs. 9a,b) as well as the differ-
ences between RWT-warm and RWT-cold years (Fig. 9c). The
spatial pattern of the differences in SST between years with
RWT-warm and RWT-cold TIO SSTAs is characterized by
an El Nifio-like pattern, with cooling SSTA over the WNP
basin and a significant warming over the TIO. There is also a
mostly nonsignificant warming over the tropical eastern-
central Pacific in RWT-warm relative to RWT-cold TIO
SSTA years (Fig. 9c). The response to such an El Nifio-like
pattern, in terms of the composite differences of vertical
wind shear, 850-hPa relative vorticity, 600-hPa relative hu-
midity, and TCHP over the WNP basin between years with
RWT-warm and RWT-cold TIO SSTAs, is shown in Fig. 10.
A decrease in vertical wind shear (Fig. 10a) over the zonal
band from 10°-20°N and an increase in vertical wind shear at
lower latitudes over the southeastern part of WNP basin is
observed. A decrease in 850-hPa relative vorticity (Fig. 10b),
especially over the main TC development region, coincides
well with anticyclonic circulation anomalies (Fig. 6b). These
anomalies inhibit TC development over the WNP basin
during years with RWT-warm TIO SSTAs. Note that the
differences in these large-scale factors between years with
RWT-warm and RWT-cold TIO SSTAs are substantially
smaller than those between years with RAW-warm and
RAW-cold TIO SSTAs (Fig. 11). Together with the greater
importance of dynamic factors (e.g., vertical wind shear and
low-level relative vorticity) for TC formation and the
greater importance of thermodynamic factors (e.g., TCHP
and midlevel moisture) on RITC development, these results
suggest that global warming may enhance the impact of
large-scale environmental conditions both in reducing TC
frequency and increasing the efficiency of TCs undergoing
rapid intensification. Consequently, this leads to enhanced
PRITC over the WNP basin during years with RAW-warm
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TABLE 2. Annually averaged RITC counts, TC counts, and the proportion of RITCs (PRITC) (%) over the WNP basin during the peak
TC season (July-November) after removing their linear trend for 1979-2018, and for years with warm and cold TIO SSTAs. The years with
warm and cold SSTAs are selected in terms of the detrended TIO SSTA time series (labeled as years with RWT-warm and RWT-cold TIO
SSTAs). Statistical significance is estimated based upon a one-tailed Student’s ¢ test. Two asterisks (**) indicate that the difference is

significant at a 95% confidence level.

Detrended RITC counts Detrended TC counts Detrended PRITC
1979-2018 8.6 20 44%
Years with RWT-warm TIO SSTAs 8.4 19 45%
Years with RWT-cold TIO SSTAs 8.7 22.7 37%
Difference (RWT-warm minus RWT-cold) -0.3 —3.7%* 8%

TIO SSTAs compared to that during years with RAW-cold
TIO SSTAs.

6. Summary

In this study, we explore the interannual association be-
tween TIO SSTAs and PRITC over the WNP basin during the
peak TC season (July-November) from 1979 to 2018. In
agreement with previous studies on the importance of TIO
SSTAs on WNP TC frequency (Du et al. 2011; Zhan et al.
2011a,b, 2014; Zhao et al. 2015), this study finds a significant
negative correlation (r = —0.44) between TIO SSTAs and TC
counts over the WNP basin. In contrast, there is a weak cor-
relation between TIO SSTAs and RITC counts over the WNP
basin. Associated with changes in TC counts and RITC counts,
there is a strong interannual relationship between TIO SSTAs
and PRITC over the WNP basin (r = 0.46). We find that there
are distinct environmental factors that affect TC counts, RITC

counts, and combined changes of TC counts and RITC counts
(i.e., PRITC) over the WNP basin.

Other large-scale factors affecting TC and RITC counts are
analyzed by exploring composite differences in TC and RITC
counts over the WNP basin between years where the TIO is at
least one standard deviation warmer or colder than normal
(e.g., RAW-warm and RAW-cold). Significantly more TCs are
observed over the WNP basin during years with RAW-cold
TIO SSTAs, while there is no significant difference in RITC
counts over the WNP basin during years with RAW-warm
versus RAW-cold TIO SSTAs. Therefore, there is a signifi-
cantly higher PRITC (50%) over the WNP basin during years
with RAW-warm TIO SSTAs than the PRITC (37%) rate
during years with RAW-cold TIO SSTAs. The higher PRITC
rate is related to increased vertical wind shear and decreased
low-level vorticity over the WNP basin (unfavorable for TC
genesis during years with RAW-warm TIO SSTAs), and to
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FIG. 9. Composite SST anomaly (°C) for (a) years with RWT-warm and (b) RWT-cold TIO
SSTAs, as well as (c) the difference between RWT-warm and RWT-cold. The values with black
dots in (c) indicate areas where the difference is statistically significant at a 95% confi-

dence level.
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0
100E

increased TCHP and midlevel relative humidity (favorable for
higher efficiency of TCs undergoing rapid intensification dur-
ing years with RAW-warm TIO SSTAs). Moreover, there is
also a relatively strong association between TIO SSTAs and
TCHP over the WNP main development region (r = 0.36). The
increase in TCHP over the WNP basin during years with
RAW-warm TIO SSTAs is favored by an anomalous circula-
tion over the tropical Indo-Pacific region and partly offset by
anomalous low-level tropical Pacific westerlies over the east-
ern portion of the tropical WNP basin. Note that the sub-
stantial importance of the midlevel relative humidity for the
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FIG. 11. Composite difference between RAW-warm and RAW-
cold years and RWT-warm and RWT-cold years for (a) vertical
wind shear (ms™'), (b) 850-hPa relative vorticity (107>s™1),
(c) 600-hPa relative humidity (%), and (d) TCHP (kJ cm™2).

TC rapid intensification in this study appears to be somewhat
different from that in previous studies (Ma et al. 2019; Liang
et al. 2018; Wu et al. 2012; Hill and Lackmann 2009). For ex-
ample, Hill and Lackmann (2009) suggested that the environ-
mental humidity is more influential for rainband activities than
eyewall convection and is therefore not dominant in TC in-
tensification. Additionally, studies (e.g., Liang et al. 2018)
found that the midlevel moisture could be rather similar be-
tween rapid weakening TCs and non-rapid weakening TCs
over the WMP basin, implying a limited role of environmental
humidity in TC intensity change. Such inconsistency of its im-
portance in rapid TC intensity change needs more observational
analyses and numerical simulations to help us understand the
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FI1G. 12. (a) Composite differences in the genesis potential index
(GPI) (shading) and TC genesis frequency (contour) over the
WNP basin over the peak TC season during years with RWT-warm
and RWT-cold TIO SSTAs. (b) As in (a), but during years with
RAW-warm and RAW-cold TIO SSTAs. A plus sign (+) indicates
that the differences are statistically significant between the years
with RWT-warm and RWT-cold TIO SSTAs at a 95% confi-

dence level.

climate impact of environmental humidity on TC intensity
change.

A significant difference in PRITC over the WNP basin in
response to the interannual variability of TIO SSTAs may be
associated with the amplification impact of global warming.
This potential amplification is further confirmed by examining
composite differences in TC activity between years with
detrended TIO SSTAs (RWT-warm versus RWT-cold TIO
SSTAs). The significant difference in TC counts (~3.7) be-
tween years with RWT-warm and RWT-cold TIO SSTAs is
somewhat smaller than the difference of TC counts (~5.9)
between years without removing the linear trend (i.e., RAW-
warm and RAW-cold TIO SSTAs). In contrast, there is no sig-
nificant difference in RITC counts over the WNP basin between
years with RWT-warm and RWT-cold TIO SST As. This value is
similar to the difference observed between years with RAW-
warm and RAW-cold TIO SSTAs. Correspondingly, there is a
smaller difference (8% ) of PRITC over the WNP basin between
years using the detrended time series (i.e., RWT-warm and
RWT-cold TIO SSTAs) than the difference (13%) during years
with RAW-warm and RAW-cold TIO SSTAs.

We also find a reduced correlation, from 0.46 for the raw
time series to 0.32 using the detrended time series, between
PRITC over the WNP basin and TIO SSTA (Figs. 2¢ and 8c).
The amplitude of the differences of large-scale factors with
anomalies from the detrended time series are smaller than
those between years with anomalies from the raw time series
(Figs. 4 and 10). As was the case with the raw TIO SST
anomalies, we find that vertical wind shear and low-level
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relative vorticity are more important for TC formation and that
thermodynamic factors are more important for TC rapid in-
tensification. Accompanying these changes, there is a smaller
difference in TC frequency and RITCs over the WNP basin
between years with RWT-warm and RWT-cold TIO SSTAs.
The amplitude of increased TCHP between years with RWT-
warm and RWT-cold TIO SSTAs is also smaller than that
between years with RAW-warm and RAW-cold TIO SSTAs.
Correspondingly, weaker anticyclonic circulation anomalies
and stronger low-level westerly anomalies over the eastern
portion of the WNP basin are found between years with RWT-
warm and RWT-cold TIO SSTAs than during years with
RAW-warm and RAW-cold TIO SSTAs. All of these results
imply that global warming may strengthen the anticyclonic
circulation over the tropical Indo-Pacific and reduce low-level
Pacific westerly anomalies over the eastern tropical WNP, in
response to interannual variability of TIO SSTAs. Global
warming may also amplify the positive impact of large-scale
oceanic factors and provide more chance for TC rapid inten-
sification, while the negative impact of global warming mod-
ulates other large-scale atmospheric factors that reduce WNP
TC count.

Finally, the representation of GPI developed by Emanuel and
Nolan (2004) in the difference of TC genesis between years with
RAW-warm/RWT-warm and RAW/RWT-cold TIO SSTAs is
examined (Fig. 12). This GPI index has been widely used to
represent TC genesis on various time scales (Camargo et al.
2007,2009; Du et al. 2011; Hsu et al. 2014; Zhao et al. 2015, 2016,
2018b; Zhao and Wu 2018). Note that the composite difference
of GPI (RWT-warm minus RWT-cold TIO SSTAs years) in
Fig. 10a shows nearly basinwide negative GPI anomalies, con-
sistent with the significant decrease of TCs over the WNP basin
between years with RWT-warm and RWT-cold TIO SSTAs
(Table 2). The positive GPI anomalies found near the Philippine
Sea corresponding to an increase of TCs observed in this region.
Unexpectedly, the composite GPI difference without removing
the linear trend (RAW-warm minus RAW-cold TIO SSTAs
years) does not spatially match the observed changes in TC
genesis over the WNP basin (Fig. 12b). This result leads to the
hypothesis that global warming may change the interannual
relationship between some large-scale factors as well as their
nonlinear interactions and TC genesis over the WNP basin. We
note that these findings regarding the GPI may also be due to
deficiencies in the GPI at modeling interdecadal variability and
long-term trends in TC genesis (Camargo et al. 2007; Gualdi
et al. 2008; Caron and Jones 2008; Zhang et al. 2010) We intend
to investigate potential improvements to the GPI in future
research.
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