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ABSTRACT

This study reexamines the correlation between the size and intensity of tropical cyclones (TCs) over the western North
Pacific from the perspective of individual TCs, rather than the previous large-sample framework mixing up all TC records.
Statistics show that the positive size-intensity correlation based on individual TCs is relatively high. However, this
correlation is obscured by mixing large samples. The weakened correlation based on all TC records is primarily due to the
diversity in the size change relative to the same intensity change among TCs, which can be quantitatively measured by the
linear regression coefficient (RC) of size against intensity. To further explore the factors that cause the variability in RCs
that weakens the size-intensity correlation when considering all TC records, the TCs from 2001 to 2020 are classified into
two groups according to their RC magnitudes, within which the high-RC TCs have a larger size expansion than the low-RC
TCs given the same intensity change. Two key mechanisms responsible for the RC differences are proposed. First, the high-
RC TCs are generally located at higher latitudes than the low-RC TCs, resulting in higher planetary vorticity and thus
higher planetary angular momentum import at low levels. Second, the high-RC TCs are susceptible to stronger
environmental vertical wind shear, leading to more prolific outer convection than the low-RC TCs. The positive feedback
between outer diabatic heating and boundary layer inflow favors the inward import of absolute angular momentum in the
outer region, thereby contributing to a larger size expansion in the high-RC TCs.
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Article Highlights:

* In most tropical cyclones, size and intensity correlate well, especially during the development stage.

* Changing size-intensity relationships from storm to storm impairs the overall size-intensity correlation based on a
mixture of all TC records.

* Genesis latitude and environmental vertical wind shear are two major factors affecting the relationship between the size
and intensity of a tropical cyclone.

1. Introduction

Accurate forecasting of the intensity and size of the
wind field of a tropical cyclone (TC) is of particular interest
to mitigate the suffering of TC disasters. Apart from the inten-
sity, generally measured by the maximum sustained wind
(Vimax), the size of TC is also an important parameter character-
izing TC wind structure, which is generally represented by
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the radius of the outermost closed isobar (ROCI) or the
radius of certain wind speeds. Several risk analyses have
demonstrated that storm surge, the areal coverage of wind dis-
asters, and rainfall flooding are closely related to TC size
(Powell and Reinhold, 2007; Irish et al., 2008; Matyas,
2010). As social exposure to TC-related damage is escalat-
ing, an in-depth understanding of TC intensity and size
changes are of increasing necessity.

Previous research has explored various factors affecting
TC size and intensity. For example, the evolution of both
size and intensity is shown to depend on the initial vortex
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structure. A larger initial vortex size is generally more favor-
able for subsequent expansion but less favorable for intensifi-
cation (Cocks and Gray, 2002; Lee et al., 2010; Xu and
Wang, 2010a; Rogers et al., 2013; Carrasco et al., 2014;
Chan and Chan, 2014; Martinez et al., 2020). Besides, TCs
at lower latitudes are found to intensify rapidly but expand
slowly in size (DeMaria and Pickle, 1988; Smith et al., 2011,
2015; Li et al., 2012; Chan and Chan, 2014). Numerous
numerical studies showed that increased environmental mois-
ture promotes outer rainbands and thus size expansion in the
outer regions (Hill and Lackmann, 2009; Martinez et al.,
2020), while reinforced outer convection could also suppress
mass and moisture advection toward the inner core region,
thus prohibiting intensification (Powell, 1990; Wang, 2009;
Xu and Wang, 2010b; Sun et al., 2014; Chen et al., 2018).
Strong vertical wind shear (VWS) is detrimental to TC intensi-
fication (Merrill, 1984; Elsberry and Jeffries, 1996;
Demaria and Kaplan, 1999; Knaff et al., 2004; Tang and
Emanuel, 2010). However, size expansion under strong
VWS has been pronounced in observational and numerical
studies (Kimball and Evans, 2002; Tao and Zhang, 2019).
In addition, the intensification rate was also found to be pro-
portional to sea surface temperature (SST; Xu and Wang,
2018a), while the relative SST (TC environmental SST rela-
tive to the tropical mean SST) is stated to account for the
change in TC size (Lin et al., 2015).

Tropical cyclone (TC) intensification and expansion
can be physically interpreted by the convergence of absolute
angular momentum (AAM). Holland (1983) detailed the
dynamical role and relative contribution of various AAM
terms in maintaining TC structure. Furthermore, by conduct-
ing numerical experiments, Smith et al. (2009) identified
two mechanisms for the spin-up of cyclonic circulation.
They suggested that the size expansion is related to the con-
vergence of AAM above the boundary layer to spin up the
outer circulation, while the intensification is attributed to
the convergence of AAM within the boundary layer to spin
up the inner circulation. Based on Quick Scatterometer data,
Chan and Chan (2013) also demonstrated that the change in
intensity is related to the export of upper-tropospheric AAM,
while the change in size is connected with the import of
lower-tropospheric AAM.

Previous studies have documented the weak size—inten-
sity correlation for all TC records (e.g., Merrill, 1984; Weath-
erford and Gray, 1988; Chan and Chan, 2012; Chavas and
Emanuel, 2010; Guo and Tan, 2017). For example, using a
large sample of TC records over the North Pacific and
North Atlantic, Merrill (1984) found that the correlation coef-
ficient between the minimum sea surface pressure and
ROCI was only 0.28. Similarly, Guo and Tan (2017) also
found a weak correlation of 0.29 between V.x and the
radius of the 34 kt (1 kt = 0.5144 m s ~1) wind speed (R34).
This weak correlation is suggested to be partly due to the non-
linear size-intensity evolution (Musgrave et al., 2012; Knaff
etal., 2014; Wu et al., 2015; Chavas et al., 2016; Song et al.,
2020). Specifically, during early intensification, TC size
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expands along with increasing intensity. After a TC reaches
a certain intensity, however, the size can level off (Knaff et
al., 2014; Chavas et al., 2016) or even decrease (Wu et al.,
2015) with continuous intensification or still expand while
the intensity remains quasi-steady (Wang and Toumi, 2018).
However, it should be pointed out that the approach, based
on a large-sample framework in previous studies, mixes up
all TC records and thus fails to capture the unique size-inten-
sity relationship for individual TCs, which can give rise to
an overall weak size-intensity correlation.

Physically, both intensity and size are important metrics
that explicitly describe the TC wind field. Previous observa-
tion and simulation studies examined the lifetime evolution
of individual TC size or intensity, revealing a systematic
increase in size with intensity during early intensification
(Smith et al., 2011; Musgrave et al., 2012; Knaff et al.,,
2014; Wu et al., 2015; Song et al., 2020). However, how to
quantify the size-intensity relationship for individual TCs
and explicate the variation of the relationship from storm to
storm are not adequately addressed. An in-depth understand-
ing of the size-intensity relationship for individual TCs
could help shed light on the large diversity of TC characteris-
tics, such as the presence of a “Weak giant” (large but weak)
and “Strong dwarf” (small but strong) TCs, as suggested by
Musgrave et al. (2012).

The concerns mentioned above motivate us to investigate
the size-intensity relationship during the development stage
from the perspective of an individual TC and the potential fac-
tors affecting the relationship. The remainder of this paper
is organized as follows. Section 2 describes the data used in
this study. Section 3 details how various size-intensity rela-
tionships among individual TCs influence the overall size-
intensity correlation. Potential factors affecting the size-inten-
sity relationships and the related physical explanations are pre-
sented in section 4. the summary and discussion are given in
section 5.

2. Data and methodology

The 6-hourly TC location and intensity (Vy,x) informa-
tion from 2001 to 2020 over the Western North Pacific
(WNP) are obtained from the Joint Typhoon Warning Center
(JTWC) best track data, which also provides the quadrant
wind radius estimations of gale-force wind (34 kt), damag-
ing-force wind (50 kt), and hurricane-force wind (65 kt)
from 2001 onward. The quadrant-averaged R34 is adopted
as the size metric in this study, given that it is operationally
important for issuing warnings of wind destructiveness
(Knaff et al., 2007; Bender et al., 2017). Because the estima-
tions of R34 from JTWC are relatively subjective without
post-season revision (Knaff, 2006; Knaff et al., 2007; Song
and Klotzbach, 2016), the information on TC size and inten-
sity archived by the Japan Meteorological Agency (JMA),
which includes V), and the longest and shortest radii of 30
kt wind, is also obtained to further support our analyses. In
contrast to JTWC, the wind radii estimations have been
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updated by the post-analysis before the final documentation
in JMA (Knaff, 2006; Song and Klotzbach, 2016). Consistent
with previous studies (Song and Klotzbach, 2016; Song et
al., 2020), the JMA TC size is defined as the average of the
longest and shortest 30 kt wind radii (R30).

The atmospheric factors, including wind, relative humid-
ity, and SST, are obtained from the European Center for
Medium-Range Weather Forecasts (ECMWF) fifth genera-
tion global atmospheric reanalysis (ERAS), with a horizontal
resolution of 0.25° (Hersbach et al., 2020). In addition, precip-
itation estimations from the Global Precipitation Measure-
ment (GPM) mission satellites are used as a proxy for TC con-
vection. The GPM precipitation products are produced by
the integrated multi-satellite retrieval algorithm, and its final
run version used in this study has a temporal and spatial reso-
lution of 30 min and 0.1°, available from 2000 to the
present.

As pointed out by Song et al. (2020), the time correspond-
ing to a TC first reaching its lifetime maximum intensity
(T vp) seldom coincides with that of its lifetime maximum
size (Tyms)- The development stage in this study is specified
as the period from the time when TC first intensifies into a
tropical storm (TS) and the earlier of Tjyq and T} yg. Here,
the earlier of 77, and T s is designated as the ending time
of the development stage to ensure that both the intensity
and size are developing during this stage. Furthermore,
strict data screening was carried out as follows: (1) TC
records north to 35°N are removed to eliminate the possible
effect of extratropical transition; (2) TC records with R34/
R30 greater than the distance from the TC center to the nearest
land are excluded to eliminate the influence of terrain; (3)
TCs with at least 15 valid size records during the development
stage are retained to ensure sufficient samples for individual
TCs. Based on the criteria above, 2572 records are selected
from the lifetime of 73 TCs from the JTWC and 2080
records from the lifetime of 58 TCs from the JMA, containing
1389 and 1103 records from the development stage of each
TC, respectively. Note that the smaller sample size of IMA
is mainly due to the lack of records from 2020.

3. Size-intensity relationship for individual
TCs

We start by giving an overall picture of how different cal-
culation methods affect the correlation between the size and
intensity of the TC. The first method, adopted by previous
studies (e.g., Merrill, 1984; Guo and Tan, 2017), treats the
records from all TCs as a whole, referred to as “all”. The sec-
ond method used in this study is based on the perspective of
individual TCs. The size-intensity correlation coefficients
are first calculated for individual TCs and then averaged for
all TCs, referred to as “each”. Note that despite the relatively
small sample size of each TC, due to coarse temporal resolu-
tion in the best track dataset, most TCs selected from JTWC
and JMA have significant size-intensity correlations [the cor-
relation coefficient between size and intensity is referred to

SIZE-INTENSITY RELATIONSHIP OF TROPICAL CYCLONE

VOLUME 39

as R hereinafter to be included in the electronic supplementary
material (ESM)]. Specifically, throughout the lifetime, the R
of only 3 out of 73 JTWC TCs and 5 out of 58 JMA TCs do
not reach the 95% confidence level based on the Students’ #-
test. When focusing on the development stage, the R of only
3 JTWC) and 2 JMA) TCs fail to satisfy a 95% confidence
level.

The R distributions calculated for individual TCs during
the development stage and throughout their lifetime are
shown in Fig. 1. As shown in Fig. 1a, approximately 75% of
the JTWC TCs have a size-intensity correlation greater than
0.50 in the context of the entire lifetime, with an average R
of 0.67 (“Lif, each™). The R decreases to 0.53 if all JTWC
records are mixed (“’Lif, all”’). When focusing on the develop-
ment stage, the size-intensity correlation is enhanced and
much greater than that of the total samples (0.83 versus
0.61). The results remain qualitatively consistent when
using the JIMA dataset (Fig. 1b), that is, the size-intensity cor-
relation of individual TCs is stronger compared to that from
the mixture of all TCs records for the entire lifetime (0.67 ver-
sus 0.44), especially during the development stage (0.84 ver-
sus 0.40).

It should be pointed out that the size-intensity correla-
tions in JTWC and JMA are higher than in previous studies,
which is primarily due to the subjective and intensity-depen-
dent method used in estimating the wind radii in these agen-
cies (Knaff, 2006; Song and Klotzbach, 2016). For example,
the Huntley model, used in JTWC as a reference for the opera-
tional forecaster, is an empirical parametric model incorporat-
ing intensity and the radius of maximum wind (Cocks and
Gray, 2002; Knaff, 2006). However, the objective of this
study is to examine how the different calculation methods
affect the size-intensity correlation. As shown above, there
is a significant decrease in R from the perspective of individ-
ual TCs to all TC records, which suggests that the size-inten-
sity correlation can be potentially affected by the calculation
method. This result is further supported by the JMA dataset,
in which the wind radius estimations are more objective
since being updated by the post-analysis, thereby reducing
the dependence of size estimation on intensity (Knaff, 2006;
Song and Klotzbach, 2016).

Nevertheless, the qualitative consistency in both the
JTWC and JMA datasets confirms an intrinsic correlation
between size and intensity for individual TCs, which is
obscured by mixing all TC records. In addition, the inherent
correlation is more robust during the development stage,
given the narrower spread of the boxplot. Since the develop-
ment stage presents a more robust correlation, attention will
be paid exclusively to this period in the rest of this study.

To clarify why the size-intensity correlation of all sam-
ples is lower than that of the individual TCs, Fig. 2a shows
the V,.x-R34 diagram during the development stage of all
selected TCs. Records during the development stage for the
73 TCs exhibit a size-intensity correlation of 0.61. Although
the size and intensity increase synchronously in most TCs,
the expansion in size relative to intensification varies signifi-
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cantly. To illustrate this fact, two representative TCs are cho-
sen, one with a relatively high expansion rate [Haima
(2016)] and one with a low expansion rate [Chaba (2016)].
The evolution of their size and intensity relationship is
clearly marked in Fig. 2a by red and blue lines, respectively.
During their development stage, the two TCs have similar
intensity changes of about 110 kt, whereas the change in the
R34 of Haima is much greater than that of Chaba (200 km ver-
sus 80 km). The correlation coefficient between V., and
R34 of Haima and Chaba both reach 0.88 or even higher.
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When combining all records of two TCs, the correlation
reduces to 0.61. The decreased correlation suggests that mix-
ing records of TCs with distinct changes in size relative to
the same intensity change not only impairs the overall size-
intensity correlation but also obscures the strong correlation
inherent to each TC.

To quantify the size change relative to the same intensity
change for individual TCs, linear regression is applied to
each TC. The linear regression coefficient of R34 against
Vmax (hereafter referred to as RC) can be considered a mea-
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Fig. 1. Comparison of the correlation coefficients between size and intensity using different calculation methods
based on (a) JTWC and (b) JMA datasets for different lifetime stages. On the abscissa, “Lif” and “Dev” represent the
entire lifetime and development stage, while “all” and “each” represent different calculation methods, respectively.
The red x in the “all” group represents the correlation coefficient for all of the TCs’ records, which exceeds the 99%
confidence level of the Student’s z-test. While in the “each” group, the size-intensity correlation of each TC is
calculated, the 25th, 50th, and 75th percentiles of the correlation coefficient of individual TCs are given by the box,
and the whiskers extend to the 5th and 95th percentiles. The red x in the “each” group represents the average

correlation coefficient for all individual TCs.
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Fig. 2. (a) V,.x-R34 diagram of all TCs based on the JTWC dataset; representative TCs with high and low RCs are marked
by red and blue lines, respectively. Panels (b) and (c) show V,,,-R34 diagrams for high-RC and low-RC TCs, with the
composite evolutions of V,,-R34 colored red and blue with ten dots. Note that the time series of V,,-R34 are first
normalized by the duration of the development stage for each TC before the composition. The number below each dot
denotes the number of TCs with valid records. The correlation coefficient between V,,,, and R34 for all the records of
selected TCs is displayed in the bottom right corner of each panel.
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surement of the size-intensity relationship. Namely, a large
RC stands for a greater expansion in size relative to intensifi-
cation. The converse is true for a small RC. To facilitate a
comparison among the TCs with various RCs, the TCs are
classified into two groups according to the 50th percentile
of the RC. TCs within the top 50% RCs are referred to as
high-RC TCs (34), and the remaining TCs are classified as
low-RC TCs (33). Note that out of a total of 73 TCs; there
are 6 TCs whose V., and R34 during the development
stage are not positively correlated at the 99% confidence
level based on the Students’ #-test, accounting for 8% of the
total samples. These TCs are excluded prior to classification,
allowing for a focus on TCs with a significant size-intensity
correlation.

Figures 2b and 2c show the V,,,,-R34 diagrams for the
high-RC and low-RC TCs, respectively, manifesting a distinct
evolution tendency of size and intensity between these two
groups. Because the duration of the development stage
varies among TCs, the time series of the V,;,,-R34 diagram
of each TC is first normalized by its development period
(T4ey) for the convenience of the composite. Then, for each
TC, Vpa and R34 are linearly interpolated from O to 1 Ty,
with an interval of 0.1 Ty.,. Finally, the interpolated data
from different TCs are composited at each normalized time
point. Composite V,,.-R34 profiles for high-RC and low-
RC TCs are depicted as the red and blue lines in Figs. 2b
and 2c, respectively. Note that some TCs in JTWC have miss-
ing R34 records before 0.4 T, . The steeper slope of the com-
posited V,,,..-R34 regression line in the high-RC group sug-
gests an evident larger expansion in size relative to the same
intensity change compared to the low-RC group (Figs. 2b,
¢). Similar to the discussion above, the size-intensity correla-
tions of all records in both groups are stronger than the coun-
terpart of the total TCs, evidenced by an R of 0.77 for the
high-RC TCs and 0.65 for the low-RC TCs.

Asdisplayed in Figs. 3a and 3b, further statistical analysis
shows that the high-RC TCs possess an average expansion
rate of 47.6 km d-! according to the R34 from the JTWC,
which is in significant contrast to that of the low-RC TCs of
36.6 km d-!. For comparison, there is no significant difference
in the intensification rate between the high-RC and low-RC
TCs, suggesting that the steeper slope of the composited
Vimax-R34 profile of the high-RC TCs is primarily caused by
the faster expansion of R34. Furthermore, the comparison is
also made in terms of size and intensity distribution at the
end of the development stage (Figs. 3c, d). Most high-RC
TCs (94%) have an ultimate size larger than 250 km with a
peak in the 300-500 km range, whereas low-RC TCs have
the largest portion in the 200-250 km range. The differences
in size distribution between these two groups are significant
at the 99% level based on a two-tailed Mann-Whitney U
test. On the other hand, although the intensification rates of
the two groups differ marginally, the low-RC TCs generally
skew more toward higher intensity than the high-RC TCs at
the end of the development stage, which is mainly due to
the longer development duration in the low-RC TCs (5.3 vs.
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4.6 days).

The above results demonstrate that the relatively weak
size-intensity correlation in a large-sample framework
revealed in previous literature can be largely attributed to
the variation in size expansion among TCs. The following sec-
tion will investigate the potential factors and related mecha-
nisms responsible for the difference in size expansion
between the high-RC and low-RC groups.

4. Potential mechanisms leading to the
variability of size expansion

4.1. AAM flux budget

As suggested by previous studies (Holland, 1983;
Smith et al., 2009; Chan and Chan, 2013), the size expansion
is related to the low-level convergence of AAM at large
radii, which spins up the tangential winds at the outer region.
The AAM per unit mass is composed of two parts,

1
AAM:v9r+§fr2, (D

where vy is the tangential wind, r is the radius relative to the
TC center, and f is the Coriolis parameter. The terms on the
right-hand side of Eq. (1) are the relative angular momentum
(RAM) and earth angular momentum (EAM), respectively.
To further unravel the difference in size expansion between
the high-RC and low-RC TCs, the AAM flux (AAMF) analy-
sis is conducted, as in Chan and Chan (2013). The AAMF
across the radius r relative to the TC center is given by:

o’V P
2 2 7

AAMEF(r) = 1ogv; + rvy v+ 2)
where v, and f; are the radial wind and Coriolis parameter
at the TC center. The overbar and prime denote the
azimuthal average and deviation from the azimuthal average,
respectively. The four terms on the right-hand side of Eq. (2)
are the axisymmetric RAM flux, the asymmetric RAM flux,
the axisymmetric Coriolis torque, and the asymmetric compo-
nent, abbreviated as SRAMF, ARAMEF, SCT, and ACT.

As suggested by previous studies (Tsuji et al., 2016),
the changes in R34 are closely related to momentum transport
relative to R34. However, R34 changes with time and case
during the development stage. Therefore, the radius is normal-
ized by R34 for the convenience of the composite and compar-
ison. Figure 4 shows the radius-height cross-section of the
terms contributing to the AAMF averaged during the develop-
ment stage, with the radius normalized by R34 each time.
Because the magnitudes of the asymmetric terms are rela-
tively small, only the SRAMF and SCT are shown. Note
that only the results outside of R34 are shown since they are
directly related to the changes of R34. It is evident that there
is a greater negative AAMF at low-to-mid levels in the high-
RC TCs compared to the low-RC TCs (Figs. 4a, b), with the
largest difference appearing below 800 hPa (Fig. 4c). This



NOVEMBER 2022 CHEN ET AL. 1961

100 40

(a) | o
> 80 F Z
3 - S 30 - —
£ ! < I H
< 60 F ' 2 | :
o) o
5 L X . c 20 - ¢ X
S 40 - l | 2 B |
2 : 3 i 4
C x =
8 1 2 10 I
x 20 3 4

0 | | 0 | | |
High RC Low RC High RC Low RC
100 100

(c) (d)

80 mm High RC (313.4km) | o - mmm High RC (116.1 ki)
2 mm LowRC (230.6 km) | & mm Low RC (132.7 ki)
> >
S 60 - S 60 -

() ()

=) >

O (o

2 40 - £ 40 1

< %

(ap] £

o >
20 -+ 20
0 - 0 -

\00—\ 5?50—20000—'25%50-30%00—500

2!
R34 (km)

C1t C2 C3 C4

Saffir-Simpson scale

C5

Fig. 3. Box-and-whisker plots of the (a) expansion rate and (b) intensification rate for the (red) high-RC and (blue)
low-RC TCs. In each box, the 25th, 50th, and 75th percentiles are indicated; the whiskers extend from 5th to 95th
percentiles. The x represents the mean. The bolded X indicates that the mean difference between the two groups
exceeds the confidence level at 99% based on a two-tailed Mann-Whitney U test. Percentage distribution of (c) R34
and (d) V. are given at the end of the development stage for the high-RC (red bar) and low-RC (blue bar) TCs. The
average values are given in parentheses. C1 to C5 on the abscissa of (d) refer to the five intensity categories based on

the Saffir-Simpson scale.

indicates a greater import of AAM in the boundary layer in
the high-RC TCs, consistent with the higher expansion rate
of R34. The two contributing terms, SRAMF and SCT, are
stronger in the high-RC TCs than their lower counterparts.
Furthermore, the difference in SCT is larger than that in
SRAMF, especially in the region outside of 1.4 times R34,
suggesting that SCT plays a primary role in the difference
of AAMF and, therefore, in the different expansion rates
between these two groups of TCs. Holland (1983) also empha-
sized that the SCT term is essential to maintain the cyclonic
acceleration at the lower inflow layer.

To gain further insight into the differences in AAMF
and size expansion, Fig. 5 displays the temporal evolutions

of R34, SRAM, and SCT. The time is normalized by the dura-
tion of the development stage of each TC for the convenience
of composite. The SRAM and SCT are averaged between 1
and 3 times R34 and from the surface to 800 hPa during the
development stage. As expected, the normalized time series
of R34 has a close correlation with the importation of AAM
contributed by the SRAMF and SCT terms (Figs. 5a, b).
The SRAMF and SCT are higher in the high-RC TCs than
in the low-RC TCs, and thus their combined effect positively
contributes to a larger size expansion in the former. Mean-
while, the difference between SCT and SRAMF is enlarged
in the latter half of the development stage with a stronger
SCT amplification than SRAMF (Fig. 5¢).
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1000—800 hPa, and R34 (black line) for the (a) high-RC and (b) low-RC TCs and (c) differences between them. Time is
normalized by the duration of the development stage of individual TCs.

4.2. Possible mechanisms for the AAMF difference

Since the SCT term dominates the difference in AAMF
between the high-RC and low-RC TCs during the develop-
ment stage, the two parameters f and v, in SCT are further
investigated. The genesis locations and tracks of the two
groups of TCs are displayed in Fig. 6. The high-RC TCs are

frequently distributed in the western portion of WNP and to
the north of 15°N (Fig. 6a), while the low-RC TCs tend to
form in the eastern portion and to the south of 15°N (Fig.
6b). The difference in track density reveals a clear northeast-
southwest dipole pattern (Fig. 6¢). The high-RC TCs feature
higher track density in the region of 130°-150°E, 15°-25°N,
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Fig. 6. Genesis locations (black dots) and tracks during the development stage (red lines) for the (a) high-RC and (b) low-RC
TCs, where the black line indicates the location of 15°N. Panel (c) displays the differences in track density between the high-
RC and low-RC TCs, obtained by counting the TC tracks in each 4° latitude x 5° longitude box. Shaded areas are contoured
from —16 to 16 at intervals of 4 with positive (negative) values shaded in red (blue).

while the low-RC TCs over 140°-160°E, 0°-15°N. Further
statistical analysis reveals that the genesis latitude of high-
RC TCs is significantly higher than that of low-RC TCs,
with a difference of 3.1° latitude, and this difference satisfies
a 99% confidence level based on the Mann-Whitney U test.
Owing to the more poleward occurrence, the high-RC TCs
generally evolve in an environment with higher planetary vor-
ticity (f), which favors a larger SCT in the outer region, in
good agreement with Chan and Chan (2014), who demon-
strated that the Coriolis torque due to the import of earth’s
angular momentum contributes to a faster size expansion in
the TCs at higher latitudes than in those at lower latitudes.

In addition to the Coriolis parameter ( f), the SCT also
depends on the strength of low-level inflow v,. Figure 7
depicts the evolution of the low-level inflow averaged
between 1 and 3 times R34 in the two groups. Clearly, the
high-RC TCs have stronger low-level inflows over most of
the development stage (after the normalized time of 0.2). As
a result, the joint contribution of the stronger low-level
inflow and the higher planetary vorticity leads to a much
higher SCT in the high-RC TCs. In addition, the larger low-
level inflow can also contribute to increasing the SRAMF in
the high-RC TCs, as shown in Figs. 4d and 4f.

To further investigate what causes the difference in v,,
the initial R34 and several environmental factors potentially
influencing the strength of the low-level inflow, as stated in
the introduction, are compared. The thermodynamic factors
include SST, defined here by the average in a 2°-5° latitude
annulus relative to the TC center, and the environmental rela-
tive humidity, represented by the 500-700 hPa mean within
an annulus of 2°-8° latitude. The dynamic factor is the envi-
ronmental VWS, defined as the TC-removal wind difference
between 200 and 850 hPa averaged within an annulus of 5°
—10° latitude. Here, the wind fields related to TCs are
removed using the filtering algorithm proposed by Kurihara
et al. (1993).

Although previous studies (Xu and Wang, 2010b; Chan
and Chan, 2014; Martinez et al., 2020) demonstrated that
the initial size can modulate the boundary layer inflow and
thus the AAM convergence in the outer region, the initial
sizes (defined as R34 when TC first reaches TS intensity in
this study) are pretty similar in these two groups (not
shown). In addition, different from previous studies, in
which higher SST and environmental humidity are potential
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Fig. 7. Composited time series of the radial flow averaged
between 1-3 times R/R34 and between 1000 and 800 hPa for
the (red line) high-RC and (blue line) low-RC TCs within a 95%
confidence interval calculated from a 1000-sample bootstrap
approach (shading). Time is normalized by the duration of the
development stage of individual TCs.

factors that promote the expansion of TC size (Hill and Lack-
mann, 2009; Xu and Wang, 2018b; Martinez et al., 2020),
the differences in SST and RH between high-RC and low-
RC TCs are insignificant, as shown in Figs. 8a and 8b, imply-
ing that these two parameters may exert only minor influences
on the difference in the expansion rate during the development
stage.

Unlike the insignificant distinction in the thermodynamic
parameters, the difference in VWS is notable, with stronger
environmental wind shear in the high-RC TCs than in low-
RC TCs during the development stage (Fig. 9¢). To elucidate
upon this VWS difference, the upper- and low-level wind
fields surrounding the TCs are examined. The composites of
TC-removed winds for the high-RC and low-RC TCs at 200
and 850 hPa are shown in Fig. 9. The large-scale anticyclones
at 200 hPa are similar in pattern and strength for the high-
RC and low-RC TCs (Figs. 9a, b). In contrast, although
both 850-hPa wind fields take on a monsoon gyre pattern,
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the southwesterly and southeasterly flows on the southern
and northern sides of the monsoon gyre are much more vigor-
ous in the high-RC TCs (Figs. 9c, d), which is a key source
resulting in a higher VWS. Lee et al. (2010) also pointed
out the existence of strong low-level southwesterly flows in
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the outer region south of large TCs throughout the develop-

As reported in previous studies (Tsuji et al., 2016; Mar-
tinez et al., 2020), the TC size expansion is attributed to the
low-level inward transport of momentum related to the sec-
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Fig. 8. As in Fig. 6, but for the sea surface temperature (°C), mid-level relative humidity, and the magnitude of vertical wind
shear. The bolded x indicates that the mean difference between the two groups is significant at the 90% confidence level.
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of (a, ¢) high-RC and (b, d) low-RC TCs.
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ondary circulation, driven by the diabatic heating through pre-
cipitation condensation. Further, the TC precipitation distribu-
tion can be largely affected by environmental VWS. Specifi-
cally, VWS can promote the development of outer precipita-
tion in the downshear and downshear-left quadrants (Li et
al., 2017; Chan and Chan, 2018; Kim et al., 2018, 2019;
Tao and Zhang, 2019); thus, broadening the wind field in
these quadrants. Therefore, the influence of VWS on the TC
wind field is exerted through the low-level inflow driven by
diabatic heating released in precipitation (Hill and Lack-
mann, 2009; Wang, 2009; Martinez et al., 2020).

To illustrate the modulation of VWS on the evolution
of TC rainfall, Fig. 10 presents the composites of precipita-
tion, which are rotated relative to the VWS direction, in the
high-RC and low-RC TCs at the beginning (T0), middle
(T50), and the end (TE) of the development stage, respec-
tively. Both the high-RC and low-RC TCs exhibit a less-con-
centrated rainfall distribution at TO (Figs. 10a, d), while the
stronger VWS promotes precipitation in the downshear quad-
rant resulting in a more asymmetric distribution in the high-
RC TCs. A pronounced difference occurs at T50, where the
strong rainfall, greater than 12 mm h-!, gradually shifts to
the outer region in the high-RC TCs (Fig. 10b). In contrast,
the strong precipitation in the low-RC TCs tends to be orga-
nized towards small radii (Fig. 10e). In high-RC TCs, the pre-
cipitation expands radially outward with time, and eventu-
ally, a wider precipitation band with a maximum located in
the downshear-left quadrant forms at the end of the develop-
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ment stage (Fig. 10c). In contrast, the vigorous rainfall in
the low-RC TCs is confined to a small radius, leading to a
stronger and more compact precipitation structure in the
inner core region (Fig. 10f).

Figure 11 further shows the radial profiles of
azimuthally-averaged precipitation for these two groups of
TCs. At small radii (<1° latitude), the precipitation rate of
low-RC TCs is significantly higher than that of high-RC coun-
terparts, while the situation is reversed in the outer region
(>1° latitude), suggesting that the presence of stronger shear
generally amplifies precipitation in the outer region, but hin-
ders precipitation around the TC center (Kimball and Evans,
2002; Tao and Zhang, 2019). The stronger outer precipitation
accounts for the stronger convectively induced low-level
inflow in the outer region, indicating that a larger VWS may
play an important role in the faster size expansion in the
high-RC TCs.

In summary, the above statistical analyses suggest two
major mechanisms responsible for the faster size expansion
of high-RC TCs during the development stage. The first is
higher latitude, which enhances the incorporation of environ-
mental earth rotation and, thus, the low-level cyclonic acceler-
ation at larger radii through the SCT terms. The second is a
stronger environmental VWS that promotes outer precipita-
tion to enhance convectively induced low-level inflow in
the outer region. Finally, these two effects cooperatively con-
tribute to a large inward import of both the planetary and rela-
tive AAM in the outer region, resulting in a faster size expan-
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Fig. 10. Composites of the precipitation (mm h™!) relative to the VWS direction at the beginning (T0), middle (T50), and the
end (TE) of the development stage for (a—c) high-RC and (d—f) low-RC TCs. Two circles indicate the radii of 1° and 3°
latitude from the TC center, respectively. The environmental shear direction is rotated to point northward as denoted by the
vector in each figure.
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sion in the high-RC TCs.

S. Summary and Discussion

In this study, the TC size-intensity relationship over the
WNP is reexamined from the perspective of individual TCs.
The size and intensity of TCs from 2001 to 2020 are defined
as R34 and V,,,, obtained from the JTWC best track data.
Unlike the previously reported weak size-intensity correlation
based on the mixture of all TC records, TC size generally
exhibits a relatively strong positive correlation with intensity
in individual TCs, especially during the development stage.
This implies that the size-intensity correlation can be consider-
ably affected by the calculation methods. Specifically, the
intrinsic strong size-intensity correlation in individual TCs
can be obscured by a large-sample framework.

Further examination points out that, although the size
and intensity increase synchronously during the development
stage, the size change relative to the same intensity change
varies significantly among TCs, which is the root cause of
the decrease in correlation when mixing up all TC samples.
The size change relative to the same intensity change in indi-
vidual TCs is quantified by the linear regression coefficient
of R34 against V,,, (RC), and the selected TCs are classified
into high-RC and low-RC groups according to the 50th per-
centile of the RC. The comparison shows that, while the inten-
sification rates in the two groups are comparable, the high-
RC TCs have a greater size expansion rate than the low-RC
TCs during the development stage.

Two major mechanisms are responsible for the higher
expansion rate in high-RC TCs. The first is the higher latitude
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where the high-RC TCs occur, which favors the import of
planetary angular momentum, which acts to enhance the
low-level cyclonic acceleration at larger radii. The second is
stronger environmental shear, promoting outer precipitation
and positive feedback between diabatic heating and low-
level inflow in the outer region. All of these facilitate the radi-
ally inward import of AAM, resulting in a higher expansion
rate in size of the high-RC TCs.

As discussed above, in previous studies, the TC size-
intensity relationship was examined based on the mixture of
all TC samples (Merrill, 1984; Chavas and Emanuel, 2010;
Guo and Tan, 2017). Specifically, V., and R34, representing
intensity and size, respectively, are two metrics that intrinsi-
cally describe the integral parts of the TC wind field structure
of individual TCs; thus, the previous large-sample analysis
might restrict in-depth insight into the basic physical process
of TC structural evolution. The RC metric, depicting the
size change relative to the same intensity change, might
offer some implications for understanding the evolution of
TC structure and relevant influential factors.

It should be noted that strict data screening was con-
ducted to ensure the reliability of the statistical analysis,
which certainly reduces the sample size due to the large tem-
poral interval in the datasets. This might cause insignificant
differences in the intensification rate. In addition, the exclu-
sive role of a single factor may hardly stand out due to the
synergistic effect of multiple environmental factors using
the reanalysis dataset. For example, although SST and RH
were regarded as key factors influencing TC size and intensity
in previous studies (Hill and Lackmann, 2009; Xu and
Wang, 2010b), their discrepancies between high-RC and
low-RC TCs are found to be insignificant. Our ongoing
work is being carried out to conduct idealized numerical simu-
lations designed to isolate the exclusive effects of individual
factors and examine their relative contributions to the TC
size-intensity relationship.
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