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ABSTRACT

Studies on tropical cyclone (TC) inner-core size have become increasingly active in recent years. However, few
studies have investigated the trend of TC inner-core size. Here, we introduce a new index to measure TC inner-core
size and calculate the observed trend. This index can greatly reduce the influence of data heterogeneity and uncer-
tainty. It also considers public concern because the new index is mainly determined by the inner-core size of strong
TCs, which attract more public attention than weak TCs. The results show that in the past decades, TC inner-core size
has a significant downtrend that is significant above the 99% confidence level when the new index is used. We also
show that this trend is probably related to the increase in TC intensity and relatively small inner-core size of strong
TCs. Moreover, relative sea surface temperature (SST) is assumed to make contributions to the downtrend of TC in-
ner-core size, which has a significant negative correlation with the new index.
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1. Introduction

Due to the importance of intensity, frequency, and
track in tropical cyclone (TC) forecasting (Emanuel,
1999), the trends of these characteristic features of TCs
are a hot research topic (Chan and Kepert, 2010; Zhao et
al., 2018). However, the potential destructive power of
TC, which is of great public concern, is not only related
to the above-mentioned features (e.g., TC intensity, fre-
quency, and track; Carrasco et al., 2014; Wu and Lei,
2014; Xu and Wang, 2015; Wang and Toumi, 2018), but
also related to TC size. Compared with a TC with a small
size, a TC with a large horizontal extent of damaging
winds can impact a much larger area, even if the intensit-
ies of the two TCs are similar (Chan and Chan, 2012,
2013, 2014, 2018). Therefore, it is critical to study the
trend of TC size under global warming.

There are many different approaches to determine TC

size. For example, the radius of maximum wind (RMW)),
the radius of the TC eye, the gale-force wind [34 knots
(kt)], and the radius of outermost-enclosed isobar (ROCI)
can all be used to determine TC size (Merrill, 1984;
Weatherford and Gray, 1988a; Kimball and Mulekar,
2004; Knaff et al., 2007; Moyer et al., 2007; Maclay et
al., 2008; Matyas, 2010). Among the factors mentioned
above, the most representative one of TC inner-core size
is the RMW (Chan and Chan, 2018). On the one hand,
the RMW can be roughly taken as the radius of TC eye-
wall, where the destructive power is the largest and thus
is of public concern. On the other hand, the RMW is de-
termined based on relative values of TC wind measure-
ments rather than the absolute values, and thus is expec-
ted to be relatively less uncertain (Quiring et al., 2011).
The RMW pertains to TC inner-core size. In 1988,
Weatherford and Gray (1988b) defined the “inner core”
and “outer core” of a TC, and found that changes in the
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inner-core strength and outer-core strength often occur
independently of each other. Relatively few studies in-
vestigated the causes for TC inner-core changes. Hill and
Lackmann (2009) found that the intensity and coverage
of precipitation occurring outside the TC core are highly
sensitive to environmental humidity, which can affect the
inner-core size based on idealized numerical simulations.
Xu and Wang (2010a) found that the TC inner-core size
is largely determined by the size of the initial vortex.
Their follow-up work indicated that the ocean—atmo-
sphere entropy fluxes are crucial for the growth of storm’s
inner-core size (Xu and Wang, 2010b). The above-men-
tioned studies mainly focused on analyzing single TC in-
ner-core size, whereas little was done to explore long-
term climatic trend of TC inner-core size. Grinsted et al.
(2012) showed that the frequency of large surge events
(roughly corresponding to TC size) has a statistically sig-
nificant trend from 1923 to 2012. However, they did not
directly address the trend of TC size.

Our overall goal of this study is to examine the trend
of TC inner-core size in the past decades, and explore the
possible causes for the trend. We focus on the western
North Pacific (WNP) TCs with TC size information ex-
tracted from the China Meteorological Administration
(CMA) dataset (1981-2016) and Japan Meteorological
Agency (JMA) dataset (1977-2016). During this study
period of 1981-2016, due to the existence of geostation-
ary satellites, the accuracy of TC data was greatly im-
proved compared to that in the pre-satellite era (before
1965) (Kossin, 2019; Moon et al., 2019). In addition, on
the basis of our previous studies, we focus on the poten-
tial destructive effects of TCs when studying the trend of
TC inner-core size, that is, we use a new approach to
characterize TC inner-core size. By using the power dis-
sipation index (PDI) as the weighting coefficient, the
RMW is calculated and used to evaluate the trend of TC
size. As indicated in Sun et al. (2018), this method can
greatly reduce the uncertainty caused by data heterogen-
eity. Meanwhile, we take public concern into considera-
tion since the inner-core size is mainly determined by
strong TCs; such TCs attract more public attention com-
pared to weak TCs.

2. Data and methods

We mainly use the latest dataset for size analysis
provided by the CMA (Lu et al., 2017), which is avail-
able at https://tcdata.typhoon.org.cn/tcsize.html. The
dataset that contains the TC size information was first re-
leased in 2017. All TCs captured by satellites in the
WNP are included in this dataset, which covers the area
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0°-60°N, 100°E-180°, including the South China Sea.
The TC location, intensity, and 34-kt wind radius at 6-h
interval for the period 1981-2016 are included in this
dataset. The JMA Dbest track data (available at
https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-
pub-eg/trackarchives.html) that cover the period 1977-
2016 are also used in the present study. The JMA data in-
clude maximum wind speed and TC radii corresponding
to 30- and 50-kt wind speeds, respectively. Only those
TCs over the WNP with maximum wind speed larger
than 34 kt are selected for the present study. In total, the
same 819 TCs are selected from each dataset. We use the
model from Chavas et al. (2015) for the complete radial
structure to calculate the TC RMW. The model is con-
structed by mathematically merging existing theoretical
solutions for the radial wind structure at the top of the
boundary layer in the inner ascending and outer descend-
ing regions. In the present study, the model is expressed
by:
2

My ———————— = M,, 1
"/ RMWY 41 M

1
Ma:raVa"'Efrgzp (2)

1
Myax = RMW - Vi + 3 f-RMW?, (3)

where M, is the absolute angular momentum at TC radius
of a from the axis of rotation, and V, is the azimuthal ve-
locity at TC radius of a; same as M, and V,, Mp,x and
Vmax are the absolute angular momentum and azimuthal
velocity at the RMW of the TC; fis the Coriolis parameter.
Using the size information of the 34-kt wind radius (r34)
in the CMA data and the TC wind radius, e.g., r30 (rs50),
corresponding to the wind speed of 30 kt (50 kt) in the
JMA data into the above algorithms, we can derive the
TC wind profile model and eventually obtain the TC
RMW. For the JMA dataset, if r39 and rso are both avail-
able for a specific TC, the results obtained by using rsg in
the algorithms are taken as the final results. This is be-
cause rso 1s closer to RMW, and thus the biases are ex-
pected to be smaller.

We first use the averaged RMW as the indicator of TC
inner-core size. The RMW used here is not weighted
based on TC strength, that is, the weighting factors are
the same no matter whether the TC is strong or weak. We
term it RMW,yg. The algorithms are expressed as fol-
lows.

For the RMW ,yg of a single TC:

N RMW (r)dr

RMW pvg= —T N

“4)

for the annual mean RMW . of all TCs:
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S RMW avi(j)
RMW avE annuat=——————— (5)

where 7 is the lifetime of a TC, RMW(¢) is the RMW at a
specific time, N is the total number of TCs in a specific
year, j is the sequential number of a specific TC, and
RMW v (7) is the RMW v of the jth TC.

The PDI is the index that can estimate the potential de-
structive power of TC. It is an index related to TC dura-
tion, frequency, and intensity (Emanuel, 2005; Camargo
et al., 2007). The PDI is calculated by:

PDI = fOT V3 (0. (6)

The RMW calculated by using the TC PDI as the
weighting factor is termed as RMWopp,.
For the RMWppy; of a single TC:

Jo RMW(t)- V3, (dt

RMWpp= n (7
Jo Vitax(t)dt
For annual mean RMWpp:
N RMWeDI(j) - Vi (1)
RMWppLannual=— . ®)

X Vi ()

Monthly mean sea surface temperature (SST) data
with 2° x 2° horizontal resolution are from the NOAA
Extended Reconstructed SST version 4 of the US (Smith
and Reynolds, 2003).

3. Results

3.1 Trend of TC RMW over the WNP in the past 40 years

We first used RMW yg to calculate the inner-core
size. Although RMW ,vg can reflect the TC RMW trend
to a certain extent, it contains some uncertainty. On the
one hand, the TC intensity is small at the times of genesis
and extinction, which makes it hard to observe TCs at
these times. Meanwhile, there exist large differences in
TC genesis and extinction between different observational
datasets, which leads to large biases of observations at
the times of TC genesis and extinction (Kruk et al., 2010;
Sun et al., 2018). As a result, large biases are found in
RMW ,vg averaged over the TC lifetime. On the other
hand, public attention is focused on strong TCs (Kossin
et al., 2016). Based on the above discussion, we define a
new TC size index, i.e., the RMW weighted by TC PDI
(RMW5ppyp), which is then used to represent TC inner-core
size and assess TC inner-core size trend.

Compared with RMW v, the impact of data uncer-
tainty on RMWypp; is greatly reduced. This is due to sev-
eral factors. (1) RMW,pp is not sensitive to the relatively
inaccurate data during the TC lifetime. The variable V;
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is used as the weighting factor for the calculation of RM-
Woppy- It is quite small at the time when the TC is weak
(e.g., TC genesis and extinction), namely, RMWyppy; at the
time of TC genesis or TC extinction only has low weight.
Moreover, measuring V3, . at these times is more diffi-
cult and less accurate (Moon et al., 2019). As a result,
RMWo,p, is more accurate than RMW 4y due to its in-
sensitivity to relatively inaccurate data, which makes
RMW,pp, insensitive to data observed at the time of TC
genesis or TC extinction. (2) RMWpp; is not sensitive to
weak TCs. Weak TCs tend to have a larger area of weak
wind (e.g., the radius of 34-kt wind) than strong wind,
which means that they are much more difficult to be ob-
served accurately. Therefore, observations of strong TCs
are generally more reliable than those of weak TCs.
Since strong TCs with larger PDI have greater weight in
the calculation of RMWopp,, the uncertainty caused by ob-
servations of weak TCs with smaller PDI has weak im-
pact on the reliability of RMWpp;. (3) More consistent
results of RMWpp, can be obtained by using datasets
from different agencies. Large differences are frequently
found between datasets from different agencies (Sun et
al., 2018), and the differences are especially large in ob-
servations of weak TCs. The characteristics of RMWypp;
discussed above can greatly reduce the impact of these
differences on the calculation of RMWypp;: the mean dif-
ference is 0.38 km yr ' for RMWopp; and 0.72 km yr ! for
RMW 4y (Fig. 1).

Figure 2 displays the 36-yr (1981-2016) annual mean
RMW of TCs calculated from the latest CMA dataset
that includes TC size information. The annual mean TC
RMW g is presented in Fig. 2a, which shows that the
RMW g trend is —4.2 + 2.4 km decade ™' during the past
36 years. Note that this trend is statistically significant at
the 99% confidence level, indicating that there exists a
distinct downward trend for RMW syg. RMWpp demon-
strates a trend of —2.3 £ 1.2 km decade ! (Fig. 2b), which
is statistically significant at the 99% confidence level,
suggesting that RMWppy; also declines distinctly.

The results from the JMA data are presented in Fig. 3.
The trend of RMW 5y (5.5 £ 4.8 km decade ™) is statist-
ically significant at the 99% confidence level, which is
different to the result obtained from the CMA dataset.
The RMWypp; from the JMA data is similar to that from
the CMA data; both show a significant declining trend.
The trend of RMWypp; from the JMA data is —3.3 + 2.9
km decade™!, which is statistically significant at the 99%
confidence level.

The results of RMW sy calculated from the CMA and
JMA data are quite different. When using RMWpp,
however, the difference is greatly reduced and the trends
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Fig. 1. Discrepancies of standardized RMW pyg (RMW5pp)) by using IMA and CMA datasets. JMA and CMA data used to obtain RMW 5y and
RMW,p, are standardized before calculation as RMW 5y and RMWopp, have substantially different mean values and variance.
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Fig. 2. The radius of maximum wind (RMW) of the western North

Pacific (WNP) tropical cyclones (TCs) during 1981-2016 based on the
CMA data. (a) Time series of annual mean RMW and (b) RMW
weighted by TC destructive potential index over the WNP calculated
from the CMA data. Linear trend (dashed line) is shown with the 95%
two-sided confidence intervals (shading).

of RMWpypy; calculated from the two datasets are consist-
ent. This is attributed to the fact that RMWppy; is calcu-
lated by using the TC PDI as a weighting factor, which
greatly reduces the impact of data uncertainty on RMW.
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Fig. 3. Asin Fig. 2, but for using the JMA data.

Data uncertainty usually has a great impact on the robust-
ness of the RMW obtained. The RMW,yg trend is
severely affected by data heterogeneity. As stated by
Kruk et al. (2010), compared with the period of strong
intensity in a TC’s lifetime, it is harder to collect obser-
vations during the period of weak intensity in a TC’s life-
time; and large uncertainties are found in these observa-
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tions. The data of weak TC intensity account for a large
percentage of the best-track data, which makes
RMW v easily affected by the RMW when TC intens-
ity is weak and large uncertainties exist in RMW pyg. In
contrast, RMWpp; is largely determined by RMW when
TC intensity is strong, which avoids the uncertainty asso-
ciated with weak TCs. Therefore, we can reach the con-
clusion that the observed TC RMW, especially strong TC
RMW, shows a significant declining trend in the study
period.

3.2 Mechanisms for the downtrend of TC RMW over the
WNP

To study the cause for the rapid decline of TC RMWppy,
we first examine TC intensity. This is because several
studies have pointed out that TC intensity is correlated
with TC RMW. For example, Carrasco et al. (2014)
found that at different stages of TC development, TC
RMW is negatively correlated with TC intensity change
at various degrees. Similarly, Stern et al. (2015) indic-
ated that in idealized numerical experiments, the reduc-
tion of TC RMW happens simultaneously with TC in-
tensification. In the present study, we use Vyg and PDI
to depict TC intensity, with V,yg being the averaged
wind speed over the TC lifetime. Averages of RMW ,vE,
RMWsppy, Vave, and PDI for these TCs during their life-
times are calculated. The results based on the CMA data
are displayed in Fig. 4, which shows that RMW ,vp is
significantly negatively correlated with Vj,yg, and that
RMW,pp; is significantly negatively correlated with the
PDI. For the convenience of displaying results, In(PDI) is
used in Fig. 4b. The correlation coefficient between
RMW ,yg and Vg is —0.68, and the correlation coeffi-
cient between RMWpp; and PDI is —0.54. Both are above
the 99% confidence level. The fitting curve also passes
the significance test at the 99% confidence level, and
both test values p are less than 0.001, suggesting that the
fitting curve can well describe the linear relationship
between TC intensity and TC size. The results from the
JMA data are shown in Fig. 5. Based on the above res-
ults, we speculate that the decrease in TC RMWoppy in the
past few decades may be related to the increase in TC in-
tensity.

Considering the fact that RMWpp; is weighted by the
PDI, it is obvious that stronger TCs with larger PDI
would have greater impacts on the calculated RMWppy,
trend. Therefore, based on the value of the PDI, we
define the TCs that rank in the top 30% each year as
strong TCs. Figure 6 shows that the annual mean value of
the PDI for strong TCs has a significant upward trend,
which is above the 95% confidence level. It is well
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known that TC intensification is often accompanied by a
contraction in RMW (Schubert and Hack, 1982; Hack
and Schubert, 1986), which means that when TCs reach
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Fig. 4. Scatterplots of TC RMW and TC intensity based on the CMA

data: (a) between RMW v and V,yg, and (b) between RMWypp, and

PDL. For the convenience of displaying results, In(PDI) is used in (b).

The black lines are regression curves, and both pass significance test at

the 99% confidence level. Correlation coefficient (Cor), the coeffi-
cient of determination (R?), and p value are also given.
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their maximum intensity, their RMW would shrink in
those moments. The moments with small RMW would
have a great weight on RMWpp; as mentioned. As strong
TCs intensity has a significant upward trend in the past
decades, with the significant inverse correlation coeffi-
cient between intensity and RMWypp;, RMWpp would
have a downward trend as a result.

What is the cause for the PDI of strong TCs rising
each year? As suggested by Webster et al. (2005), in-
creasing TC frequency and intensity might be related to
increasing SST. Based on this, we hypothesize that
changes in the intensity of strong TCs might be related to
changes in the WNP SST. To verify this hypothesis, we
define the WNP (5°-25°N, 120°E-180°) as the major
area of TC activities. Since we focus on the main TC sea-
son (July to November, or JASON; Kossin et al., 2016),
SST is averaged over July—November in this study. The
results indicate that in the past 40 years, the WNP SST
demonstrates a significant upward trend. Meanwhile, 5-
yr moving averages of annual mean PDI of strong TCs
and the WNP SST are calculated to filter out high fre-
quency interannual disturbances. The results show that
annual mean WNP SST and annual mean PDI of strong
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TCs are well correlated. Based on the CMA data, the cor-
relation coefficient between the WNP SST and annual
mean PDI of strong TCs is 0.44, which is significant at
the 99% confidence level. The correlation coefficient is
0.40 based on the JMA data and above the 99% confid-
ence level (figure omitted). The above results imply that
the increasing SST has greatly affected the PDI of strong
TCs over the WNP. Meanwhile, we find that the WNP
SST is well correlated with RMWpp; (Fig. 7); the correl-
ation coefficient between them is —0.51 based on the
CMA data and —0.34 based on the JMA data, and both
are significant at the 95% confidence level. Therefore,
the increase of SST is expected to have a significant im-
pact on the PDI and RMWyp; of strong TCs under the
global warming.

According to published studies, relative SST also has
a significant impact on TC activities (Sun et al., 2013).
Relative SST means TCs’ environmental SST relative to
the tropical mean SST. In our study, the tropical mean
SST is defined by using the area over 5°-25°N,
120°E-180°. As suggested by Vecchi and Soden (2007),
the high relative SST favors the development of TC in-
tensity. This may contribute to smaller RMW due to the
aforementioned inverse relationship between intensity
and RMW of strong TCs. Therefore, we calculated the
averaged relative SSTpp; (similar to the RMWpp, calcu-
lation method) within different radii from the TC center,
through all the 819 TC samples from the JMA data. The
result shows that the relative SSTpp; has a significant
negative correlation with RMWypp,; (Fig. 8). This indic-
ates that the decrease of RM W,y is closely related to the
rise of relative SSTpp.

According to previous studies, the physical basis for
relationship among relative SST, TC intensity, and inner-
core size may be related to the air—sea interface and con-
vective activity. The air—sea interface plays an important
role on TC intensity change caused by relative SST. As
the inflow air gets closer to the eyewall, the colder re-
mote SST from the TC center (which can lead to the res-
ult that the TC would have warmer relative SST) can
gradually decrease the surface air temperature and mois-
ture near the TC center, and thus increase air—sea temper-
ature differences and moisture differences between the
TC center and the area outside it, which will lead to more
energy fluxes entering the eyewall and increasing the TC
intensity (Sun et al., 2013). Moreover, convective activ-
ity and inertial stability contribute to the anticorrelation
between TC intensity and TC inner-core size. TCs with
large RMW need more convective heating during intensi-
fication (Wu and Ruan, 2021) and have better inertial
stability, which inhibits inflow from transporting higher
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angular momentum air inward within the boundary layer
(Carrasco et al., 2014); this causes TCs with large RMW
to have more difficulties to reach their potential maximum
intensity and they are more likely to be weaker than TCs
with smaller RMW.

4. Summary and discussion

The new index RMWypp; proposed in the present study
has high assessment accuracy and can be derived from a
wide range of datasets. It also considers public concern.
Using this index calculated from the CMA and JMA
datasets, the TC size trend over the WNP in the past dec-
ades is revisited. The results indicate that compared with
RMW vg, RMWypp has less uncertainty and demon-
strates a significant downward trend. The study of a large

number of TC samples shows that the TC RMW is signi-
ficantly negatively correlated with TC intensity. Further-
more, strong TCs are selected from the TC samples
based on the PDI. It is found that the annual mean PDI
for strong TCs demonstrates a significant upward trend,
which is attributed to the distinct increase in SST of the
WNP. As a result, the enhancement of TC PDI further
contributes to the decrease of RMW. Relative SST also
contributes to the decrease through the air—sea interface.
We also note that there is a significant, abrupt decadal
change of RMWypp; around 1999 (Fig. 9). Since RMWppy;
has a significant positive correlation with the latitude cal-
culated by using the PDI as the weighting factor, which
is termed as LATpp; (similar to the RMWpp; calculation
method; the correlation coefficient is 0.43 from the CMA
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dataset and 0.42 from the JMA), and as Sun et al. (2018)
showed that the trend of WNP TC migration reversed
during the recent warming slow-down period (after
1999), it is assumed that the change of TC latitude may
contribute greatly to the abrupt decadal change of RMWppy.
From Sun et al. (2018), LATpp; first had an upward

trend, and then after 1999 had a downward trend, which
is consistent with the trend of RMWypp; in this study; and
the change of LATpp; is mostly contributed by SST.
These results imply that in the background of global
warming and tropical expansion (Kossin et al., 2014),
TCs had a migration to the equator in the average latit-
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ude where TCs have achieved their lifetime maximum
intensity after 1999, and it led to the decrease of RMWpp,.
However, detailed mechanism still needs to be studied.
Note that despite the upward trend of TC PDI caused
by SST increase, it is still far to reach a robust conclu-
sion that the downward trend of TC RMW is caused by
the global warming. This is because, as Webster et al.
(2005) argued, the data only cover 36-yr period, which is
not long enough to justify the relation between global
warming and TC RMW change. Meanwhile, it is well
known that interannual changes in TC activity are to a
great extent affected by natural variabilities like El
Nifio—Southern Oscillation (ENSO), Pacific decadal os-
cillation (PDO), and interdecadal Pacific oscillation
(IPO). To explore the impacts of natural variabilities on
TC RMWoyp,, the time series of annual mean TC RMW is
regressed onto Nifio-3.4, PDO, and IPO indexes (Henley
et al., 2015), termed as ey;iqo-34> €ppo> aNd Eppg, reSpEct-
ively. Each ENSO, PDO, and IPO variability was re-
moved from the time series of annual mean RMWypp; by
regressing RMWopp; onto the annual mean index value
and forming time series of the residual of the regression.
The coefficient of determination R* and p value are given
in Table 1. Detailed methods can be found in Kossin et
al. (2014). The monthly mean Nifo-3.4, PDO, and IPO
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Table 1. Linear trends of annual mean RMWpp; and their regression
residuals (km decade ') for the CMA and JMA datasets

CMA data JMA data
RMWpp, -23+12 -33+£29
ENifio-3.4 —-22+0095 -32+21
R?, p value 0.42,<0.001 0.22, 0.004
£pDO -22+0.98 -3.6+2.1
R, p value 0.41,<0.001 0.25, 0.002
E1PO -2.3+0.96 -3.5+2.1
R?, p value 0.39, <0.001 0.27,0.001

indexes are from NOAA’s Earth System Research Labor-
atory Physical Sciences Division (Mantua et al., 1997,
Rayner et al., 2003). Similar to SST, the Nifio-3.4, PDO,
and IPO indexes are also averaged over July—November.
The results indicate that RMWpp; still shows a signific-
ant downward trend, suggesting that natural variabilities
like ENSO, PDO, and IPO have no strong impacts on TC
RMWopp;. Therefore, compared with the theory based on
the known dominant modes of variability (Murakami et
al., 2012; Kossin et al., 2014, 2016), the mechanism as-
sociated with the regional pattern of SST change is a
more convincing explanation for the downward trend of
the TC inner-core size over the WNP. This implies but
does not necessarily mean that the natural variabilities
did not contribute significantly to the downward trend as
expected, since it is difficult to distinguish the contribu-
tions of relative SST variability and natural variabilities
based on the short time series.

For the future work, we plan to investigate the cause
for the large differences in RMW between TCs with the
same intensity, as shown in Fig. 2a. Our preliminary hy-
pothesis is that the differences in environmental back-
ground at the initial stage of TC genesis eventually lead
to differences in TC RMW. This will be addressed in our
further publication.
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