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Abstract: Tropical cyclone (TC) size is an important parameter for estimating TC risks, such as pre-
cipitation distribution, gale-force wind damage, and storm surge. This paper uses the TC size dataset
compiled by the Shanghai Typhoon Institute of China Meteorological Administration (STI/CMA)
to investigate the interannual, monthly variation in TC size, and the relationships between TC size
and intensity in the WNP basin from 1981 to 2009. The results show that the annual mean TC size
oscillated within the range of 175–210 km from 1981 to 2002, then decreased following 2003. For
the monthly average TC size, there are two peaks in September and October. The TC size, over-
all, becomes larger with increasing intensity; the samples with an unusually large size are mainly
concentrated near a 40 m s−1 intensity. After the TC intensity exceeds 40 m s−1, the number of
unusually large size samples gradually decreases. About 60% of the TCs reach their maximum size
after reaching the peak intensity, and the average lag time is 8.3 h.

Keywords: tropical cyclone; size; western North Pacific

1. Introduction

The tropical cyclone (TC) is one of the most destructive natural disasters on earth [1,2].
China is one of the countries that is most seriously affected by TC, with an average annual
economic loss of CNY 24.6 billion and 570 deaths caused by TC disasters [3]. The coastal
area of China is an economically developed and densely populated region in China, which
concentrates 70% of the large cities and 55% of the national income, and the direct eco-
nomic losses caused by TCs amount to tens of billions of Chinese yuan annually, and the
coastal areas such as Fujian, Guangdong, and Taiwan are the most affected by the frontal
landfalls [4–6]. Therefore, it is important to accurately predict the intensity, track, and size
of TCs.

Accurate forecasts of TC tracks and intensities can greatly reduce the losses caused by
TC disasters [7]. The study of TCs involves almost all aspects of atmospheric dynamics,
which makes it one of the most complicated research fields in atmospheric sciences [8–10].
Over the past 30 years, the forecasts of TC tracks and intensities have been greatly improved
by the application of various detection methods and the continuous development of
numerical weather prediction models [11,12]. There have been a good number of studies
on the size of TCs, since the size data have only appeared in the last decade. TC size, which
is understudied, is an important indicator of its impact area, and even if the intensity of
TCs is the same, their sizes may still be very different [13]. Previous work has pointed
out that the correlation between the intensity and size of TCs is weak [14–17], and the
destructive power caused by TCs at different sizes after landfall is also different. This has
a direct impact on the estimation of TC destructive power by frontline forecasters: the
overestimation of TC destructive power often leads to unnecessary production stagnation
and population evacuation, which indirectly aggravates the economic losses caused by TCs.
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On the contrary, the underestimation of TC destructive power delays prevention and relief
work, which directly leads to huge losses of people’s lives and properties. Therefore, the
study of TC size is urgently needed.

Previous studies have noted that the average size of TCs varies greatly over different
basins, for instance, the mean size is larger in the western North Pacific (WNP) than in the
North Atlantic [18,19]. Knaff et al. used satellite images to study the global distribution
of TC size and found that the average TC size is largest in the WNP, while the TCs in the
North Atlantic tend to continue to increase in size after reaching maximum intensity [20].

Seasonally, Brand pointed out that [21], based on the radius of the outermost closed
isoline (ROCI, defined by Pennington et al. [22]) values of TC size, most small-size TCs in
the WNP occur in August, while most large-size TCs occur in October. Liu and Chan used
the relative vorticity data from the European Remote-Sensing (ERS) satellite inversion to
reach similar conclusions, and pointed out that the average TC sizes are generally larger
in November–December than those in July–August [18]. Yuan et al. used the TC size
data from the Regional Specialized Meteorological Center of Tokyo (RSMC-Tokyo) for the
years 1977–2004 and found that the TC size reaches its maximum value in October [23].
Merrill showed that a TC in the North Atlantic has the smallest size in the summer and the
largest size in October [16]. This conclusion was verified by Kimball and Mulekar, who
examined a total of 172 TCs in the North Atlantic over a 15-year period [24]. Chen et al.
used Multiplatform Tropical Cyclone Surface Wind Analysis (MTCSWA) wind field data to
statistically show that a TC over the WNP has two size peaks in August and October [25].

On the interannual scale, based on 4 years of QuikSCAT data, Chan and Yip found that
the TC sizes in the WNP basin are biased during El Niño years [26]. In particular, the mean
TC size in the WNP was very small in 1999 (a strong La Niña year) [15]. For the North
Atlantic basin, Kimball and Mulekar argued that TC sizes are larger in La Niña years [24],
and Quiring et al. [27] reached similar conclusions in their study of North Atlantic TCs
from 1988 to 2008 using extended best track data [28]. In terms of the inter-decadal scale,
Yuan et al., using the best track data from the RSMC-Tokyo, showed that the annual mean
size R15 of TCs increased by 52.7 km from 1977 to 2004. However, due to the short history
of the TC size dataset, this trend is not statistically significant [23].

In this paper, we use the TC size dataset compiled by the Shanghai Typhoon Institute
of China Meteorological Administration (STI/CMA) [29] to investigate the interannual,
monthly variation in TC size, and the relationships between TC size and intensity in
the WNP basin from 1981 to 2009. The remainder of this paper is structured as follows.
Section 2 provides an overview of the TC size dataset. Section 3 presents the results,
including interannual and monthly variations in TC size, and the relationship between TC
size and intensity. Finally, Section 4 provides a summary.

2. Data

The TC size dataset used in this paper is derived from the satellite analysis of TC size
data from the Tropical Cyclone Data Center of the China Meteorological Administration
(available online at: https://tcdata.typhoon.org.cn/en/tcsize.html, accessed on 1 August
2023), which is computed from the objective model of TC size in the WNP region con-
structed on the basis of infrared cloud maps from geostationary satellites developed by
Lu et al. [29] in 2017. The satellite inversion of TC size information contains all satellite-
captured TCs in the WNP region, defined as the mean azimuth radius of 34 kt surface
winds (R34), with a spatial coverage between north of the equator and west of 180◦ E,
and including the South China Sea (SCS). It contains 6-hourly position, intensity, and size
information of 718 TCs (13,712 samples) from 1981 to 2009.

The TC intensity data used to analyze the correlation with the size data represent the
best track dataset compiled by STI/CMA (available online at: https://tcdata.typhoon.org.
cn/en/zjljsjj_zlhq.html, accessed on 1 August 2023). This TC best track dataset covers
tropical cyclones that develop over the WNP. The present version of the dataset includes
6-hourly track and intensity analyses, measured since 1949 [30,31].

https://tcdata.typhoon.org.cn/en/tcsize.html
https://tcdata.typhoon.org.cn/en/zjljsjj_zlhq.html
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3. Results
3.1. Interannual Variation

Figure 1 shows the evolution of the annual mean TC size and the 95% confidence
interval of all the samples of each year’s TC size from 1981 to 2009. As can be seen in
Figure 1, the average TC size of the 13,712 total samples is 183.9 km. Furthermore, prior to
1998, only 1988, 1993, and 1995 had annual mean sizes that were smaller than the mean TC
size value of 183.9 km from 1981 to 2009, while, after 1998, only 2002 had an annual mean
TC size larger than the overall TC size during the statistical period. Therefore, during the
period from 1981 to 2009, there are only three years in which the annual mean TC sizes
exceeded 200 km, and these years are 1983, 1987, and 1997, respectively. In addition, the
interannual variability in TC sizes over the 29-year period from 1981 to 2009 can be divided
into two stages. In the first stage, from 1981 to 2002, the annual mean TC sizes are basically
maintained at 175–210 km. In the second stage, starting from 2003, the annual mean TC
sizes show a decreasing trend. By 2009, the annual mean TC size in the WNP had decreased
to 156.7 km, which is nearly three quarters of that seen in the year of the maximum annual
mean TC size occurrence (207.1 km in 1987).
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Figure 1. Evolution of the annual mean TC size (blue solid circle) and the 95% confidence interval
(bars at upper and lower ends of the blue solid circle) of all the samples of each year’s TC size from
1981 to 2009. The red dashed line in the figure indicates the average TC size from 1981 to 2009. The
numbers above abscissa are total samples of TC size and number of TCs for each year.

3.2. Monthly Variation

The TC size not only has a very sharp interannual variation characteristic, but TCs
also have clear monthly variation. Figure 2 shows the monthly average values of TC size
and their 95% confidence intervals, obtained from all samples divided by month. It can
be seen that the smallest monthly mean size occurs in February, when the mean value
is only 151.4 km, and then the size increases with the following months until it reaches
its maximum size in September and October. The mean size reaches 190.8 km in both
September and October. Starting from November, the TC size gradually decreases until it
reduces to its minimum in February of the following year.
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Figure 2. Monthly variation in mean TC size (green solid circle) and the 95% confidence interval
(bars at upper and lower ends of the green solid circle) of all the monthly samples.

3.3. Relationship between TC Intensity and Size

Previous studies have found a certain relationship between TC intensity and size:
e.g., Knaff et al. [19] concluded that there is a positive correlation between TC intensity and
size, while Merrill [16] concluded that there is a certain correlation between TC intensity and
size, but the correlation coefficient is weak. In this study, a correlation analysis is conducted
between the size dataset from Lu et al. [28] and the maximum wind speeds in the TC best
track dataset released by STI/CMA. It is found that the correlation coefficient between the
TC intensity and size is 0.59 in a total of 13,712 samples from 1981 to 2009 (Figure 3a).
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Although the TC size overall becomes larger with increasing intensity from the corre-
lation analysis results, the samples with unusually large sizes are mainly concentrated near
the 40 m s−1 intensity. After the TC intensity exceeds 40 m s−1, the number of unusually
large size samples gradually decreases. As can be seen in Figure 3a, among the 13,712 sam-
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ples from 1981 to 2009, the largest value of TC size is 447.5 km, which corresponds to the
fourth typhoon of 1985 named Hal, with a maximum wind speed of 40 m s−1. In addition,
among the 78 samples with an intensity larger than 60 m s−1, the biggest TC is 310.1 km,
while the smallest is 237.4 km, and the mean value of these 78 samples’ size is 274.1 km
(Figure 3a). This means that strong TCs do not have the largest size.

In order to further analyze the relationship between TC intensity and size, all 718 TC
cases are divided into six categories via their initial intensity according to the National Stan-
dard for TC category (GBT19201-2006) issued by the China Meteorological Administration
(CMA) [32]: Tropical Depression (TD), 10.8–17.1 m s−1; Tropical Storm (TS), 17.2–24.4m s−1;
Severe Tropical Storm (STS), 24.5–32.6 m s−1; Typhoon (TY), 32.7–41.4 m s−1; Severe Ty-
phoon (STY), 41.5–50.9 m s−1; and Super Typhoon (Super TY), ≥51.0 m s−1.

After adopting the above TC category classification criterion, this paper continues to
statistically analyze the relationship between size and intensity during the peak intensity
of 718 TC cases, and finds that the overall size and intensity show a positive correla-
tion. Among all 718 TC cases, the maximum size at its peak intensity is 413.4 km, which
corresponds to an intensity of 42 m s−1 (Figure 3b).

We further sorted the sizes of 718 TC cases overall, when they reached their peak in-
tensities from large to small, and defined the top (bottom) 25% of the samples as large_size
(small_size) TC cases, and the other 50% of TC cases as the normal_size group. Finally,
179, 173, and 366 samples were obtained for large-, small-, and normal-size TCs, respec-
tively. Figure 4a, Figure 4b, and Figure 4c show the geographic distribution of large_size,
small_size and normal_size TC cases which are categorized according to their respective
peak intensities, respectively. As we can see from Figure 4a–c, the frequencies of occur-
rence of large_size and small_size TCs under the above category classification criterion
are basically the same; both large_size and small_size TCs have the greatest probability of
occurrence in the category of TS. However, for the normal_size TC, the largest samples
also occur at the TS level. Unlike the other two groups, this group has fewer samples of
STY and superTY. Furthermore, the spatial distributions of large_size and small_size TCs
are different. This difference is mainly reflected in two points: firstly, large_size TCs rarely
occur over pelagic and low-latitude regions; secondly, the probability of large_size TCs
occurring over the east of Taiwan and the inshore region of eastern Guangdong Province is
higher than that of small_size TCs.

Wu et al. [33,34] reported that the maximum size of the TCs shows a delay after the TC
reaches its peak intensity in the WNP basin. We classify all the TC cases into three categories:
maximum size reaches after, reaches before, and those coinciding with peak intensity. The
numbers of the above three categories are 421, 182, and 99, respectively (Table 1). It can
be seen that the quantity of maximum size appearing after the peak intensity is largest
(59.9% of the total samples), with a mean lag time of 8.3 h. The percentage of samples
where the maximum size occurs before the peak intensity accounts for 25.9% of the total
samples, with an average lead time of 9.2 h. The mean relative time for maximum size
and peak intensity for all TC cases from 1981 to 2009 is 1.1 h leading. In terms of the
geographical distribution of the three types of TCs, the tracks of the first classification of
TCs with maximum sizes occurring after peak intensity are more northerly and westerly
compared to the tracks of the second classification (Figure 5a,b). In particular, after the
TCs arrive in the mid-latitude westerlies region, when the cyclones translate from TCs to
extratropical cyclones, the intensity of cyclones is weakening at this time, but the size is
often getting bigger. The probability of occurrence of maximum size and peak intensity for
the TCs at the same time is relatively low. These TCs are usually concentrated in offshore
regions (Figure 5c).



Atmosphere 2023, 14, 1468 6 of 9
Atmosphere 2023, 14, x FOR PEER REVIEW 6 of 10 
 

 

 
Figure 4. Geographical distribution of the (a) large size, (b) small size and (c) normal size of TC 
cases. 

Wu et al. [33,34] reported that the maximum size of the TCs shows a delay after the 
TC reaches its peak intensity in the WNP basin. We classify all the TC cases into three 
categories: maximum size reaches after, reaches before, and those coinciding with peak 
intensity. The numbers of the above three categories are 421, 182, and 99, respectively 
(Table 1). It can be seen that the quantity of maximum size appearing after the peak inten-
sity is largest (59.9% of the total samples), with a mean lag time of 8.3 h. The percentage 
of samples where the maximum size occurs before the peak intensity accounts for 25.9% 
of the total samples, with an average lead time of 9.2 h. The mean relative time for maxi-
mum size and peak intensity for all TC cases from 1981 to 2009 is 1.1 h leading. In terms 
of the geographical distribution of the three types of TCs, the tracks of the first classifica-
tion of TCs with maximum sizes occurring after peak intensity are more northerly and 
westerly compared to the tracks of the second classification (Figure 5a,b). In particular, 
after the TCs arrive in the mid-latitude westerlies region, when the cyclones translate from 
TCs to extratropical cyclones, the intensity of cyclones is weakening at this time, but the 
size is often getting bigger. The probability of occurrence of maximum size and peak in-
tensity for the TCs at the same time is relatively low. These TCs are usually concentrated 
in offshore regions (Figure 5c). 

Table 1. The number, average lag, or lead time of three classifications for maximum size reaches 
after, reaches before, and those coinciding with peak intensity. 

Classification No. of TCs Average Lag or Lead Time 
maximum size reaches after peak intensity 421 Lag: 8.3 h 
maximum size reaches before peak intensity 182 Lead: 9.2 h 
maximum size coincides with peak intensity 99 0 h 

Figure 4. Geographical distribution of the (a) large size, (b) small size and (c) normal size of TC cases.

Table 1. The number, average lag, or lead time of three classifications for maximum size reaches after,
reaches before, and those coinciding with peak intensity.

Classification No. of TCs Average Lag or Lead Time

maximum size reaches after peak intensity 421 Lag: 8.3 h
maximum size reaches before peak intensity 182 Lead: 9.2 h
maximum size coincides with peak intensity 99 0 hAtmosphere 2023, 14, x FOR PEER REVIEW 7 of 10 

 

 

 

Figure 5. Geographic location of maximum size and peak intensity of each TC: (a) maximum size 
reaches after peak intensity, (b) maximum size reaches before peak intensity, and (c) maximum size 
coincides with peak intensity. The black solid lines indicate the TC best tracks, red circles indicate 
the location of maximum size, and blue dots indicate the location of peak intensity. 

Figure 6 illustrates the relationship between the variation in TC size (6-hour interval) 
and the corresponding intensity. It can be seen that the TC size variation shows a normal 
distribution with intensity increasing. TCs with weaker intensity usually have larger size 
variations, while those with strong intensity do not show much size variation. Basically, 
the 6-hour size variations in TCs with intensities above 45 m s−1 are almost less than 50 
km, except for one sample that reached 77.3 km. 
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Figure 6 illustrates the relationship between the variation in TC size (6-hour interval)
and the corresponding intensity. It can be seen that the TC size variation shows a normal
distribution with intensity increasing. TCs with weaker intensity usually have larger size
variations, while those with strong intensity do not show much size variation. Basically,
the 6-hour size variations in TCs with intensities above 45 m s−1 are almost less than 50 km,
except for one sample that reached 77.3 km.
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4. Summary

TC size is an important parameter for estimating TC risks, such as precipitation
distribution, gale-force wind damage, and storm surge. In this paper, we present the
interannual, monthly variation in TC size, and a series of statistical relationships between
TC size and intensity in the WNP basin from 1981 to 2009. Below, we summarize the key
points on the climatology characterization of TC size and the relationship between TC
intensity and size:

(i) From 1981 to 2002, the annual mean TC size oscillated within the range of 175–210 km.
However, the annual mean TC sizes showed a decreasing trend since 2003, and by year until
2009, the annual mean TC size was reduced to 156.7 km.

(ii) Statistically, the minimum mean size of TCs in the WNP occurs in February, and
then the TC size increases with the following months until it reaches the maximum size in
both September and October, which means there are two TC size peaks in September and
October for the WNP.

(iii) Although the TC size overall becomes larger with increasing intensity, the samples
with unusually large sizes are mainly concentrated near a 40 m s−1 intensity. The largest
TC size is 447.5 km, from 1981 to 2009, in the WNP. After the TC intensity exceeds 40 m s−1,
the number of unusually large size samples gradually decreases.

(iv) In total, 59.9% of the TCs reach their maximum size after reaching the peak
intensity, and the average lag time is 8.3 h. In comparison, the percentage of TCs reaching
their maximum size before reaching the peak intensity is 25.9%, with an average lead time
of 9.2 h.

(v) TC size variation shows a normal distribution with intensity increasing. TCs with
weaker intensity usually have larger size variations, while those with strong intensity do
not show much size variation.
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