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Abstract: Thirty-year (1980-2009) tropical cyclone (TC) images from geostationary satellite (GOES,
Meteosat, GMS, MTSAT and FY2) infrared sensors covering the Northwestern Pacific were used to
build a TC size dataset based on objective models. The models are based on a correlation between
the size of TCs, defined as the mean azimuth radius of 34 kt surface winds (R34) and the brightness
temperature radial profiles derived from satellite imagery. Using satellite images between 2001 and
2009, we obtained 16,548 matchup samples and found the correlation to be positive in the TC’s inner
core region (in the annulus field 64 km from the TC center) and negative in its outer region (in the
annulus field 100-250 km from the TC center). Then, we performed a stepwise regression to select
the dominant variables and derived the associated coefficients for the objective models. Independent
validation against best track archives shows the median estimation error to be between 27 and 65 km,
which are not significantly different to other satellite series data. Finally, we applied the models to
721 TCs and made 13,726 measurements of TC size. The difference of mean TC size derived from
our models, and also that from the US Joint Typhoon Warning Center (JTWC) best track archives is
19 km. The developed database is valuable in the research fields of TC structure, climatology, and the
initialization of forecasting models.

Keywords: geostationary satellite; tropical cyclone size; Northwestern Pacific

1. Introduction

The Northwest Pacific (NWP) is a region where tropical cyclones (TCs) generate very frequently [1].
TCs are severe storms formed over tropical waters, and they are characterized by a non-frontal
synoptic-scale low-pressure weather system, with organized convection and clearly-defined cyclonic
surface wind circulation [1,2]. On average, about 33 TCs developed each year during the period 1949
and 2016 (analyzed using the best track from the China Meteorological Administration). TCs cause
disasters leading to loss of life and property in the coastal areas where they pass. The center location,
intensity, size, and extent of the destructive winds caused by TCs are key factors in decision-making
for disaster reduction and prevention. In the early 1980s, Merrill [3] showed that hurricane winds
(17 m/s) could occur in an area as small as 100 km or over areas greater than 2200 km in diameter. TCs
of different size will have different impacts on the surrounding environment. Previous studies [4-7]
have suggested that the size of a TC is associated with its movement, intensification, and rainfall.
Timely estimation of the size, intensity, and track of a TC is important for weather forecasting and
for predicting a TC’s potential impact [1,4-6,8-13]. Routine TC data are mainly focused on the center
position and intensity of a TC. The hazard posed by a TC is often quantified in terms of TC intensity.
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While significant, these qualities must be balanced against considerations of the strength and spatial
extent of the outer-core circulation, which also significantly determines the total danger posed by
these storms [14]. A TC center and intensity are defined as the minimum pressure near the surface
of the central point and the maximum sustained wind speed. Generally, TC size is measured by the
extent of the destructive winds. Several studies have focused on the use of satellite images for locating
the center of TCs [15-18], morphology [19-21], winds [22,23], and waves [24]. However, increasingly,
research is being undertaken on the determination of TC size and climatology [3-5,12,25-29], and there
has been much related research on the change of TC structure, relations between TC size and other
systems, and the initialization of numerical model forecasting [5,6,11-13]. Past research has indicated
that the initial vortex size in a numerical model is sensitive to TC intensity and wind radii, which is
often defined as the radius of a zero tangential wind or the mean radius of the outermost closed isobar
(ROCI) [5,10,14].

There are several traditional definitions of the size of a TC including: (1) the mean azimuth radius
of 34 kt surface winds (R34), the radial extent of 15 m-s~! (R15) or ROCI [1,3,9,12-14,26,29]; (2) the
radius at which the mean tangential wind at 850 hPa is 5 kt (R5) [5,30]; and (3) the mean radius at
which relative vorticity decreases to 1 x 1072 s~1 (Rv107) [4].

Brand [29] and Merrill [3] indicated a TC size in terms of ROCI. They reported that there were
seasonal and regional variations in the size of TCs (using data covering the period between 1945 and
1968), and the NWP TCs had a mean size twice as large as that of the TCs in the Atlantic Ocean (data
covering the period between 1957 and 1977 for the Atlantic basin, 1961 and 1969 for the NWP basin).
The data resources used above are all from surface weather charts, which may introduce a subjective
bias at coarse spatial and temporal resolution.

Based on aircraft and other normal surface observations, Cocks and Gray [14] approached a
similar ROCI TC size definition, using the radii of a specific fixed isobar (1004 hPa) to represent the TC
size. They divided the TCs into three different groups according to the size. The larger TCs reached a
maximum size to the west of 135°E, where as the smaller TCs reached a maximum size to the east of
135°E. The mature, large (small) TCs develop as larger (smaller) TCs early in their life cycle. In about
40% of the TCs, significant increases of R15 (>50 km per day) occurred during the 1.5-day period before
they reached their maximum intensity. However, in situ observations are not routinely available and
there is still a lack of observations on the wind structure of TCs in the open ocean [5,6,12]. The lack of in
situ measurements makes routine operational wind radii estimation heavily dependent upon satellite
observations [6], hence, satellite data and the development of objective data analysis techniques to
extract useful wind-structure information from satellite images have recently been used to study the
size of TCs [5,6,12,31-33].

The US Joint Typhoon Warning Center (JTWC) has published TC critical wind radii (the mean
azimuth radius of 34, 50 and 64 kt surface winds, R34, R50, and R64) in the TC best track dataset since
2001. The wind radii are estimated based on subjective analyses of the available information, including
satellite observations [6]. Using the dataset from 2001 to 2009, Lu et al. [12] carried out a climatological
analysis of TC size in the NWP. The results showed that fast-moving, strong or recurving TCs have a
larger size than slow-moving, weak, or non-recurving TCs. There is an obvious correlation between
variance in TC size and intensity. After the TC reaches its strongest intensity, it continues to increase in
size for another 6 h, i.e., TCs achieve a maximum size 6 h after reaching their maximum intensity.

Using the European Remote-Sensing Satellites 1 and 2 wind scatter observations, Liu and Chan [4]
indicated the TC size in terms of Rv10~> and found that the mean TC size was 3.7° of latitude in NWP
and 3.0° of latitude in the North Atlantic with obvious seasonal variations. Lee et al. [26] used Quick
Scatterometer (QuikSCAT) surface wind speed estimates for 2000-2005, defining the TC size as R15,
analyzing the relation between TC size and easterly wave, monsoons and subtropical high pressure
belts. Chan and Chan [27] also used QuikSCAT surface wind speed estimates for 1999-2009, defining
the TC size as R34, to find out the relation between TC size and strength, and the factors that affect TC
size and strength. Knaff et al. [5] measured TC size with R5, and estimated the relation between the
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storm-centered infrared imagery of TCs and an 850 hPa mean tangential wind (from model analyses)
at a radius of 500 km, and formed a global TC size climatology. Using this definition, Knaff et al. [6]
presented a relatively simple method to estimate the TC wind radii from two different sources: infrared
satellite imagery and global model analyses. This method provided estimates of wind radii with
errors comparable with those of other objective methods. Currently, there is no available long-time
TC size dataset with a unified definition for detailed climatological research on TC size. TC size, as a
significant structure parameter, not only roughly indicates the hazard area posed by TCs, but also has
a close relationship with the motion and intensity variations of a TC. Therefore long-time global TC
size climatology would be of benefit to research around the contributing factors of TC-caused disasters,
sudden intensity/track changes of a TC, and the improvement of numerical models [5,14,26-28].

There is, however, a close correlation between the intensity of a TC and its convection and the
structure of high-level clouds [31-35]. The variation in the brightness temperature value at the top
of a TC reflects the cloud convection strength and wind structure of TCs [32,33]. Knaff et al.[5,6],
Demuth et al. [31], Kossin et al. [32], and Lajoie and Walsh [33] successively developed techniques to
estimate the radius of maximum wind, R34, R50, R64, and TC wind profiles based on the relationship
between cloud and wind structures. Therefore, the use of high temporal and spatial resolution
geostationary satellite infrared observations to construct a set of TC size climatological datasets is
feasible and valuable in research on changes in TC structure, climatology, and the initialization and
improvement of numerical forecasting models [36].

The National Oceanic and Atmospheric Administration (NOAA) published the global Hurricane
Satellite (HURSAT) dataset in 2007 (available on line at: www.ncdc.noaa.gov/hursat/index.php).
This project compiled global all-ocean TC satellite data in a gridded dataset centered on the centers
of TCs, including a geostationary satellite dataset (HURSAT-B1), a microwave satellite dataset
(HURSAT-MW, published in 2008), and a high-resolution radiometer dataset (HURSAT-AVHRR).
Integration with the International Best Track Archive for Climate Stewardship (IBTrACS) [37],
this dataset has become the best TC satellite dataset for research on the generation, intensity, structure,
and climatology of TCs [38—41].

The work reported here uses the HURSAT-B1 dataset to objectively estimate TC size based on the
correlation between TC size and the brightness temperature profile, and compiles a TC size dataset in
the NWP for the period, between 1980 and 2009. The difference in TC size estimation using various
satellite data and preliminary climate characteristics is also evaluated and presented. The data used in
this research are introduced in Section 2 and the correlation analysis between the different satellite
cloud-top bright temperature, variance, and TC size are discussed in Section 3. Objective models using
data from different satellites to estimate and evaluate the size of TCs are given in Section 4. A dataset
of TC size derived from satellite observations is compiled in Section 5 and the results are discussed
in Section 6.

2. Datasets

The Hurricane Satellite dataset, version 5 (HURSAT-B1 v5) [38], covering the time period from
1980 to 2009, was used. These data are gridded to roughly 8-km resolution located at the center of the
circulation of a TC and sampled at three-hourly intervals. This dataset compiled satellite series data
from SMS (pre-GOES from the USA), GOES-1 to -13 (from the USA, GOES), Meteosat-2 to -9 (from
Europe, MET), GMS-1 to -5 (from Japan, GMS), MTSAT-1R to -2R (from Japan, MTS), and FY2 (from
China) satellites. There was only one year of SMS observations (1980) during the research period and,
because the regression model cannot be modified, we excluded SMS data.

In this study, TC size is indicated in terms of R34. This is the radial extent of gale-force winds,
which is important to shipping and public safety and, therefore, an operational requirement [4]. R34
from the JTWC best track archive covering the period between 2001 and 2009 is used in the following
objective model construction and the independent sample tests. The observation times were 0000,
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0600, 1200, and 1800UTC. The TC serial number, TC name, TC center longitude, TC center latitude,
R34 and TC intensity (in terms of maximum wind speed) are included in this dataset.

During the final TC size dataset estimation, the TC tracks and intensity data from the IBTrACS
(v03r08) dataset [37] covering the time period from 1980 to 2009 was used for the position and intensity
of the TC center, in order to match the TC center where the HURSAT gridded dataset was centered.
It also included the TC serial number, TC name, TC center longitude, TC center latitude and TC
intensity. The observation times were also 0000, 0600, 1200, and 1800 UTC.

3. Correlation between TC Size and TC Cloud-Top Brightness Temperature

Previous studies have identified a correlation among the intensity of TCs and the strength
of convection, the structure of the top of the cloud, the distribution, and temperature [34,35,42].
Shapiro [43] established a relationship between TC horizontal divergence and its primary rotational
circulation. Using the variationin the azimuthally-averaged brightness temperature profile derived
from infrared data from satellites, Kossin [32] found that both the first and subsequent modes in
the Empirical Orthogonal Function (EOF) analysis is of these profiles could reflect anomalies in the
cloud shield brightness temperature of TCs provide signals of the intensity and structure of TCs,
and change signs at various radii. Knaff et al. [5,6], Demuth et al. [31], and Lajoie and Walsh [33]
successively estimated the radius of maximum winds, R34, R50, R64, and the TC wind field based on
the relationship between cloud characteristics and wind structure.

In the present work, a correlation analysis between the variations in the cloud-top brightness
temperature and TC size were carried out. Based on the spatial resolution of the satellite, which is
roughly 8 km [38], the mean brightness temperature of an annulus 16 km from the center of the TC
was set as a study object; 20 concentric annuli were set separately as the variables T1, T2, ..., T20.
Figure 1 shows a schematic diagram for the definition of concentric annuli.

The absolute difference in the mean brightness temperature between two adjacent annuli were set
as variables TD2, TD3 ... , TD20, where, beginning from the second ring, TD2 is the absolute value of
T2-T1; and all subsequent values were determined in the same way. This reflects the variance in the
brightness temperature profile of a TC. The calculated correlation coefficient between the intensity of
a TC (Vm) and the size of a TC is 0.64. The number of samples considered in this analysis is 16,548,
covering the time period between 2001 and 2009. Hence, Vm was set as the 40th variable, in addition
to the 39 variables of T1, ..., T20 and TD2, ..., TD20.
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Figure 1. Schematic diagram for the definition of concentric annuli. The black filled circle is the center
of the current TC. The large black circles spreading from the TC center to the outer are the annuli at
the radii of 64 km, 128 km, 192 km, 256 km, and 320 km. Finer annuli are not shown here due to their
poor visibility.
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Figure 2 is a scatter diagram showing the correlation between the size of TCs and 39 (excluded
Vm) variables obtained from five satellite series. For the same channel observation, the brightness
temperature varies slightly with each satellite. In Figure 2 the correlation coefficients between the size
of the TCs and the brightness temperature obtained using data from different satellites are different.
However, the variation trends are similar along the distance of the annulus from the inner to the outer
region of the TC.

0.5
—e—GOE(3550)
.o —e— MET(4099)
- \‘
0.4 AN GMS(1975)
—e—MTS(3373)
03F FY2(3551)
—e—Total(16548)
--0--GOE
021 --@-= MET
0.1

Correlation coefficient
(=]

-03

0.4

-0.5
Storm center 32 64 96 128 160 192 224 256 288  320km

Distance from TC center

Figure 2. Scatter diagram of the correlation coefficient between the size of TCs and the brightness
temperature factor obtained using data from different satellites. The solid lines represent the brightness
temperature obtained from different satellites and the dotted lines represent the difference in brightness
temperature between neighboring belts. The number of samples is given in parentheses in the legend.
For the GOE satellite all variables are significant above 0.90, except TD16, TD17, TD18, and TD19; for
the MET satellite all variables are significant above 0.90, except T2; for the GMS satellite all variables
are significant above 0.90, except T5, TD15, TD16, and TD17; for the MTS satellite all variables are
significant above 0.90, except T3, TD15, TD16, and TD17; for the FY2 satellite all variables are significant
above 0.90, except TD13, TD14, TD15, and TD16.

The solid lines in Figure 2 represent the variation in the correlation between the size of the TC and
T1, T2, ..., T20. There is nearly a positive correlation in the annuli within 64 km from the center of the
TC. It suggests that in the inner core region (defined as an annulus of 40-50 km beyond the radius of
the maximum winds) [41], a lower temperature in the TC cloud results in a stronger and larger TC,
and vice versa. The largest correlation coefficient between the first annulus and the size of the TC was
found forthe GMS series satellite data (correlation coefficient 0.42). The correlation was weakest at the
boundary of the TC inner and outer region, about 48-80 km from the TC center, where the brightness
temperature is not so related to TC size. The negative correlation becomes larger beyond 96 km from
the TC center. The largest value (—0.48) occurs between 256 and 288 km from the center of the TC.
Again, the result is obtained from the MET series satellite data. It appears that, in the outer region
of the TC (1°-2.5° radii from the TC center) [42,43], the profile of the brightness temperature and its
difference reflected an anomaly in the distribution of convection. The TC circulation field was larger at
greater distances from the center of the TC and the TC was weaker and smaller in size. This result
agrees approximately with previously reported studies [13,14,44-48].

There are the similar correlation performances for the correlation between the size of the TC and
TD2, TD3, ..., TD20, represented by the dotted lines in Figure 2. In the inner core region a larger
variation in the temperature of the TC cloud resulted in a stronger and larger TC, and the reverse
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was also true. The correlation coefficient between TD2 and TC size was largest using the GOES series
satellite data (correlation coefficient 0.40). The correlation was the weakest between 64 and 96 km from
the TC center. The negative correlation increases beyond 64 km and the largest value is near 160 km,
—0.29, which was obtained from the MET series satellite data. The correlation relationship weakens
again at greater distances from the TC center.

4. Establishing Models for the Estimation of the Size of TCs and Evaluation with Different Series
of Satellite Data

Data samples covering the time periods required to modify the TC size estimation model and to
carry out independent validation are determined according to the operational periods of the satellites
(Table 1). For samples where the satellite coverage period is greater than nine years, the samples for
the first six years are chosen to build the model and the independent samples in the remaining three
years are used for validation. For those samples where the coverage period is less than five years,
the samples in the last year are used to verify the model and all the other samples are used to build
the model.

Table 1. Satellite data used to establish and test the model for the estimation of the size of TCs.

. . . Sample Dependent Sample Independent
Satellite  Time Period No. of TCs Sizi PSize (Time) p Sample gize (Time)
GOES 2001-2009 85 3550 3480 (2001-2006) 70 (2007-2009)
MET 2001-2009 132 4099 3079 (2001-2006) 1020 (2007-2009)
FY2 2005-2009 97 3551 2783 (2005-2008) 768 (2009)
MTS 2005-2009 85 3373 2552 (2005-2008) 821 (2009)
GMS 2001-2003 49 1975 1792 (2001-2002) 183 (2003)
Total 2001-2009 197 16,548 11,288 (2001-2006) 5260 (2007-2009)

Past studies have discussed statistical inversion techniques to obtain atmospheric structure
information from remote sensing of atmospheric radiation, and stepwise multiple regression schemes
have been performed to derive equations relating the meteorological parameters of the satellite
observations [49,50]. The stepwise technique is used to develop linear relationships between the
meteorological and the satellite radiation observations (predictors), which only screen for a large
number of potential predictors for specifying any meteorological parameters [49]. During stepwise
regression the choice of predictive variables is carried out by an automatic procedure in statistics.
In each step, a variable is considered for addition to, or subtraction from, the set of explanatory
variables based on some pre-specified criterion. In the present study there are 40 variables (predictors)
concerned in the correlation analysis, some of which have a high correlation with TC size and some of
which have a weak correlation with TC size. Using stepwise regression those variables and variable
combinations that make the most important contributions to explaining a TC size’s variance would be
selected to construct the final TC size estimation models. The pre-specified criterion is p-value, where
the maximum p-value for a variable to be added is 0.05 and the minimum-value for a variable to be
removed is 0.1.

Stepwise regression analysis is carried out on the samples in Table 1 with different variable groups
derived from GOES, MET, GMS, MTS, and FY2 satellite series.

Stepwise regression equations are created in Equations (1)~(5). The R? for each equation is 0.44,
0.46, 0.49, 0.47, and 0.46, respectively. All are significant above 0.99.

GOESEg = 0.5157 x T1 4 0.4322 x T4 — 1.5372 x T19 4+ 1.7535 x TD4 + 2.2676 (1)
xTD9 +-2.4958 x TD16 + 2.7981 x Vm + 235.0722
METg = 1.3585 x T3 — 0.4652 x T10 — 1.3863 x T20 4 2.8585 x TDS8 + 2.9168

2
xVm + 214.7675 @
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GMSE = 0.9884 x T2 4 1.6188 x T5 — 1.6698 x T15 — 1.0815 x T19 — 0.6438
xTD2 — 0.9131 x TD4 4 2.2783 x TD7 + 2.4983 x TD8 + 3.9385 3)
xTD11 + 2.7022 x TD13 4 2.8803 x Vm + 172.4743

MTSg = 0.8492 x T3 — 0.7732 x T18 — 0.3709 x TD2 + 1.4387 x TD4 — 1.3746

4
xTD9 — 1.8621 x TD20 + 3.3502 x Vm + 69.152 @)

FY2g = 0.7331 x T2 — 0.9117 x T20 — 0.9941 x TD2 4 1.4146 x TD4 — 1.0698
xTD5 4-1.4507 x TD6 — 1.5519 x TD10 + 1.4192 x TD13 (5)
+3.3438 x Vm + 124.9909

GOESE, METg, GMSE, MTSg, and FY2g were the estimated TC sizes using the GOES, MET, GMS,
MTS, and FY2 series satellite data, respectively. Equations (1)-(5) show that the stepwise models
based on different series satellites are not completely the same, but some specific variables, such as
Vm, T1, T2, TD2, and T3, which represent convection in the core region, were all selected. The outer
region signals, e.g., T18, T19, T20, TD16, and TD20, were also selected. Therefore, these stepwise
equations are both consistent and credible. Using Equations (1)—(5), the TCs size is estimated based on
the specific variables (T1, ..., T20, and TD2, ... ,TD20) derived from different satellite information,
and Vm obtained from the best track. Figure 3 shows the box plot for the TCs size estimation tests
with independent samples.
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Figure 3. Results of the tests for the estimation of the size of TCs. The red line represents the median, the
upper limit of the blue box represents the 75th percentile, and the lower limit of the blue box represents
the 25th percentile. The small red lines above or under the black top or bottom lines are outliers.

Figure 3 demonstrates that there are some differences in the error distribution between the
estimated and observed data using the different satellite series data. The best precision of the estimated
data is obtained for the GMS satellite series. The median erroris 27 km and the upper and lower
quartile values are 47 and 11 km, respectively. The worst precision of is that of the GOES satellite series.
The median erroris 65 km and the upper and lower quartile values are 83 km and 43 km, respectively.
There is little difference in the estimated error using the MET, MTS, and FY2 series data. The median of
the estimated error is about 43-46 km and the upper and lower quartile values are about 70 and 20 km,
respectively. The numbers of independent samples are small, at only 183 and 70 for the GMS and
GOES series satellite data. These should not be used to accurately represent the algorithm performance.
The distributions of the estimated error using the MET, MTS, and FY2 series satellite data show that
there is no significant influence on the estimation of TC size using a different series of satellite data.
For the entire samples group between 2007 and 2009, the median estimated error is 39.7 km and the
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upper and lower quartiles are around 66 and 19 km, respectively. This precision coincides with that of
the MET, MTS, and FY2 satellite series.

5. TC Size Dataset Derived from Satellite Observations in the NWP

5.1. Comparison of TC Size Estimation Result with Different Satellite Data Series

In order to evaluate the systematic differences of the TC size estimated from different satellites
by the models, we analyzed the MET, GOES, and GMS data series (Table 2) that contain the time,
spatial range, and continuity of different satellite series [38]. Comparisons are made between the same
samples observed simultaneously by two different satellites.

Table 2. Satellite data used for comparative analyses.

Satellite MET GOES GMS
Different Time period 1988-2009 1980-2009 1981-2003
samples Sample size 5249 5302 26416
Mean TC size (km) 147 146 175
Standard deviation (km) 44 45 51
Satellite GMS vs. MET  GMS vs. GOES MET vs. GOES
Same sample Time period 1988-2003 1981-2003 2003-2005
comparison Sample size 2476 2019 1114
Mean absolute difference (km) 33 36 11

Table 2 shows that the mean TC sizes estimated by the MET, GOES, and GMS satellite data series
were 147, 146, and 175 km. The maximum sizes were 316, 339, and 448. GMS estimated both the mean
and maximum sizes a little larger than the other two systems. A comparison of the estimates for the
same samples among the MET, GOES, and GMS satellite data series is shown in Figure 4.
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Figure 4. Comparison of estimation of TC size (each group represents the absolute difference between
the estimates from two different satellites. The definition of the boxes is the same as in Figure 3).

Figure 4 shows that the median value of the estimated difference between GMS/MET and
GMS/GOES is about 26 km. For 75% of the samples, the difference is less than 55 km. The difference
between the estimated values using MET and GOES is both small and uniform. For 75% of the samples,
the difference is less than 15 km and the median difference is 9 km. Therefore, the difference between
TC size estimation using observations from different satellites is operationally acceptable.
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In the independent samples test, the standard deviation of the long-range estimates and
comparison of the same samples all showed that there was no significant influence on the results of
the estimation of TC size when using data from different satellites. A complete and continuous dataset
of TC size could be built with different long time series of satellite observations in the same area.

5.2. TC Size Dataset in the NWP Covering 1980 and 2009

Based on the best track of the TCs in the NWP from 1980 to 2009, the sizes of all the TCs were
estimated using the corresponding models for the periods when satellite observations were available.
The estimated sizes of 721 TCs were obtained for 18,621 samples, including 3892 repeated samples
observed simultaneously by different satellites. The mean TC size was 181 km and the median sizewas
176 km, with upper and lower quartile values of 212 and 146km, respectively. The standard deviation
was 49 km. After we removed the repeated samples, there were a total of 13,726 samples with a mean
TC size of 184km and a median size of 179 km, with upper and lower quartile values of 215 and 148 km,
respectively. The standard deviation was 50 km. Table 3 shows the mean TC size in NWP obtained
from this study, Lu et al. [12], Liu and Chan [4], Merrill [3], and Knaff et al. [5] use a different definition.
Using the same TC size measurement, there is a difference of mean TC size of 19 km between the result
of Lu et al. [12] and this study. Therefore, the error of the mean TC size estimate is 19 km, and the
result from Lu et al. is regarded as ‘observed truth’. As a result, errors in operational (and best-tracked)
wind radii estimates can at times be as large as 25-40% of the radii themselves [51-53]. That is for the
mean estimated TC size, of 184 km; the estimated error is 10% of the radii themselves in this study.
Thus, this precision is acceptable.

Table 3. Mean TC size obtained from this study and from that of Liu and Chan [4], Lu et al. [12],
Merrill [3], and Knaff et al. [5]. The corresponding standard deviation is in parentheses.

Basin This Study Lu (2011) Liu and Chan (1999) Merrill (1984)  Knaff (2014)
R34 (km) R34 (km) Rv10~>(°lat) R30(°lat)  ROCI(° lat) R5 (° lat)
NWP 184 (50) 203 (76) 3.7(1.1) 29(1.1) 4.4 (2.0 11 (3.36)

5.3. TC Size Climatology

Using the TC size dataset obtained in Section 5.2, we analyzed the variance in the monthly and
yearly average TC size and the spatial distribution of TC size between 1980 and 2009 (Figure 5).
The result shows that the monthly average of TC size was slightly larger in autumn than in other
seasons. This finding agrees with previous studies [1,3,4,12,29]. However, no obvious change or
long-term trend was found in the annual mean size of TCs.

Figure 5 shows that as the TCs move from east to west and from south to north in the NWP;
as their intensity increases [54], their size increases. In the field from 120°-145°E and 15°-35°N,
the mean TC size is about 200 km. To the east of 150°E and in the South China Sea, the mean TC size is
greater than 200 km. To the north of 35°N, some TCs are greater than 250 km in size. This size may
have been increased because of the overlap between the TC and the westerly belt, as most of the TCs
curved round and entered the westerly belt after moving into this area. These results agree with those
of Liu and Chan [4] and Lu et al. [12], which were analyzed and measured using different datasets and
definitions. This proves that the dataset derived in Section 5.2 can be used in climatology research
on TC size.
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Figure 5. Regional distribution of the size of TCs (The grid size is 2° x 2°. The numbers in each grid
square is the sample size.)

5.4. Correlation between TC Size and Intensity

Merrill [3] showed that there was a weak correlation between the size and intensity of TCs.
Conversely, Knaff et al. [5] proposed that TC intensity is closely related to storm strength (i.e., the
average wind speeds between 111 and 278 km from the center as defined by Weatherford and
Gray [45,46]), which are strongly related to, and positively correlated with, R34. Based on the
dataset obtained by this study the correlation coefficient between TC size and intensity is 0.6185
(13,726 samples), and the maximum size of the TCs shows a 6 h delay after the TC reaches its greatest
strength. This result also agrees with that reported by Lu et al. [12] and Wu et al. [13]. This shows that
there is a strong persistence for TC wind structure. Figure 6 shows an example of the maximum TC
size and its size variation along its track as it develops.

Figure 6a shows the infrared brightness temperature of Hal at the time the TC is at its largest
size of 448 km when Vm = 40.6 m/s; about 6 h after Hal was at its strongest. The TC size extent
covered almost the whole area of strong convection. Figure 6b shows that the size of TC Hal increased
while tracking west-northward and it reached its maximum, 6h after it reached its greatest strength
(41.6 m/s). After the peak value the size of TC Hal decreased with its intensity weakening. This shows
that there is a positive correlation between the intensity and size of TCs during their own lifetime.
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Figure 6. The brightness temperature distribution of TC Hal (1985) and its size change with intensity
variation. (a) TC Hal at 0000 UTC on 22 June 1985, observed by GMS-3. The pink dashed circle and
central point represent the size field and center of the TCs, respectively. (b) Size change of TC Hal
(1985) as indicated by circles that have a radius (indicated in parentheses) at 0000 and 0012 UTC daily.
The date and time in UTC are also indicated.

6. Summary

In the present work HURSAT data covering 1980 and 2009, including the GOES, MET, GMS, MTS,
and FY2 satellite data series, were used to objectively build a set of TC size datasets. The correlation
between TC size and TC cloud top brightness temperature profile and its variance showed that the
correlation variance trend was similar along the analyzed annulus from the inner core region to the
outer region with different satellite data. From this, multi-stepwise models were modified based on
different satellites.

The independent sample tests show that the median estimation error is about 43-46 km and the
median difference between pairs of satellites is less than 26 km with the same samples. These tests
demonstrate that there is no significant influence on the TC size estimation using data from different
satellites. The difference of mean TC size is 19 km (1980-2009) when compared with JTWC best track
archive (2001-2009), which shows that the size estimation precision is operationally acceptable. Finally,
a continuous size dataset of 721 TC was derived in the NWP between 1980 and 2009, which included
13,726 samples. The mean value was 184 km, the median was 179 km, and the upper and lower quartile
values were 215 and 148 km, respectively. The standard deviation was 49 km. The basic temporal
and spatial characteristics of TC size analyzed using this dataset were all in accordance with previous
studies, analyzed and measured by other datasets or definitions, which proves that this dataset could
be used in TC size climatic research of long time series.

However, the current satellite data only covered the time period 1980-2009 and, therefore,
longer time series data analysis should be carried out to optimize this work. More research is
needed on the climatology of TC size, for example the conclusion is not same for the relation
between TC size and intensity using different TC size definitions. Furthermore, HURSAT-MW and
HURSAT-AVHRR datasets could provide more detailed TC cloud structure and strong convection
information. In addition to other ocean winds, including QuickSCAT, ASCAT, SSM], etc., aircraft
reconnaissance is also very useful to verify this study and the datasets used.

There may be considerable uncertainties in terms of intensities as determined by different tropical
warning centers covering the same region [55,56]. It is an important theme to evaluate how the final
TC size estimation is affected using different best track data, such as from the Japan Meteorological
Administration or the Hong Kong TC observatory.
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