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Abstract

The trend of strong typhoons over the recent 30 years was analyzed using Dvorak

reanalysis data from 1987 to 2016 produced by Japan Meteorological Agency. The strong

typhoons were defined in this study as tropical cyclones equivalent to category 4 and 5

on the Saffir-Simpson scale. The temporal homogeneity of the Dvorak reanalysis data is

expected to be much better than that of best track data. Results showed no statistically

significant increasing trend in strong typhoons with large inter-annual and multi-year scale

variations. Meanwhile, the spatial distribution of the genesis locations of tropical cyclones,

which could influence whether or not they develop into strong typhoons, varied locally

during the analysis period. The changes in genesis locations may have influenced the

overall trend of strong typhoons during the analysis period. The results with the new

Dvorak reanalysis data highlight the need for the accumulation of high quality data over

time as well as for careful interpretation of trend analysis results seen in previous studies.

Keywords tropical cyclone; strong typhoon; Dvorak analysis; trend analysis; typhoon

climatology
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1. Introduction

Tropical cyclones (TCs) are weather phenomena that sometimes cause severe disasters.
TCs with a maximum 10-min sustained wind speed of approximately 33 m s™! (64 knots) or
higher are called typhoons in the western North Pacific (WNP). Strong typhoons, which are
defined in this study as TCs equivalent to category 4 or 5 on the Saffir-Simpson scale (Saffir
1973; Simpson 1974), occur every year. Whether the number of strong typhoons is
increasing due to climate change is a major concern from the perspective of disaster
prevention and mitigation, and also attracts a great interest of the society.

A long-term trend in the number of strong typhoons in the WNP has been investigated
mainly using best track data made by Japan Meteorological Agency (JMA) or Joint Typhoon
Warning Center, USA (JTWC). Since 1987, when aircraft reconnaissance ceased in the
WNP, both JMA and JTWC have estimated maximum sustained wind speed (Vmax) by
means of the Dvorak technique using satellite imagery (Dvorak 1984 ) with all other available
observations. However, conversion tables from Current Intensity number (CI number) to
Vmax used in the Dvorak analysis differ between JMA and JTWC. This fact resulted in
significant differences in the number of strong typhoons between JMA and JTWC best track
data even though different definitions of Vmax (10-min or 1-min average) were taken into
account (Kamahori et al. 2006; Song et al. 2010; Schreck et al. 2014; Kossin et al. 2007;
Kossin et al. 2013; Elsner 2020; Wu et al. 2021).

To resolve the issue of the difference in Vmax between JMA and JTWC, which is primarily
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caused by use of different conversion tables applied in the Dvorak analysis (Table 1), Mei

and Xie (2016) corrected best track Vmax values estimated by JMA since 1987. Firstly,

JMA’s Vmax was converted to the Cl number using the conversion table in the Dvorak

analysis adopted in JMA (i.e., Koba et al. 1991). Then, the Cl number is converted to Vmax

using the conversion table adopted in JTWC (i.e., Dvorak 1984). With this correction based

on the same intensity definition (1-min Vmax), it is possible to compare JMA’s Vmax with

JTWC’s Vmax and thus compare fairly the difference in the number of strong typhoons

between JMA and JTWC. Mei and Xie (2016) showed that the number of category 4 and 5

TCs significantly increased from 1977 to 2014 for JMA and JTWC. Note that in their study,

JMA’s Vmax was corrected with the conversion tables only after 1986 and that JMA’s Vmax

before 1987 was just divided by 0.88 to obtain 1-min Vmax, which is a conventional method

to convert Vmax from 10-min to 1-min. Additionally, the dataset used in Mei and Xie (2016)

is temporarily inhomogeneous because it was constructed using mostly aircraft observations

from 1977 to 1987, and mostly Dvorak estimates from 1987 to 2014. An analysis of Mei and

Xie (2016) for the period of 1987 to 2014 would likely show little trend in the number of

category 4 and 5 TCs (e.g., see Fig. 1a of Mei and Xie 2016). Therefore, the positive trend

from 1977 to 2014 would likely be due to fewer category 4 and 5 TCs before 1987. However,

since the temporal inhomogeneity exists between before and after 1987 in the dataset of

Mei and Xie (2016), it is difficult to distinguish a climatological trend from the artifact

associated with changes in measurement platforms.

4
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92 One approach to removing these artifacts is to reanalyze the entire record using an

93  objective algorithm such as the one described in Kossin et al. (2013). Another approach is

94 toreanalyze the entire record using a subjective method such as the Dvorak method. JMA

95 has, in fact, recently produced Dvorak reanalysis data from 1987 to 2016 under a project of

96 the Typhoon Committee (Regional Specialized Meteorological Center (RSMC) Tokyo -

97  Typhoon Center 2023). As described in detail in section 2, Dvorak intensity (i.e., Cl number)

98 from this reanalysis data is considered to be more temporally homogeneous than best track

99 intensity. The objective of this study is to investigate whether the number and ratio of strong

100 typhoons are increasing in the period from 1987 to 2016. We believe that with the reanalysis

101  data, the investigation can confirm the recent trend in typhoon intensity, although limited to

102  the 30 years from 1987. The results of this study provide new insight into the climatology of

103  strong typhoons.

104

105 2. Data and Method

106 The Dvorak technique is a method for estimating the intensity of TCs using geostationary

107  satellite imagery (Dvorak 1984). JMA has adopted the Dvorak technique since 1987 for real-

108 time analysis and constructing best track data. Once the ClI number is determined by the

109  Dvorak analysis, Vmax is obtained using a conversion table, which describes the statistical

110  relationship between the CI number and Vmax (Dvorak 1975, 1984; Koba et al. 1991). The

111 Dvorak estimated Vmax is a first guess for determining best track Vmax, which is

5
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subsequently modified based on other available observations (Kunitsugu 2012). Therefore,

best track Vmax should be regarded as the "best analysis" at that time, and its quality could

differ depending on the skill of TC forecasters analyzing the TC intensity and observations

available (Shimada et al. 2020). Since observations used for the best track analysis have

changed through the years, the best track Vmax is likely unsuitable for climatological

research, especially research into changes in TC lifetime maximum intensity (LMI). However,

if the Dvorak analysis is conducted in a consistent way for a long period, like advanced

Dvorak Technique - Hurricane Satellite record (ADT-HURSAT) (e.g., Kossin et al. 2020), the

Dvorak intensity could be suitable for trend analysis. Thus, JMA has recently performed the

Dvorak reanalysis retroactive for a period of 1987 to 2016 for TCs in the WNP (i.e., 0-60°N,

100-180°E) (Nishimura et al. 2023). The reanalysis was conducted by a few skilled

forecasters with consistent procedures so that the estimated Dvorak intensity (i.e., ClI

number) has better temporal homogeneity. Data consistency of the reanalysis data

throughout the 30-year period was verified by the skilled forecasters. The differences from

the real-time Dvorak technique are that the reanalysis includes the Early Dvorak Analysis

(EDA) (Kishimoto et al. 2007; Kishimoto 2008) to start the Dvorak analysis at the appropriate

time and avoid a delay in intensification, and that the Dvorak intensity (i.e., T number, from

which the Cl number is derived) in the development stage is estimated after the LMI of a TC

is determined from the Data-T number (DT number) to satisfy the Dvorak constraints of T

number changes. Since the LMI is analyzed first using all available satellite imagery in the

6
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132  reanalysis, the LMI of the Dvorak reanalysis is expected to be more reliable than that of best

133  track data. Especially, Dvorak estimates for the Cl number ranging from 5.0 to 6.5 are the

134  highest quality estimates with a relative “sweet spot” for intensity estimation (Knaff et al.

135 2010).

136 The Dvorak reanalysis data were used in this study. Here we define “strong typhoons” as

137 those TCs that reach at least a Cl number of 6.0, which corresponds to a 10-min sustained

138 wind speed of 90 kt (Koba et al. 1991) and a 1-min sustained wind speed of 115 kt (Dvorak

139  1984) (see Table 1). This intensity corresponds to Saffir-Simpson Category 4 and higher.

140  This definition of strong typhoons is used hereafter.

141 For the analysis of long-term changes, regression lines and 90 % confidence intervals are

142  used. The significance of the linear trend was tested by Mann-Kendall test (Hirsch et al.

143 1982) and performed the test at the 90 % confidence level. Hereafter, the 90 % confidence

144  level is considered statistically significant.

145

146 3. Results

147 Figure 1 shows the number of strong typhoons with a lifetime maximum CI number of 6.0 | Fig. 1

148  or higher and the ratio of strong typhoons to all TCs in each year from 1987 to 2016. There

149 is no statistically significant linear trend in either the number or ratio. Similar results were

150  obtained when TCs with a lifetime maximum Cl number of 5.5 or higher, or 6.5 or higher

151  were examined instead of strong typhoons (not shown). The 90% confidence intervals are

7
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large due to the observed interannual variability. That shows that in shorter intervals trends

can be both positive and negative and that the trends are also sensitive to the endpoints of

the time series being examined. The lack of an intensity trend found here is consistent with

the result of Mei and Xie (2016), if their trend analysis had been performed since 1987.

Next, we compare the difference in the number of strong typhoons between the Dvorak

reanalysis and the JMA best track data to look at the properties of the reanalysis dataset.

Figure 2 shows the time series of the number of strong typhoons with a lifetime maximum

Cl number of 6.0 or higher from the Dvorak reanalysis and the number of TCs with a lifetime

maximum Vmax of 90 kt (Cl ~ 6.0) in Koba et al. (1991) or higher from the best track data.

From 1987 to 2007, the number of strong typhoons is generally higher in the Dvorak

reanalysis data than in the best track data. For 79 % of the TCs with LMI of 80+10 kt in the

1987-2007 best track data, the LMIs increased in the Dvorak reanalysis (not shown), and

the positive trend seen in the best track data is not reflected in the Dvorak reanalysis data.

Through interviews with forecasters in the 1990s, we infer three reasons for the LMIs in

the Dvorak reanalysis being higher than those in the real-time Dvorak analyses. Note that

the latter was used to construct the best track data. First, the satellite display system at that

time tended to blur a small eye due to a remapping to a different spatial resolution from the

original satellite data. As a result, the intensity associated with the eye pattern may have

been underestimated. Second, the T numbers remained uncorrected even though

subsequent analysis found that T numbers should have been higher. A related issue was

8
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172 poor initialization of the initial disturbance, which typically causes a delay in intensification,

173 being “behind the curve.” Consequently, the T number did not necessarily reach an

174  appropriate T number at the peak time due to Dvorak constraints of T number increase

175  (Dvorak 1984). This latter issue has been resolved in the Dvorak reanalysis that used EDA.

176  Third, in the Dvorak reanalysis, the T number was retroactively corrected so that the lifetime

177  maximum T number was determined from the DT number whenever possible. In their

178  technical report, Nishimura et al. (2023) explained that “For TCs with a clear TC eye and

179  clear cloud patterns, intensities up to peak values were re-analyzed as far as the beginning

180  of tropical depression formation so that the DT number could be adopted at the peak period

181  within Dvorak constraints.”

182 Although the number of strong typhoons defined by a lifetime maximum CI number of 6.0

183  or higher showed no significant trend (Fig. 1), we investigated temporal changes per 30-

184  year in the ratio of TCs stratified by Cl number to all TCs (Fig. 3). Although there was no | Fig. 3

185  statistically significant linear trend at 90 % confidence level in the ratio of TCs with each

186 lifetime maximum CI number, the following characteristics were seen: the ratio change was

187  positive for lifetime maximum CI = 3.0, the ratio change was negative for lifetime maximum

188  Cl =3.5-5.5, and the ratio change varied from CI to ClI for lifetime maximum CI = 6.0.

189 Previous studies have reported that El Nifio/La Nifia and the Pacific Decadal Oscillation

190 (PDO) are related to TC activity in the WNP (Lee et al. 2012; Hong et al. 2016; Liu et al.

191 2019; Zhao et al. 2019; Kim et al. 2020; Yamaguchi and Maeda 2020a; Lee et al. 2021).

9
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The temporal variation of strong typhoons may have been influenced by these phenomena.

Yamaguchi and Maeda (2020b) found that the number of strong typhoons approaching the

southern coast of Japan including Tokyo was increasing. These studies suggest that despite

the lack of basin wide trends in strong typhoons, sub-basin variability has occurred. To

explore sub-basin variability, we examined the temporal variation of the spatial distribution

of strong typhoons.

Figure 4 shows the time series of annual mean genesis locations for strong typhoons with

a lifetime maximum CI number of 6.0 or higher. Here, the genesis is defined as the location

where the Cl number of each TC first reached 2.0 or higher in the reanalyzed data. By

definition, TCs with a lifetime maximum Cl number less than 2.0" and TCs that crossed the

dateline into the WNP basin were excluded in this examination. Although the linear trend in

both latitude and longitude is not statistically significant, the confidence intervals of the linear

regression lines show 0.2+2.0 degrees per 30-year in latitude and —4.2+5.5 degrees per 30-

year in longitude, indicating that the genesis location of strong typhoons tends to shift slightly

to the west (Fig.4b). Daloz and Camargo (2018) stated that the genesis location of typhoons

in the WNP had shifted poleward. However, strong typhoons in the Dvorak reanalysis show

no such shift in genesis location (Fig.4a).

Next, we examined the temporal variation of locations where the strong typhoons first

reached their LMIs (Fig. 5). Figure 5 shows that a linear increasing trend is seen in the

annual mean latitude of LMI for strong typhoons at the 90 % significance level, whereas the

10
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212 change in the mean longitude is not statistically significant. The confidence intervals of the

213  linear regression lines indicate 2.2+1.8 degrees per 30-year in latitude and -5.1+4.8 degrees

214  per 30-year in longitude, indicating that the location of strong typhoons reaching their LMIs

215 has tended to shift to the northwest. Kossin et al. (2014) found that the location of the peak

216  maximum intensity shifts poleward, which is consistent with this study.

217 The results of 30-year changes in the genesis location and the LMI location of strong

218 typhoons suggest that the distribution of strong typhoons in the WNP may have changed.

219  Motivated by this, we examined how the ratio of strong typhoons changed locally. Figure 6 | Fig. 6

220 shows the genesis locations of TCs colored with the LMIs in the first half of the analysis

221  period (1987-2001) and the second half (2002-2016). Here, the genesis location is defined

222  as the location where the Cl number of each TC first exceeded 2.0, the same as the criterion

223 in Fig. 4. Here, TCs with a lifetime maximum Cl number less than 2.0 and TCs that came

224  into the WNP through the dateline are not shown. Table 2 presents the genesis ratio of TCs | Table2

225 in each area (defined as areas |, Il, lll, and IV from 0°N to 20°N and east of 120°E in Fig. 6)

226  to all TCs generated in all these areas including TCs that crossed the dateline into the WNP

227 (i.e., area V), divided by three intensity groups of the lifetime maximum CI number. The

228 genesis ratio of TCs in areas | to V to all TCs in the WNP is 63 % in the first half of the

229  analysis period and 64 % in the second half. The ratios in the two periods are almost the

230 same. Therefore, comparisons were made for TCs in the five areas between the two periods.

231 The ratio of total strong typhoons (Cl = 6.0-8.0) to all TCs (area |-V) is higher in the

11
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251

second half of the analysis period (49.6 %) than in the first half (43.7 %). This difference is

due to the temporary increase in the number of TCs with a lifetime maximum CI number of

6.0 or higher from 2004 to 2007 and in 2015 (Fig. 1). Because of this irregular fluctuation,

no linear increasing trend in strong typhoons was detected in Fig. 1. TCs generated in the

eastern part of the WNP (i.e., 145-180°E) are characterized by a higher ratio (more than 50

%) of strong typhoons relative to the total TCs generated in the same area, compared to

that in the western part of the WNP (120-130°E). In general, TCs moving westward over a

long distance over the ocean have a higher chance of being exposed to an environment

favorable for intensification than TCs forming close to land. This likely explains the

differences in the ratio of strong typhoons between the areas seen Table 2. This feature is

similar to the difference in the ratio of strong typhoons between EI Nifio and La Nifa years.

In El Nifo years, TCs tend to form in more eastern locations than the climatological mean

location, and in La Nifia years vice versa (Chia and Ropelewski 2002; Fudeyasu et al. 2006).

Meanwhile, the ratio of TCs in areas IV and V to all TCs generated in all the areas is about

6% lower in the second half of the analysis period (i.e., 9.6 %) than in the first half (15.9 %).

The decrease in TC genesis in areas IV and V may be due to a change in PDO (Liu and

Chan 2013). The PDO phase in the second half of the analysis period was generally

negative (JMA 2022). The genesis location can change in response to positive or negative

PDO phase, and the environment in the eastern part of the WNP is known to be unfavorable

for TC genesis in a period of negative PDO phase (Scoccimarro et al. 2021; Cha et al. 2023).

12
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252 It has also been shown the possibility that anthropogenic aerosols affected TC activity with

253  increased aerosols in South and East Asia resulting in fewer TCs in the east of 150°E in the

254  WNP (Murakami 2022). The decrease in the ratio of TCs generated in areas IV and V in the

255  second half of the period (from 15.9 % to 9.6 %), accordingly, led to the decrease in the ratio

256  of strong typhoons generated in areas IV and V by about 4 % in the second half (from 8.7 %

257 t0 4.8 %, Table 2).

258 In contrast, the ratio of TCs generated in area Il increased in the second half of the period

259  (from 36.5 % to 43.4 %). Furthermore, the ratio of strong typhoons in this area increased by

260 about 8 % (from 15.9 % to 24.1 %). Recent studies have shown that oceanic condition in

261 this area is becoming more favorable for TC development (Fudeyasu et al. 2018; Zhao et

262 al. 2018). The increase in strong typhoons in area Il is consistent with the change in the

263 environment for TCs.

264 In summary, the increase in strong typhoons in areas Il was partly offset by the decrease

265 in strong typhoons in areas IV and V. It is possible that areas IV and V, where 50 % or more

266 of TCs potentially develop into strong typhoons, have been situated in an environment

267  unfavorable for TC genesis in the second half of the analysis period. As a result, a significant

268 linear trend in the ratio of strong typhoons to all TCs over the 30-year period was not

269 detected. Climatologically, it might not be surprising to see an increase in the number and/or

270  ratio of strong typhoons due to factors such as sea surface temperature increase (Wu et al.

271 2020). The fact that we have not seen such a trend over the past 30 years despite this might

13
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be partly related to changes in the genesis location of strong typhoons influenced by natural

climate variability such as the PDO.

4. Conclusion

We investigated the long-term temporal variation of strong typhoons with a lifetime

maximum CI| number of 6.0 or higher for the recent 30-year period (1987-2016), using

Dvorak reanalysis data provided by JMA, which are considered to be more suitable for trend

analyses than best track data from the perspective of temporal homogeneity. The results

showed no statistically significant trend in the number of strong typhoons and the ratio of

strong typhoons to all TCs over the 30-year period, with large inter-annual and multi-year

scale variations. The result is consistent with that of Mei and Xie (2016) if their analysis

period started in 1987, when aircraft observations ended. In addition, we examined the

spatial distribution of strong typhoons, and their genesis (Cl = 2.0) locations. Whereas the

ratio of strong typhoons that were generated in the area near the dateline in the WNP to all

TCs in analysis area decreased in the second half of the analysis period, the ratio of strong

typhoons that were generated in the western part of the WNP increased in the second half.

The second half of the 1987-2016 analysis period experienced a negative PDO phase, and

the associated unfavorable environment for TC genesis may have affected TC trends in the

WNP. Results shown here highlight the need for high quality and temporally consistent

datasets for climatological studies, especially those analyzing trends, as well as for careful
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interpretation of trend analysis results seen in previous studies.

Data Availability Statement

TC best track data are available online at the RSMC  website

(https://www.jma.go.jp/jmal/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html).

Information regarding the use of Dvorak reanalysis data will be available online on the RSMC

Tokyo website. (https://www.jma.go.jp/jmal/jma-eng/jma-center/rsmc-hp-pub-

eg/RSMC_HP.htm).
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Fig. 1 Time series of (a) the number of strong typhoons with a lifetime maximum Cl number

of 6.0 or higher and (b) the ratio of strong typhoons to all TCs in each year for the Dvorak

reanalysis. The linear regression and the 90 % confidence interval around the linear

regression line are shown in red and orange, respectively.

Fig. 2 Time series of the number of strong typhoons with a lifetime maximum Cl number

of 6.0 or higher for the Dvorak reanalysis and a maximum sustained wind speed of 90 kt

or higher for the best track. The thin lines represent the regression lines.

Fig. 3 Temporal changes per 30-year in the ratio of TCs stratified by a lifetime maximum

Cl number for the Dvorak reanalysis. Note that all temporal changes are not statistically

significant at 90 % confidence level.

Fig. 4 Time series of (a) the latitude and (b) the longitude of mean genesis location for

strong typhoons with a lifetime maximum Cl number of 6.0 or higher for the Dvorak

reanalysis. The linear regression and the 90 % confidence interval around the linear

regression line are shown in red and orange, respectively.
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Fig.5 Time series of (a) the latitude and (b) the longitude of mean location at peak intensity

for strong typhoons with a lifetime maximum CI number of 6.0 or higher for the Dvorak

reanalysis. The linear regression and the 90 % confidence interval around the linear

regression line are shown in red and orange, respectively.

Fig. 6 Distribution of genesis location of TCs with a lifetime maximum CI number showing

in colors (a) from 1987 to 2001 and (b) from 2002 to 2016 for the Dvorak reanalysis. Red

squares represent the areas discussed in Table 2. Note region V in Table 2 is east of the

dateline and not shown here.
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Fig. 6 Distribution of genesis location of TCs with a lifetime maximum CI number showing

in colors (a) from 1987 to 2001 and (b) from 2002 to 2016 for the Dvorak reanalysis. Red

squares represent the areas discussed in Table 2. Note region V in Table 2 is east of the

dateline and not shown here.
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525
526 Table 1 Dvorak conversion tables of the relationship between Cl number and maximum

527 sustained wind speed for JMA and JTWC.

528
Koba et al. (1991) | Dvorak (1984)
CI number
10-min Vmax (kt) | 1-min Vmax (kt)

1.0 22 25
1.5 29 25
2.0 36 30
2.5 43 35
3.0 50 45
3.5 57 55
4.0 64 65
4.5 71 77
5.0 78 90
5.5 85 102
6.0 93 115
6.5 100 127
7.0 107 140
7.5 115 155
8.0 122 170
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532
533 Table 2 Genesis ratio of TCs in each area (defined as areas |, Il, lll, and IV from 0°N to

534 20°N and east of 120°E in Fig. 6) to all TCs generated in all these areas including TCs

535 that came from the western longitude area (i.e., area V), divided by three intensity groups
536 of the lifetime maximum Cl number. The brackets indicate number of samples.
537
Latitude (" N) 0-20
1987-2001 , . 120-130 130-145 145-160 160-180 180- Total
Longitude (' E)
I 1 11 v \s
CI=2.0-3.5 83% (21)  7.1% (18)  4.0% (10)  1.6% (4)  2.4%(6)  23.4% (59)
CI=4.0-5.5 10.7% (27)  13.5%(34)  5.6% (14)  1.6% (4) 1.6% (4)  32.9% (83)
CI = 6.0-8.0 4.0% (10) _ 15.9% (40)  15.1% (38) _ 6.3% (16)  2.4% (6) _ 43.7% (110)
Total 23.0% (58)  36.5% (92)  24.6% (62)  9.5% (24) _ 6.3% (16) (252)
Latitude (" N) 0-20
2002-2016 , . 120-130 130-145 145-160 160-180 180- Total
Longitude (' E)
I 1 11 v \s
CI=2.0-3.5 9.6% (22)  7.0% (16)  3.9% (9) 1.3% (3)  04% (1)  22.4% (51)
CI=4.0-5.5 7.5% (17)  123%(28)  53%(12)  1.3% (3) 1.8% (4)  28.1% (64)
CI = 6.0-8.0 3.9% (9)  24.1% (55)  16.7% (38) _ 3.5% (8) 1.3% (3)  49.6% (113)
538 Total 21.1% (48)  43.4% (99)  25.9% (59)  6.1% (14)  3.5% (8) (228)
539
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