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38 Abstract

39 Based on observations, the number of tropical cyclones (TCs) approaching the 

40 southern coast of Japan, including Tokyo, has increased over the last 40 years, and 

41 these TCs are increasing in strength when they approach land. The environmental 

42 conditions for TC development have become more favorable, with warmer sea surface 

43 temperature, less vertical wind shear and more moisture in the atmosphere. In 

44 addition, the translation speed of TCs has decreased, which indicates a longer 

45 influence time. Comparison of the synoptic environment during July – October 

46 between the first (1980-1999, P1) and second (2000-2019, P2) 20 years shows that the 

47 sub-tropical high is strengthened in P2, where the western and northern edge of the 

48 high extends further the west and the north, respectively. Also, the westerly jet is 

49 weakened in P2 over and south of Japan in the middle to upper troposphere. These 

50 changes in the synoptic environment are considered to play a role in increasing the 

51 number of TCs approaching Tokyo and also in producing more favorable conditions for 

52 TC development. The relationship between the changes in TC characteristics over the 

53 last 40 years and global warming is unclear. As the Pacific Decadal Oscillation (PDO) is 

54 in a positive phase in P1 and a negative phase in many years of the P2 period, decadal 
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55 oscillations may have played some role in the increase in the number of approaching 

56 TCs and in the changes in the synoptic environment.

57

58 Keywords   tropical cyclone, trend analysis, approaching frequency, decadal 

59 variability, Pacific Decadal Oscillation

60

61 1. Introduction

62 Tropical cyclones (TCs) are one of the most intense weather systems in the world. They 

63 can cause great losses of life and property and have intense social and economic 

64 impacts. When TCs make landfall or approach urban areas, the damage and impacts 

65 can be enormous. Typhoon Hagibis over Tokyo and its surrounding areas in 2019 

66 (Normile 2019) and Hurricane Sandy over New York in 2012 (Blake et al. 2013) are 

67 typical examples of such TCs that have caused devastating damage over high-density 

68 population areas. Given that more than half of the world’s population lives in urban 

69 areas and that two-thirds of the global population will live in such areas by 2050 

70 (United Nations 2019), it is of great importance to understand whether there exists 

71 any change in the number of TCs affecting large cities in recent years.
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72

73 The western North Pacific (WNP) basin is the most favorable area for TC genesis in the 

74 world, and approximately 30 % of the world’s TCs occur in this basin, although there is 

75 large year-to-year variability (Gray 1968). Japan is one of the countries in this region 

76 that is most affected by TCs or typhoons. According to the Japan Meteorological 

77 Agency (JMA; JMA 2019), an average of 25.6 typhoons (TCs reaching tropical storm 

78 intensity or stronger) are generated in the WNP basin in a year based on statistics from 

79 1981 to 2010. Among these TCs, 2.7 and 11.4 typhoons on average make landfall and 

80 approach Japan in a year, respectively. When a typhoon makes landfall or approaches 

81 a region of Japan, the typhoon is counted as a landfalling or approaching typhoon.

82

83 When considering disaster prevention and mitigation in a certain location, however, 

84 the number of TCs that affect that location is important. In other words, whether the 

85 number of TCs affecting a given location has increased with time is essential for 

86 decision makers and disaster risk mitigation communities. The number of landfalling or 

87 approaching TCs in Japan alone cannot answer such a question. Furthermore, there is 

88 a possibility that recent TCs have followed paths that affect various areas of Japan with 

89 no or little change in the number of landfalling or approaching TCs in the historical 
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90 period. Thus, it is necessary to assess whether there is any change in the influence of 

91 TCs with time at a given location.

92

93 Tokyo is one of the largest cities in the world. According to the United Nations (United 

94 Nations 2019), Tokyo is ranked as the largest mega-city in the world, with a population 

95 of more than 37 million in the city and its surrounding areas. Typhoons Faxai (T1915) 

96 and Hagibis (T1919) hit Tokyo and its surrounding areas sequentially in 2019, causing 

97 catastrophic damage and having tremendous impacts, including the collapse of river 

98 dikes in many cities, power and water outages for several weeks and issues with the 

99 transportation system in the metropolitan region. As will be shown in Section 3, three 

100 TCs per year were within 300 km of Tokyo during the last five years (2015 to 2019) on 

101 average. These recent TC events in and around Tokyo raise questions as to whether 

102 the number of TCs affecting Tokyo has recently increased and whether they approach 

103 Tokyo in stronger states than before.

104

105 This study investigates whether TCs approaching Tokyo have changed since 1980 in 

106 terms of the number and environmental conditions. The environmental conditions 
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107 include the sea surface temperature (SST), vertical wind shear (VWS) and relative 

108 humidity at 500 hPa (RH500), which are associated with TC development (e.g., Kepert 

109 2010, Shay 2010). In addition, changes in the translation speed of TCs and the 

110 relationship with changes in the synoptic environment are investigated. As previous 

111 studies have noted, there are inhomogeneities and large quality uncertainties in the 

112 observational data of TCs (known as best-track data) during the pre-satellite era 

113 (Schreck et al. 2014; Moon et al. 2019; Lanzante 2019). For 40 years from 1980 to 

114 2019, however, geostationary satellites have been available in the WNP basin. Thus, it 

115 is relatively unlikely that any TC would go undetected in this period, and the best-track 

116 data have almost certainly become more homogeneous and increased reliability over 

117 the last 40 years.

118

119 Here, the methods and data are descried in Section 2, the results are outlined in 

120 Section 3, some discussions are described in Section 4, and the summary of this study 

121 is given in Section 5.

122

123 2 Methods and data

124 The number of TCs that approached Tokyo (35.65° N and 139.73° E) is counted every 
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125 year over the last 40 years from 1980 to 2019 with JMA best-track data 

126 (https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html). For 

127 2019, Typhoons Pabuk (T1901) through Halong (T1923) are considered in this study. As 

128 the best-track data for Typhoons Nakri (T1924) through Phanfone (T1929) have yet to 

129 be created, those TCs are not considered in this study. The definition of the approach in 

130 this study is that the central positions of the TCs are within 300 km of Tokyo and that 

131 their latitudes are south of the latitude of Tokyo (i.e., 35.65° N). The definition of the 

132 approach operationally used in JMA is that the central positions of TCs with tropical 

133 storm intensity or stronger are within 300 km. The reason why the latitudinal restriction 

134 is adopted in this study is that we think it would be more meaningful to examine changes 

135 in the number of approaching TCs from a viewpoint of disaster risk rather than just a 

136 geographical distance as the intensity of TCs is in general stronger when they are in the 

137 south of a verifying point than in the north. However, as it is important to evaluate the 

138 impact of different definitions on the results, the effects of differences in definitions are 

139 evaluated in Section 3.3. The distances between locations are calculated along a great 

140 circle arc.

141

142 This study uses the central positions and intensities analyzed every 6 hours at 00, 06, 12 

Page 7 of 38 For Peer Review

https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html


8

143 and 18 UTC from the best-track data. They are analyzed every hour or every 3 hours 

144 when they have some influence on Japan. However, these data are not used in this study. 

145 TCs that reached a tropical storm intensity, whose maximum sustained winds are 35 

146 knots or more, or stronger are analyzed with the JMA best-track data. When such TCs 

147 are in a tropical depression or extratropical cyclone stage, those times are also analyzed 

148 with the JMA best-track. In this study, all 6-hourly analyzed TC information, including 

149 intensity classifications of tropical depressions and extratropical cyclones, is used.

150

151 The Japanese 55-year reanalysis (JRA-55, Kobayashi et al. 2015) is used for calculating 

152 the TC environmental conditions, such as SST, VWS and RH500, and synoptic-scale 

153 atmospheric fields such as the sub-tropical high in the North Pacific at 500 hPa. The SSTs 

154 used in JRA-55 are the Centennial Observation-Based Estimates of Sea Surface 

155 Temperature (COBE-SST, Ishii et al. 2005). The TC environmental conditions are 

156 retrieved from a model diagnostic code used in the Statistical Hurricane Intensity 

157 Prediction Scheme (SHIPS; DeMaria and Kaplan 1994; Yamaguchi et al. 2018). The VWS 

158 is the vertical wind shear between 850 and 200 hPa, and the winds are averaged over 

159 500 km from the central positions of the TCs.

160
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161 The TC environmental conditions are calculated when the TCs are over the ocean to 

162 understand how the favorable conditions for the development of TCs have changed over 

163 the 40 years from 1980 to 2019. When the land coverage in a 100-km-radius circle 

164 centered over the central positions of the TCs is 5 % or less, TCs are defined as being 

165 over the ocean.

166

167 3 Results

168 3.1 Observational evidence

169 Fig. 1a and 1b show all tracks of TCs that approached Tokyo in 1980-1999 and in 2000-

170 2019, respectively. Hereafter, the first 20 years (i.e., 1980-1999) are referred to as P1, 

171 and the second 20 years (i.e., 2000-2019) are referred to as P2. An annual average of 

172 1.55 and 2.35 TCs approached Tokyo in P1 and P2, respectively. The difference 

173 between them is statistically significant at the 95 % level. Fig. 2a shows the time series 

174 of the annual number of TCs that approached Tokyo from 1980 to 2019. As the 

175 regression line shows, the number of TCs approaching Tokyo has been increasing. The 

176 increasing tread (+ 0.3 per decade) is statistically significant at the 95 % level. There are 

177 years when no TC approached Tokyo in P1 (i.e., 1982, 1984, 1992, 1994 and 1999), but 
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178 there is at least one TC that approached Tokyo in P2, with an average of 3 TCs over the 

179 last 5 years from 2015 to 2019.

180

181 Fig. 3 shows the accumulated occurrence frequency of TCs approaching Tokyo as a 

182 function of their minimum central pressures at the time of the approach. Note that the 

183 occurrence frequency does not represent the number of TCs. The occurrence 

184 frequency indicates the number of TC central positions that meet the conditions of the 

185 approach used in this study (see Methods and data for the definition of the approach). 

186 The boxes indicate the occurrence frequency accumulated from the smallest central 

187 pressure among the bins. For example, the red box between 970 and 980 hPa indicates 

188 that there are 1.75 TC central points per year that meet the conditions of the 

189 approach, with their minimum central pressures less than 980 hPa in P2. The numbers 

190 of accumulated occurrence frequencies in P1 and P2 in the 1010-1020 hPa bin are 2.5 

191 and 3.9, respectively. This implies that TCs have more than 1.5 times the chance of 

192 affecting Tokyo in P2 compared to P1. Fig. 3 also shows that the frequency of strong 

193 TCs being close to Tokyo increased in P2 compared to P1. For example, the frequency 

194 of Tokyo-approaching TCs with a central pressure lower than 980 hPa increased 2.5 

195 times. These characteristics are seen not only in Tokyo but also in other large cities 
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196 located in the southern coast of Japan, such as Shizuoka, Nagoya, Wakayama and 

197 Kochi (Fig. 4).

198

199 3.2 Changes in environmental conditions

200 Table 1 shows differences in the TC environmental conditions, such as SST, VWS and 

201 RH500, and in the translation speeds of TCs between P1 and P2. The statistics are 

202 based on TCs from July to October. Note that SST, VWS and RH500 are calculated over 

203 the ocean at each central TC position as it approached Tokyo, and the results are 

204 averaged by the number of these points in P1 and P2. The translation speed at time T 

205 is calculated with the TC central positions at T and T-6 hours. TCs that approached 

206 Tokyo in P2 experienced more favorable environments for TC development than those 

207 in P1: warmer SSTs, weaker VWSs and a larger RH500. The differences in SST and 

208 RH500 between P1 and P2 are statistically significant at the 95% level. The change in 

209 the translation speed of TCs is also significant, where the speed in P2 is 36 % slower 

210 than that in P1. This result indicates that the duration of TC influence is longer in P2 

211 than in P1.

212
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213 3.3 Geographical characteristics

214 The number of approaching TCs is calculated in P1 and P2 at each grid point from 120° 

215 to 150° E and 20° to 40° N with a 0.5° interval (Fig. 5a and 5b). The ratio of approaching 

216 TCs, i.e., the number of TCs in P2 over the number of TCs in P1, is shown in Fig. 5c. As 

217 Fig. 5c shows, there are some geographical features in areas where the number of 

218 approaching TCs has changed. One is that the number of TCs approaching Japan, 

219 especially on its Pacific side, has increased. On the other hand, the number of 

220 approaching TCs has decreased over the sea south of Japan (around 130° – 150° East, 

221 25° – 30° North). Another remarkable feature is an increase over the East China Sea.

222

223 Figure 6 is the same as Fig. 5c, but the definition of the approach is slightly modified 

224 from the original definition at each plot. Also, only the points where the p-value of the 

225 significant test is 0.1 or less are drawn. First, the distance threshold is reduced from 

226 300 to 200 km. Second, latitudinal restriction, which is that the latitudes of the central 

227 positions of the verifying TCs have to be south of the latitude of a verifying point, is 

228 removed. Third, verification samples are limited to TC stages where the intensity 

229 classification is tropical storm or higher. Even if the definition of the approach is 

230 changed, the increase in the number of TCs approaching around Tokyo and over the 
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231 East China Sea is clearly seen. Figure 6g corresponds to the result based on the JMA’s 

232 operational definition of TC approach. It would be worthwhile to mention that the 

233 ratios tend to be larger in the verifications with the distance threshold of 200 km than 

234 300 km. This means that the number of TCs getting much closer to Tokyo and its 

235 surrounding areas and over the East China Sea has been increasing. When we see the 

236 top-right corner box in each plot (around 145° – 150° East, 35° – 40° North), the 

237 significant increase in the number of approaching TCs is observed in Figs. 6a,b,c,d. 

238 What is common to those plots is that intensity classifications of tropical depressions 

239 and extratropical cyclones are included. Thus, the increased ratios in this region can be 

240 explained by the increased number of tropical depressions and extratropical cyclones 

241 over the region though the physical mechanisms for this need further investigation.

242

243 4 Discussion

244 4.1 Effects of low-frequency climate variability

245 The purpose of this study is to show the observational evidence, which is, based on 

246 best-track and reanalysis data, there have been significant changes in TC 

247 characteristics such as the number of approaching TCs and TC intensities at the time of 
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248 approach over the last 40 years as shown in Results. The authors have a view that it is 

249 unclear whether these changes are simply caused by global warming and that further 

250 investigations will be needed in the future to better understand the relationship 

251 between these changes and global warming. In particular, it is of great importance to 

252 assess the effect of decadal oscillations. It is known that there are significant 

253 interdecadal variabilities in TC activities in the WNP basin (e.g., Chan 2016, Li and Zhou 

254 2018) and that some climate variabilities such as the Pacific Decadal Oscillation (PDO, 

255 Mantua et al., 1997) is proposed to be responsible for such variabilities in the TC 

256 activities. When we see the 40 years examined in this study, the five-year running 

257 mean PDO index is positive in P1 except in 1999 and negative in many years during the 

258 P2 period1. Urabe and Maeda (2014) showed that the La Niña-like conditions in the 

259 negative phase of PDO during 1999-2012 modulated the general circulation pattern 

260 near Japan, leading to the increased temperature contrast between summer/autumn 

261 and winter/spring. As Fig. 7 show, the PDO index has positive regression coefficients 

262 with the zonal wind at 200 hPa over Japan, which means the westerly jet becomes 

263 stronger (weaker) when the PDO index is positive (negative). This is consistent with 

264 Imada et al. (2017), which showed that the wind speed at 200 hPa is reduced in a 

1 https://ds.data.jma.go.jp/tcc/tcc/products/elnino/decadal/pdo.html
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265 negative phase of the Interdecadal Pacific Oscillation (IPO, Power et al., 1999). These 

266 indicate that the decadal oscillation may have played some role in the decrease in the 

267 westerly jet and other changes in the synoptic environment seen in Results. Thus, a 

268 future research is needed to quantitatively evaluate the contribution of global 

269 warming and decadal oscillations using numerical simulation results such as Database 

270 for Policy Decision-Making for Future Climate Change (Mizuta et al. 2017, Yoshida et al. 

271 2017). 

272

273 In addition, it should be noted that we cannot see the increasing trend in the number 

274 of TCs approaching Tokyo at a statistically significant level when the trend analysis is 

275 conducted for the data including the pre-satellite era (e.g., 1951-2019, Fig. 2b). JMA 

276 keeps statistics on the number of TC genesis in the WNP basin and the number of TCs 

277 approaching Japan since 1951 (JMA 2019). TCs are relatively active in the basin in the 

278 1960s, where the number of TC genesis and the number of TCs approaching Japan are 

279 relatively large (Figs. 2.4-1 and 2.4-2 of JMA 2019). The SST and VWS in the southeast 

280 area of the WNP basin provide more favorable conditions for TC genesis in the El Niño-

281 like years, including the 1960s, which results in more TC genesis events than normal 

282 (Yumoto and Matsuura 2001; Matsuura et al. 2003; Liu and Chan 2008; Liu et al. 2019). 
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283 Thus, a long-term trend analysis and its relationship with global warming and decadal 

284 oscillations can also be important topics for a future study.

285

286 4.2 Changes in the synoptic environment

287 Here, the authors infer the reasons for the increase in the number of approaching TCs 

288 shown in Results through analyzing the difference of the synoptic environment 

289 between P1 and P2. Figure 8a shows the sub-tropical high with the 5880 m 

290 geopotential height lines averaged over July-October at 500 hPa in P1 and P2, and 

291 changes in the averaged wind speeds at 500 hPa (P2 – P1). Note that the areas where 

292 the geopotential height at 500 hPa is 5880 m or larger are often regarded as an 

293 indicator of the range of the sub-tropical high (Fujikawa 2013). As Fig 8a shows, the 

294 sub-tropical high is strengthened in P2 compared to P1, where the western and 

295 northern edge of the high extends further the west and the north, respectively. It also 

296 shows a decrease in the wind speeds, or weakening of the westerly jet, over and south 

297 of Japan. A similar wind speed reduction is also seen at the upper troposphere (200 

298 hPa, Fig. 8b). 

299
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300 It is indicated in Fig. 5c that the locations where the number of approaching TCs has 

301 increased are not appearing randomly. It can be seen from Fig. 5c and Fig. 8a that the 

302 number of approaching TCs has increased in line with the strengthened sub-tropical 

303 high. The increase in the number of approaching TCs over the East China Sea is 

304 consistent with the westward extension of the sub-tropical high while the increase in 

305 the number of approaching TCs over the Pacific side of Japan including Tokyo is 

306 consistent with the northward extension of the sub-tropical high. Thus, the authors 

307 infer that the strengthened sub-tropical high plays a role in increasing the number of 

308 TCs approaching Japan and also over the East China Sea.

309

310 The authors infer that the weakening of the westerly jet also plays some role in 

311 increasing the number of TCs approaching Tokyo. First, with weakening of the westerly 

312 jet, the vertical wind shear, which is detrimental to TC, is reduced. This would allow 

313 more TCs to travel in to the middle latitude as TCs have less influence of the vertical 

314 wind shear and thus could maintain its structure and intensity. Second, the weakening 

315 of the westerly flows in the middle to upper troposphere would make the moving 

316 direction of TCs more northward. Reduction in the moving vector of TCs in a zonal 

317 direction makes the moving vector of TCs more northward under the condition that 
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318 the moving vector of TCs in a meridional direction is unchanged. Indeed, the July – 

319 October averaged moving vector of TCs over southern Japan (120° – 145° East, 27° – 

320 33° North) has become more northward in P2 compared to P1. The average zonal and 

321 meridional moving speed during the P2 (P1) period are 2.1 (3.3) km/h and 15.6 (14.8) 

322 km/h, respectively. 

323

324 4.3 Comparison with previous studies

325 The strengthening of the sub-tropical high shown in Fig. 8a is consistent with Ho et al. 

326 (2004) and Wu et al. (2005), who showed the strengthening of the high from 1951-

327 1979 to 1980-2001 and from 1965-1983 to 1984-2003, respectively. Changes in SST, 

328 VWS and RH500 shown in Table 1 are consistent with the results of Daloz and Camargo 

329 (2017), who presented geographical distributions of changes in the environmental 

330 conditions related to TC development between 1980-1996 and 1997-2013 with 

331 reanalysis data. Wu et al. (2012) demonstrated that the surface ocean warming rate 

332 within the path of subtropical western boundary currents, such as the Kuroshio 

333 current, which passes south of Tokyo, is two to three times higher than the global 

334 mean surface ocean warming rate. Kossin et al. (2014) showed a poleward shift in the 

Page 18 of 38For Peer Review



19

335 lifetime maximum intensity of TCs. These observations support the results of this 

336 study, where more TCs approach Tokyo while maintaining their intensities.

337

338 Regarding the translation speed of TCs, Kossin (2018) showed that observational data 

339 since the mid-twentieth century indicate a slowdown of the translation speed of TCs due 

340 to the weakening of the general atmosphere circulation. However, Moon et al. (2019) 

341 and Lanzante (2019) pointed out that the slowdown may not be a real climate signal and 

342 could be due to the inhomogeneity in the observational data used. Although Yamaguchi 

343 et al. (2020) showed that according to numerical simulations for the current climate, 

344 there is no decreasing trend in the translation speed of TCs, they evaluated the basin-

345 wide- and annual-mean translation speed. Thus, it might happen that the TC translation 

346 speed has decreased when it is evaluated at some local areas or locations and in a 

347 certain season or month. As a matter of fact, as shown in Fig. 8, the westerly jet has 

348 significantly decreased over and south of Japan during July to October, which is thought 

349 to be the cause of the slowdown of the translation speed of TCs shown in Table 1. 

350 Furthermore, when we see the longitudinal distribution (0°-360°) of the change in the 

351 wind speed at 200 hPa, the weakening of the westerly jet is not zonally uniform and it is 

352 relatively large over Japan. Therefore, assessment of the change in the TC translation 
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353 speed in more detail in time and space and exploring its relationship with global 

354 warming and decadal oscillations are a very important future study.

355

356 5 Summary

357 This study investigated whether TCs approaching Tokyo have changed since 1980 in 

358 terms of the number and environmental conditions. We presented that, based on 

359 observational data, the number of TCs approaching the southern coast of Japan 

360 including Tokyo has increased over the last 40 years from 1980 to 2019, and the TCs are 

361 increasing in strength when they approach land. The environmental conditions for TC 

362 development have become more favorable, with warmer SST, less VWS and more 

363 moisture in the atmosphere. In addition, the translation speed of TCs has decreased, 

364 which indicates a longer influence time. 

365

366 When we see the synoptic environment during the first (1980-1999, P1) and second 

367 (2000-2019, P2) 20 years, the sub-tropical high in the North Pacific is found to be 

368 strengthened in P2, where the western and northern edge of the high extends further 

369 the west and the north, respectively. In addition, the westerly jet is weakened over and 

370 south of Japan in the middle to upper troposphere. The authors infer that these changes 
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371 in the synoptic environment play a role in increasing the number of Japan-approaching 

372 TCs and also in producing more favorable conditions for TC intensification. The 

373 slowdown of the translation speed of TCs is thought to be due to the significant decrease 

374 in the westerly flows in the middle to upper troposphere.

375

376 Regarding the effect of global warming, the authors’ view is that it is unclear whether 

377 these changes are caused by global warming and that further investigations will be 

378 needed in the future. Of particular importance is to assess the effect of decadal 

379 oscillations. TCs in the WNP basin exhibit significant interdecadal variabilities. As the 

380 five-year running mean PDO index is positive from 1980 - 1998 and negative in many 

381 years during the P2 period, decadal oscillations may have played a role in the changes 

382 in the TC characteristics shown in Results. Thus, a future study includes quantitative 

383 evaluation of the contribution of global warming and decadal oscillations using 

384 numerical simulation results.

385
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482

483

484 Figure. 1. All tracks of TCs that approached Tokyo in 1980-1999 (a) and in 2000-2019 (b). 

485 Dots are TC positions plotted every 6 hours.

486
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487

488

489 Figure. 2. Time series of the number of TCs that approached Tokyo over 40 years from 

Page 29 of 38 For Peer Review



30

490 1980 to 2019 (a) and 69 years from 1951 to 2019 (b). The linear regression and the 95 % 

491 confidence interval around the linear regression line (the interval in which the true 

492 regression line lies at a confidence level of 95 %) are shown in red and orange, 

493 respectively. The difference in the frequency averaged over 1980-1999 and 2000-2019 

494 is statistically significant at the 95 % level.

495
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496  

497

498 Figure. 3. Average annual number of TC central positions (No./year) that meet the 

499 conditions of TCs approaching Tokyo as a function of the minimum central pressure 

500 (PSEA, hPa) at the time of the approach. The range of PSEA is from 920 to 1020 at 10 

501 hPa intervals. The black boxes are for 1980-1999, and the pink/red boxes are for 2000-

502 2019. Red (pink) boxes indicate that the difference in the occurrence frequency between 

503 1980-1999 and 2000-2019 is (not) statistically significant at the 95 % level.

504
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505     

506     

507     

508     

509 Figure. 4. Same as Figs. 2a and 3, but for Shizuoka (a,b), Nagoya (c,d), Wakayama (e,f) 

510 and Kochi (g,h), respectively.
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511

512

513 Figure. 5. Number of TCs that approached each grid point (0.5° longitude/latitude 

514 interval) in 1980-1999 (a) and 2000-2019 (b) and the ratio of the frequency (2000-2019 

515 / 1980-1999) (c). The black dots in the bottom panel indicate that the difference in the 

516 frequency between 1980-1999 and 2000-2019 is statistically significant at the 95 % level.

517
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518

519

520

521
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522 Figure. 6. Same as Fig. 5c, except that the definition of the approach is modified from 

523 the original definition (see Methods and data) at each plot and that only the points 

524 where the p-value of the significant test is 0.1 or less are drawn. The distance threshold 

525 is 300 km for (a),(c),(e),(g) and 200 km for (b),(d),(f),(h). Latitudinal restriction is applied 

526 to (a),(b),(e),(f) and removed to (c),(d),(g),(h). Verification samples include all TC stages 

527 in (a),(b),(c),(d) and are limited to TC stages where the intensity classification is tropical 

528 storm or higher in (e),(f),(g),(h). The black dots at each plot indicate that the difference 

529 in the frequency between 1980-1999 and 2000-2019 is statistically significant at the 

530 95 % level.

531
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532

533 Figure. 7. Zonal wind speed anomalies at 200 hPa (m/s) regressed on the PDO index for 

534 July – October over the period from 1958 to 2019. Black dots mean that the regression 

535 is statistically significant at the 95 % level.

536
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537

538

539 Figure. 8. Synoptic environments at (a) 500 and (b) 200 hPa averaged from July to 

540 October of 1980-1999 and 2000-2019. The vectors show the winds (m/s) in 1980-1999, 

541 and the shading shows the difference in wind speeds between 1980-1999 and 2000-

542 2019 (2000-2019 – 1980-1999). The lines in black and red in (a) indicates the range of 

543 the sub-tropical high (5880 m geopotential height) in 1980-1999 and 2000-2019, 

544 respectively.
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545 Table 1. Environmental conditions for the development of TCs between 1980-1999 and 

546 2000-2019 with the p-value for the two-tailed Student’s test assessing the statistical 

547 significance of their difference. The statistics are based on TCs in July-October with their 

548 minimum central pressure of 980 hPa or less at the time of approach in Tokyo.

1980-1999 2000-2019 p-value

Sea surface temperature (°C) 25.9 27.2 0.01

Vertical wind shear (knot) 25.8 17.4 0.15

Relative humidity at 500 hPa (%) 40.8 48.9 0.01

Translation speed (km/h) 48.1 30.6 0.02

549
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