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34 Abstract

35 This study investigates the seasonality in the influence of tropical Indian Ocean 

36 (IO) sea surface temperature (SST) anomalies independent of El Niño-Southern 

37 Oscillation (ENSO) on tropical cyclone (TC) genesis over the western North Pacific 

38 (WNP) from 1979–2022. We focus on the dominant pattern of Indian Ocean SST 

39 variability – the Indian Ocean basin mode (IOBM) independent of ENSO. We 

40 separate the WNP TC-active period into the early season April–June (AMJ), the peak 

41 season July–September (JAS) and the late season October–December (OND). When 

42 the preceding and simultaneous influence of ENSO is removed, the correlation 

43 between WNP TC frequency and the ENSO-independent IOBM has considerable 

44 seasonality, with a significant correlation during JAS but an insignificant correlation 

45 during AMJ and OND. In warm ENSO-independent IOBM phases, WNP TC genesis 

46 is significantly suppressed over the region of 15°–25°N and 140°–155°E during JAS, 

47 while there are insignificant changes in WNP TC genesis during AMJ and OND.

48 In a warm IOBM independent of ENSO, significant TC genesis reductions during 

49 JAS are primarily driven by significantly decreased 850-hPa relative vorticity and 

50 significantly increased 500-hPa vertical velocity (e.g., downward motion), while 

51 insignificant TC genesis changes during AMJ and OND are consistent with weak 

52 environmental changes over the WNP. These features can be linked to the seasonality 

53 in Indo-Pacific large-scale circulation anomalies induced by the ENSO-independent 

54 IOBM. In analogy to the mechanism of the Indo-western Pacific ocean capacitor 

55 mode, warm IO SSTAs independent of ENSO can lead to an anomalous low-level 
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56 anticyclone over the WNP during both AMJ and JAS, with their remote influence 

57 dissipating during OND. The ENSO-independent warm IO-driven anomalous WNP 

58 anticyclone is weak and insignificant during AMJ but is strong and significant during 

59 JAS, likely due to a smaller amplitude of IOBM-induced SSTAs independent of 

60 ENSO during AMJ than during JAS.

61

62 Keywords: tropical cyclone, western North Pacific, tropical Indian Ocean

63

64
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65 1. Introduction

66 Tropical cyclones (TCs) are one of the most severe natural disasters, often 

67 associated with strong winds, heavy rainfall, and storm surge that can cause 

68 significant societal and economic damage in coastal and adjacent inland regions. The 

69 western North Pacific (WNP) is the most TC-active basin worldwide, where 

70 approximately one-third of global TCs form on an annually-averaged basis (Lee et al., 

71 2012). Given increased concern about the impact of climate change, additional focus 

72 has been paid to WNP TC activity changes on interannual timescales (Walsh et al., 

73 2016).

74 El Niño-Southern Oscillation (ENSO) has been considered to be the primary 

75 mode influencing interannual changes in WNP TC genesis (Emanuel, 2018). There 

76 are two major ENSO flavors: eastern Pacific (EP) ENSO and central Pacific (CP) 

77 ENSO, with peak anomalous sea surface warming/cooling centered over the eastern 

78 equatorial Pacific and the central equatorial Pacific, respectively (e.g., Timmermann 

79 et al., 2018). In general, EP El Niño (EP La Niña) leads to a significant southeastward 

80 (northwestward) shift in average WNP TC genesis location (e.g., Lander, 1994; Chan, 

81 1985, 2000; Saunders et al., 2000; Wang and Chan, 2002; Li and Zhou, 2012), while 

82 CP El Niño (CP La Niña) results in an almost basinwide enhancement (suppression) 

83 of WNP TC genesis (e.g., Chen and Tam, 2010; Kim et al., 2011; Wang et al., 2013; 

84 Li and Wang, 2014; Zhang et al., 2015; Patricola et al., 2018). These ENSO-induced 

85 changes in TC genesis can be explained by different large-scale anomalous low-level 

86 circulations over the WNP, with a Gill response to the maximum oceanic 
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87 warming/cooling occurring over the eastern or central equatorial Pacific (Gill, 1980).

88 The Pacific meridional mode (PMM) is another climate mode over the tropical 

89 Pacific that influences WNP TC genesis (e.g., Zhang et al., 2016; Gao et al., 2018; 

90 Gao et al., 2020; Zhang et al., 2020; Wu et al., 2020; Fu et al., 2023). During positive 

91 (negative) phases of the PMM, TC genesis is generally enhanced (suppressed) over 

92 almost the entire WNP, mainly because of an anomalous basinwide low-level 

93 cyclonic (anticyclonic) circulation. Given the strong relationship between the PMM 

94 and CP ENSO (Stuecker, 2018), there is still debate on the significance of the PMM-

95 TC relationship independent of ENSO (e.g., Qian et al., 2019; Takaya et al., 2019; 

96 Zhang et al., 2020; Wu et al., 2020).

97 There are also remote regions that have been shown to modulate interannual 

98 changes in WNP TC genesis. Among these are sea surface temperature (SST) 

99 anomalies (SSTAs) over the Indian Ocean (IO) (e.g., Du et al., 2011; Zhan et al., 

100 2011a; Zhan et al., 2011b; Tao et al., 2012; Kosaka et al., 2013; Zhan et al., 2014; Ha 

101 et al., 2015; Zheng et al., 2016; Takaya et al., 2018; Ueda et al., 2018; Huangfu et al., 

102 2018; Zhao et al., 2019; Huangfu et al., 2019). Several of these studies examined TC 

103 genesis anomalies in positive and negative IO SSTA years without excluding 

104 concurrent ENSO events (Zhan et al., 2011a; Zhan et al., 2011b; Tao et al., 2012; 

105 Zheng et al., 2016). Given the strong relationship between ENSO and IO SSTAs (e.g., 

106 Yang et al., 2007; Xie et al., 2009), other studies have either investigated the sole 

107 influence of IO SSTAs on TC genesis after removing the simultaneous ENSO effect 

108 (Zhan et al., 2014; Ha et al., 2015; Huangfu et al., 2018) or have focused on the 
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109 relationship between IO SSTAs and TC activity in ENSO-decaying years (Du et al., 

110 2011; Kosaka et al., 2013; Takaya et al., 2018; Ueda et al., 2018; Zhao et al., 2019; 

111 Huangfu et al., 2019). Regardless of analysis method, the consensus is that IO 

112 warming (cooling) can induce a basinwide suppression (enhancement) of TC genesis 

113 over the WNP. The Indo-western Pacific Ocean capacitor mechanism (IPOC; e.g., 

114 Xie et al., 2009; Xie et al., 2016) is often used to link SSTAs over the IO and 

115 environmental changes over the WNP. Tropical IO warming excites a warm 

116 equatorial Kelvin wave that moves eastward into the equatorial western Pacific. This 

117 wave induces surface convergence on the equator and surface divergence off the 

118 equator, triggering a large-scale anomalous low-level anticyclone over the WNP. This 

119 anticyclone and its associated descending motion can suppress WNP TC activity.

120 Recently, several studies have noted the seasonality of WNP TC genesis changes, 

121 modulated by different ENSO flavors. Wang et al. (2013) reported that EP ENSO 

122 contributed to an obvious southeast-northwest dipole pattern of WNP TC genesis 

123 anomalies only during July–September (JAS). Significant EP ENSO-induced TC 

124 genesis changes mainly occurred over the southern WNP during April–June (AMJ) 

125 and over the western WNP during October–December (OND). There were no 

126 significant CP ENSO-induced TC genesis changes over most of the WNP during 

127 AMJ, while CP ENSO strongly influenced WNP TC genesis during JAS and OND. 

128 By comparison, Choi et al. (2019) showed that EP El Niño caused a southward 

129 (southeastward) migration of WNP TC genesis during boreal summer (autumn). CP 

130 El Niño resulted in a basinwide enhancement of WNP TC genesis during boreal 
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131 summer, while it led to significant increases (decreases) in TC genesis over the 

132 western (eastern) WNP during boreal autumn. Furthermore, Wang et al. (2013) and 

133 Choi et al. (2019) both concluded that the seasonality in the relationship between 

134 ENSO and WNP TC genesis was primarily a result of seasonal changes in the ENSO 

135 background state.

136 Fu et al. (2023) found that the relationship between the PMM and WNP TC 

137 genesis was seasonally-dependent, due to different responses of WNP environmental 

138 conditions to PMM-related SST changes and different climatological locations for the 

139 TC main development region (MDR). During January–July, positive PMM-related 

140 SST warming in the subtropical North Pacific predominantly induced TC-favoring 

141 (TC-suppressing) conditions over the eastern (western) WNP. There was a significant 

142 PMM-TC frequency correlation during January–April, given that the TC MDR is 

143 limited over the eastern WNP. By contrast, there was only a weak PMM-TC 

144 frequency correlation during May–July, because the TC MDR during those months 

145 spanned the entire tropical WNP. During August–December, positive PMM-related 

146 SST cooling over the equatorial eastern Pacific resulted in a basinwide WNP TC-

147 favorable environment, leading to a significant PMM-TC frequency correlation.

148 Like the PMM, the dominant mode of IO SST variability often develops in boreal 

149 winter, peaks in the following spring, and persists into summer (e.g., Klein 

150 et al., 1999; Alexander et al., 2002; Li et al., 2003; Yang et al., 2007; Xie et al., 2016). 

151 This annual cycle suggests that the influence of IO SSTAs on WNP TC genesis may 

152 vary with season. Some studies (e.g., Du et al., 2011; Zhan et al., 2011a; Zhan et al., 
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153 2011b; Tao et al., 2012; Zhan et al., 2014; Ha et al., 2015; Zheng et al., 2016; 

154 Huangfu et al., 2018; Huangfu et al., 2019) have considered IO SSTAs as a 

155 seasonally-consistent forcing, with most attention focusing on the effect of IO SSTAs 

156 on WNP TC genesis during the peak TC season or the full TC season. By comparison, 

157 other studies (Kosaka et al., 2013; Takaya et al., 2018; Ueda et al., 2018; Zhao et al., 

158 2019) have noticed the seasonality in the relationship between IO SSTAs and WNP 

159 TC frequency, with a significant (insignificant) warm IO-induced suppression of TC 

160 activity before (after) the early boreal winter. Ueda et al. (2018) further linked this 

161 seasonality to the weakening of an anomalous anticyclone over the western Pacific 

162 that was anchored with positive SSTAs over the IO after September.

163 Given that all these studies focused on ENSO decaying years, the seasonality in 

164 the relationship between IO SSTAs and WNP TC activity is likely to be influenced by 

165 the evolutionary characteristics of ENSO. However, IO SSTAs can modulate the 

166 WNP environment without the occurrence of ENSO. By performing a numerical 

167 experiment without ENSO-related influences, Kosaka et al. (2013) found an internal 

168 atmosphere-ocean coupled IPOC mode in the Indo-Pacific region. Some recent 

169 studies (e.g., Takaya et al., 2020; Zhou et al., 2021; Du et al., 2022) also suggested 

170 that the Indian Ocean dipole (IOD) could cause the IPOC mode without a strong 

171 ENSO event. As noted in these studies, the IPOC could work without ENSO forcing, 

172 including the coupling of the IO warming and the WNP anomalous anticyclone. This 

173 so-called ENSO-independent IPOC that is driven by other factors (e.g., the IOD) may 

174 be similar to the ENSO-dependent IPOC. It is likely that when excluding ENSO’s 
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175 influence, the seasonality in the relationship between IO SSTAs and WNP TC activity 

176 is driven by seasonal changes in the IPOC. Therefore, this study extends prior 

177 research by excluding the potential influence of ENSO and then examining the 

178 differing responses of WNP TC genesis to IO SSTAs during different seasons. We 

179 also investigate the corresponding physical mechanisms, particularly IPOC changes in 

180 different seasons. We focus on the dominant mode of IO SST changes, which has 

181 been termed the Indian Ocean basin mode (IOBM; e.g., Klein et al., 1999; Yang et al., 

182 2007).

183 The remainder of this study is organized as follows. Section 2 describes the data 

184 and methodology. Sections 3 and 4 discuss the seasonality of IOBM-induced changes 

185 for WNP TC genesis and for environmental conditions, respectively. Section 5 

186 summarizes and concludes.

187

188 2. Data and methodology

189 2.1 Data

190 a. TC data

191 WNP TC best track data from 1979–2022 are obtained from the International 

192 Best Track Archive for Climate Stewardship (IBTrACS) v4 dataset (Knapp et al., 

193 2010). TC data prior to 1979 are not used, due to lower reliability of TC observations 

194 due to lack of global satellite coverage (Kossin et al., 2014). To further minimize the 

195 uncertainty in TC data, this study only considers TC cases simultaneously recorded by 

196 all four warning agencies operationally providing TC best tracks over the full WNP, 
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197 including the Joint Typhoon Warning Center, the Japan Meteorological Agency, the 

198 China Meteorological Administration, and the Hong Kong Observatory. TC cases that 

199 are not recorded by all four agencies are excluded. Only TCs with a lifetime 

200 maximum intensity (LMI) of at least tropical storm intensity (≥34 kt) are recorded in 

201 the TC best track from the Japan Meteorological Agency, while the other three 

202 agencies record different numbers of TCs with an LMI <34 kt. Therefore, tropical 

203 storms (34 kt≤LMI<64 kt) and typhoons (LMI≥64 kt) are considered in this study, 

204 while all tropical depressions (LMI< 34kt) are excluded. TC genesis is identified as 

205 the first record that is simultaneously reported by all four agencies, as suggested by 

206 Song and Klotzbach (2018). Gridded TC genesis frequencies (TCGFs) are first 

207 obtained by counting TC genesis numbers over a 5°×5° grid and are then spatially 

208 smoothed through the method proposed by Kim et al. (2011).

209 b. Oceanic and atmospheric data

210 Monthly mean SST data over a 1°×1° grid are calculated from the Hadley Centre 

211 Sea Ice and Sea Surface Temperature dataset (HadISST; Rayner et al., 2003). SSTAs 

212 are defined by subtracting the corresponding long-term SST trends from 1979 to 2022 

213 to remove any global warming signal. Monthly mean atmospheric conditions are 

214 derived from the fifth generation European Centre for Medium-Range Weather 

215 Forecasts (ECMWF) reanalysis of the global climate (ERA5; Hersbach et al., 2020), 

216 with a horizontal resolution of 0.25°×0.25°.

217 2.2 TC genesis potential index

218 We use the dynamic genesis potential index (DGPI) developed by Wang and 
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219 Murakami (2020) to measure the joint influence of large-scale environmental 

220 conditions on TC genesis. The DGPI has shown greater skill in capturing interannual 

221 variability of WNP TC genesis than the genesis potential index proposed by Emanuel 

222 and Nolan (2004) (Wang and Murakami, 2020). The DGPI consists of four 

223 atmospheric variables: 850–200-hPa vertical wind shear (VWS), 850-hPa absolute 

224 vorticity, 500-hPa vertical velocity and the 500-hPa meridional gradient of zonal wind 

225 (MGZW). All these variables are calculated from ERA5. Greater DGPIs commonly 

226 correspond to more TC geneses, resulting from positive anomalies of absolute 

227 vorticity and negative anomalies of VWS, vertical velocity and MGZW.

228 2.3 IOBM indices

229 a. Definition

230 The original IOBM index is calculated as the average SSTA over the tropical IO 

231 (20°S–20°N, 40°–100°E) (e.g., Xie et al., 2009). The ENSO index is computed as the 

232 SSTA averaged over the Niño-3.4 region (5°S–5°N, 170°–120°W). As shown in 

233 Figure 1a, there is a significant positive simultaneous correlation between the monthly 

234 IOBM and ENSO indices from 1979–2022 (r=0.56; p<0.01). Moreover, the 

235 correlation between monthly ENSO and IOBM indices reaches its maximum at the 

236 time when the IOBM lags ENSO by approximately three months, as documented in 

237 previous publications (e.g., Yang et al., 2007; Xie et al., 2009). This also corresponds 

238 to ENSO often maturing in boreal winter and the IOBM peaking in boreal spring. The 

239 regression-based method proposed by An (2003) has been widely used to linearly 

240 remove the signal of one index from another index. Here, we utilize three formulas to 
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241 exclude ENSO’s effect on the IOBM index:

242 𝐼1
IOBM = 𝐼𝑜

IOBM ― 𝐼0
ENSO×cov 𝐼𝑜

IOBM,𝐼0
ENSO var 𝐼0

ENSO ,                     (1)

243 𝐼2
IOBM = 𝐼𝑜

IOBM ― 𝐼NDJ
ENSO×cov 𝐼𝑜

IOBM,𝐼NDJ
ENSO var 𝐼NDJ

ENSO ,                    (2)

244 𝐼3
IOBM = 𝐼2

IOBM ― 𝐼0
ENSO×cov 𝐼2

IOBM,𝐼0
ENSO var 𝐼0

ENSO ,                     (3)

245 where cov(·) and var(·) denote covariance and variance, respectively. 𝐼0
ENSO and 

246 𝐼NDJ
ENSO are the simultaneous and preceding November–January (NDJ) ENSO indices, 

247 respectively. 𝐼𝑜
IOBM is the original IOBM index, while 𝐼1

IOBM (𝐼2
IOBM) denotes the 

248 IOBM index when the influence of the simultaneous (preceding NDJ) ENSO is 

249 linearly removed in 𝐼𝑜
IOBM. Furthermore, 𝐼3

IOBM represents the IOBM index when 

250 excluding the influence of the simultaneous ENSO on 𝐼2
IOBM, which minimizes both 

251 the simultaneous and preceding effect of ENSO.

252 b. Comparison

253 Figure 1b–d highlights that during any individual season (AMJ, JAS or OND), 

254 there is a significant relationship between the original IOBM and ENSO indices. 

255 During AMJ and JAS, the preceding ENSO plays a greater role in influencing the 

256 IOBM than the simultaneous ENSO (Figure 1b, c). During OND, the IOBM-ENSO 

257 relationship becomes more simultaneous, with a simultaneous correlation that is much 

258 larger than during AMJ and JAS (Figure 1d). In particular, there is only a weak and 

259 insignificant correlation between the preceding winter ENSO index and the OND 

260 IOBM index.

261 The above results mean that the original IOBM indices during different seasons 

262 are primarily controlled by ENSO at different lead times. As a result, when 
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263 simultaneous ENSO’s influence is removed, there remains a significant correlation of 

264 the IOBM during AMJ and JAS with the preceding ENSO (Figure 1b, c). When the 

265 influence of the preceding NDJ ENSO is removed, the simultaneous IOBM-ENSO 

266 correlation is still large during OND and even becomes significant during JAS (Figure 

267 1c, d). These results imply that Eqns. (1) and (2) can only partially exclude ENSO’s 

268 effect on the IOBM. By comparison, after applying Eqn. (3), the IOBM during any 

269 one season of AMJ, JAS and OND only weakly correlate with both the preceding 

270 ENSO and the simultaneous ENSO (Figure 1b–d). Additionally, the correlation 

271 between the monthly IOBM and ENSO indices during 1979–2022 becomes weak and 

272 insignificant, when ENSO leads the IOBM (Figure 1a). Consequently, Eqn. (3) can 

273 effectively remove both the simultaneous and preceding influences of ENSO on the 

274 IOBM. Therefore, the IOBM index obtained by Eqn. (3) is considered as ENSO-

275 independent in the following sections.

276 c. Classification

277 Takaya et al. (2021) showed that a warm IO could occur concurrently with either 

278 El Niño or La Niña. We thus identify positive, neutral and negative IOBM seasons 

279 during 1979–2022 by using the following two procedures. First, the seasons with 3-

280 month averaged Niño-3.4 SSTAs > +0.5°C or < -0.5°C are excluded. Second, a 

281 threshold of 0.6 standard deviations, which roughly corresponds to a 0.5°C change of 

282 the Niño-3.4 SSTA, is applied to the ENSO-independent IOBM index (approximately 

283 0.3ºC change in this index) to separate the remaining seasons into positive, neutral 

284 and negative IOBM phases. Tables 1–3 list the identified AMJ, JAS and OND 

Page 13 of 59 For Peer Review



13

285 seasons with positive, neutral and negative IOBM phases.

286 2.4 Significance test

287 Statistical significance of correlation coefficients, regression coefficients and the 

288 differences in means between two samples is estimated by using a two‐tailed 

289 Student's t-test. In evaluating significance of correlation coefficients, the effective 

290 sample size proposed by Bretherton et al. (1999) is applied to account for 

291 autocorrelation of the individual time series.

292

293 3. Seasonality of IOBM-induced changes in TC genesis

294 Figure 2a shows a significant inverse relationship between the annual WNP TC 

295 number and the annual mean IOBM index during 1979–2022, regardless of which 

296 IOBM index is considered. This is consistent with previous publications which found 

297 a suppression of WNP TC genesis in warm IO years (e.g., Tao et al., 2012) or in TC-

298 active seasons with warm IO SSTAs (e.g., Du et al., 2011; Zhan et al., 2011a; Zhan et 

299 al., 2011b; Tao et al., 2012; Zhan et al., 2014; Ha et al., 2015; Zheng et al., 2016). 

300 However, the IOBM-TC relationship exhibits obvious seasonality. The correlation 

301 between TC number and the original IOBM index is significant from mid spring to 

302 early autumn but insignificant for the remainder of the year (Figure 2b). The most 

303 significant correlation occurs during AMJ (r=-0.50; p<0.01).

304 By comparison, the IOBM-TC relationship changes when ENSO’s impact is 

305 excluded. When removing the influence of the simultaneous ENSO, the IOBM-TC 

306 correlation becomes insignificant during spring, while changing less during other 
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307 seasons. When removing the influence of the preceding NDJ ENSO, the IOBM-TC 

308 correlation becomes insignificant during mid spring to summer but remains 

309 significant during early autumn. When considering the correlation of TC number with 

310 the ENSO-independent IOBM index, which removes both the influences of the 

311 simultaneous and preceding NDJ ENSO on the IOBM, the IOBM-TC relationship 

312 becomes weak and insignificant from mid spring to early summer, while remaining 

313 significant from mid summer to early autumn. This underscores the significant IO-

314 mediated influence of ENSO, as noted by previous studies. Note that the seasonal 

315 change in the correlation of TC number with the ENSO-independent IOBM index is 

316 more similar to that with the IOBM index excluding the influence of the preceding 

317 NDJ ENSO during spring–summer, while it is more like that with the IOBM index 

318 excluding the influence of the simultaneous ENSO during autumn. This means that 

319 ENSO modulates the IOBM-TC relationship mainly through its delayed effect during 

320 spring and summer but through its simultaneous effect during autumn. Additionally, 

321 seasonal distributions of the IOBM-TC relationship as shown in Figure 2b differ from 

322 the PMM-TC relationship found in Fu et al. (2023), where an insignificant correlation 

323 was reported during May–July. The difference in the seasonality of these relationships 

324 implies that interannual variability in WNP TC number during different seasons is 

325 likely controlled by different climate modes.

326 Following Wang et al. (2013), we now examine three TC seasons: the early 

327 season (AMJ), the peak season (JAS) and the late season (OND). During AMJ, the 

328 climatological TC MDR displays a northwest-southeast orientation, with a majority of 
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329 TCs occurring south of 20°N (Figure 3a). When the original IOBM index is 

330 considered, there is a basinwide suppression of WNP TC genesis in a warm IOBM, 

331 with significant TCGF decreases west of 150°E (Figure 4a), This pattern resembles 

332 warm IOBM-induced TCGF changes, if simultaneous ENSO’s influence is removed 

333 (Figure 4b). By comparison, when removing the influence of the preceding NDJ 

334 ENSO, warm IOBM-induced TCGF reductions weaken and become insignificant over 

335 most of the WNP (Figure 4c). Similarly, TCGF decreases induced by warm ENSO-

336 independent IOBM are concentrated over the region of 5°–25°N and 110°–170°E, but 

337 are weak and insignificant (Figure 4d). Consequently, there is a weak and 

338 insignificant correlation between TC number and the ENSO-independent IOBM index 

339 (r=-0.13; p=0.39). These results mean that the suppressing influence of the IOBM on 

340 WNP TC genesis during AMJ predominately occurs due to the delayed effect of 

341 ENSO, with the ENSO-independent IOBM itself playing only a minor role.

342 During JAS, the climatological TC MDR shifts northward and spans the 

343 latitudinal belt of 10°–25°N (Figure 3b). Consistent with Tao et al. (2012), a warm 

344 IOBM is associated with strong TCGF decreases over the subtropical WNP (10°–

345 30°N, 120°–170°E) and weak TCGF changes over other parts of the WNP, regardless 

346 of which IOBM index is considered (Figure 5). As a result, basinwide TC frequency 

347 during JAS is significantly anti-correlated with the ENSO-independent IOBM index 

348 (r=-0.31; p=0.04). These results imply that neither the preceding ENSO nor the 

349 simultaneous ENSO has a significant impact on the IOBM-TC relationship during 

350 JAS.
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351 During OND, the climatological TC MDR retreats southward (Figure 3c). When 

352 using the original IOBM index, there are TCGF increases east of 150°E and TCGF 

353 decreases west of 150°E (Figure 6a). This structure is similar to the east-west dipolar 

354 pattern in TCGF changes induced by El Niño, likely due to the strong simultaneous 

355 IOBM-ENSO correlation as shown in Figure 1d. This feature remains almost 

356 unchanged when the influence of the preceding NDJ ENSO on the IOBM is excluded 

357 (Figure 6c). However, when removing the influence of the simultaneous ENSO, a 

358 warm IOBM is associated with TCGF increases west of 140°E and decreases east of 

359 140°E (Figure 6b). This pattern is also shown for the ENSO-independent IOBM-

360 induced TCGF changes, with TCGF increases over the region of 5°–25°N and 105°–

361 140°E and TCGF decreases over the region of 5°–30°N and 140°–160°E (Figure 6d). 

362 Given these insignificant TCGF changes, there is an insignificant correlation between 

363 WNP TC number and the ENSO-independent IOBM index during OND (r=-0.03; 

364 p=0.83). These results mean that in contrast to AMJ, ENSO influences the IOBM-TC 

365 relationship during OND mainly through its simultaneous effect. The IOBM-induced 

366 TCGF changes exhibit almost opposite structures before and after removing the 

367 simultaneous effect of ENSO on the IOBM.

368 We focus on the results related to the ENSO-independent IOBM index in the 

369 subsequent analyses, given that several studies have already analyzed the IOBM-TC 

370 relationship when ENSO’s impact is not excluded (e.g., Du et al., 2011; Kosaka et al., 

371 2013; Takaya et al., 2018; Ueda et al., 2018; Zhao et al., 2019; Huangfu et al., 2019). 

372 Tables 1–3 list basinwide WNP TC frequencies during the identified positive, neutral 
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373 and negative IOBM seasons during 1979–2022. During AMJ, compared with neutral 

374 phase, there are -0.9 (p=0.19) TCs in positive IOBM and +1.1 (p=0.21) TCs in 

375 negative IOBM, while the TC frequency difference between positive and negative 

376 IOBM phases is -2.0 (p=0.37). The corresponding values are -3.7 (p<0.01), 4.3 

377 (p<0.01) and -8.0 (p<0.01) during JAS and 0.5 (p=0.62), 0.2 (p=0.88) and 0.3 

378 (p=0.86) during OND. Consistent with the IOBM-TC correlations shown in Figure 

379 2b, TC frequency differences between positive and negative IOBM phases are 

380 significant during JAS but insignificant during AMJ and OND.

381 Figure 7 displays WNP TCGF differences between positive, neutral and negative 

382 phases of the IOBM. In general, regardless of the season considered, TCGF 

383 differences for positive IOBM versus neutral phases and for positive and negative 

384 IOBM phases exhibit a similar pattern to regressions of TCGFs onto the IOBM index, 

385 while those for negative IOBM versus neutral phases show a nearly mirror image. 

386 Significant TCGF differences only appear during JAS, mainly over the region of 15°–

387 25°N, 140°–155°E (Figure 7d–f). Hong et al. (2010) has reported that the amplitude 

388 of the basinwide IO warming is on average greater than that of the cooling. However, 

389 this asymmetry occurs only when ENSO is concurrent with the IOD, while it becomes 

390 negligible during the ENSO-only and the IOD-only events. Cai and van Rensch 

391 (2013) has found that the asymmetry in the IOBM modulation effect is primarily a 

392 result of the asymmetry in ENSO’s influence. Consistent with these findings, the 

393 IOBM’s influence on WNP TC genesis is nearly symmetric, with almost opposite 

394 TCGF changes in positive and negative IOBM phases when excluding the ENSO 
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395 signal in our IOBM index. Given relatively few samples in some of our IOBM groups 

396 (Tables 1–3), we focus on regressions of environmental factors in the following 

397 sections.

398

399 4. Seasonality of IOBM-induced changes in environmental conditions

400 Figure 8 displays climatological mean DGPIs and the regressions of DGPIs onto 

401 the IOBM index during different seasons. As noted in previous studies (e.g., Wang et 

402 al., 2013; Choi et al., 2019; Fu et al., 2023), DGPIs can well capture the seasonal 

403 migration of the climatological TC MDR over the WNP (Figure 8a, c, e). In general, 

404 the regressed DGPIs (Figure 8b, d, f) exhibit a similar distribution to the regressed 

405 TCGFs during each season (Figure 4d, Figure 5d, and Figure 6d). For a warm IOBM, 

406 weak TCGF and DGPI decreases during AMJ are both concentrated from 10° to 20°N 

407 and east of 150°E (Figure 8b). There are significant decreases in DGPI during JAS 

408 over the region of 15°–30°N, 125°–155°E, an area slightly larger than the region with 

409 significantly decreased TCGF (Figure 8d). There are insignificant DGPI increases 

410 west of 140°E and insignificant DGPI decreases west of 140°E during OND, similar 

411 to the observed TCGF changes (Figure 8f). As shown in Table 4, regional TCGF 

412 changes are significantly correlated with regional mean DGPIs during each season. 

413 These results imply that the seasonality of the ENSO-independent influence of the 

414 IOBM on WNP TC genesis can be largely explained by the IOBM-induced seasonal 

415 changes in environmental conditions.

416 Figures 9–11 show regressions of environmental variables constituting the DGPI 
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417 during AMJ, JAS and OND, respectively. During AMJ, there are no significant 

418 changes in 850–200-hPa VWS, 500-hPa vertical velocity and 850-hPa relative 

419 vorticity over most of the WNP (Figure 9a, c, d), while significant changes in 500-hPa 

420 MGZW mainly occur at higher latitudes (Figure 9b). This means that the IOBM has a 

421 small impact on environmental conditions over the tropical WNP, when the influence 

422 of the preceding ENSO is excluded. This also underlines that ENSO-induced IOBM 

423 warming predominates in controlling WNP TC activity in AMJ. There are weak 

424 increases in vertical velocity (e.g., sinking motion) and weak decreases in vorticity 

425 south of 25°N and west of 155°E, corresponding to insignificant decreases in TCGF 

426 and DGPI (Figure 9c, d). By comparison, weak decreases in MGZW are found over 

427 this region (Figure 9b), which enhances TC genesis according to the DGPI. These 

428 results imply that the TC-suppressing effects of vertical velocity and vorticity surpass 

429 the TC-favoring effect of MGZW during AMJ.

430 In general, changes in WNP environmental variables are more significant during 

431 JAS than during AMJ (Figure 10). During JAS, although significant increases and 

432 decreases in VWS are concentrated over the eastern and western parts of the WNP, 

433 respectively, they appear near the boundary of the region with significant TCGF 

434 reductions (15°–25°N and 140°–155°E) (Figure 10a). Over this region, most of the 

435 MGWZ increases are insignificant (Figure 10b), while there are significant increases 

436 in vertical velocity (e.g., sinking motion) and significant decreases in vorticity (Figure 

437 10c, d). These results imply that the IOBM modulates WNP TC genesis during JAS 

438 primarily by modulating vertical velocity and vorticity.
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439 During OND, the changes in the four factors comprising the WNP DGPI are 

440 generally insignificant (Figure 11). There are weak changes in VWS and MGZW 

441 south of 20°N and west of 155°E (Figure 11a, b), where TCs form more frequently 

442 during OND (Figure 3c). Although significant decreases in vertical velocity (e.g., 

443 upward motion) are shown over a small domain of 20°–30°N and 140°–145°E, they 

444 are located outside the TC main development region (Figure 11c). Moreover, despite 

445 weak and insignificant changes, TCGF increases west of 140°E correspond to vertical 

446 velocity decreases and vorticity increases, while TCGF decreases east of 140°E 

447 correspond to vertical velocity increases and vorticity decreases (Figure 11c, d). 

448 These results indicate that similar to the IOBM’s impact during AMJ, the IOBM does 

449 not significantly modulate the WNP environment during OND.

450 We now focus on regions with larger ENSO-independent IOBM-induced TCGF 

451 changes during different seasons. Table 4 gives correlation coefficients between 

452 regional TC frequency and regional mean environmental factors. During AMJ, TC 

453 frequency over the region of 5°–25°N and 110°–170°E is significantly correlated with 

454 all four factors comprising the DGPI. During JAS, TC frequency over the region of 

455 10°–30°N and 120°–170°E is significantly correlated with MGWZ, vertical velocity 

456 and relative vorticity. During OND, TC frequency over the region of 5°–25°N and 

457 105°–140°E is significantly correlated with MGWZ, vertical velocity and relative 

458 vorticity, while TC frequency over the region of 5°–30°N and 140°–160°E is 

459 significantly correlated with vertical velocity and relative vorticity. In all cases, 

460 vertical velocity and relative vorticity correlate most significantly with TC frequency. 
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461 Based on the above analyses, we can conclude that changes in 500-hPa vertical 

462 velocity and 850-hPa relative vorticity play a dominant role in the modulation of 

463 WNP TC genesis by the IOBM, regardless of the season considered.

464 Changes in these two variables can be further linked to IOBM-induced 

465 environmental changes over the Indo-Pacific region. During any of the three seasons 

466 investigated (AMJ, JAS or OND), positive SSTAs over the IO can locally trigger 

467 anomalously deep atmospheric convection, associated with eastward-propagating 

468 Kelvin waves (Figure 12). However, there is a notable remote influence of the IOBM 

469 only during JAS, while the IOBM’s influence is limited over the IO during AMJ and 

470 OND. During AMJ and JAS, Kelvin wave-related anomalous low-level easterlies 

471 oppose climatological low-level westerlies (Figure 13a, b), suppressing surface 

472 evaporation and further enhancing IO warming through a wind-evaporation-SST 

473 (WES) feedback (Xie and Philander, 1994) (Figure 12a, c). This positive feedback 

474 favors both warm SSTs and Kelvin waves propagating into the western Pacific. As a 

475 result, there are anomalous low-level easterlies over the equatorial WNP, which 

476 generates an anomalous WNP anticyclone that generates negative vorticity. 

477 Accordingly, there is an anomalous upper-level WNP cyclone, driving anomalous 

478 sinking motion and weakened convection (Figure 12b, d).

479 The difference between AMJ and JAS is that the IO warming is much weaker 

480 during AMJ than during JAS (Figure 12a, c). Consequently, the anomalous low-level 

481 easterlies over the equatorial Indo-Pacific and the anomalous WNP low-level 

482 anticyclone are weak and insignificant during AMJ but strong and significant during 
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483 JAS. This corresponds to weak (strong) IOBM-induced environmental changes during 

484 AMJ (JAS) as displayed in Figure 9 (Figure 10).

485 Figures 14 and 15 display regressions of near-global SSTAs onto the IOBM 

486 index during 1979–2022. Both the original and ENSO-independent IOBM indices are 

487 normalized for a fair comparison. Warm IOBM events based on the original index 

488 during both AMJ and JAS generally relate to eastern Pacific El Niño during the 

489 preceding winter (Figure 14a and Figure 15a). For a warm IOBM during AMJ (JAS), 

490 El Niño decays relatively faster (slower), while positive SSTAs over the eastern 

491 equatorial Pacific persist until the following JAS (OND) (Figure 14c, e, g, i, k and 

492 Figure 15c, e, g, i, k). By comparison, there are almost no significant SSTAs 

493 regressed onto the ENSO-independent IOBM index over the tropical Pacific (Figure 

494 14b, d, f, h, j, l and Figure 15b, d, f, h, j, l), because the influences of simultaneous 

495 and preceding ENSO have been explicitly excluded in this IOBM index.

496 A warm ENSO-independent AMJ IOBM is characterized by almost no significant 

497 SSTAs over other basins during the preceding OND and January–March (JFM) 

498 (Figure14b, d), meaning that it is likely to develop locally. During AMJ, when 

499 excluding ENSO’s impact, IOBM-induced positive SSTAs substantially weaken and 

500 cover a narrower area, while significant SSTAs are concentrated over the western IO 

501 (Figure 14f). This means a reduced amplitude of ENSO-independent IO warming, 

502 leading to an insignificant IOBM-TC correlation during AMJ. Furthermore, the 

503 pattern of the SSTA regressions onto the ENSO-independent IOBM index looks more 

504 like a positive phase of the IOD, although the basin-averaged IO SSTA is positive 
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505 (Figure 14f). There are also significantly positive SSTAs over the tropical Atlantic 

506 (Figure 14f), consistent with a tight connection between western IO warming and 

507 tropical Atlantic warming irrespective of ENSO (e.g., Liao and Wang, 2021).

508 Similarly, a warm ENSO-independent JAS IOBM also tends to develop locally, 

509 with warmer SSTAs first occurring over the southwestern IO during the preceding 

510 AMJ and then reaching their maxima and covering almost the entire tropical IO 

511 during JAS (Figure 15f, h). During JAS, the magnitude and coverage of warm IO 

512 SSTAs induced by a warm ENSO-independent IOBM are similar to those induced by 

513 a warm original IOBM, meaning that ENSO plays only a minor rule in modulating 

514 IOBM-induced SSTAs (Figure 15g, h). This is consistent with a relatively unchanged 

515 IOBM-TC relationship after excluding ENSO’s influence. Takaya et al. (2018), Ueda 

516 et al. (2018) and Zhao et al. (2019) reported a significant warm IO-induced 

517 anomalous low-level anticyclonic circulation over the western Pacific during April–

518 September in El Niño-decaying years. These above results imply that the remote 

519 influence of IO SSTAs is strengthened by decaying ENSO during AMJ, while it is 

520 less affected by ENSO during JAS, owing to the rapid weakening of ENSO from 

521 boreal spring to boreal summer.

522 Although the IO warming does not induce significant environmental changes 

523 over the WNP during AMJ and OND, the reasons for these lack of significant 

524 modulations differ in different seasons. During OND, the WES feedback weakens 

525 substantially, because the SST warming-induced low-level easterlies (Figure 12e) are 

526 almost parallel to the climatological winds (Figure 13c). Significant positive SSTAs 
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527 occur mainly over the Arabian Sea. The associated Kelvin waves have difficulty 

528 propagating into the WNP, meaning that the influence of the IOBM is predominately 

529 limited to the IO. In addition, there are almost no significant environmental changes at 

530 upper levels over the Indo-Pacific region (Figure 12f). This is consistent with the 

531 seasonality of the IPOC (Xie et al., 2016), which shows a weakening of the remote 

532 influence of IO SSTAs in boreal autumn.

533

534 5. Conclusion

535 This study investigates seasonal changes in the ENSO-independent influence of 

536 the IOBM, the dominant mode of IO SST variability, on WNP TC genesis from 1979 

537 to 2022. When excluding the preceding and simultaneous impact of ENSO, we find a 

538 significant relationship between annual WNP TC frequency and the annual ENSO-

539 independent IOBM, consistent with previous studies (e.g., Tao et al., 2012). However, 

540 the correlation between WNP TC frequency and the ENSO-independent IOBM 

541 exhibits obvious seasonality, with a significant correlation during the peak (JAS) 

542 season but an insignificant correlation during the early (AMJ) and late (OND) 

543 seasons. In a warm IOBM, there are significant WNP TCGF decreases occurring over 

544 the region of 15°–25°N and 140°–155°E during JAS. By comparison, there are no 

545 significant TCGF changes over almost the entire WNP during AMJ and OND.

546 The TCGF changes induced by the IOBM during different seasons can be well 

547 captured by the corresponding DGPI changes, implying that the seasonality of the 

548 IOBM’s influence on WNP TC genesis can be explained by related environmental 
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549 changes. During JAS, the TC-suppressing effect of decreased vorticity and increased 

550 sinking motion jointly lead to a reduction of TCGF and DGPI in a warm IOBM, while 

551 changes in VWS and MGZW have a minor impact. By contrast, during AMJ and 

552 OND, most parts of the WNP show insignificant changes for all environmental 

553 variables considered.

554 Our results highlight the seasonally-dependent mechanism of the IOBM’s 

555 influence on TC genesis. Compared with previous publications (e.g., Kosaka et al., 

556 2013; Takaya et al., 2018; Ueda et al., 2018; Zhao et al., 2019), we conclude that the 

557 IOBM-TC relationship is largely weakened during AMJ when removing the ENSO 

558 effect, while it remains significant during JAS and insignificant during OND 

559 regardless of whether the ENSO influence is excluded. This feature tends to be jointly 

560 caused by the seasonality of the IPOC (Xie et al., 2016) and the seasonal cycle of 

561 ENSO. Our results also have important implications for forecasting WNP TC activity 

562 during different seasons. Given that there is also seasonality in the modulation of 

563 WNP TC genesis by ENSO and the PMM, it is very likely that other climate modes 

564 affecting WNP TCs (e.g., tropical North Atlantic SSTAs) should not be considered as 

565 a seasonally-consistent forcing. When developing seasonal TC forecasting schemes, 

566 we should closely examine how different factors influence TC activity during 

567 different seasons.

568

569 Data availability statement

570 All data used in this study are freely available online. Western North Pacific TC 
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571 best track data recorded by the Joint Typhoon Warning Center, the Japan 

572 Meteorological Agency, the China Meteorological Administration and the Hong Kong 

573 Observatory are all given in IBTrACS, which is available at: 

574 https://www.ncei.noaa.gov/products/international-best-track-archive?name=ib-v4-

575 access. Monthly mean SST data provided by the Hadley Centre Sea Ice and Sea 

576 Surface Temperature (HadISST) are obtained from: 

577 https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html. The fifth 

578 generation European Centre for Medium–Range Weather Forecasts atmospheric 

579 reanalysis of the global climate (ERA5) is retrieved from: 

580 https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis–era5–pressure–levels–

581 monthly–means?tab=form.
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781 IOBM indices and for the 3-month mean ENSO index and the IOBM index during (b) 

782 AMJ, (c) JAS and (d) OND. Blue, green, orange and red colors refer to the results for 

783 the original IOBM index, the IOBM index removing the influence of the simultaneous 

784 ENSO, the IOBM index removing the influence of the preceding NDJ ENSO and the 

785 IOBM index removing the influences of both the simultaneous ENSO and the 

786 preceding NDJ ENSO. Filled dots denote correlations significant at the 0.05 level.

787 Figure 2. (a) Time series of the annual WNP TC number and the four annual mean 

788 IOBM indices investigated in this study from 1979 to 2022. The correlation 

789 coefficients between TC number and any IOBM index are given in the legend, while 

790 “*” and “**” denote significance at the 0.05 and 0.01 level, respectively. (b) Monthly 

791 correlation coefficients between the time series of 3-month running mean WNP TC 

792 number and the IOBM indices. Filled dots denote correlations significant at the 0.05 

793 level.

794 Figure 3. Climatological mean TCGFs over the WNP during (a) AMJ, (b) JAS and 

795 (c) OND from 1979–2022.

796 Figure 4. (a) Regressions of TCGFs onto the (a) original IOBM index during AMJ 

797 1979–2022. (b) As in (a) but for the IOBM index removing the influence of the 

798 simultaneous ENSO. (c) As in (a) but for the IOBM index removing the influence of 

799 the preceding NDJ ENSO. (d) As in (a) but for the IOBM index removing the 

800 influences of both the simultaneous ENSO and the preceding NDJ ENSO, 
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801 respectively. Black crosses in (a) –(d) denote regressions significant at the 0.05 level.

802 Figure 5. As in Figure 4, but for regressions of TCGFs during JAS.

803 Figure 6. As in Figure 4, but for regressions of TCGFs during OND.

804 Figure 7. WNP TCGF differences between two phases of the ENSO-independent 

805 IOBM for the seasons of (a–c) AMJ, (d–f) JAS and (g–i) OND. The left, middle and 

806 right columns refer to the differences of positive IOBM versus neutral, negative 

807 IOBM versus neutral and positive IOBM versus negative IOBM, respectively. 

808 Identified IOBM seasons are listed in Tables 1–3. Black crosses denote differences 

809 significant at the 0.05 level.

810 Figure 8. (a, c, e) Climatological mean DGPIs and (b, d, f) regressions of DGPIs onto 

811 the ENSO-independent IOBM index during (a, b) AMJ, (c, d) JAS and (e, f) OND 

812 from 1979–2022. Black crosses denote regressions significant at the 0.05 level.

813 Figure 9. Regressions of (a) 850–200-hPa VWS, (b) 500-hPa MGZW, (c) 500-hPa 

814 vertical velocity and (d) 850-hPa relative vorticity during AMJ onto the ENSO-

815 independent IOBM index from 1979–2022. Black crosses denote regressions 

816 significant at the 0.05 level.

817 Figure 10. As in Figure 9, but for regressions of environmental variables during JAS.

818 Figure 11. As in Figure 9, but for regressions of environmental variables during 

819 OND.

820 Figure 12. Regressions of environment variables over the Indo-Pacific region onto 

821 the IOBM index during (a, b) AMJ, (c, d) JAS and (e, f) OND. Regressed SST and 

822 850-hPa wind vectors are displayed in the left column, while regressed outgoing 
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823 longwave radiation and 200-hPa wind vectors are displayed in the right column. Only 

824 values of SST and outgoing longwave radiation significant at the 0.05 level are 

825 shown. Purple arrows denote regressed wind vectors significant at the 0.05 level.

826 Figure 13. Climatological mean 850-hPa streamlines over the Indo-Pacific region 

827 during (a) AMJ, (b) JAS and (c) OND.

828 Figure 14. Regressions of near-global SSTAs onto the normalized (a, c, e, g, i, k) 

829 original and (b, d, f, h, j, l) ENSO-independent IOBM indices during AMJ in 1979–

830 2022. The subscripts “-1”, “0” and “+1” denote the preceding, current and following 

831 years, respectively. Only regressed SSTAs significant at the 0.05 level are shown.

832 Figure 15. As in Figure 14, but for regressions of near-global SSTAs onto the IOBM 

833 indices during JAS.
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837 Figure 1. Monthly distributions of lead-lag correlations for (a) monthly ENSO and 

838 IOBM indices and for the 3-month mean ENSO index and the IOBM index during (b) 

839 AMJ, (c) JAS and (d) OND. Blue, green, orange and red colors refer to the results for 

840 the original IOBM index, the IOBM index removing the influence of the simultaneous 

841 ENSO, the IOBM index removing the influence of the preceding NDJ ENSO and the 

842 IOBM index removing the influences of both the simultaneous ENSO and the 

843 preceding NDJ ENSO. Filled dots denote correlations significant at the 0.05 level.
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847 Figure 2. (a) Time series of the annual WNP TC number and the four annual mean 

848 IOBM indices investigated in this study from 1979 to 2022. The correlation 

849 coefficients between TC number and any IOBM index are given in the legend, while 

850 “*” and “**” denote significance at the 0.05 and 0.01 level, respectively. (b) Monthly 

851 correlation coefficients between the time series of 3-month running mean WNP TC 

852 number and the IOBM indices. Filled dots denote correlations significant at the 0.05 

853 level.
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856 Figure 3. Climatological mean TCGFs over the WNP during (a) AMJ, (b) JAS and 

857 (c) OND from 1979–2022.
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861 Figure 4. (a) Regressions of TCGFs onto the (a) original IOBM index during AMJ 

862 1979–2022. (b) As in (a) but for the IOBM index removing the influence of the 

863 simultaneous ENSO. (c) As in (a) but for the IOBM index removing the influence of 

864 the preceding NDJ ENSO. (d) As in (a) but for the IOBM index removing the 

865 influences of both the simultaneous ENSO and the preceding NDJ ENSO, 

866 respectively. Black crosses in (a) –(d) denote regressions significant at the 0.05 level.
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870 Figure 5. As in Figure 4, but for regressions of TCGFs during JAS.
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874 Figure 6. As in Figure 4, but for regressions of TCGFs during OND.
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878 Figure 7. WNP TCGF differences between two phases of the ENSO-independent 

879 IOBM for the seasons of (a–c) AMJ, (d–f) JAS and (g–i) OND. The left, middle and 

880 right columns refer to the differences of positive IOBM versus neutral, negative 

881 IOBM versus neutral and positive IOBM versus negative IOBM, respectively. 

882 Identified IOBM seasons are listed in Tables 1–3. Black crosses denote differences 

883 significant at the 0.05 level.
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887 Figure 8. (a, c, e) Climatological mean DGPIs and (b, d, f) regressions of DGPIs onto 

888 the ENSO-independent IOBM index during (a, b) AMJ, (c, d) JAS and (e, f) OND 

889 from 1979–2022. Black crosses denote regressions significant at the 0.05 level.
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893 Figure 9. Regressions of (a) 850–200-hPa VWS, (b) 500-hPa MGZW, (c) 500-hPa 

894 vertical velocity and (d) 850-hPa relative vorticity during AMJ onto the ENSO-

895 independent IOBM index from 1979–2022. Black crosses denote regressions 

896 significant at the 0.05 level.
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900 Figure 10. As in Figure 9, but for regressions of environmental variables during JAS.
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904 Figure 11. As in Figure 9, but for regressions of environmental variables during 

905 OND.
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908

909 Figure 12. Regressions of environment variables over the Indo-Pacific region onto 

910 the IOBM index during (a, b) AMJ, (c, d) JAS and (e, f) OND. Regressed SST and 

911 850-hPa wind vectors are displayed in the left column, while regressed outgoing 

912 longwave radiation and 200-hPa wind vectors are displayed in the right column. Only 

913 values of SST and outgoing longwave radiation significant at the 0.05 level are 

914 shown. Purple arrows denote regressed wind vectors significant at the 0.05 level.
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918 Figure 13. Climatological mean 850-hPa streamlines over the Indo-Pacific region 

919 during (a) AMJ, (b) JAS and (c) OND.
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922

923 Figure 14. Regressions of near-global SSTAs onto the normalized (a, c, e, g, i, k) 

924 original and (b, d, f, h, j, l) ENSO-independent IOBM indices during AMJ in 1979–

925 2022. The subscripts “-1”, “0” and “+1” denote the preceding, current and following 

926 years, respectively. Only regressed SSTAs significant at the 0.05 level are shown.
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928

929 Figure 15. As in Figure 14, but for regressions of near-global SSTAs onto the IOBM 

930 indices during JAS.
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934 Table 1. List of AMJ seasons with positive, neutral and negative IOBM phases, as 

935 well as corresponding TC frequencies over the WNP.

936 Table 2. As in Table 1, but for JAS.

937 Table 3. As in Table 1, but for OND.

938 Table 4. Correlation coefficients between TC frequency and environmental factors 

939 during different seasons and over different regions from 1979 to 2022. “*”, “**” and 

940 “***” denote significance at the 0.05, 0.01 and 0.001 level, respectively.
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943 Table 1. List of AMJ seasons with positive, neutral and negative IOBM phases, as 

944 well as corresponding TC frequencies over the WNP.

Positive IOBM Neutral Negative IOBM

Year
TC 

Frequency
Year

TC 

Frequency
Year

TC 

Frequency

1991

1998

2001

2009

2014

2020

3

0

3

4

4

2

1979

1980

1981

1986

1990

1994

1996

2002

2003

2005

2006

2007

2010

2012

2017

2018

2021

3

6

5

5

5

4

3

4

5

2

3

2

0

5

2

4

4

1995

2004

2013

2

8

4

Mean 2.7 Mean 3.6 Mean 4.7
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947 Table 2. As in Table 1, but for JAS.

Positive IOBM Neutral Negative IOBM

Year
TC 

Frequency
Year

TC 

Frequency
Year

TC 

Frequency

1983

2003

2008

2020

10

10

10

11

1979

1980

1981

1984

1986

1990

1991

1995

2000

2001

2005

2006

2014

2017

2018

2019

2021

12

12

16

14

11

14

15

13

16

16

15

12

11

17

18

15

11

1992

1993

1994

1996

2013

2016

17

17

24

17

17

18

Mean 10.3 Mean 14.0 Mean 18.3
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950 Table 3. As in Table 1, but for OND.

Positive IOBM Neutral Negative IOBM

Year
TC 

Frequency
Year

TC 

Frequency
Year

TC 

Frequency

1980

1989

2001

2013

6

8

7

8

1979

1990

2003

2008

2012

7

9

5

6

7

1981

1992

1993

1996

2005

7

10

9

5

4

Mean 7.3 Mean 6.8 Mean 7.0
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953 Table 4. Correlation coefficients between TC frequency and environmental factors 

954 during different seasons and over different regions from 1979 to 2022. “*”, “**” and 

955 “***” denote significance at the 0.05, 0.01 and 0.001 level, respectively.

TC Frequency

AMJ

5°–25°N

110°–170°E

JAS

10°–30°N

120°–170°E

OND

5°–25°N

105°–140°E

OND

5°–30°N

140°–160°E

DGPI 0.85*** 0.52*** 0.65*** 0.42**

850–200-hPa

VWS
-0.39** -0.01 -0.23 -0.06

500-hPa

MGZW
-0.50** -0.34* -0.39** -0.24

500-hPa

Vertical

Velocity

-0.71*** -0.46** -0.60*** -0.34*

850-hPa

Relative

Vorticity

0.78*** 0.39** 0.55*** 0.58***
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