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Abstract 40 

Most studies have focused on variations of tropical cyclone (TC) frequency, 41 

intensity, and track over the western North Pacific (WNP), while variability of 42 

WNP TC season onset date (TCSO) has been less studied. Recent research has 43 

indicated a close association between WNP TCSO and sea surface temperature 44 

(SST) over the tropical Indian Ocean and the tropical central-eastern Pacific. 45 

This study finds the relationship between TCSO and SST underwent an 46 

interdecadal change in the late 1990s, likely due to a climate shift that occurred 47 

around that time. An observed significant correlation between TCSO and SST 48 

before the late 1990s and has been insignificant since that time. It was 49 

confrimed by the fact that ENSO positively correlates at 0.46 with TCSO from 50 

1965-1999 (significant at the 95% level), while the correlation becomes 51 

insignificant (0.16) during 1998-2016. Further analysis suggests that the close 52 

association between TCSO and SST is robust only for major El Niño events, with 53 

consistently extreme late TCSO following major El Niños during the satellite era. 54 

Accompanying the decay of major El Niños, tropical equatorial easterly 55 

anomalies in the WNP are driven by a Matsuno-Gill-type response to the specific 56 

SST anomaly pattern over the tropical Indo-Pacific sector. This in turn induces 57 

an anomalous anticyclone, anomalous westerly vertical wind shear, reduced 58 

mid-level moisture and suppressed convection over the WNP basin – all of 59 

which are unfavorable for WNP TCs, resulting in delayed TCSO following major 60 

El Niño events. These inter-decadal changes in the inter-annual correlation 61 

between TCSO and ENSO are largely due to the changing influence of moderate 62 
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El Niño events on TCSO before and after the late 1990s. This study improves 63 

understanding of the ENSO-TC relationship, which should aid seasonal outlooks 64 

of WNP TC activity. 65 

Keywords: Extremely Late Onset; Tropical Cyclone Season; Tropical Indian 66 

Ocean Warming; Major El Niño; Western North Pacific 67 

 68 

1. Introduction 69 

The western North Pacific (WNP) Ocean including the South China Sea (SCS) 70 

is the most active tropical cyclone (TC) basin around the globe on an 71 

annually-averaged basis, experiencing about 27 named TCs per year (Chan 72 

2005). Unlike the North Atlantic and eastern North Pacific, the WNP TC season 73 

extends across the entire calendar year (Chan 2005). These TCs can cause 74 

enormous socio-economic damage and loss of life in China, Japan, Korea and 75 

other nations affected by WNP TCs (Zhang et al. 2009). An accurate prediction 76 

of the onset date of an active WNP TC season (TCSO) is important for planning 77 

that can prevent loss of life and property from TC-associated hazards. However, 78 

most prior studies have focused on variations of TC frequency, intensity, and 79 

track over the WNP (Lander 1994; Wang and Chan 2002; Camargo and Sobel 80 

2005; Zhao et al. 2010, 2011; Wu et al. 2015), while variability of the WNP TCSO 81 

has been relatively less studied.  82 

El Niño-Southern Oscillation (ENSO) has been recognized as an important 83 

factor affecting inter-annual variations of WNP TC activity, with a consensus 84 
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that ENSO has no noticeable impact on total TC frequency but has a significant 85 

impact on TC formation location and subsequent track and intensity (Lander 86 

1994; Wang and Chan 2002; Camargo and Sobel 2005; Zhao et al. 2010, 2011; 87 

Wang and Wu 2016; Chen and Wang 2018). A significant southeastward 88 

displacement in TC formation is typically observed during El Niño years. These 89 

TCs then tend to take a northwestward track, and since they formed farther 90 

southeast in the basin, they tend to have a longer duration and a stronger 91 

lifetime maximum intensity. These changes are largely attributed to a reduced 92 

Pacific Walker Circulation during El Niño years that causes favorable large-scale 93 

conditions for southeastern WNP TC formations, such as a significant 94 

southeastward shift of the WNP monsoon trough (Wang and Chan 2002) and a 95 

pronounced eastward retreat of the WNP tropical upper tropospheric trough 96 

(TUTT) (Wang and Wu 2016). Accompanied by changes in the TUTT and the 97 

monsoon trough over the WNP basin, reduced westerly vertical wind shear and 98 

enhanced low-level relative vorticity occur in the eastern part of the WNP basin, 99 

which favors more TCs over the eastern portion of the WNP basin. Since there is 100 

a significant impact of ENSO on these large-scale conditions over the WNP basin, 101 

there is speculation on whether ENSO has a substantial association with 102 

inter-annual variations of the WNP TCSO. Recently, following the major El Niño 103 

event of 2015-2016 (L’Heureux et al. 2017), an extremely late TCSO over the 104 

WNP was observed with the first named TC of 2016 not forming until July 3. 105 

One question naturally arises: Are extremely late TCSOs over the WNP closely 106 
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associated with major El Niño events? 107 

Apart from the impact of ENSO, it has been well documented that tropical 108 

Indian Ocean (TIO) sea surface temperatures (SSTs) exert a significant influence 109 

on the inter-annual variability of WNP TC activity (Du et al. 2009, 2011; Xie et al. 110 

2009, 2016; Zhan et al. 2011; Tao et al. 2012). Xie et al. (2009) suggested that 111 

the persistence of basin-wide TIO warming after El Niño decay can stimulate a 112 

downwelling (warming) atmospheric Kelvin wave passing across the western 113 

Pacific and causing off-equator divergence over the subtropical WNP basin. Du 114 

et al. (2011) noted a significant decrease in WNP TC numbers in the summers 115 

following major El Niño events (i.e., 1972/1973, 1982/1983, and 1997/1998) 116 

and further pointed out that this was predominately due to TIO warming 117 

induced by major El Niño events and its associated impacts on the large-scale 118 

environment. 119 

More recently, Takaya et al. (2017) suggested from both observations and 120 

numerical simulations that the quiescent TC season in the WNP basin during 121 

the early summer (May-July) of 2016 was largely attributed to the warm TIO sea 122 

surface temperature anomalies (SSTAs) induced by the preceding 2015/2016 123 

major El Niño event. Kim et al. (2017) analyzed inter-annual variations of the 124 

TCSO over the WNP during 1951-2015 and pointed out that it was closely 125 

associated with variations of SSTs in the TIO and the central-eastern Pacific 126 

(CEP). However, our analysis suggests that the relationship between TCSO over 127 

the WNP basin and global SST patterns shows inter-decadal changes, which will 128 
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be discussed later in this study. This finding cannot be inferred from the analysis 129 

of the full period from 1951-2015 as was done in Kim et al (2017). Our analysis 130 

further finds that the robust relationship suggested by Kim et al. (2017) holds 131 

true only for major El Niño events. Together with studies on the importance of 132 

TIO SSTAs accompanying decaying of strong El Niño events, we hypothesize that 133 

the persistence of positive TIO SSTAs induced by major El Niño events results in 134 

a late TCSO by causing unfavorable large-scale conditions for tropical 135 

cyclogenesis in the WNP. In this study, we explore the associated plausible 136 

physical causes of the relationship between El Niño events and the extremely 137 

late TCSO over the WNP basin. 138 

The remainder of this study is arranged as follows. Section 2 gives 139 

descriptions of the data and the methodology used. Section 3 discusses the 140 

possible relationship between WNP TCSO and ENSO. Section 4 investigates the 141 

physical causes for the extremely late TCSO following major El Niño events, 142 

primarily focusing on the substantial impact of changes in the large-scale 143 

conditions induced by changes in specific SSTA patterns over the tropical 144 

Indo-Pacific sector. Section 5 provides a summary and a discussion. 145 

 146 

2. Data and Methodology  147 

(a) TC data, Atmospheric data and SST data 148 

The TC data record is obtained from the United States Joint Typhoon 149 

Warning Center (JTWC) best track dataset (Chu et al. 2002). This dataset 150 
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provides information on TC location including latitude and longitude and 151 

maximum sustained wind speed at six-hour intervals. Our use of data from 152 

JTWC is largely based on its more reliable TC intensity estimates than those 153 

available from other best track datasets (Wu and Zhao 2012). Due to the 154 

availability of satellite observations since 1965, the TC data record since 1965 is 155 

considered to be more homogeneous and generally of higher quality. The JTWC 156 

data set also benefited from the availability of reconnaissance aircraft until 157 

1987. While this study mainly covers the satellite era, 1965-2016, we also 158 

include some analysis for the period 1951-2016, in order to compare our results 159 

with the full time period investigated by Kim et al (2017). Only TCs with a 160 

maximum sustained wind speed equal to or greater than 17 m s-1 are 161 

considered. Following Kim et al. (2017), we define a “TC year” in the WNP as the 162 

period from 1 February in the corresponding year to 31 January in the following 163 

year, which is mainly due to the annual minimum mean monthly TC number in 164 

the WNP occurring during February (Kim et al. 2014). The TC season length 165 

over the WNP basin [0-30oN,100oE-180oE] including the South China Sea is 166 

identified as the period from the 5th percentile (referred to as the TCSO) to the 167 

95th percentile (referred to as the TC season end) of TC formation dates in each 168 

TC year. Annual TC formation dates and their corresponding 5th percentile and 169 

95th percentile for the TC year from 1951-2016 are displayed with a 170 

box-whisker plot (Fig. 1). 171 

Monthly atmospheric variables including winds, relative humidity, relative 172 
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vorticity, and geopotential height are retrieved from the National Centers for 173 

Environmental Prediction (NCEP) Reanalysis I dataset on a 2.5°×2.5° 174 

latitude-longitude grid (Kalnay et al. 1996). Monthly mean SST is derived from 175 

the National Oceanic and Atmospheric Administration (NOAA) Extended 176 

Reconstructed SST version 4 (ERSST v4) at a horizontal resolution of 2°×2° 177 

(Huang et al. 2015, 2016). 178 

(b) Genesis potential index 179 

To further assess TCSO over the WNP basin, the genesis potential index 180 

(GPI) is used as a diagnostic tool to assess the relative importance of the 181 

large-scale controls of TC activity. In this study, we adopted the GPI developed 182 

by Emanuel and Nolan (2004) with the following expression:  183 

(1) 184 

where  is the 850 hPa absolute vorticity (s-1),  is the 600 hPa relative 185 

humidity (%),  is the potential intensity (PI) (m s-1), providing a theoretical 186 

upper bound on TC intensity (Bister and Emanuel 2002), and  is the 187 

vertical wind shear, computed as the magnitude of the vector difference 188 

between 850-hPa and 200-hPa (ms-1). The respective role of each of the four 189 

factors included in the GPI in contributing to the extremely late TCSO is 190 

assessed following Camargo et al. (2007). The GPI is calculated by varying one 191 

variable but keeping the other three variables at their climatological values for 192 

the period 1965-2016. They are referred to as GPI-RH, GPI-VOR, GPI-SHEAR, 193 

and GPI-PI, respectively, indicating the distinct contributions from the mid-level 194 

3
25 3 3 2GPI= 10 *( ) *( ) *(1 0.1* )

50 70
pot

shear

VH Vξ −+
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relative humidity, low-level absolute vorticity, vertical wind shear and PI. The 195 

GPI with all four varying variables is referred to as the GPI-Total. Although the 196 

net anomaly cannot be described as the sum of the individual contributions of 197 

the four factors included in the GPI due to its nonlinearity, the index can provide 198 

an adequate quantification of the role of each of the different factors. This 199 

methodology has been adopted in several previous studies (Camargo et al. 2009; 200 

Jiang et al. 2012; Hu et al. 2017; Zhao et al. 2014, 2015a, 2015b, and 2017). 201 

(c) Statistical significance 202 

A compositing technique is used to explore the plausible causes associated 203 

with the extremely late TCSO following major El Niño events. The 204 

non-parametric Mann-Kendall test (Mann 1945; Kendall 1975) and the 205 

Wilcoxon-Mann-Whitney test (Wilcoxon 1945; Mann and Whitney 1947) are 206 

used to assess the statistical significance of the correlation and the difference, 207 

respectively. 208 

To evaluate the significance of the percentages on early or late onset of the 209 

TC season for different ENSO intensities, the bootstrap test is adopted. In 210 

bootstrap tests, null cases were identified using the dates of all TC genesis 211 

events except the samples in the tested category. Null composites were 212 

generated by randomly selecting the same number of dates from the null cases 213 

as had been in the tested category. This procedure was repeated to calculate 214 

1000 null composites. In this study, we stratify the December-February-average 215 

(DJF) Niño-3.4 index into four categories: strong El Niño (Niño-3.4 ≥1.5 std. dev., 216 
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or 1.5σ), moderate El Niño (0.6σ≤Niño-3.4 <1.5σ), Neutral ENSO 217 

(-0.6σ<Niño-3.4<0.6σ) and La Niña (Niño-3.4≤-0.6σ). 218 

 219 

3. TCSO-ENSO association 220 

Table 1 presents statistics derived for the satellite era (1965-2016) and 221 

also for the full period investigated in Kim et al. (2017): 1951-2016. The average 222 

TCSO is 18 May, and the average TC season end date is 28 November based on 223 

the full period (1951-2016). Annual TC counts from 1951 to 2016 have a weak 224 

correlation with TCSO, TC season end and TC season length. There are no 225 

significant trends in TCSO, TC season end and TC season length since 1951. As 226 

would be expected, TC season length is significantly correlated with TCSO. 227 

These results are consistent with results presented by Kim et al. (2017), with 228 

some slight differences due to the different TC dataset (from the Japan 229 

Meteorological Agency) used in Kim et al. (2017).  230 

Several studies have highlighted the uncertainties in TC data over the WNP 231 

basin during the pre-satellite era (Landsea 2007; Landsea et al. 2010; Song et al. 232 

2010; Wu and Zhao 2012), so it is worth comparing results derived for two 233 

different periods: 1951-2016 and 1965-2016. As can be seen in Table 1, 234 

significant differences are clearly observed when comparing the results for the 235 

whole period from 1951-2016 and for only the satellite era from 1965-2016. 236 

For example, the positive trend of TCSO over the WNP during 1951-2016 is 237 

larger in magnitude than during 1965-2016. A significant decreasing trend of 238 
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TC season length can be found during 1951-2016, but this trend becomes 239 

insignificant when only looking at TC season length from 1965-2016. Significant 240 

correlations between TCSO and TC season length can be found for both periods 241 

(-0.85 for 1951-2016 and -0.84 for 1965-2016), while TC season end is only 242 

weakly correlated with TC season length (0.27 for 1951-2016 and 0.24 for 243 

1965-2016). Consequently, TC season length variability largely depends on TC 244 

season onset date and is less dependent on TC season end. Annual TC counts 245 

have a weak correlation with TCSO, TC season end and TC season length.   246 

Further examination suggests that the differences highlighted in Table 1 247 

are largely due to the uncertainty of TCSO during the pre-satellite era. Indeed, a 248 

significantly earlier TCSO (i.e., 7 May) can be found during the pre-satellite era 249 

(i.e., 1951-1964) compared to the TCSO (i.e., 22 May) during the post-satellite 250 

era (i.e., 1965-2016). This result is further confirmed by distinct correlation 251 

patterns between the TCSO and December-February-averaged (DJF) SSTs 252 

between 1951-2016 and 1965-2016 (Fig. 2). A clear difference over the TIO can 253 

also be readily seen with significant correlations from 1951-2016 but 254 

insignificant correlations over the more recent period from 1965-2016. 255 

Significant correlations over the CEP are found during both periods. The results 256 

of this comparison over different periods lead us to choose the satellite-era 257 

period from 1965-2016 for the analyses in this study. The differences 258 

highlighted in Table 1 and Fig. 2 between the periods provide further evidence 259 

that our results and those reported by Kim et al (2017) are indeed different.  260 
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Figure 3a shows time series of TCSO over the WNP basin and ENSO, 261 

represented by the averaged DJF Niño-3.4 index. The correlation between TCSO 262 

and ENSO is 0.37, significant at the 95% confidence level and consistent with 263 

Kim et al. (2017). An inter-decadal change of the inter-annual relationship 264 

between ENSO and TCSO is found around the late 1990s, identified by a 265 

change-point analysis of 13-yr sliding correlations between the two time series 266 

(Fig.4). This climate regime shift has been reported in many previous studies 267 

(Tu et al. 2009; Maue 2011; Kosaka and Xie 2013; Liu and Chan 2013; Xiang et 268 

al. 2013; Hong et al. 2014, 2016; England et al. 2014; Zhao and Wang 2016).  269 

For example, there is evidence to link the regime shift of ENSO during the recent 270 

decades to the decadal variations in the mean state of the Pacific associated 271 

with the PDO transitions from a warm to a cool phase since the late 1990s 272 

(Verdon and Franks 2006; Kao and Yu 2009; Cai et al. 2014; Xiang et al. 2013; 273 

Liu and Chen 2018). The large-scale environmental changes associated with this 274 

regime shift have been well documented (Wang et al. 2013; Hsu et al. 2014; He 275 

et al. 2015; Hong et al. 2014, 2016; Zhao and Wang 2016, 2018; Hu et al. 2016, 276 

2018). Note that ENSO positively correlates at 0.46 with TCSO from 1965-1999 277 

(significant at the 95% level), while the correlation becomes insignificant (0.16) 278 

since 1999. Such an inter-decadal shift in the TCSO/ENSO relationship is clearly 279 

displayed when examining the correlation maps during both time periods (Fig. 280 

5). Correlations are generally much weaker from 1999-2016 than they were 281 

from 1965-1998. 282 
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Further analysis suggests that an inter-decadal change of the inter-annual 283 

ENSO-TCSO relationship is largely due to the differing influence of moderate El 284 

Niño events (1966, 1969, 1987, 1988, 1995, 2003, 2005, 2007, and 2010) on the 285 

TCSO before 1999 and since 1999. When excluding all of the moderate El Niño 286 

years, the inter-annual correlation between ENSO and TCSO shows no 287 

significant inter-decadal change, with insignificant correlation coefficients of 288 

0.18 and -0.24 during 1965-1998 and 1999-2016, respectively. Additionally, 289 

TCSO following moderate El Niño events occurs after the average TCSO date 67% 290 

of the time from 1965-1998, but only 33% of the time during 1999-2016 (Table 291 

2). This difference of TCSO is significant at the 95% confidence level. In contrast, 292 

no significant differences can be found for neutral and La Niña years (Table 2). 293 

Moreover, such an inter-decadal change of the impacts of moderate El Niño 294 

events on TCSO is closely associated with significant inter-decadal changes of 295 

the large-scale circulation in response to shifts in the climate mean state (Fig. 6). 296 

Before 1999, an intensified easterly anomaly is observed throughout the 297 

tropical western WNP extending into the TIO, and enhanced westerly anomalies 298 

over the eastern WNP are observed for April-June (Fig. 6a), while no such 299 

anomalies are found since 1999 (Fig. 6b). The changes in the large-scale 300 

circulation can be more clearly seen when examining the differences between 301 

the two sub-periods (Fig. 6c). Similar inter-decadal changes are observed for 302 

January-March before and since 1999, although their differences are smaller 303 

than those during April-June (Figs. 6d, 6e and 6f). These are consistent with 304 
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TCSO tending to be late (early) before (since) 1999 following moderate El Niño 305 

events. Based upon these analyses, we speculate that the current climate regime 306 

shift exerts a distinct inter-decadal modulation of the ENSO-TCSO relationship. 307 

It is beyond the scope of this study to explore the associated underlying physical 308 

mechanism.  309 

The robust ENSO-TCSO relationship holds true for major El Niño events 310 

throughout the satellite era. As shown in Fig. 3a, following the four major El 311 

Niño events since 1965 (i.e., 1972/1973, 1982/1983, 1997/1998, and 312 

2015/2016), consistently extreme late TCSO (i.e., later than 90% of TCSO) 313 

occurs. In the following section, we focus on investigating how major El Niño 314 

events are linked with the extremely late TCSO over the WNP basin. Composite 315 

analyses are conducted based on the four major El Niño events in the satellite 316 

era (1972/1973, 1982/1983, 1997/1998, and 2015/2016). We denote the 317 

ENSO-developing year as year (0) and the following year as year (1). Since the 318 

extremely late TCSO following all four major El Niño events occurs during late 319 

June or early July, we focus on the comparisons for the following winter-early 320 

spring from January to March (JFM(1)) and spring-early summer from April to 321 

June (AMJ(1)). 322 

 323 

4. Physical causes of extremely late TCSO associated with major El Niño 324 

events 325 

(a) Changes in SSTA patterns 326 
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Figure 3b shows the composite evolution of Niño-3.4 and TIO SSTAs from 327 

year (0) to year (1). The TIO anomalously warms following the peak of major El 328 

Niño events, as also shown in previous studies (Du et al. 2009; Xie et al. 2009). 329 

Niño-3.4 SSTAs anomalously warm during boreal summer (0), peak in 330 

December (0) and then subsequently anomalously cool; while the TIO 331 

anomalous warming peaks in March (1), or about a one-season lag from Niño 332 

3.4. During JFM (1), moderate positive SSTAs over the CEP and basin-wide 333 

positive SSTAs over the TIO are observed. By AMJ (1), although the TIO SSTA 334 

decreases, the TIO SSTA remains above normal. Meanwhile, central-eastern 335 

Pacific SSTAs anomalously cool to just slightly above normal by AMJ (1).  336 

The persistent TIO warming accompanying the decay of major El Niño 337 

events is expected to have significant impacts on large-scale 338 

oceanic/atmospheric circulation patterns. Indeed, a sharp contrast in the SST 339 

gradient (SSTG) between the warming SSTAs over TIO and cooling SSTAs over 340 

the WNP can be readily observed over AMJ (1) when a major El Niño is decaying, 341 

with weak positive SSTAs over the far eastern Pacific (Figs. 7a and 7b). Such a 342 

sharp contrast of SSTA is even clearer in JFM (1) (Figs. 7c and 7d). The localized 343 

TIO warming forms a spatial pattern reminiscent of the Matsuno-Gill-type 344 

response pattern, with the warm atmospheric Kelvin wave-induced easterly 345 

anomalies expanding westward and penetrating into the western Pacific near 346 

the equator.  This then induces off-equator low-level divergence over the 347 

subtropical WNP from the following spring into the early summer (Fig. 7). This 348 
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then intensifies the prevailing trades over the WNP basin, causing an anomalous 349 

western Pacific anticyclone. Additionally, the observed robust anomalous 350 

western Pacific anticyclone from spring to early summer following major El 351 

Niño events may be due to local air-sea interaction as suggested by Wang et al. 352 

(2000). The impacts of major El Niño events consequently then impact the East 353 

Asian monsoon circulation.  354 

(b) Changes in large-scale conditions 355 

Robust cyclonic circulation anomalies are seen over the WNP from spring to 356 

early summer following major El Niño events (Fig. 7), which are driven by the 357 

Matsuno-Gill-type response to the specific SSTA pattern over the tropical 358 

Indo-Pacific region. Associated with the anomalous Walker Circulation are 359 

corresponding changes in large-scale conditions across the WNP from spring to 360 

early summer. Over AMJ (1), significant anomalous westerly vertical wind shear 361 

over the WNP basin is observed (Fig. 8a), largely due to changes in upper-level 362 

wind anomalies (Figs. 7b). Meanwhile, anomalous subsidence over the WNP 363 

basin associated with the anomalous Walker circulations (Fig. 9a) further 364 

reduces mid-level moisture (Fig. 10a) and thus suppresses convection over the 365 

WNP basin. The WNP subtropical high also has a significant westward extension 366 

(Fig. 11a). These changes in large-scale conditions are unfavorable for TC 367 

genesis over the WNP basin. All of these large-scale factors are more 368 

unfavorable for TC genesis over JFM (1) compared to that over AMJ (1) except 369 

for vertical wind shear (Figs. 7d, 8b, 9b, 10b and 11b). Over JFM (1), moderate 370 
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enhanced vertical wind shear can be found over the main development region 371 

for TCs (Fig. 8b). As suggested by previous studies (Matsuno 1966; Newell et al. 372 

1972; Gill 1980), the anomalous circulation in Figs. 7 and 8 are essentially 373 

maintained by the east-west differential heating generated by the SST 374 

anomalies (Fig. 7) through the east-west circulation (Fig. 9). In summary, 375 

observational analyses suggest that the persistence of basin-wide TIO warming 376 

induced by major El Niño events and east-west differential heating generated by 377 

the SSTA pattern force low-level anomalous easterlies in the western Pacific and 378 

in turn cause unfavorable large-scale conditions from spring to early summer 379 

leading to a delayed TCSO. These results are consistent with previous studies on 380 

the importance of the TIO for WNP climate (Du et al. 2009, 2011; Xie et al. 2009; 381 

Zhan et al. 2011; Tao et al. 2012).  382 

(c) Relative importance of environmental factors 383 

As discussed above, major El Niño events can lead to extremely late WNP 384 

TCSO through alterations of environmental factors. In order to explore the 385 

relative importance of large-scale factors affecting tropical cyclogenesis from 386 

the spring to early summer following major El Niño events, we now conduct a 387 

budget analysis of the GPI using a similar approach to Camargo et al. (2007; 388 

2009). 389 

A significant decrease of GPI can be seen over most of the WNP basin 390 

[5oN-20oN, 100oE-180oE] in both JFM (1) and AMJ (1), which is consistent with 391 

the extremely late WNP TCSO following these four major El Niño events 392 
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(Fig.12). This result increases our confidence in assessing the relative role of 393 

large-scale factors in contributing to the suppressed TCs for JFM (1) and AMJ (1). 394 

Their relative importance is demonstrated by comparing the magnitude of the 395 

GPI and the GPI with varying factors over the WNP basin. As shown in Fig. 12, 396 

the decreased GPI-Total over JFM (1) and AMJ (1) is a combined effect of all four 397 

of the variables included in the GPI. During AMJ (1), the change of vertical wind 398 

shear and mid-level relative humidity appear to be the two most important 399 

factors, followed by the low-level vorticity and PI terms (Fig. 12a).  During JFM 400 

(1), however, the mid-level moisture remains an important factor with 401 

secondary contributions from the low-level vorticity and PI terms.  Vertical 402 

wind shear appears to be relatively less important in JFM (Fig. 12b).  Results 403 

based upon analyses of the GPI agree well with the changes in large-scale 404 

factors, further confirming that major El Niño events tend to drive extremely 405 

late TCSO over the WNP by causing unfavorable large-scale conditions across 406 

the WNP basin. 407 

 408 

5. Summary and discussion  409 

Current seasonal outlooks of TC activity primarily focus on TC frequency 410 

and intensity (Camargo et al. 2007; Klotzbach 2007; Zhan et al. 2012), while 411 

significantly less attention has been paid to TCSO, although recently, TCSO has 412 

been investigated for the North Atlantic basin (Karloski and Evans 2016).  413 

TCSO is an important parameter for TC seasonal prediction and risk prevention.  414 
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In particular, we focus on the relationship between SSTAs associated with 415 

ENSO and TCSO, as well as the changes that the relationship experienced due to 416 

the climate shift that occurred in the late 1990s. Recently, Kim et al. (2017) 417 

suggested a close relationship between TCSO and SSTs over both the TIO and 418 

CEP when investigating the period from 1951-2015. Our results show different 419 

results when comparing the periods 1951-2016 and 1965-2016 indicating that 420 

the ENSO-TCSO relationship depends on the period selected for analysis (see 421 

Table 1 and Fig. 2). Given the caveats that other studies have reported on the 422 

usage of pre-satellite TC data in the WNP basin, we consider that it is best to use 423 

the period 1965-2016 to avoid potential erroneous results due to data 424 

inhomogeneities prior to continuous satellite monitoring capabilities. Our 425 

results suggest that the relationship between ENSO and TCSO during the 426 

satellite era experiences an inter-decadal change in the late 1990s, at a time 427 

when other studies have also indicated a climate regime shift. Interestingly, the 428 

robust relationship between ENSO and TCSO, also suggested by Kim et al. 429 

(2017), holds true only for major El Niño events (i.e., 1972/1973, 1982/1983, 430 

1997/1998, and 2015/2016). Our results suggest that changes in the SSTA 431 

pattern over the tropical Indo-Pacific sector associated with major El Niño 432 

events play an important role in controlling the extremely late TCSO over the 433 

WNP basin.  434 

The persistence of major El Niño-induced TIO warming forces anomalous 435 

easterlies across the western Pacific, which then causes off-equator anticyclonic 436 
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circulation anomalies over the WNP basin. This result is consistent with 437 

previous studies on the importance of sustained TIO warming on Pacific climate 438 

(Xie et al. 2009; Du et al. 2011). The accompanying anomalous upper-level 439 

cyclone is clearly observed, which leads to anomalous westerly vertical wind 440 

shear over the WNP basin that strengthens the magnitude of vertical wind shear 441 

from the preceding winter to the following early summer. Additionally, these 442 

SSTAs cause an anomalous Walker-like circulation with anomalous subsidence 443 

and reduced mid-level moisture, resulting in suppressed convection across the 444 

WNP basin. Due to the impact of sustained basin-wide TIO warming following 445 

the decay of a major El Niño event, these changes in large-scale conditions over 446 

the WNP from JFM(1) to AMJ(1) are generally unfavorable for WNP TC activity.  447 

Additionally, our results indicate that the changing influence of moderate El 448 

Niño events on TCSO before and since the late 1990s largely contribute to the 449 

inter-decadal change of the ENSO-TCSO relationship. In this sense, such an 450 

inter-decadal change of the ENSO-TCSO relationship may be associated with 451 

changes in the mean climate state. It is worth noting that only observational 452 

analyses are conducted in this study, and numerical simulations are needed to 453 

test hypotheses about plausible mechanisms leading to the extremely late TCSO 454 

following major El Niño events as well as the role of changes in the mean 455 

climate state. Moreover, another extremely late TCSO over the WNP basin was 456 

observed in 1974/1975 (Fig. 3a), which was not a major El Niño event but was 457 

rather a La Niña event. This suggests that other factors may be associated with 458 
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extremely late TCSO. The detailed underlying mechanisms of extremely late 459 

TCSO over the WNP basin need further research.  460 

As a final note, this study documents a strong relationship between major 461 

El Niño events and extremely late TCSO over the WNP basin. Therefore, we can 462 

expect an extremely late TCSO over the WNP basin in the year following major 463 

El Niño events. Studies have suggested that the occurrence of major El Niño 464 

events may show a large increase in the future in response to global warming 465 

(Cai et al. 2014). Considering a projected large increase in major El Niño events, 466 

we would then expect more frequent extremely late WNP TCSO, which may have 467 

important implications for projections of 21st century TC activity over the WNP.    468 
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 667 

 668 

 669 

Figure Caption 670 

Figure 1. Box-and-whisker plot for WNP TC formation dates for 1951-2016. 671 
The boxes cover from the 25th to the 75th percentiles (lower to upper 672 
quartiles, respectively) and the whiskers extend to the 5th and 95th 673 
percentiles of the annual TC formation dates. 674 

 675 
Figure 2. Correlation pattern between TC season onset date over the WNP 676 

basin and  December-February-averaged (DJF) SSTs for 1951-2016 677 
and 1965-2016, respectively. The “stippling” indicates that the value is 678 
significant at the 95% confidence level. 679 

 680 
Figure 3. (a) Inter-annual correlation between standardized onset date of 681 

the WNP TC season and the December-February (DJF) Niño-3.4 index. 682 
Correlations during 1965-2016, 1965-1998 and 1999-2016, 683 
respectively, are 0.37 (significant at the 95% confidence level), 0.46 684 
(significant at the 95% confidence level) and 0.16 (not significant at 685 
the 95% confidence level). (b) Evolution of SST anomalies over the 686 
Niño-3.4 region and tropical Indian Ocean composited on four strong 687 
El Niño events (i.e., 1972/1973, 1982/1983, 1997/1998, and 688 
2015/2016). 689 

 690 
Figure 4. 13-yr sliding correlations between TC season onset date over the 691 

WNP basin and the DJF Niño-3.4 index during the period of 1965-2016. 692 
 693 
Figure 5. Correlation pattern between TC season onset date over the WNP 694 

basin and December-February-averaged (DJF) SSTs for 1965-1998 (a) 695 
and 1999-2016 (b). The “stippling” indicates that the value is 696 
significant at the 95% confidence level. 697 

 698 
Figure 6. Composite 850hPa winds (vectors) and sea surface temperature 699 

anomalies (SSTA) (shading) over April-June in moderate El Niño events 700 
prior to the climate shift (i.e., 1966, 1969, 1987, 1988, and 1995) (a) 701 
moderate El Niño events since the climate shift (2003, 2005, 2007, and 702 
2010) and their differences (i.e., b minus a). (d and e) are the same as 703 
(a and b) except for from January-March, and (f) their differences (i.e., e 704 
minus d). The vectors in black are significant at the 95% confidence 705 



29 
 

level. 706 
 707 
Figure 7. Composited anomalies over April-June in four strong El Niño 708 

events (i.e., 1972/1973, 1982/1983, 1997/1998, and 2015/2016) for 709 
(a) 850hPa winds (vectors) and sea surface temperature anomalies 710 
(SSTA) (shading), and (b) 200hPa winds (vectors) and SSTA (shading). 711 
(c) and (d) are the same as (a) and (b) except for from January-March. 712 
The vectors in black are significant at the 95% confidence level. 713 

 714 
Figure 8. Composited anomalies over April-June (a) and January-March (b) 715 

in four strong El Niño events (i.e., 1972/1973, 1982/1983, 1997/1998, 716 
and 2015/2016) for (a) vertical wind shear (200hPa-850hPa) and its 717 
magnitude. The shading indicates the values are significant at the 95% 718 
confidence level. 719 

 720 
Figure 9. Composite of relative humidity anomalies (%, shading) and 721 

vertical velocity anomalies (contour; unit: Pa s-1) averaged from the 722 
equator to 10oN over April-June (a) and January-March (b) in four 723 
strong El Niño events (i.e., 1972/1973, 1982/1983, 1997/1998, and 724 
2015/2016). 725 

 726 
Figure 10. Composites of 600hPa relative humidity anomalies (%, shading) 727 

averaged for April-June (a) and January-March (b) in four strong El 728 
Niño events (i.e., 1972/1973, 1982/1983, 1997/1998, and 729 
2015/2016). The sign ”+” indicates the value is significant at the 95% 730 
confidence level. 731 

 732 
Figure 11. Composites of 500hPa geopotential height anomalies (contour) 733 

and the 5870 meter geopotential height line (red) averaged for 734 
April-June (a) and January-March (b) in four strong El Niño events (i.e., 735 
1972/1973, 1982/1983, 1997/1998, and 2015/2016). The 5870 736 
meter geopotential height line is in green for the composite of four 737 
strong El Niño events and in white for the climatological value from 738 
1970-2016. The sign ”+” indicates that the value is significant at the 95% 739 
confidence level. 740 

 741 
Figure 12. Composites of GPI-Total and GPI anomalies with the four 742 

individually varying factors over the WNP basin averaged for (a) 743 
April-June and (b) January-March in four strong El Niño events (i.e., 744 
1972/1973, 1982/1983, 1997/1998, and 2015/2016). 745 

746 
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Table 1. Statistics for the onset date, end date, and length of the TC season over 747 
the WNP basin for two periods: P1:1951-2016 and P2:1965-2016. The ordinal 748 
date is the count of days from 1 February (0) to 31 January (+1). Asterisks (**) 749 
denote that the correlation coefficient is significant at the 95% confidence level. 750 
The sign “++” indicates a significant trend at the 95% confidence level. The TC 751 
season onset date and end are the 5th and 95th percentiles of TC formation dates 752 
in the TC year, and the season length is the period between the season onset 753 
date and the season end date.  754 

 755 

 756 

Table 2. Statistics for the counts of early or late onset of the TC season over the 757 
WNP basin for the two periods before and since the climate regime shift: 758 
1965-1998 and 1999-2016, as a function of different ENSO magnitudes and 759 
their respective percentages. Here the early or late TC season onset depends on 760 
the anomalies of the TC season onset date before and since 1998. The 761 
significance of their percentages for different ENSO flavors is evaluated using a 762 
95% bootstrap confidence level.  763 
 764 

ENSO flavors 1965-1998 1999-2016 Significance (95%) 

Late  

onset 

Early 

onset 

Late 

onset 

Early 

onset 

Late  

onset 

Early 

onset 

Strong El Niño 

[Niño 3.4 >=1.5σ ] 

3 /3 

(100%) 

0/3 

 (0%) 

1/1 

(100%) 

0/1 

(0%) 

  

Moderate El Niño 

[0.6σ<Niño-3.4 <1.5σ] 

4/6 

(67%) 

2/6 

(33%) 

1/4 

(25%) 

3/4 

(75%) 

  

Neutral ENSO 

[-0.6σ < Niño -3.4<0.6σ] 

7/16 

(44%) 

9/16 

(56%) 

3/6 

(50%) 

3/6 

(50%) 

  

La Niña 

[Niño3.4 <=-0.6σ] 

5/9 

(56%) 

4/9 

(44%) 

4/7 

（57%） 

3/7 

（43%） 

  

 765 

 766 

 767 

 Average  
(P1/P2) 

Standard 
deviation 

(days) 
(P1/P2) 

Correlation coefficient during 
P1/P2 

Trend 
 (days/yr) 

(P1/P2) Ordinal 
date 

Calendar 
date 

Season 
end 

Season 
length 

Annual TC 
counts 

Season 
onset 

108 
/110 

18 May 
/20May 

34.5 
/33.9 

0.23 
/0.33 

-0.85** 
/-0.84** 

0.01 
/-0.15 

0.23 
/-0.04 

Season  
end 

300 
/299 

28Nov 
/27Nov 

19.1 
/19.1 

 0.27 
/0.24 

-0.07 
/-0.01 

-0.25 
/-0.15 

Season 
length 

193 days 
/189 days 

35.2 
/32.9 

  0.05 
/0.15 

-0.48++/ 
-0.11/ 
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 772 

 773 

 774 

 775 

Figure 1. Box-and-whisker plot for WNP TC formation dates for 1951-2016. 776 
The boxes cover from the 25th to the 75th percentiles (lower to upper quartiles, 777 
respectively) and the whiskers extend to the 5th and 95th percentiles for the 778 
annual TC formation dates.  779 
 780 
 781 
 782 
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 784 
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 786 
 787 
 788 
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 790 
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 792 
 793 

 794 
Figure 2. Correlation pattern between TC season onset date over the WNP 795 
basin and December-February-averaged (DJF) SSTs for 1951-2016 and 796 
1965-2016, respectively. The “stippling” indicates that the value is significant at 797 
the 95% confidence level. 798 
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 799 
Figure 3. (a) Inter-annual correlation between the standardized onset date of 800 
the WNP TC season and the December-February (DJF) Niño-3.4 index. 801 
Correlations during 1965-2016, 1965-1998 and 1999-2016, respectively, are 802 
0.37 (significant at the 95% confidence level), 0.46 (significant at the 95% 803 
confidence level) and 0.16 (not significant at the 95% confidence level). (b) 804 
Evolution of SST anomalies over the Niño-3.4 region and tropical Indian Ocean 805 
composited on four strong El Niño events (i.e., 1972/1973, 1982/1983, 806 
1997/1998, and 2015/2016). 807 
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 820 

Figure 4. 13-yr sliding correlations between TC season onset date (TCSO) over 821 
the WNP basin and the December-February (DJF) Niño-3.4 index during the 822 
period of 1965-2016. 823 
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 836 

Figure 5. Correlation pattern between TC season onset date over the WNP 837 
basin and December-February-averaged (DJF) SSTs for 1965-1998 (a) and 838 
1999-2016 (b). The “stippling” indicates that the value is significant at the 95% 839 
confidence level. 840 
 841 
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 864 

 865 
Figure 6. Composite 850-hPa winds (vectors; unit: m/s) and sea surface 866 
temperature anomalies (SSTA) (shading; unit: oC) over April-June in moderate 867 
El Niño events prior to the climate shift (i.e., 1966, 1969, 1987, 1988, and 1995) 868 
(a) moderate El Niño events since the climate shift (2003, 2005, 2007, and 2010) 869 
and their differences (i.e., b minus a). (d and e) are the same as (a and b) except 870 
for from January-March, and (f) their differences (i.e., e minus d). The vectors in 871 
black are significant at the 95% confidence level.872 
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 873 

Figure 7. Composited anomalies over April-June in four strong El Niño events (i.e., 1972/1973, 1982/1983, 1997/1998, and 874 
2015/2016) for (a) 850-hPa winds (vectors; unit: m/s) and sea surface temperature anomalies (SSTA) (shading; unit: oC), and (b) 875 
200-hPa winds (vectors; unit: m/s) and SSTA (shading; unit: oC). (c) and (d) are the same as (a) and (b) except for from January-March. 876 
The vectors in black are significant at the 95% confidence level.877 
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 878 

Figure 8. Composited anomalies over April-June (a) and January-March (b) in 879 
four strong El Niño events (i.e., 1972/1973, 1982/1983, 1997/1998, and 880 
2015/2016) for (a) vertical wind shear (200-hPa-850-hPa) and its magnitude 881 
(unit: m s-1). The shading indicates that the values are significant at the 95% 882 
confidence level. 883 
 884 
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 885 

Figure 9. Composite of relative humidity anomalies (%, shading) and vertical 886 
velocity anomalies (contour; unit: Pa s-1) averaged from the equator to 10oN over 887 
April-June (a) and January-March (b) in four strong El Niño events (i.e., 888 
1972/1973, 1982/1983, 1997/1998, and 2015/2016). The contours in blue and 889 
in bold-black, respectively, indicate that the relative humidity anomalies and 890 
vertical velocity anomalies are significant at the 95% confidence level.  891 
 892 
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  893 
Figure 10. Composites of 600-hPa relative humidity anomalies (%, shading) 894 
averaged for April-June (a) and January-March (b) in four strong El Niño events 895 
(i.e., 1972/1973, 1982/1983, 1997/1998, and 2015/2016). The sign ”+” 896 
indicates the value is significant at the 95% confidence level. 897 

 898 
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    899 

Figure 11. Composites of 500-hPa geopotential height anomalies (contour; unit: 900 
gpm) and the 5870 meter geopotential height line (red) averaged for April-June 901 
(a) and January-March (b) in four strong El Niño events (i.e., 1972/1973, 902 
1982/1983, 1997/1998, and 2015/2016). The 5870 meter geopotential height 903 
line is in green for the composite of four strong El Niño events and in white for 904 
the climatological value from 1970-2016. The sign ”+” indicates that the value is 905 
significant at the 95% confidence level. 906 
 907 
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 908 

Figure 12. Composites of GPI-Total and GPI anomalies with the four individually 909 
varying factors over the WNP basin averaged for (a) April-June and (b) 910 
January-March in four strong El Niño events (i.e., 1972/1973, 1982/1983, 911 
1997/1998, and 2015/2016).  912 
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