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Abstract 24 

 The present study compares contributions of different environmental factors to 25 

the tropical cyclone (TC) genesis over the western North Pacific (WNP) during 2015 26 

and 2016. A local instantaneous view of conditions for the TC genesis is adopted in 27 

the present study, which is distinct from previous view of large-scale temporal 28 

averaged conditions. The present study also distinguishes the contributions of three 29 

time scale (synoptic, intraseasonal, and interannual) variations of various factors. 30 

Common to 2015 and 2016, the positive contribution of lower-level vorticity and 31 

upward motion to the TC genesis is mainly from the intraseasonal and synoptic 32 

components; the contribution of the barotropic energy conversion to the development 33 

of synoptic disturbances is larger from climatological mean winds and intraseasonal 34 

wind variations than from interannual wind variations; all three time scale variations 35 

of mid-level specific humidity contribute positively to the TC genesis; the barotropic 36 

energy conversion from climatological mean winds is due to the terms in relation to 37 

the meridional shear and zonal convergence of zonal wind. In comparison, the 38 

positive contribution of lower-level vorticity and mid-level specific humidity is larger 39 

in 2015 than in 2016 on all the three time scales; the contribution of the barotropic 40 

energy conversion in relation to the meridional shear of interannual variations of 41 

zonal wind and the zonal convergence of intraseasonal variations of zonal wind are 42 

larger in 2015 than in 2016; the vertical wind shear on all the three time scales and the 43 

sea surface temperature on the interannual time scale have a larger positive 44 

contribution to the TC genesis in 2016 than in 2015. 45 
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1. Introduction 48 

 The tropical cyclone (TC) genesis over the western North Pacific (WNP) displays 49 

different time scale variations (Li 2012). On interannual time scales, the El Niño–50 

Southern Oscillation (ENSO) is found to modulate the location of the TC genesis over 51 

the WNP (e.g., Chen et al. 1998; Wang and Chan 2002; Camargo et al. 2007; Wu et al. 52 

2012; Cao et al. 2014a, 2014b). Although the correlation between the number of TCs 53 

generated over the WNP and the Niño3.4 sea surface temperature (SST) index during 54 

the TC seasons is not statistically significant (Wang and Chan 2002; Li 2012), the 55 

frequency of the TC genesis is above normal in the southeast quadrant and below 56 

normal in the northwest quadrant of the WNP during El Niño summers, and the 57 

features are opposite during La Niño summers (Wang and Chan 2002). The eastward 58 

extension of the TC genesis location during El Niño summers coincides well with 59 

anomalous low-level cyclonic vorticity, enhanced convection, reduced vertical zonal 60 

shear, increased mid-level relative humidity and warmer SST in the southeast 61 

quadrant of the WNP (Wu et al. 2012). The TC genesis frequency tends to increase 62 

during El Niño developing summers and decrease during El Niño decaying summers 63 

(Li 2012; Ha and Zhong 2013). This increase and decrease may be attributed to an 64 

anomalous cyclone over the WNP associated with warming in the tropical central and 65 

eastern Pacific Ocean and an anomalous anticyclone over the WNP associated with 66 

cooling in the tropical WNP and warming in the tropical Indian Ocean, respectively 67 

(Du et al. 2011; Li 2012; Xie et al. 2016).  68 

On intraseasonal time scales, the Madden–Julian oscillation (MJO; Madden and 69 

Julian 1994) modulates largely the TC genesis and development over the WNP (e.g., 70 

Liebmann et al. 1994; Maloney and Hartmann 2001; Camargo et al. 2009; Cao et al. 71 

2012; Yoshida et al 2014; Zhao et al. 2015). The MJO’s modulation is through the 72 
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change of background dynamic and thermodynamic factors (Maloney and Hartmann 73 

2001; Camargo et al. 2009) and through barotropic energy conversion by which 74 

synoptic-scale disturbances obtain energy from the background flows (Hsu et al., 75 

2011). 76 

 The observation shows that 2015/2016 is one of the two strongest El Niño events 77 

with SST anomalies over 2C in the equatorial eastern Pacific (another strongest El 78 

Niño event is 1997/1998). Thus, 2015 and 2016 are the developing and decaying 79 

years of the strong El Niño case, respectively. According to previous statistical 80 

analysis, the TC genesis over the WNP should be more during the TC season in 2015 81 

and less in 2016. However, the actual TC genesis frequencies in 2015 and 2016 are 82 

opposite to previous results. The TC genesis numbers are 18 and 25 during summer 83 

and autumn of 2015 and 2016, respectively. On average, almost 21 TCs form from 84 

June to November over the WNP (east of 120E and west of the dateline). This 85 

suggests that the large-scale seasonal circulation response to SST anomalies cannot 86 

explain the difference of TC genesis frequency between 2015 and 2016. It is 87 

interesting to note that no TC formed from January to June and all TCs occurred after 88 

July in 2016. 89 

Previous studies mostly focused on seasonal mean fields when analyzing the 90 

year-to-year changes in the TC genesis. Nevertheless, the TC genesis is a local 91 

short-time phenomenon. It is possible that local condition at a specific time is satisfied 92 

when TC forms, but the temporal averaged background field is unfavorable for TC. 93 

Therefore, a more suitable way to understand the TC genesis would be to examine the 94 

state at an instant and locality to find out the contributions of different environmental 95 

factors to the TC genesis. As the instant value of an environmental factor at a specific 96 

location consists of variations on different time scales, it is worthwhile to distinguish 97 
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the different time scale variations to reveal their relative contributions to the TC 98 

genesis. 99 

In this study, the analysis is conducted on local and instantaneous conditions of 100 

the TC genesis over the WNP on different time scales. The main purpose is to 101 

examine the relative contributions of different time scale variations of various 102 

environmental factors to the TC genesis between 2015 and 2016. In the remainder of 103 

this paper, section 2 describes the data and methods. Section 3 presents the spatial 104 

distribution and contribution of different time scale variations of environmental 105 

factors to the TC genesis over the WNP during boreal summer and autumn in 2015 106 

and 2016. Summary of results and discussion are given in section 4. 107 

 108 

2. Data and methods 109 

 The time and position of the TC genesis over the WNP in 2015 and 2016 are 110 

obtained from the Joint Typhoon Warning Center (JTWC). The TC data include 111 

6-hourly longitude and latitude of the TC center, the maximum sustained wind speed 112 

and the minimum sea level pressure. The time when the maximum sustained wind 113 

speed of a TC reaches 25 kts (~12.9 m s
−1

) is defined as the TC genesis time over the 114 

WNP. The analysis is focused on the region extending from 120°E to the dateline and 115 

from equator to 25°N and on the time from June to November (JJASON for brevity). 116 

Note that there were four TCs forming to north of 25°N in 2016, which are eliminated 117 

in the following analysis. This is because that those TC formations are affected by 118 

obviously different large-scale circulations as shown in Figs. 3 and 4 below. 119 

 The global atmospheric daily grid fields are obtained from the National Centers 120 



 

7 
 

for Environmental Prediction–Department of Energy (NCEP–DOE) Atmospheric 121 

Model Intercomparison Project II (AMIP-II) reanalysis data starting from 1979 with a 122 

horizontal resolution of 2.5° (Kanamitsu et al. 2002). The daily mean SST with a 0.25° 123 

horizontal resolution is from the National Oceanic and Atmospheric Administration 124 

Optimum Interpolation (NOAA-OI) data starting from November 1981 (Reynolds et 125 

al. 2007). The original SST data are converted to 1° horizontal resolution. The 126 

climatological daily means are calculated by averaging the values at the same day 127 

during the period 1987–2016. The daily anomalies are obtained by removing the 128 

corresponding climatological daily means. 129 

 Previous studies have shown distinct peaks of spectrum in atmospheric and 130 

oceanic variables on intraseasonal and synoptic bands (Hsu et al. 2011). Thus, we 131 

separate the original daily anomalies into interannual (>90 days), intraseasonal (10–132 

90-day), and synoptic (3–8-day) components in 2015 and 2016. Following Cao et al. 133 

(2017), the interannual variation (> 90 days) is obtained using a 91-day running mean. 134 

In like manner, the 10–90-day variation is obtained using a 9-day running mean minus 135 

a 91-day running mean, and the 3–8-day variation is obtained using a 2-day running 136 

mean minus a 9-day running mean. 137 

 Previous studies have shown that the dynamic effect of circulations associated 138 

with intraseasonal and interannual variations on the TC genesis is through barotropic 139 

energy conversion (Maloney and Hartmann 2001; Wu et al. 2012; Feng et al. 2014). 140 

The equation of the barotropic energy conversion is given by 141 
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barotropic energy conversion, ),( vu are the basic flows, and )','( vu  are the eddy 144 

winds on 3–8-day time scales. The four terms in the right-hand-side of the above 145 

equation indicate the barotropic energy conversion associated with the meridional 146 

shear of zonal wind, the zonal convergence of meridional flow, the zonal convergence 147 

of zonal wind, and the meridional shear of meridional flow, respectively. To 148 

investigate the contribution of different time scale variations of the basic flows, 149 

),( vu are separated into long-term daily mean (climatological) winds, interannual 150 

(>90 days) and intraseasonal (10–90-day) wind anomalies. Correspondingly, each of 151 

the four terms in the right-hand-side of the above equation includes three parts that are 152 

associated with climatological mean winds, interannual and intraseasonal wind 153 

variations, respectively. 154 

 155 

3. Contribution of different time scale variations to TC genesis 156 

 In this section, we compare the contributions of different time scale variations of 157 

environmental factors to the TC genesis over the WNP in 2015 and 2016. The 158 

comparison is based on a composite of anomalies centered on the location of TC 159 

genesis separately in the two years. Before that, we present the seasonal mean fields 160 

that correspond to the interannual variations to provide the large-scale background for 161 

the TC genesis. After that, we analyze in detail the contributions of different terms to 162 

the barotropic energy conversion for the development of synoptic disturbances. 163 

 164 

a) Seasonal mean anomalies 165 

Gray (1968) identified some basic large-scale factors for TC genesis. Those 166 
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factors include SST, conditional instability, relative humidity in the middle level, 167 

cyclonic absolute vorticity in the low level, anticyclonic relative vorticity in the high 168 

level, and vertical wind shear between high and low levels. To provide background 169 

information of TC genesis, we show in Figs. 1a-b and Figs. 2a-b, respectively, total 170 

anomalies of 850-hPa wind and SST during JJA and SON in 2015 and 2016 from 171 

climatological mean during 1987–2016. The climatological mean 850-hPa wind and 172 

SST during JJA and SON are shown in Fig. 1c and Fig. 2c, respectively. 173 

In 2015, large warm SST anomalies were present in the equatorial central and 174 

eastern Pacific during both JJA and SON (Fig. 1a and Fig. 2a). Remarkable 175 

lower-level westerly wind anomalies were observed over the equatorial western and 176 

central Pacific and cyclonic wind anomalies dominated the WNP during both JJA and 177 

SON (Fig. 1a and Fig. 2a), featuring a Matsuno–Gill type response to the equatorial 178 

central–eastern Pacific warm SST anomalies (Matsuno, 1966; Gill, 1980). Compared 179 

to climatological mean winds (Fig. 1c, Fig. 2c), these westerly wind anomalies 180 

indicate an eastward move of the monsoon trough. The SST anomalies were small in 181 

the WNP in 2015. In 2016, moderate cold SST anomalies occupied the equatorial 182 

central Pacific during JJA and SON (Fig. 1b and Fig. 2b). Correspondingly, weak and 183 

obvious lower-level easterly wind anomalies were observed over the equatorial 184 

western Pacific during JJA and SON, respectively (Fig. 1b and Fig. 2b). Warm SST 185 

anomalies covered the WNP (Fig. 1b and Fig. 2b). Over the subtropical WNP, the 186 

wind anomalies showed a notable change from westerly in JJA (Fig. 1b) to easterly in 187 

SON (Fig. 2b). Nearly all the TC geneses in 2016 occurred in warm SST anomaly 188 
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region. The location of TC genesis extends eastward in 2015 compared to that in 2016. 189 

The averaged longitude of TC geneses is 150.3°E in 2015 and 142.6°E in 2016. The 190 

difference in the longitude of the TC genesis location between the two years is 191 

significantly at the 90% confidence level based on the Student’s t test. This feature is 192 

consistent with the previous studies that identified an obvious eastward shift in the 193 

location of TC genesis during the El Niño developing years (Wang and Chan 2002; 194 

Camargo et al. 2007; Wu et al. 2012). 195 

 For further comparison, we show in Fig. 3 and Fig. 4 interannual anomalies of 196 

850-hPa wind, 700-hPa specific humidity, vertical shear of zonal wind between 200 197 

hPa and 850 hPa, and 500-hPa vertical velocity averaged during JJA and SON, 198 

respectively, in 2015 and 2016. In 2015, there were positive humidity anomalies over 199 

the eastern part of the WNP in association with anomalous cyclonic winds during both 200 

JJA and SON (Fig. 3a and Fig. 4a). Most of TC geneses were associated with positive 201 

vorticity and humidity anomalies. In 2016, most TCs formed in the region of weak 202 

humidity anomalies except for the three TCs north of 25°N during JJA that were near 203 

the subtropical ridge with large positive humidity anomalies (Fig. 3b and Fig. 4b). 204 

Most TCs formed in the region of westerly wind anomalies during JJA (Fig. 3b) and 205 

in the region of easterly wind anomalies during SON (Fig. 4b). Note, however, most 206 

of the TC genesis occurred in the region of lower-level cyclonic vorticity and small 207 

total vertical shear in both JJA and SON (Figs. 3b, 4b, 3d, 4d). Compared to the 208 

climatological monsoon trough location (Fig. 1c, Fig. 2c), defined by the zero line of 209 

zonal wind (dashed line), the convergence line between westerly and easterly winds in 210 
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2015 (solid line) obviously extended eastward, almost close to the dateline near the 211 

equator during JJA and SON (Fig. 3a and Fig. 4a). In comparison, the monsoon 212 

trough line stayed in the west in 2016 during JJA and SON (Fig. 3b and Fig. 4b). In 213 

both 2015 and 2016, some TCs formed in regions of large total vertical shear or large 214 

shear anomalies during JJA and SON (Figs. 3c-d and Figs. 4c-d). In particular, the TC 215 

north of 25°N in 2016 during SON was under westerly vertical shear of 20 m s
-1

 or 216 

more (Fig. 4d). In 2015, almost half of the TCs formed in the region of anomalous 217 

descent motion during JJA and SON on interannual time scale variations (Fig. 3e and 218 

Fig. 4e). In 2016, most of TCs formed in the region of anomalous ascent motion 219 

during JJA and SON (Fig. 3f and Fig. 4f). 220 

 From above analysis, it is clear that not all the environmental factors are 221 

favorable for the TC genesis based on seasonal mean or interannual anomalies, such 222 

as SST, vertical motion, and vertical shear in 2015 and lower-level wind and 223 

mid-level specific humidity in 2016. Thus, the seasonal averaged conditions cannot 224 

account for all the TC geneses over the WNP in these two years. This indicates the 225 

necessity of examining local instantaneous conditions for the TC genesis. 226 

 227 

b) Composite anomalies of different time scale components 228 

 In order to investigate the relative contributions of the environmental factors to 229 

the TC genesis, we construct composite anomalies of the six factors. The composite is 230 

obtained by averaging the anomalies with the location of the TC genesis as the center 231 

within the 2.5º grids. The composite is made for components of different time scales 232 
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separately to understand the relative importance of different time scale variations. As 233 

noted above, the four TCs north of 25°N in 2016 display features different from other 234 

TCs. Thus, they are excluded in the construction of composite anomalies in 2016. The 235 

composite is based on 18 TCs in 2015 and 21 TCs in 2016. The composite anomalies 236 

are shown in Fig. 5 for 850-hPa wind and relative vorticity, in Fig. 6 for 500-hPa 237 

vertical p-velocity, in Fig 7 for vertical shear of zonal wind, in Fig. 8 for 700-hPa 238 

specific humidity, in Fig. 9 for SST, and in Fig. 10 for the barotropic energy 239 

conversion at 850 hPa. In the following, we compare the composite anomalies on 240 

different time scales during JJASON between 2015 and 2016. Note that in the 241 

following composite analysis, we do not separate JJA and SON for the purpose of 242 

obtaining more TC genesis cases in the composite. 243 

 Notable differences are observed in interannual component of 850-hPa wind and 244 

relative vorticity anomalies. In 2015, there are obvious westerly wind and positive 245 

relative vorticity anomalies southeast of the TC genesis location (Fig. 5a). In contrast, 246 

the wind and relative vorticity anomalies are very weak in 2016 (Fig. 5b). This 247 

difference is attributed to the impacts of SST anomalies in the equatorial central–248 

eastern Pacific (Fig. 1 and Fig. 2). The weak interannual wind anomalies in 2016 are 249 

partly the result of cancellation of opposite wind anomalies during JJA and SON (Figs. 250 

3b, 4b). The intraseasonal wind anomalies display a cyclone with the center located to 251 

northwest of the TC genesis location in both 2015 and 2016 (Figs. 5c and 5d). In 252 

comparison, the intraseasonal wind and vorticity anomalies appear weaker in 2016 253 

than in 2015. The synoptic wind anomalies feature alternating cyclone and 254 
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anticyclone along a northwest–southeast direction with the largest positive vorticity 255 

near the TC genesis location in both years (Figs. 5e and 5f). This indicates that the 256 

pre-existing synoptic-scale disturbances provide initial cyclonic vorticity favorable for 257 

the TC genesis (Zehr 1992). A difference to note is that the tilt of the cyclonic 258 

circulation is larger in 2016 than in 2015 (Figs. 5e and 5f). This difference is likely 259 

related to the longitudinal location of the monsoon trough. The location of the 260 

monsoon trough shifted eastward in 2015 than in 2016 (Figs. 3a–b and Figs. 4a-b). 261 

Wu et al. (2015) showed that the tropical waves triggering the TC formation develop 262 

a tilted structure when they move westward. The tropical waves such as easterly 263 

waves or tropical depression-type waves would need to travel a longer distance to 264 

reach the monsoon trough to develop into TCs in 2016 compared to that in 2015. 265 

 The vertical velocity anomalies have no obvious discrepancy around the TC 266 

genesis location on the three time scales between 2015 and 2016 (Fig. 6). Anomalous 267 

upward motion is observed on interannual, intraseasonal, and synoptic time scales in 268 

both 2015 and 2016. This indicates a positive contribution to TC genesis of the 269 

ascending motion on all the three time scales. In comparison, the largest vertical 270 

velocity anomalies are related to the synoptic variation (Figs. 6e and 6f). This 271 

indicates that the synoptic-scale upward motion has the largest positive contribution 272 

to the initial ascending motion of the TC genesis.  273 

 In general, TCs mostly occur in a weak vertical wind shear condition because 274 

strong vertical wind shear disrupts the development of organized deep convection and 275 

the building up of an upper-level warm core (Gray 1979; DeMaria 1996; Cheung 276 
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2004). In both 2015 and 2016, the TC genesis location is near the zero line of total 277 

vertical shear (Fig. 7). Therefore, total vertical wind shear is weak over the TC 278 

genesis location, particularly in 2016. The vertical wind shear anomalies, however, 279 

display notable differences between 2015 and 2016. In 2015, the composite vertical 280 

wind shear anomalies are negative near the TC genesis location on all the three time 281 

scales with the magnitude of easterly shear anomalies exceeding 2 m s
-1

 (Figs. 7a, 7c 282 

and 7e). In 2016, the composite vertical wind shear anomalies are small, between -1 283 

m s
-1

 and 1 m s
-1

, on the three time scales (Figs. 7b, 7d and 7f). The large negative 284 

shear anomalies on the interannual time scale in 2015 may be due to the wind 285 

response over the WNP (Fig. 5a) to positive SST anomalies in the equatorial central–286 

eastern Pacific (Figs. 1a and 2a). 287 

 A high value of humidity in the middle level is favorable for TC genesis 288 

(Emanuel 1993). If the middle level is too dry, the cooling induced by evaporation 289 

enhances downdrafts, thus inhibiting sustainable convective development. Meantime, 290 

a dry middle level also inhibits the development of convection due to entrainment of 291 

dry air by ascending parcels (Cheung 2004). In 2015, positive humidity anomalies on 292 

the interannual time scale extend from southeast to TC genesis location (Fig. 8a). In 293 

2016, the interannual positive humidity anomalies are located to southwest of the TC 294 

genesis location (Fig. 8b), which appears to be contributed largely by the TCs that 295 

formed over the western WNP (Figs. 3b and 4b). Note that there are negative 296 

humidity anomalies in the southeast quadrant in 2016, which may be associated with 297 

TC genesis during SON. During SON, most TCs formed in the western part of the 298 
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WNP. In the region to southeast of TC genesis, anomalous easterly winds along the 299 

equator lead to negative humidity anomalies (Fig. 4b). On intraseasonal and synoptic 300 

time scales, positive humidity anomalies are located around the TC genesis location in 301 

both years with some differences in the magnitude (Figs. 8c–d and Figs. 8e–f). Thus, 302 

the humidity anomalies on three time scales have a positive contribution to the TC 303 

genesis in both 2015 and 2016. In comparison, the magnitudes of specific humidity 304 

anomalies are larger on intraseasonal and synoptic time scales than on interannual 305 

time scale. 306 

 A warm enough ocean surface provides the necessary energy for convection 307 

development (Gray 1968). A pronounced feature is that a robust contribution of SST 308 

to the TC genesis is observed in association with its interannual variation (Figs. 9a–b). 309 

The magnitude of interannual SST anomalies is much larger in 2016 than in 2015 (Fig. 310 

9a and Fig. 9b). This is consistent with Fig. 1 and Fig. 2 that almost all the TC 311 

geneses in 2016 occurred in anomalous warm SST region. However, the SST 312 

variations on intraseasonal and synoptic time scales have a weak and negative 313 

contribution to the TC genesis in both 2015 and 2016 (Figs. 9c–d and Figs. 9e–f). 314 

 Barotropic energy conversion is an important pathway through which large-scale 315 

circulations on intraseasonal and interannual time scales have a significant effect on 316 

the TC genesis (Maloney and Hartmann 2001; Wu et al. 2012). Large barotropic 317 

energy conversion anomalies appear to the southeast of the TC genesis location from 318 

interannual, intraseasonal, and climatological mean circulation fields except for the 319 

interannual component in 2016 (Fig. 10). As shown in Wu et al. (2015), the positive 320 
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barotropic energy conversion anomalies occur at the northwest and southeast 321 

quadrants of the disturbance due to the horizontal structure of disturbance. The 322 

barotropic energy conversion results in the northeast–southwest tilt of synoptic-scale 323 

disturbances, which further favors the extraction of barotropic energy from the 324 

background flows. Such positive feedback tends to enhance the potential for the 325 

development of small-scale disturbances. According to Fig. 10, the synoptic-scale 326 

disturbances mainly obtain the energy from climatological mean flow and 327 

intraseasonal variation of circulation, whereas the interannual variation of circulation 328 

has a smaller effect on the development of synoptic-scale disturbances. 329 

 330 

c) Discussion of contributions of three time scale variations 331 

 In order to compare quantitatively the difference of contributions of the three 332 

time scale variations to the TC genesis between 2015 and 2016, we calculated the 333 

anomalies of these quantities averaged in a 2.5° × 2.5° box encompassing the TC 334 

genesis location except for vertical wind shear for which the average is based on a 7.5° 335 

× 7.5° box and barotropic energy conversion for which the average is based on a 15° 336 

× 15° box. The use of different box sizes in the average is based on the distribution of 337 

composite anomalies discussed above. The results are shown in Figure 11 including 338 

the averaged value, maximum, upper quartile, median, lower quartile, and minimum 339 

of anomalies. 340 

 In general, the averaged anomalies of relative vorticity and specific humidity are 341 

larger in 2015 than in 2016 on all the three time scales (Figs. 11a and 11e). For 342 
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barotropic energy conversion, the averaged anomalies of interannual and intraseasonal 343 

variations are larger in 2015 than in 2016 (Fig. 11d). Those results indicate that 344 

relative vorticity, specific humidity, and barotropic energy conversion have a larger 345 

contribution to the TC genesis in 2015 than in 2016. This is associated with the direct 346 

effect of ENSO on the interannual component of anomalies. According to previous 347 

studies, warm SST anomalies in the equatorial central-eastern Pacific induce 348 

anomalous cyclonic vorticity, lower-level convergence, and upper-level divergence, 349 

and lead to an increase in the lower- and mid-level moisture over the WNP (Wang and 350 

Chan 2002; Wu et al. 2012). Meantime, the ENSO-dependent background fields may 351 

modulate the intensity of intraseasonal oscillations (ISOs), with stronger ISOs during 352 

the El Niño developing years and weaker ISOs during the El Niño decaying years 353 

over the WNP (Lin and Li 2008; Wu and Cao 2017; Wu and Song 2017). This leads to 354 

a larger contribution of intraseasonal anomalies of relative vorticity and specific 355 

humidity and barotropic energy conversion related to intraseasonal wind variations to 356 

the TC genesis in 2015 than in 2016 (Figs. 11a, 11e, 11d). Therefore, both the direct 357 

and indirect effects of ENSO cause the enhancement of contributions of the above 358 

large-scale factors to the TC genesis on interannual and intraseasonal time scales in 359 

2015 compared to 2016. The averaged absolute values of vertical wind shear are 360 

much smaller in 2016 than in 2015 (Fig. 11c). This indicates that the vertical wind 361 

shear is more favorable for TC genesis in 2016 than in 2015. Meantime, the 362 

interannual SST anomalies are positive in both years, but much larger in 2016 than in 363 

2015 (Fig. 11f). This is because warm SST anomalies tend to develop in the WNP 364 



 

18 
 

during the El Niño decaying years (e.g., Wu et al. 2014). The intraseasonal and 365 

synoptic SST anomalies are small in both years. There are no obvious differences in 366 

vertical p-velocity anomalies between these two years (Fig. 11b). The above 367 

comparisons indicate that vertical wind shear and SST have a larger contribution to 368 

the TC genesis in 2016 than in 2015. 369 

 In addition to the difference between 2015 and 2016, there are several differences 370 

to note for contributions of some factors to the TC genesis among the three time scale 371 

variations. The contribution of synoptic variations of relative vorticity and vertical 372 

velocity is the largest and that of interannual variations is the smallest in both years 373 

(Figs. 11a and 11b). The barotropic energy conversion is larger from the intraseasonal 374 

component and climatological mean than from the interannual component of winds in 375 

2015 and it is the largest from the climatological mean with secondary contribution 376 

from intraseasonal variation (Fig. 11d). The contributions of vertical wind shear and 377 

specific humidity are comparable among the three time scale variations (Figs. 11c and 378 

11e). A robust contribution of SST anomalies to the TC genesis is observed in relation 379 

to its interannual variation in both 2015 and 2016 (Fig. 11f). The synoptic and 380 

intraseasonal variations of the SST have small, even negative contributions (Fig. 11f). 381 

We note that there are large spreads among individual TCs in anomalies of the 382 

environmental variables with respect to the averaged mean, in particular, for synoptic 383 

and intraseasonal time scales (Fig. 11). Thus, the conclusions based on the composite 384 

mean may not apply to all the TC geneses. 385 

In conclusion, our analysis shows that the contributions of vertical wind shear on 386 
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all the three time scales and the underlying SST on the interannual time scale are 387 

more favorable for the TC genesis in 2016 than in 2015. However, the humidity and 388 

vorticity anomalies are larger in 2015 than in 2016 on all the three time scales. Thus, 389 

it appears that different factors have inconsistent effects in the difference of TC 390 

genesis between the two years. 391 

 392 

d) Contributions of different terms to the barotropic energy conversion 393 

 While the large-scale circulations provide favorable environmental conditions for 394 

TC genesis, the synoptic-scale disturbances are local forcing for TC genesis through 395 

inducing lower-level convergence and positive relative vorticity (Shapiro 1977; Zehr 396 

1992; Li 2012), such as the Rossby wave energy dispersion of a preexisting mature 397 

TC, mixed Rossby-gravity (MRG) waves, and tropical depression (TD) disturbances 398 

over the WNP (Holland 1995; Dickinson and Molinari 2002; Frank and Roundy 2006). 399 

The intensity of the synoptic-scale disturbances can be defined by the eddy kinetic 400 

energy. Previous studies have suggested that barotropic dynamics for eddy kinetic 401 

energy growth is found to be an important mechanism by which the synoptic-scale 402 

disturbances develop and eventually evolve into TCs (e.g., Norquist et al. 1977; 403 

Maloney and Hartmann 2001; Cao et al. 2012).  404 

As noted above, the monsoon trough displaces an eastward move in 2015, which 405 

induces large seasonal mean wind anomaly over the WNP (Fig. 3a and Fig. 4a). The 406 

associated eastward shift in the location of TC genesis modifies the climatological 407 

mean flow around the TC genesis. The modulated mean field in turn affects the 408 
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intraseasonal flow (Figs. 5c, 5d). All these may affect the barotropic energy 409 

conversion for the synoptic disturbances. To understand the contributions of the 410 

different components of background flows to the development of synoptic-scale 411 

disturbances, we compare the two terms in the barotropic energy conversion 412 

associated with the meridional variation of zonal wind and the zonal variation of 413 

zonal wind in 2015 and 2016. Figures 12–13 show the two terms of the barotropic 414 

energy conversion in 2015 and 2016 in relation to the interannual and intraseasonal 415 

wind variations and climatological mean flows, respectively. We note that the two 416 

terms of the barotropic energy conversion associated with the meridional wind 417 

variations are small in both 2015 and 2016 and thus we do not show the spatial 418 

distribution of these two terms. 419 

The term associated with the meridional variation of zonal wind has a larger 420 

positive contribution to the barotropic energy conversion in relation to interannual and 421 

intraseasonal wind anomalies in 2015 than in 2016 (Figs. 12a-d). The terms associated 422 

with interannual wind anomalies are related to the response of lower-level winds over 423 

the WNP to ENSO-related SST anomalies. During JJASON of 2015, warm SST 424 

anomalies in the equatorial central–eastern Pacific induce an anomalous lower-level 425 

cyclone over the WNP as a Rossby wave type response with anomalous westerly 426 

winds located at lower latitudes (Fig. 3a and Fig. 4a) (Wang et al. 2003; Wu et al. 427 

2003). The terms in relation to intraseasonal wind anomalies are consistent with large 428 

intraseasonal cyclonic wind anomalies centered to west of the TC genesis location 429 

(Fig. 5c). In relation to climatological mean winds, the term associated with the 430 
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meridional variation of zonal wind has a comparable contribution to the barotropic 431 

energy conversion in 2015 and 2016 (Figs. 12e-f). This reflects the effect of the 432 

monsoon trough east of which most of TCs formed (Figs. 3a–b and Fig. 4a-b). The 433 

easterly trade winds weaken northward when approaching the subtropical ridge, 434 

leading to large meridional shear. 435 

The term associated with the zonal variation of zonal wind is small in relation to 436 

interannual wind anomalies in both 2015 and 2016 (Figs. 13a and 13b).  In relation 437 

to intraseasonal wind anomalies and climatological mean winds, the term associated 438 

with the zonal convergence of zonal wind has a larger positive contribution to the 439 

barotropic energy conversion in 2015 than in 2016 (Figs. 13c-f).  440 

To compare quantitatively the contributions of different terms in the barotropic 441 

energy conversion on different time scales, we compute anomalies of four terms in a 442 

15° × 15° box encompassing the TC genesis location in 2015 and 2016. The results 443 

are shown in Fig. 14 including the averaged value, maximum, upper quartile, median, 444 

lower quartile, and minimum of anomalies. 445 

A major feature to note for the barotropic energy conversion in relation to 446 

interannual wind anomalies is that the terms due to the meridional variation of zonal 447 

wind is obviously larger in 2015 than in 2016 (Fig. 14a). For the barotropic energy 448 

conversion in relation to intraseasonal wind anomalies, the term associated with the 449 

meridional shear of zonal wind is very large and comparable in 2015 and 2016 (Fig. 450 

14a), whereas the term due to the zonal convergence of zonal wind is large in 2015, 451 

but small in 2016 (Fig. 14c). The term associated with the zonal change of meridional 452 
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wind has a large negative effect (Fig. 14b). For the barotropic energy conversion in 453 

relation to climatological mean winds, the two terms due to the meridional shear of 454 

zonal wind and the zonal convergence of zonal wind are both important in the two 455 

years (Fig. 14a and Fig. 14c). This is consistent with Ritchie and Holland (1999) who 456 

showed that 70% of the TC genesis is associated with the monsoon shear line and in 457 

the monsoon confluence region. In comparison, the term associated with the 458 

meridional shear of zonal wind is larger in 2016 (Fig. 14a), whereas the term due to 459 

the zonal convergence of zonal flow is larger in 2015 (Fig. 14c). These differences 460 

may be explained by the location of TC genesis relative to climatological mean 461 

monsoon trough and the horizontal structure of synoptic disturbances. In 2015, more 462 

TCs formed to east of 150°E, farther away from climatological monsoon trough, 463 

while in 2016 more TCs formed to west of 150°E, closer to climatological monsoon 464 

trough. As such, the TCs tend to form in a larger zonal wind shear region in 2016 465 

compared to those in 2015. This leads to a larger effect of the meridional shear of 466 

zonal wind in 2016 than in 2015 (Fig. 14a). The synoptic cyclonic winds display a 467 

smaller tilt in 2015 than in 2016 (Figs. 10e, 10f). As such, the synoptic zonal wind 468 

component around the TC genesis location tends to be larger in 2015 than in 2016. 469 

This leads to a large contribution of the term associated with the zonal convergence of 470 

zonal wind in 2015 (Fig. 14c), which is related to the square of synoptic zonal wind 471 

anomalies (Wu et al. 2015). 472 

Figure 14 also shows that there exist large spreads in anomalies of four terms 473 

with respect to the averaged value on intraseasonal time scale. The anomalies of the 474 
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two terms in relation to the meridional shear of zonal wind and the zonal convergence 475 

of zonal wind of climatological mean display notable spreads as well. This is mainly 476 

associated with the location of TC genesis with respect to the background winds. 477 

 478 

4. Summary and discussion 479 

 Previous studies about the TC genesis are mostly concerned with large-scale 480 

spatial patterns during a relatively long period. Distinct from previous studies, this 481 

study focuses on local and instantaneous conditions of the TC genesis. The present 482 

study examines the contributions of six environmental factors (lower-level relative 483 

vorticity, vertical wind shear, middle-level moisture, vertical p-velocity, SST, and 484 

barotropic energy conversion) to the TC genesis over the WNP and compares the 485 

relative contributions of interannual, intraseasonal, and synoptic variations of these 486 

environmental factors between 2015 and 2016. 487 

 The results indicate that the contributions of lower-level vorticity, mid-level 488 

specific humidity, and barotropic energy conversion to the TC genesis over the WNP 489 

are larger in 2015 than in 2016, while the contributions of vertical wind shear and 490 

SST are larger in 2016 than in 2015. The barotropic energy conversion in relation to 491 

interannual wind variation is obviously enhanced in 2015. Those differences are 492 

associated with the direct effect of ENSO on the interannual component of large-scale 493 

factors and the indirect effect of ENSO on the intraseasonal component. 494 

 The synoptic variation of relative vorticity has a larger contribution than the 495 

intraseasonal variation to the TC genesis, while the synoptic variation of vertical 496 
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velocity has a contribution comparable to the intraseasonal variation. The interannual 497 

variations of relative vorticity and vertical velocity have a small contribution to the 498 

TC genesis. The interannual SST anomalies have a dominant positive contribution, 499 

particularly in 2016. The synoptic-scale disturbances mainly obtain energy from the 500 

intraseasonal variation of winds and climatological mean flows. Those results indicate 501 

that although large-scale environmental conditions are favorable on interannual time 502 

scale, the main contribution to the TC genesis may be from other time scale variations. 503 

Thus, the statistical analysis of local and instantaneous conditions of the TC genesis is 504 

more appropriate to investigate the contribution of various factors to the TC genesis 505 

than the previous analysis of a large spatial scale pattern averaged in a certain period. 506 

 Comparison of contributions of different terms to barotropic energy conversion 507 

shows that the barotropic energy conversion in relation to interannual wind variations 508 

is due to the meridional variation of zonal wind in 2015, while it is negligible in 2016. 509 

The barotropic energy conversion in relation to intraseasonal wind variations is 510 

mainly contributed by the terms associated with the meridional shear and the zonal 511 

convergence of zonal wind in 2015, while the term associated with the meridional 512 

shear of zonal wind plays a dominant role in 2016. The barotropic energy conversion 513 

in relation to climatological mean winds is due to the terms associated with the 514 

meridional shear and the zonal convergence of zonal winds in both 2015 and 2016. 515 

The magnitude of the former is larger in 2016, while that of the latter is larger in 2015. 516 

The difference is related to shift in the TC genesis location, which leads to a change in 517 

the distance relative to climatological monsoon trough and in the structure of synoptic 518 
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disturbances. 519 

The composite results show that vertical wind shear and the underlying SST have 520 

a larger positive contribution to the TC genesis in 2016 than in 2015. However, the 521 

lower-level vorticity and mid-level humidity have an opposite contribution in these 522 

two years. As such, the large-scale seasonal mean states cannot fully explain the 523 

difference of TC genesis frequency between 2015 and 2016. On the other hand, the 524 

short-time scale variations (intraseasonal and synoptic time scales) appear to have a 525 

larger magnitude in 2015 than in 2016 for lower-level vorticity and mid-level 526 

humidity. This suggests that the short-time scale processes also cannot fully explain 527 

the difference of the TC genesis between 2015 and 2016. It is possible that the 528 

difference in the TC genesis number between 2015 and 2016 is due to a combination 529 

of effects of different factors on the three time scale variations. Further analysis is 530 

needed to understand why the TC genesis is more in 2016 than in 2015.  531 
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Figure captions 664 

Figure 1. The 850-hPa wind (vector, m s
-1

) and SST (shading, °C) anomalies in (a) 665 

2015 and (b) 2016 and climatological mean for the period 1987-2016 during JJA. The 666 

wind scale is shown at top-right of the respective panel. The blue symbols in (a) and 667 

(b) represent the location of TC genesis. 668 

Figure 2. The same as Fig. 1 except for during SON. 669 

Figure 3. (a–b) The anomalies of 850-hPa wind (vector, m s
-1

, scale at top-right) and 670 

700-hPa specific humidity (shading, g kg
-1

), (c–d) total vertical zonal wind shear 671 

(contour, m s
-1

) and anomalies of vertical zonal wind shear (shading, m s
-1

), and (e–f) 672 

anomalies of 500-hPa vertical p-velocity (shading, 10
-2

 Pa s
-1

). The solid lines in (a) 673 

and (b) denote the location of monsoon trough and subtropical ridge during JJA in 674 

2015 and in 2016. The dashed lines in (a) and (b) denote the location of climatological 675 

mean monsoon trough and subtropical ridge during JJA for the period 1987-2016. 676 

Figure 4. The same as Fig. 3 except for during SON. 677 

Figure 5. The composite anomalies of 850-hPa wind (vector, m s
-1

, scale at top-right) 678 

and relative vorticity (shading, 10
-5

 s
-1

) centered over the location of TC genesis on 679 

(a–b) interannual, (c–d) intraseasonal, and (e–f) synoptic time scales during JJASON 680 

in (a, c, e) 2015 and in (b, d, f) 2016. The zero denotes the grid point nearest to the 681 

location of TC genesis. The x- and y-axis represent the distance (°) from the location 682 

of TC genesis with positive distance to the east and north and negative distance to the 683 

west and south of TC location. 684 

Figure 6. The same as Fig 5 except for vertical p-velocity at 500 hPa (shading, 10
-2

 Pa 685 
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s
-1

). 686 

Figure 7. The same as Fig. 5 except for vertical zonal wind shear between 200 hPa 687 

and 850 hPa (shading, m s
-1

). The contour represents the total vertical zonal wind 688 

shear between 200 hPa and 850 hPa (m s
-1

). 689 

Figure 8. The same as Fig. 5 except for specific humidity at 700 hPa (shading, g kg
-1

). 690 

Figure 9. The same as Fig. 5 except for SST (shading, °C). 691 

Figure 10. The composite barotropic energy conversion at 850 hPa (shading, 10
-5

 m
2
 692 

s
-3

) centered over the location of TC genesis in relation to (a–b) interannual, (c–d) 693 

intraseasonal, and (e–f) climatological winds during JJASON in (a, c, e) 2015 and in 694 

(b, d, f) 2016. The vectors are synoptic wind anomalies at 850 hPa (m s
-1

, scale at 695 

top-right). The blue box denotes the region for calculation of the averaged anomalies 696 

in Fig. 11 697 

Figure 11. The anomalies of (a) relative vorticity (10
-5

 s
-1

), (b) vertical motion (10
-2

 Pa 698 

s
-1

), (c) vertical zonal wind shear (m s
-1

), (d) barotropic energy conversion (10
-5

 m
2
 699 

s
-3

), (e) specific humidity (g kg
-1

), and (f) SST (°C)  on interannual (red), 700 

intraseasonal (green), synoptic (orange), and climatological (blue) time scales for 18 701 

TCs in 2015 and 21 TCs in 2016. The dot indicates the average value. The horizontal 702 

lines from top to bottom indicate the maximum, upper quartile, median, lower quartile, 703 

and minimum, respectively. 704 

Figure 12. The composite barotropic energy conversion (10
-5

 m
2
 s

-3
) term associated 705 

with the meridional variation of zonal wind centered over the location of TC genesis 706 

in relation to (a–b) interannual, (c–d) intraseasonal, and (e–f) climatological winds in 707 
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2015 and 2016. The zero denotes the grid point nearest to the location of TC genesis. 708 

The x- and y-axis represent the distance (°) from the location of TC genesis with 709 

positive distance to the east and north and negative distance to the west and south of 710 

TC location. 711 

Figure 13. The same as Fig. 12 except for barotropic energy conversion term 712 

associated with the zonal variation of zonal wind. 713 

Figure 14. The same as Fig. 11 except for the four terms of the barotropic energy 714 

conversion. 715 
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 717 

Figure 1. The 850-hPa wind (vector, m s
-1

) and SST (shading, °C) anomalies in (a) 718 

2015 and (b) 2016 and (c) climatological mean for the period 1987-2016 during JJA 719 

The wind scale is shown at top-right of the respective panel. The blue symbols in (a) 720 

and (b) represent the location of TC genesis. 721 
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 722 

Figure 2. The same as Fig. 1 except for during SON. 723 

 724 

 725 

 726 
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 727 

Figure 3. (a–b) The anomalies of 850-hPa wind (vector, m s
-1

, scale at top-right) and 728 

700-hPa specific humidity (shading, g kg
-1

), (c–d) total vertical zonal wind shear 729 

(contour, m s
-1

) and anomalies of vertical zonal wind shear (shading, m s
-1

), and (e–f) 730 

anomalies of 500-hPa vertical p-velocity (shading, 10
-2

 Pa s
-1

). The solid lines in (a) 731 

and (b) denote the location of monsoon trough and subtropical ridge during JJA in 732 

2015 and in 2016. The dashed lines in (a) and (b) denote the location of climatological 733 

mean monsoon trough and subtropical ridge during JJA for the period 1987-2016. 734 

 735 

 736 
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 737 

Figure 4. The same as Fig. 3 except for during SON. 738 

 739 
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 740 

Figure 5. The composite anomalies of 850-hPa wind (vector, m s
-1

, scale at top-right) 741 

and relative vorticity (shading, 10
-5

 s
-1

) centered over the location of TC genesis on 742 

(a–b) interannual, (c–d) intraseasonal, and (e–f) synoptic time scales during JJASON 743 

in (a, c, e) 2015 and in (b, d, f) 2016. The zero denotes the grid point nearest to the 744 

location of TC genesis. The x- and y-axis represent the distance (°) from the location 745 

of TC genesis with positive distance to the east and north and negative distance to the 746 

west and south of TC location. 747 

 748 
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 749 

Figure 6. The same as Fig 5 except for vertical p-velocity at 500 hPa (shading, 10
-2

 Pa 750 

s
-1

). 751 

 752 
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 753 

Figure 7. The same as Fig. 5 except for vertical zonal wind shear between 200 hPa 754 

and 850 hPa (shading, m s
-1

). The contour represents the total vertical zonal wind 755 

shear between 200 hPa and 850 hPa (m s
-1

). 756 

 757 



 

42 
 

 758 

Figure 8. The same as Fig. 5 except for specific humidity at 700 hPa (shading, g kg
-1

). 759 

 760 

 761 
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 762 

Figure 9. The same as Fig. 5 except for SST (shading, °C). 763 

 764 
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 765 

Figure 10. The composite barotropic energy conversion at 850 hPa (shading, 10
-5

 m
2
 766 

s
-3

) centered over the location of TC genesis in relation to (a–b) interannual, (c–d) 767 

intraseasonal, and (e–f) climatological winds during JJASON in (a, c, e) 2015 and in 768 

(b, d, f) 2016. The vectors are synoptic wind anomalies at 850 hPa (m s
-1

 scale at 769 

top-right). The blue box denotes the region for calculation of the averaged anomalies 770 

in Fig. 11. 771 
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 773 

Figure 11. The anomalies of (a) relative vorticity (10
-5

 s
-1

), (b) vertical motion (10
-2

 Pa 774 

s
-1

), (c) vertical zonal wind shear (m s
-1

), (d) barotropic energy conversion (10
-5

 m
2
 775 

s
-3

), (e) specific humidity (g kg
-1

), and (f) SST (°C)  on interannual (red), 776 

intraseasonal (green), synoptic (orange), and climatological (blue) time scales for 18 777 

TCs in 2015 and 21 TCs in 2016. The dot indicates the average value. The horizontal 778 

lines from top to bottom indicate the maximum, upper quartile, median, lower quartile, 779 

and minimum, respectively. 780 
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 782 

Figure 12. The composite barotropic energy conversion (10
-5

 m
2
 s

-3
) term associated 783 

with the meridional variation of zonal wind centered over the location of TC genesis 784 

in relation to (a–b) interannual, (c–d) intraseasonal, and (e–f) climatological winds in 785 

2015 and 2016. The zero denotes the grid point nearest to the location of TC genesis. 786 

The x- and y-axis represent the distance (°) from the location of TC genesis with 787 

positive distance to the east and north and negative distance to the west and south of 788 

TC location. 789 
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 790 

Figure 13. The same as Fig. 12 except for barotropic energy conversion term 791 

associated with the zonal variation of zonal wind. 792 

 793 

 794 

 795 
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 796 

Figure 14. The same as Fig. 11 except for the four terms of the barotropic energy 797 

conversion. 798 


