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Abstract 24 

We examined the processes of tropical cyclogenesis in strong monsoon trough 25 

pattern over the western North Pacific (WNP) using reanalysis data and numerical 26 

experiments. Composite analysis showed that more tropical cyclones are likely to 27 

form in the central WNP (130°E–165°E) and that fewer tropical cyclones appear in 28 

the western (120°E–130°E) and eastern (165°E–180°E) WNP when monsoon trough 29 

extends southeastward. Numerical experiments with the same weak artificial vortices 30 

inserted into eight different regions of the monsoon trough showed that weak tropical 31 

disturbances tend to develop more rapidly in the central WNP near 140°E–160°E, 32 

particularly near 150°E–155°E when the monsoon trough extends eastward, whereas 33 

weak tropical disturbances tend to develop more slowly in the eastern WNP near 34 

165°E–170°E and do not form in the western WNP near 120°E–137.5°E. Our 35 

modeling results are consistent with the observational analyses. The failure of tropical 36 

cyclogenesis in the western WNP is due to the decrease of the moisture and heat 37 

(including the sensible and latent heat) from the underlying ocean, whereas large 38 

vertical wind shear and dry conditions in the upper level of the vortex reduce the 39 

gradient of intensification of tropical disturbances in the eastern WNP when the 40 

vortices have a similar initial intensity. 41 

Key words: monsoon trough; tropical cyclogenesis; idealized model simulation 42 

  43 



3 

 

1. Introduction 44 

Tropical cyclones are one of the most destructive atmospheric systems worldwide 45 

and often give rise to great socioeconomic costs if they make landfall near highly 46 

populated coastal regions. Disasters associated with tropical cyclone activity have 47 

become more serious in recent decades (Mendelsohn et al. 2012) and predictions of 48 

the location of cyclogenesis and the subsequent tracks of tropical cyclones are of 49 

profound socioeconomic significance. Tropical cyclones are most active in the 50 

western North Pacific (WNP) basin where 30% of tropical cyclones form (Neumann 51 

1993). A monsoon trough occurs at lower levels over the WNP during the tropical 52 

cyclone season and generally consists of a meridional shear line and an area of zonal 53 

convergence (Li 2012). The development of about 70% of tropical cyclones is related 54 

to this monsoon trough (Ritchie and Holland 1999; Molinari and Vollaro 2013; 55 

Yoshida and Ishikawa 2013; Feng et al. 2014), which is a region favorable for the 56 

development of synoptic-scale disturbances (Shapiro 1977; Zehnder 1991). 57 

Previous observational studies have suggested that the interannual variation of 58 

tropical cyclogenesis is closely related to the El Niño–Southern Oscillation (e.g., 59 

Chen et al. 1998; Chia and Ropelewski 2002; Wang and Chan 2002; Harr and Chan 60 

2005; Camargo et al. 2007; Wu et al. 2012; Cao and Wu 2018b; Wu et al. 2019). It is 61 

generally agreed that tropical cyclones occur more frequently over the southeastern 62 

WNP and less frequently over the northwestern WNP during El Niño summers (Chia 63 

and Ropelewski 2002; Wang and Chan 2002). Wu et al. (2012) reported that more 64 

tropical cyclones form east of 160°E during strong monsoon trough years than during 65 

weak monsoon trough years. Their study indicated that the interannual variation in the 66 

location of tropical cyclogenesis over the WNP is consistent with the interannual 67 

variation in the east–west extension of the monsoon trough. However, the region with 68 
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the largest interannual variation in tropical cyclogenesis (in the eastern part) does not 69 

correspond to the region of formation of most tropical cyclones (in the middle part) 70 

over the WNP when the monsoon trough is strong. As shown by Wu et al. (2012, Fig. 71 

3a in their paper), more tropical cyclones appear near 150°E than east of 160°E. The 72 

objective of our study is therefore to investigate the location of the preferred region of 73 

tropical cyclogenesis in strong monsoon trough pattern over the WNP. 74 

Cao et al. (2014) used an idealized simulation to show that monsoon trough 75 

anomalies on the interannual timescale strongly affect tropical cyclogenesis through 76 

both dynamic (cyclonic circulation) and thermodynamic (humidity) factors. The 77 

initial large-scale fields in the work of Cao et al. (2014) included only the interannual 78 

anomalies of the monsoon trough against a resting background. Cao and Wu (2018a) 79 

added climatological mean fields into the initial large-scale fields during the strong 80 

and weak monsoon trough years to investigate how the tropical disturbance is 81 

triggered under seasonal mean background fields with no pre-existing tropical 82 

disturbance. It means that only the composite large-scale fields during the strong and 83 

weak monsoon trough years are specified including climatological mean fields, and 84 

no pre-existing synoptic-scale tropical disturbances exist at the initial time. The 85 

numerical simulations suggested that a tropical disturbance tends to occur near 86 

150°E–160°E when a strong monsoon trough extends eastward, whereas a tropical 87 

disturbance tends to form near 120°E–130°E when a weak monsoon trough retreats 88 

westward (Cao and Wu 2018a). As an extension of the work of Cao and Wu (2018a), 89 

an artificial vortex is inserted into different regions of the strong monsoon trough 90 

pattern to determine the preferred region for the tropical cyclogenesis using an 91 

idealized numerical model. Compared with the work of Cao and Wu (2018a), the 92 

purpose of this study is to examine the effects of large-scale flows on the transition 93 
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from the pre-existing tropical disturbances into tropical cyclone over the WNP. 94 

This paper is organized as follows. Section 2 examines the large-scale wind 95 

patterns during strong monsoon trough years and the preferred region for the tropical 96 

cyclogenesis over the WNP from reanalysis data. Section 3 introduces the design of 97 

our numerical experiments and investigates the evolution of tropical cyclogenesis and 98 

its sensitivity to the position of the vortex in numerical experiments. Contrasts in the 99 

tropical cyclogenesis in two sensitivity experiments are highlighted in Section 4 and a 100 

summary and discussion are presented in Section 5. 101 

 102 

2. Observational analyses 103 

The large-scale wind fields of strong monsoon trough pattern were the same as 104 

those in Cao et al. (2016) and Cao and Wu (2018a). The large-scale fields related to 105 

strong monsoon troughs were obtained from the National Centers for Environmental 106 

Prediction–National Center for Atmospheric Research (NCEP–NCAR) reanalysis 107 

datasets starting in 1948 (Kalnay et al. 1996) and based on the zonal variation of the 108 

intensity of the monsoon trough. The intensity of the monsoon trough was defined by 109 

the seasonal mean relative vorticity averaged between 5°N and 20°N from July to 110 

November during the time period 1979–2007 (Wu et al. 2012). To extract the 111 

dominant interannual variation in the intensity of monsoon trough, an empirical 112 

orthogonal function (EOF) method was performed for the time and longitude datasets 113 

of latitude averaged relative vorticity between 5°N and 20°N (Lorenz 1956). The EOF 114 

technique is a rather common statistical tool for exploratory data analysis and 115 



6 

 

dynamical mode reduction, which has a fundamental importance in atmosphere, ocean, 116 

and climate science (Hannachi et al. 2007; Monahan et al. 2009). The purpose of EOF 117 

method is to transform a spatial-temporal dataset to spatial patterns and temporal 118 

projections of these patterns. The former is the EOFs and the latter is the temporal 119 

coefficients of the EOF patterns called as principal components (PC). Note that the 120 

spatial patterns and temporal coefficients produced by EOF analysis are orthogonal. 121 

Based on the time coefficients of the leading empirical orthogonal function mode, we 122 

identified seven strong monsoon trough years (1982, 1986, 1990, 1991, 1997, 2002 123 

and 2004) and seven weak monsoon trough years (1984, 1988, 1995, 1996, 1998, 124 

1999, 2007), which are approximately 50% of the 29-year period. The absolute PC 125 

value larger than 4.5 is used to find the strong and weak monsoon trough years (Fig. 126 

2a in Wu et al. (2012)). The composite method was then applied to obtain the 127 

large-scale wind fields in the strong monsoon trough years. A detailed description of 128 

this method was reported by Wu et al. (2012). 129 

Information about tropical cyclogenesis over the WNP was obtained from the 130 

National Climate Data Center’s International Best Track Archive for Climate 131 

Stewardship v3r10 (Knapp et al. 2010). The tropical cyclone best track data include 132 

the longitude and latitude of the center of the tropical cyclone and the maximum wind 133 

speed at six-hour intervals. We defined the genesis of a tropical cyclone as the first 134 

record of a maximum sustained wind speed >25 knots (~12.9 m s−1). The present 135 

analysis is focused on the region (120°E–180°E, 0°–30°N). 136 
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Figure 1 shows the lower-level wind fields and tropical cyclone genesis during 137 

the strong and weak monsoon trough years. Note that the monsoon trough is 138 

characterized by the monsoon westerly winds to its south and the trade easterly winds 139 

to its north denoted by the black dashed line. In strong monsoon trough years, the 140 

monsoon trough expands southeastward to near 170°E (Fig. 1a), similar to previously 141 

reported observations (Wu et al. 2012; Cao and Wu 2018a), whereas in weak 142 

monsoon trough years, the monsoon trough retreats northwestward to 140°E. If we 143 

divided the WNP into northwestern, northeastern, southwestern and southeastern parts 144 

according to the latitude of 15°N and the longitude of 150°E, more TCs are generated 145 

in southeastern part of the WNP during the strong monsoon trough years compared to 146 

the weak monsoon trough years, which are consistent with the previous studies (Wang 147 

and Chan 2002; Wu et al. 2012). In this study, a finer partition is applied to 148 

investigate quantitatively the preferred region for tropical cyclogenesis in the strong 149 

monsoon trough pattern over the WNP. 150 

We divided the whole WNP into six sub-regions at intervals of 10°E. The 151 

frequencies of tropical cyclogenesis in the regions 130°E–140°E, 140°E–150°E, 152 

150°E–160°E and 160°E–170°E during the strong monsoon trough years were 28, 22, 153 

28 and 23, respectively, and the frequencies of tropical cyclogenesis in the regions 154 

120°E–130°E and 170°E–180°E were 12 and 6, respectively (Fig. 1a). To examine 155 

the sensitivity of results to the division of the WNP domain, we divided the WNP into 156 

five sub-regions with an uneven range as shown in Table 1. The frequency of tropical 157 

cyclogenesis in the regions 135°E–145°E, 145°E–155°E and 155°E–165°E were 22, 158 
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29 and 26, respectively, whereas the frequency of tropical cyclogenesis in the regions 159 

120°E–135°E and 165°E–180°E was 28 and 14, respectively. If the TC numbers in 160 

the sub-region are normalized by averaging area as shown in Table 1, no remarkable 161 

difference is found between two types of the domain divisions. Based on the two 162 

different divisions, more tropical cyclones appeared in the central WNP near 130°E–163 

165°E and fewer tropical cyclones appeared over the western (near 120°E–130°E) and 164 

eastern (near 165°E–180°E) WNP in strong monsoon trough years. On the other hand, 165 

during the weak monsoon trough years, more tropical cyclones appeared in the 166 

western and central WNP and fewer tropical cyclones appeared over the eastern WNP 167 

(Fig. 1b). In this study, we only examine quantitatively the preferred region of tropical 168 

cyclogenesis in strong monsoon trough pattern over the WNP. 169 

 170 

3. Numerical simulation 171 

3.1. Design of numerical experiments 172 

We used the non-hydrostatic Advanced Research Weather Research and 173 

Forecasting (WRF-ARW; Skamarock et al. 2008) model version 3.3.1 to simulate the 174 

early stage of tropical cyclogenesis under the background of strong monsoon trough 175 

pattern. A single computational domain with a grid spacing of 30 km centered at 15°N 176 

was used to weaken the potential mesh interference on the structure of the monsoon 177 

trough (Li et al. 2006). The model domain included 391 × 391 grid points on a beta 178 

plane with 31 vertical levels from the surface to 50 hPa. The large-scale fields at the 179 
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initial time included zonal wind, meridional wind, sea-level pressure, surface pressure, 180 

temperature, relative humidity, geopotential height and sea surface temperature (SST) 181 

from the NCEP reanalysis dataset. The initial SST data (Fig. 2) was fixed through 182 

model integration. The numerical model was integrated for five days. Other model 183 

physics consist of the Kain–Fritch convective scheme (Kain and Fritsch 1993), an 184 

explicit microphysics scheme (Lin et al. 1983), the Yonsei University (YSU) 185 

planetary boundary layer (PBL) scheme, thermal diffusion land-surface scheme, and 186 

Monin–Obukhov surface-layer scheme (Hong et al. 2006). In the simulation, a 187 

periodical lateral boundary condition is used. Those model physics were the same as 188 

those reported by Cao et al. (2016) and Cao and Wu (2018a). 189 

Eight idealized experiments were performed to determine the preferred region of 190 

tropical cyclogenesis over the WNP in strong monsoon trough pattern. Figure 2 shows 191 

the composited wind fields at the lower level, SST, the genesis potential index (GPI), 192 

and vertical shear of zonal wind between 200 hPa and 850 hPa during strong monsoon 193 

trough years. The GPI was developed by Emanuel and Nolan (2004) and is given as: 194 

 𝐺𝑃𝐼 = |105𝑎𝑏𝑣|
3
2 (

𝑅𝐻

50
)

3

(
𝑃𝐼

70
)

3

(1 + 0.1𝑉shear)−2 195 

where abv is the absolute vorticity at 850 hPa, RH is the relative humidity at 700 hPa, 196 

PI is the maximum potential intensity and 𝑉shear is the magnitude of the vertical 197 

wind shear between 200 and 850 hPa defined by
2

850200

2

850200 )()( vvuu  . 198 

The maximum SST is located north of the equator and east of 160°E in strong 199 

monsoon trough years (Fig. 2a). The distribution of the GPI is similar to that of the 200 
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monsoon trough and is tilted along a northwest–southeast direction with the 201 

maximum located at (15°N, 145°E) (Fig. 2a). Meantime, the initial vortices are 202 

located in the region of relatively weak vertical shear of zonal wind (between -4 m/s 203 

and 0, Fig. 2b). In order to examine the relative contribution of individual terms to the 204 

total GPI changes, we take the logarithm of GPI equation above and the sum of the 205 

four terms in the right side of equation is identical to the total GPI change (figure not 206 

shown). The composite results in strong monsoon trough years show that the absolute 207 

vorticity in the lower level has the largest contribution to GPI change and the 208 

contribution from the relative humidity is secondary. The vertical wind shear and 209 

potential intensity have a small contribution. 210 

The positions of weak artificial vortices were chosen based on the distribution of 211 

the GPI. In the eight idealized experiments, the weak artificial vortices were inserted 212 

into regions centered at (17.5°N, 130°E), (15°N, 137.5°E), (15°N, 145°E), (12.5°N, 213 

150°E), (12.5°N, 155°E), (10°N, 160°E), (10°N, 165°E) and (7.5°N, 170°E) (Fig. 2). 214 

The eight experiments are referred to as C130E, C137.5E, C145E, C150E, C155E, 215 

C160E, C165E and C170E, respectively. 216 

The composite fields of the atmospheric variables and SST were specified as the 217 

background in each numerical simulation and the only difference was the position of 218 

the artificial vortex. Note that the background fields are fixed and we only change the 219 

location of the initial disturbance vortex at the initial time. Thus, the background 220 

condition change is only because of the relative position of the initial disturbance 221 



11 

 

vortex with respect to the background field. The radial profile of the tangential wind 222 

for the initial artificial vortex is given by: 223 

𝑉(𝑟) =
𝑉𝑚

𝑟𝑚
[𝑒𝑥𝑝 (1 −

𝑟

𝑟𝑚
) −

|𝑟 − 𝑟𝑚|

𝑅0 − 𝑟𝑚
𝑒𝑥𝑝 (1 −

𝑅0

𝑟𝑚
)] , 𝑟 > 𝑟𝑚, 224 

V(r) = 𝑉𝑚
𝑟

𝑟𝑚
2 exp (1 −

𝑟

𝑟𝑚
) , 𝑟 ≤ 𝑟𝑚, 225 

where r is the radius measured from the vortex center, mr is the radius of the 226 

maximum tangential wind (150 km), mV  is the maximum tangential wind (8 m s−1 at 227 

the radius of 150 km) and 𝑅0 is 1000 km, where the vortex winds disappear. The 228 

wind speed gradually decreased upward and vanished at 100 hPa. The mass and 229 

thermodynamic fields associated with the artificial vortex were obtained based on a 230 

nonlinear balance equation in which the hydrostatic and gradient wind balances were 231 

satisfied for the initial vortex (Wang 1995). 232 

 233 

3.2. Simulated evolution of tropical cyclogenesis 234 

Figure 3 shows the time evolution of the intensity of the vortex represented by 235 

the minimum sea-level pressure (MSLP) and the maximum azimuthal mean wind 236 

(MAMW) of the vortex at 10-m height in the eight experiments from t = 48 h to t = 237 

120 h, including the early stage of tropical cyclogenesis. Note that the TC center is 238 

defined by the MSLP to calculate the azimuthal mean wind. In the first 48-hour 239 

integration, the weak vortices in the eight experiments experience an initial gestation 240 

and adjustment period with a rather slow development (figure not shown). If the 241 

development speed of vortices is defined as a gradient of the MAMW between t = 48 242 
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h when the vortices have a similar initial intensity and t = 72 h, it is seen that the 243 

vortices experienced more rapid development in experiments C145E, C150E, C155E, 244 

C160E, particularly in C150E and C155E, whereas the vortices developed relatively 245 

slowly in the C165E and C170E runs after t = 48 h (Fig. 3b). The weak vortices did 246 

not develop into tropical cyclones in the C130E and C137.5E runs. The time of 247 

tropical cyclogenesis was defined as when the MAMW reached 12.9 m s−1 (dashed 248 

line in Fig. 3b). Based on this definition, tropical cyclogenesis occurred at t = 81 h in 249 

C145E, t = 75 h in C150E and C155E, t = 84 h in C160E, t = 96 h in C165E and t = 250 

108 h in C170E. This simulation result indicates that weak vortices in the central 251 

WNP were more likely to develop into tropical cyclones, whereas those in the western 252 

and eastern WNP developed more slowly or unsuccessfully. Cao and Wu (2018a) 253 

showed that a tropical disturbance is easily triggered over the WNP near 150°E–254 

160°E when the monsoon trough expands eastward, assuming that there is no existing 255 

tropical disturbance. Thus, the region 150°E–160°E is the most favorable for tropical 256 

cyclogenesis when the monsoon trough expands eastward, irrespective of whether 257 

there is a tropical disturbance over the WNP. 258 

We then investigated why the weak vortices in runs C130E and C137.5E did not 259 

develop into tropical cyclones using C130E as an example. Figure 4 shows the 260 

simulated 850 hPa wind fields in run C130E from t = 48 h to t = 66 h at intervals of 6 261 

h. At t = 48 h, the vortex had moved northwestward to (20°N, 125°E) from its initial 262 

position of (17.5°N, 130°E) as a result of the steering easterly winds. At this time, the 263 

maximum wind speed was close to 12 m s−1 (Fig. 4a). In the following 12 hours, the 264 
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vortex gradually moved closer to Taiwan and the Philippines. The winds in the 265 

southwest quadrant of the vortex gradually weakened as the vortex moved close to the 266 

northern Philippines. The closed vortex disappeared at t = 66 h and only the southerly 267 

winds remained to the east of Taiwan (Fig. 4d). The evolution of the vortex in 268 

C137.5E showed similar features to C130E, but with a slower decaying time (figure 269 

not shown). Figure 5 further shows the evolution of mid-level relative humidity and 270 

surface heat flux (including sensible and latent heat fluxes) in C130E. When the 271 

vortex moves northwestward, the mid-level humidity and surface heat flux both 272 

become smaller, particularly at t = 66 h, which is unfavorable for the development of 273 

convection. In addition, with the vortex moving northwestward, the SST gradually 274 

decreases as shown in Fig. 2a. This is consistent with the decrease in surface heat 275 

flux. 276 

In addition, we performed another sensitivity experiment similar to C130E run, 277 

except that the topography height is equal to zero in the region of 5°N–25.5°N and 278 

119.5°E–127°E including Taiwan Island and partly Philippines Island. The simulation 279 

result showed that the vortex still cannot develop into a strong TC (figure not shown). 280 

This indicates that the failure of tropical cyclogenesis in C130E is not much closely 281 

associated with the frictional effects of the land surface. Thus, it is inferred that the 282 

failure of tropical cyclogenesis in runs C130E and C137.5E is associated with the 283 

decrease of the moisture and sensible and latent heat from the underlying ocean. Note 284 

that other possible reasons for the failure of tropical cyclogenesis in the western WNP 285 

may exist, for instance, the influences from inefficiency of the energy conversion 286 
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from the background fields, which will be further investigated in the future work. 287 

 288 

3.3. Sensitivity to the position of the vortex 289 

Five additional experiments were performed to investigate the sensitivity to the 290 

initial positions of the weak vortices to enhance the significance of the model results. 291 

The artificial vortices were inserted into regions centered at (15°N, 130°E), (10°N, 292 

140°E), (10°N, 150°E), (8°N, 160°E) and (6°N, 170°E) (Fig. 6a), referred to as runs 293 

C130E15N, C140E10N, C150E10N, C160E8N and C170E6N, respectively. The 294 

choice of position of the vortices was based on the distribution of the relative vorticity. 295 

The positions of the vortices in these five experiments were further south than those in 296 

the preceding eight experiments because the regions with large values of relative 297 

vorticity were located further south than those of the GPI (Figs. 2a and 6a). 298 

Figure 6b shows the MAMW of the vortex in the additional five experiments 299 

from t = 48 h to t = 120 h. The vortices developed more rapidly in experiments 300 

C140E10N, C150E10N and C160E8N, particularly in C150E10N and C160E8N, 301 

whereas the vortex developed at a slower speed in C170E6N. The vortex in run 302 

C130E15N did not develop into a tropical cyclone (Fig. 6b). Tropical cyclogenesis 303 

occurred at t = 81 h in both C150E10N and C160E8N and at t = 90 h in C140E10N. 304 

The simulation results reconfirm that the weak vortices in the central WNP are more 305 

likely to develop into tropical cyclones, whereas those in the western and eastern 306 

WNP develop more slowly. 307 
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It is noteworthy that the vortex in regions with a larger GPI value did not 308 

necessarily develop faster than those in regions with a smaller GPI. For example, 309 

although the GPI around the vortex in runs C165E and C170E was larger than that in 310 

runs C150E10N and C160E8N, the time of tropical cyclogenesis in runs C165E and 311 

C170E (96 h and 108 h) was much later than that in runs C150E10N and C160E8N 312 

(81 h and 81 h). Therefore, the empirical GPI index may be a good tool in a 313 

climatological viewpoint, but it does not fully represent the probability of tropical 314 

cyclogenesis over the WNP in a short period. It is necessary to design an objectively 315 

empirical index to estimate quantitatively the influence of large-scale environmental 316 

components on tropical cyclogenesis over the WNP on the synoptic time scale, which 317 

has been discussed in DeMaria et al. (2001) and Schumacher et al. (2009). 318 

 319 

4. Mechanisms behind runs C150E and C170E 320 

Apart from runs C130E and C137.5E in which no tropical cyclone appeared, 321 

there were six experiments in which the weak vortices successfully developed into 322 

tropical cyclones. These six experiments were divided into two groups. One group 323 

included runs C145E, C150E, C155E and C160E in which the tropical cyclones had a 324 

relatively rapid speed of genesis. The other group included runs C165E and C170E in 325 

which the tropical cyclones had a slower speed of genesis. The following analysis 326 

uses only the results from the runs with the fastest (C150E) and slowest (C170E) 327 

speeds of tropical cyclogenesis to illustrate the maximum contrast. 328 
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Figures 7 and 8 show the simulated wind fields at 850 hPa from t = 48 h to t = 66 329 

h in runs C150E and C170E, respectively. As shown in Fig. 3b, the intensity of the 330 

vortex in C150E and C170E is almost the same at t = 48 h. At this time, the vortex 331 

moves from the initial position of (15°N, 150°E) to (16°N, 143°E) in run C150E (Fig. 332 

7a). The vortex gradually intensifies during the following 12 hours and maintains a 333 

closed cyclonic structure as it moves westward (Figs. 7b, c). At t = 66 h, the vortex 334 

develops into a strong tropical depression with a nearly symmetrical wind structure 335 

located at (15°N, 140°E), with an MSLP of 1001 hPa and a MAMW of 11.8 m s−1 at 336 

10-m height (Fig. 7d). In the process of tropical cyclogenesis, the large-scale control 337 

is mainly characterized of the monsoon shear between the easterlies in the north and 338 

the westerlies in the south in C150E. From Fig. 2, the initial large-scale environment 339 

around the vortex in C150E is better than that in C170E (denoted by GPI). 340 

By contrast, the vortex in run C170E shows a slower genesis. From t = 48 h to t 341 

= 66 h, the maximum wind of the vortex only increased from 7 to 8.4 m s−1 (Fig. 8a, 342 

d). The maximum wind speed was located in the northern or northeastern part of the 343 

vortex due to the superposition of easterly winds. In these periods, the structure of the 344 

wind in run C150E changed from asymmetrical to symmetrical (Fig. 7), whereas the 345 

structure of the wind in run C170E remained asymmetrical (Fig .8). Thus, the vortex 346 

in run C170E only developed into a weak tropical depression with an MSLP of 1004 347 

hPa and an MAMW of 8.4 m s−1 at t = 66 h (Fig. 8d). Another remarkable difference 348 

between Fig. 7 and Fig. 8 is the intensity of northerly wind component in the trade 349 

easterly region. In C170E, the large-scale control is also associated with the monsoon 350 
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shear pattern generated by the easterlies in the north, because the easterlies to the 351 

north are farther apart from westerlies to the south (Fig .8). 352 

In addition to the large-scale lower-level wind conditions, we further studied the 353 

vertical profile of environmental conditions in runs C150E and C170E to elaborate the 354 

particular way in which the vortex in the eastern WNP leads to the slower tropical 355 

cyclogenesis. Figure 9 shows the vertical profiles of the area-averaged zonal wind 356 

from t = 48 h to t = 66 h in runs C150E and C170E. At t = 48 h, the differences in the 357 

zonal wind at upper and lower levels were fairly small in both C150E and C170E 358 

(Figs. 9a, e), with a magnitude of 1 m s−1. The differences in the zonal wind in the 359 

upper and lower levels changed little in run C150E over the following 18 hours (Figs. 360 

9b–d). The area-averaged winds were easterly winds in both the upper and lower 361 

levels, resulting in a small vertical wind shear in run C150E. However, the difference 362 

in the zonal wind in the upper and lower levels in run C170E increased over time 363 

(Figs. 9f–h). The area-averaged winds were always easterly at lower levels, whereas 364 

at upper levels they changed from easterly to westerly, leading to an increase in the 365 

vertical wind shear in run C170E. 366 

In general, a weak vertical wind shear favored tropical cyclogenesis. A large 367 

vertical wind shear can lead to a slower intensification of the vortex into a strong 368 

tropical cyclone by “venting” the accumulated condensational heat away from the 369 

tropical disturbance core region, holding back the decrease in surface pressure, the 370 

establishment of a warm core in the upper level and the intensification of cumulus 371 

convection (Gray 1979; DeMaria 1996; Frank and Ritchie 2001; Chia and Ropelewski 372 
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2002; Ge et al. 2013), which will be detailedly discussed in the following analysis. In 373 

addition, the vertical wind shear is also calculated more accurately based on the 374 

method from previous studies (Hanley et al. 2001). First, the zonal wind in different 375 

levels is interpolated into an azimuth polar grid centered on the vortex center. Then, 376 

these winds are averaged over a radius of 450 km from vortex center to remove 377 

symmetric vortex so that the resulting winds stand for the environmental flows. The 378 

results are almost similar to that in Fig. 9 (figure not shown). 379 

Figure 10 shows the vertical height–longitude cross-section of the temperature 
380 

anomalies and meridional winds in runs C150E and C170E from t = 48 h to t = 66 h. 
381 

As a result of the fairly small vertical wind shear, the condensational heating induced 
382 

by deep convection led to a upper level warm core in run C150E (Figs. 10a–d). The 
383 

winds showed a slightly westward tilted vertical structure at t = 48 h (Fig. 10a). At t = 
384 

66 h, the wind showed a prominent vertical extension without tilting (Fig. 10d), which 
385 

favored the accumulation of condensational heating and a decrease in surface pressure 
386 

(Fig. 3a). In run C170E, the wind tilted more clearly with altitude from t = 48 h to t = 387 

66 h as the vertical wind shear increased (Figs. 10e–h). Under the influence of 388 

westerly shear, the lower level vortex shifted westward and the upper level vortex 389 

shifted eastward, delaying the establishment of the deep moist layer in the core region 390 

(Ge et al. 2013). At the same time, the warm core in the upper level became 391 

asymmetrical and tilted eastward with height in run C170E (Fig. 10h). This structure 392 

of the warm core and the winds did not favor a rapid decrease in surface pressure and 393 

intensification of the vortex. Although run C170E is consistent with previous studies 394 
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in that vertical wind shear has a detrimental effect on tropical cyclogenesis (Gray 395 

1979; Frank and Ritchie 2001), the vortex still developed into a tropical cyclone 396 

eventually. This may occur because a forced secondary circulation could overcome 397 

the tilting induced by shear and restore the vertical alignment, allowing tropical 398 

cyclogenesis (Zhang and Kieu 2006; Ge et al. 2013). 399 

Why does the vertical wind shear increase in run C170E? Figure 11 shows the 400 

wind fields at 300 hPa in runs C150E and C170E during the same periods. In run 401 

C150E, the anticyclonic circulation wraps around the cyclonic circulation of the upper 402 

level vortex (Figs. 11a–d). The distinct southerly winds are located to the left of the 403 

vortex and the zonal wind is fairly small. The maximum wind is observed in the north 404 

or northeast quadrant of the vortex, which leads to area-averaged easterly winds in the 405 

upper level in run C150E (Figs. 9a–d). By contrast, in run C170E the westerly winds 406 

penetrate into the cyclonic vortex though anticyclonic circulation wraps also around 407 

the cyclonic circulation of the upper level vortex (Figs. 11e–h), resulting in the 408 

area-averaged westerly wind in the upper level shown in Figs. 9e–h. 409 

In order to better examine the effect of background upper-level wind fields on 410 

tropical cyclone genesis, a spatial filtering technique is applied to separate the 411 

meso-scale vortex from the environmental circulation (Fig. 12). Wavelength larger 412 

than 600 km is considered as the background large-scale circulation and the 413 

wavelength smaller than 600 km represents the tropical cyclone-scale vortex and 414 

smaller-scale disturbance. The obtained background upper-level wind fields in runs 415 

C150E and C170E in Fig. 12 are almost similar to Fig. 11. Thus, the difference in 416 
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vertical wind shear in runs C150E and C170E is closely associated with the vertical 417 

structure of the vortex. The deep and strong vortex in C150E can lead to a larger 418 

inertial stability and thus resist the influence from the large-scale wind fields. The 419 

deep vortex in C150E in the early stage of tropical cyclogenesis may be mainly 420 

ascribed to the better initial large-scale environment including strong relative vorticity 421 

and great humidity around the vortex as shown in Fig. 2, which is favorable for the 422 

vortex to intensify in the core (Gray 1968; Ritchie and Holland 1999; Fang and Zhang 423 

2010). In C170E, the weak vortex is easily affected by the large-scale wind fields 424 

outside of the vortex. 425 

We next examined the evolution with time of the physical variables around the 426 

core region in runs C150E and C170E. Figure 13 shows the vertical height–time 427 

cross-sections of the relative vorticity, divergence, relative humidity and diabatic 428 

heating averaged in the center of the vortex from t = 48 h to t = 120 h in run C150E. 429 

The green dashed lines indicate the times of tropical cyclogenesis. The vortex 430 

intensifies from t = 48 h to t = 75 h, the early stage of tropical cyclogenesis (Fig. 13), 431 

with a relatively rapid development of the relative vorticity, which increases by 4 × 432 

10−5 s−1 (Fig. 13a). The maximum vorticity always appears in the lower level of the 433 

vortex during the early genesis stage, accompanied by upper level divergence and 434 

lower level convergence (Figs.13a, b). A distinct feature is that relative humidity and 435 

diabatic heating have a close relationship prior to tropical cyclogenesis. The 436 

maximum relative humidity (>80% at 600 hPa) occurs before tropical cyclogenesis at 437 

t = 54 h (Fig. 13c). The maximum diabatic heating appears at t = 57 h at 350 hPa. We 438 
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therefore conclude that moist air in the middle level of the vortex is a precondition for 439 

the outbreak of deep convection. Previous studies have also suggested that a high 440 

mid-level humidity favors the growth of tropical disturbances (Nolan 2007; Ge et al. 441 

2013; Cao et al. 2016). 442 

In contrast, the vortex was intensified slowly in run C170E. The maximum 443 

vorticity first appeared at low levels from t = 48 h to t = 78 h (Fig. 14a). A mid-level 444 

maximum vorticity followed the low level spin-up from t = 78 h to t = 96 h (Fig. 14a). 445 

After t = 96 h, the maximum vorticity appeared again in the lower level. During the 446 

30 hours from t = 48 h to t = 78 h, the vortex developed slowly, with the relative 447 

vorticity increasing by about 2 × 10−5 s−1 (Fig. 14a). In sharp contrast, the relative 448 

vorticity of the vortex intensified more rapidly during the next 30 hours from t = 78 h 449 

to t = 108 h, with an increase of about 5 × 10−5 s−1 (Fig. 14a). After t = 78 h in run 450 

C170E, a weak convergence appeared at 300 hPa (Fig. 14b), accompanied by a low 451 

relative humidity in the upper level (Fig. 14c). This upper level convergence was 452 

unfavorable for the development of vertical motion. Maximum diabatic heating 453 

occurred at t = 78 h at 450 hPa, followed by a decrease in diabatic heating 454 

corresponding to the low humidity in the upper level (Figs. 14c, d). 455 

To conclude, the slow development of tropical cyclogenesis in run C170E was 456 

therefore mainly associated with a large vertical wind shear and the penetration of dry 457 

air into the upper levels. The large vertical wind shear reflects the effect of large-scale 458 

environmental conditions on the development of vortex. Those two processes do not 459 

favor the accumulation of diabatic heating and enhancement of the upper level warm 460 
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core, which impedes the rapid decrease in surface pressure and intensification of the 461 

lower level vortex. 462 

 463 

5. Summary and discussion 464 

In this study, we documented the preferred region for tropical cyclogenesis in 465 

strong monsoon trough pattern and investigated the physical mechanisms behind this 466 

preference and whether tropical cyclogenesis can be simulated in a numerical model. 467 

Our composite analysis from observational data of the relationship between the 468 

monsoon trough and tropical cyclogenesis shows that more tropical cyclones are 469 

likely to appear in the central WNP near 130°E–165°E during the strong monsoon 470 

trough years and fewer tropical cyclones appear over the western (near 120°E–130°E) 471 

and eastern (near 165°E–180°E) WNP. 472 

The numerical simulation showed that weak vortices developed more rapidly in 473 

experiments C145E, C150E, C155E and C160E, and that the vortices in runs C165E 474 

and C170E developed more slowly. The weak vortex in runs C130E and C137.5E did 475 

not develop into a tropical cyclone. These results suggest that the preferred region for 476 

the tropical cyclogenesis is located in the central part of the strong monsoon trough 477 

pattern, which is consistent with the composite analysis of the observational data. The 478 

failure of tropical cyclogenesis in the western WNP is mainly associated with the 479 

decrease of the moisture and heat (including sensible and latent heat) from the 480 

underlying ocean. The large vertical wind shear and the penetration of dry air into the 481 
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upper level of the vortex are the main factors to the slower genesis of vortices in the 482 

eastern WNP. The sensitivity of the modeling results to the positions of vortices was 483 

also investigated and it was confirmed that the preferred region for tropical 484 

cyclogenesis was the central part of the strong monsoon trough pattern over the WNP. 485 

Previous studies have suggested that tropical cyclogenesis occurs more 486 

frequently in the southeastern WNP when the monsoon trough is strong and extends 487 

eastward during El Niño summers, whereas more tropical cyclones appear in the 488 

northwestern part of the WNP when the monsoon trough is weak and retreats 489 

westward during La Niña summers (Wang and Chan 2002; Li 2012; Wu et al. 2012). 490 

Our study suggests that the preferred region for tropical cyclogenesis is in the center 491 

of the strong monsoon trough. In El Niño years, the preferred for the tropical 492 

cyclogenesis moves eastward as the monsoon trough is displaced eastward. Our 493 

results therefore support the eastward shift of the region of tropical cyclogenesis 494 

during El Niño years (Cao et al. 2018). However, this does not mean that the largest 495 

increase in the frequency of tropical cyclones occurs in the southeastern WNP, though 496 

tropical cyclogenesis is increased in this region. 497 

We have mainly focused on the processes of tropical cyclogenesis in strong 498 

monsoon trough pattern. The sensitivities of our simulation results to the model 499 

physics are yet unknown. Therefore, a series of sensitivity experiments will be carried 500 

out to investigate the robustness of the numerical simulation results. We will also 501 

examine multi-scale interactions in the tropical cyclogenesis process when a weak 502 

vortex is inserted into the WNP through a higher resolution numerical model.  503 



24 

 

Acknowledgments. We appreciate the comments of the editor and two anonymous 504 

reviewers. This study was supported by the 2018 Open Research Program of the State 505 

Key Laboratory of Severe Weather (Grant 2018LASW-B04), the 2019 Open 506 

Research Program of Shanghai Typhoon Institute (Grant TFJJ201901), and National 507 

Natural Science Foundation of China (Grants 41505048 and 41705038). 508 

  509 



25 

 

References 510 

Camargo, S. J., K. A. Emanuel, A. H. Sobel, 2007: Use of a genesis potential index to 511 

diagnose ENSO effects on tropical cyclone genesis. J. Climate, 20, 4819–4834. 512 

Cao, X., T. Li, M. Peng, W. Chen, G. H. Chen, 2014: Effects of monsoon trough 513 

interannual variation on tropical cyclogenesis over the western North Pacific. 514 

Geophys. Res. Lett., 41, 4332–4339. 515 

Cao, X., G. H. Chen, T. Li, F. M. Ren, 2016: Simulations of Tropical Cyclogenesis 516 

Associated with Different Monsoon Trough Patterns over the Western North 517 

Pacific, Meteor. Atmos. Phys., 128, 491–511, doi: 10.1007/s00703-015-0428-7. 518 

Cao, X., and R. G. Wu, 2018a: Simulations of development of tropical disturbances 519 

associated with the monsoon trough over the western North Pacific. Atmos. Sci. 520 

Lett., 19(2), e801, doi: 10.1002/asl.801. 521 

Cao, X., and R. G. Wu, 2018b: Comparison of different time scale contributions to 522 

tropical cyclone genesis over the Western North Pacific in 2015 and 2016, J. 523 

Meteor. Soc. Japan, 96(4), 317–336. 524 

Cao, X., R. G. Wu, and M. Y. Bi, 2018: Contributions of different time scale 525 

variations to tropical cyclogenesis over the western North Pacific. J. Climate, 31, 526 

3137–3153, doi: 10.1175/JCLI-D-17-0519.1. 527 

Chia, H. H., C. F. Ropelewski, 2002: The interannual variability in the genesis 528 

location of tropical cyclones in the northwest Pacific. J. Climate, 15, 2934–2944. 529 

Chen, T. C., S. P. Weng, N. Yamazaki, S. Kiehne, 1998: Interannual variation in the 530 

tropical cyclone formation over the western North Pacific. Mon. Wea. Rev. 126, 531 



26 

 

1080–1090. 532 

DeMaria, M., 1996: The effect of vertical shear on tropical cyclone intensity change. 533 

J. Atmos. Sci., 53, 2076–2088. 534 

DeMaria, M., J. A. Knaff, and B. H. Connell, 2001: A tropical cyclone genesis 535 

parameter for the tropical Atlantic. Wea. Forecasting, 16, 219–233.  536 

Emanuel, K. A., and D. S. Nolan, 2004: Tropical cyclone activity and global climate. 537 

Preprints, 26th Conf. on Hurricanes and Tropical Meteorology, Miami, FL, 538 

Amer. Meteor. Soc., 240–241. 539 

Fang J. and F. Zhang, 2010: Initial development and genesis of hurricane Dolly 540 

(2008). J. Atmos. Sci., 67, 655–672, doi: 10.1175/2009JAS3115.1. 541 

Feng, T., G.-H. Chen, R.-H. Huang, and X.-Y. Shen, 2014: Large scale circulation 542 

patterns favorable to tropical cyclogenesis over the western North Pacific and 543 

associated barotropic energy conversions. Int. J. Climatol., 34, 216–227, 544 

https://doi.org/10.1002/joc.3680. 545 

Frank, W. M., and E. A. Ritchie, 2001: Effects of vertical wind shear on the intensity 546 

and structure of numerically simulated hurricanes. Mon. Wea. Rev., 129, 2249–547 

2269. 548 

Ge, X. Y., T. Li, M. Peng, 2013: Effects of vertical shears and mid-level dry air on 549 

tropical cyclone developments. J. Atmos. Sci., 70, 3859–3875 550 

Gray, W. M., 1968: Global view of the origin of tropical disturbances and storms, 551 

Mon. Wea. Rev., 96, 669–700. 552 

Gray, W. M., 1979: Hurricanes: Their formation, structure and likely role in the 553 



27 

 

tropical circulation. Meteorology over the Tropical Oceans, Royal Meteorology 554 

Society, 155–218. 555 

Hanley, D., J. Molinari, and D. Keyser, 2001: A composite study of the interactions 556 

between tropical cyclones and upper-tropospheric troughs. Mon. Wea. Rev., 129, 557 

2570–2584. 558 

Hannachi, A., I. Joliffe, and D. Stephenson, 2007: Empirical orthogonal functions and 559 

related techniques in atmospheric science: A review. Int. J. Climatol., 27, 1119–560 

1152. 561 

Harr, P. A., J. C. L. Chan, 2005: Monsoon impacts on tropical cyclone variability. 562 

The Global Monsoon System: Research and Forecast, Chang CP, Wang B, Lau 563 

NCG, Eds., Secretariat of the World Meteorological Organization, 512–542. 564 

Hong, S. Y., Y. Noh, J. Dudhia, 2006: A new vertical diffusion package with an 565 

explicit treatment of entrainment processes. Mon. Wea. Rev., 134, 2318–2341 566 

Kain, J. S., J. M. Fritsch, 1993: Convective parameterization for mesoscale models: 567 

The Kain–Fritsch scheme. The Representation of Cumulus Convection in 568 

Numerical Models. Meteor Monogr 46, Amer Meteor Soc, pp 165–170 569 

Kalnay E, et al. 1996: The NCEP/NCAR 40-year reanalysis project. Bull. Amer. 570 

Meteor. Soc., 77, 437–471. 571 

Knapp, K. R., M. C. Kruk, D. H. Levinson, H. J. Diamond, and C. J. Neumann, 2010: 572 

The International Best Track Archive for Climate Stewardship, IBTrACS. Bull. 573 

Amer. Meteor. Soc., 91, 363–376. 574 

Li, T., X. Y. Ge, B. Wang, Y. T. Zhu, 2006: Tropical cyclogenesis associated with 575 



28 

 

Rossby wave energy dispersion of a preexisting typhoon. Part II: numerical 576 

simulations. J. Atmos. Sci., 63, 1390–1409. 577 

Li, T., 2012: Synoptic and climatic aspects of tropical cyclogenesis in western North 578 

Pacific. In: Oouchi K and Fudeyasu H (ed) Cyclones: formation, triggers and 579 

control, Nova Science Publishers, pp 61–94. 580 

Lin, Y. L., R. D. Farley, H. D. Orville, 1983: Bulk parameterization of the snow field 581 

in a cloud model. J Appl. Meteorol., 22, 1065–1092 582 

Lorenz, E. N., 1956: Empirical orthogonal functions and statistical weather prediction. 583 

Scientific Rep. 1, Statistical Forecasting Project, MIT, Cambridge, MA, 48 pp. 584 

Mendelsohn, R., K. Emanuel, S. Chonabayashi, and L. Bakkensen, 2012: The impact 585 

of climate change on global tropical cyclone damage. Nat. Climate Change, 2, 586 

205–209, https://doi.org/10.1038/nclimate1357 587 

Molinari J, Vollaro D. 2013: What percentage of western North Pacific tropical 588 

cyclones form within the monsoon trough? Mon. Wea. Rev. 141, 499–505. 589 

Monahan, A. H., J. C. Fyfe, M. H. P. Ambaum, D. B. Stephenson, and G. R. North, 590 

2009: Empirical orthogonal functions: The medium is the message. J. Climate, 591 

22, 6501–6514. 592 

Nolan, D. S., Y. M. Moon, D. P. Stern, 2007: Tropical Cyclone Intensification from 593 

Asymmetric Convection: Energetic and Efficiency. J. Atmos. Sci., 64, 3377–594 

3405. 595 

Neumann, C. J., 1993: Global overview. Global Guide to Tropical Cyclone 596 

Forecasting. WMO/TD-560, World Meteorological Organization, Geneva, 597 

1.1-1.42. 598 



29 

 

Ritchie, E. A., G. J. Holland, 1999: Large-scale patterns associated with tropical 599 

cyclogenesis in the western Pacific. Mon. Wea. Rev., 127, 2027–2043 600 

Schumacher, A. B., M. DeMaria, and J. A. Knaff, 2009: Objective estimation of the 601 

24-h probability of tropical cyclone formation. Wea. Forecasting, 24, 456–471. 602 

Skamarock, W. C., J. B. Klemp, J. Dudhia, D. O. Gill, D. M. Barker, M. G. Duda, X. 603 

Y. Huang, W. Wang, J. G. Powers, 2008: A description of the advanced research 604 

WRF version 3. NCAR Tech. Note NCAR/TN-475+STR, pp113 605 

Shapiro, L. J., 1977: Tropical storm formation from easterly waves: A criterion for 606 

development. J. Atmos. Sci., 34, 1007–1022. 607 

Wang, Y. Q., 1995: On an inverse balance equation in sigma-coordinates for model 608 

initialization. Mon. Wea. Rev., 123, 482–488. 609 

Wang, B., J. C. L. Chan, 2002: How strong ENSO events affect tropical storm activity 610 

over the western North Pacific. J. Climate, 15, 1643–1658. 611 

Wu, L., Z. P. Wen, R. H. Huang, R. G. Wu, 2012: Possible linkage between the 612 

monsoon trough variability and the tropical cyclone activity over the western 613 

North Pacific. Mon. Wea. Rev., 140, 140–150. 614 

Wu, R., Y.-Y. Yang, and X. Cao, 2019: Respective and combined impacts of regional 615 

SST anomalies on tropical cyclogenesis in different sectors of the western North 616 

Pacific. J. Geophys. Res., 124(16), 8917–8934, doi:10.1029/2019JD030736. 617 

Yoshida, R., and H. Ishikawa, 2013: Environmental factors contributing to tropical 618 

cyclone genesis over the western North Pacific. Mon. Wea. Rev., 141, 451–467. 619 



30 

 

Zehnder, J. A., 1991: The interaction of planetary-scale tropical easterly waves with 620 

topography: A mechanism for the initiation of tropical cyclones. J. Atmos. Sci., 621 

48, 1217–1230. 622 

Zhang, D. L., and C. Q. Kieu, 2006: Potential vorticity diagnosis of a simulated 623 

hurricane. Part II: Quasi-balanced contributions to forced secondary circulations. 624 

J. Atmos. Sci., 63, 2898–2914.  625 



31 

 

Table and Figure captions: 626 

Table 1. The list of sub-regions and corresponding tropical cyclogenesis number. 627 

Figure 1. The 850-hPa wind fields (m s−1) and tropical cyclogenesis during (a) strong 628 

and (b) weak monsoon trough years from the reanalysis data. The dashed lines divide 629 

the WNP into six sub-regions with equal ranges. The red numbers denote the 630 

frequency of tropical cyclogenesis in the corresponding sub-regions. The black 631 

dashed line defined by zonal wind equal to zero in (a) indicates the location of 632 

monsoon trough. 633 

Figure 2. Composite (a) 850 hPa wind fields (vector, m s−1), sea surface temperatures 634 

(contours, °C), and genesis potential index (shaded) from the reanalysis data as the 635 

initial background fields and low boundary condition and (b) vertical shear of zonal 636 

wind between 200 hPa and 850 hPa during July–November in strong monsoon trough 637 

years (1982, 1986, 1990, 1991, 1997, 2002, and 2004). The black symbols indicate 638 

the different positions of the weak artificial vortices at the initial time. 639 

Figure 3. Evolution over time of (a) the minimum sea-level pressure (hPa) and (b) the 640 

maximum azimuthal mean wind speed (m s−1) at 10 m in the eight experiments. The 641 

abscissa represents time (hours) and the ordinate corresponds to the intensity. The 642 

dashed line in part (b) denotes the time of tropical cyclogenesis when the maximum 643 

azimuthal mean wind speed exceeded 12.9 m s−1. 644 

Figure 4. Wind fields (vectors, m s−1) and total wind speed (shading; m s−1) at 850 hPa 645 

in run C130E from t = 48 h to t = 66 h at intervals of 6 h. 646 
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Figure 5. Wind fields (vectors, m s−1), relative humidity (shading, %) at 700 hPa and 647 

surface heat flux (contour, W m−2) in run C130E from t = 48 h to t = 66 h at intervals 648 

of 6 h. 649 

Figure 6. (a) Composite 850 hPa wind fields (vectors, m s−1), GPI (shading) and 650 

relative vorticity (contours; 10−5 s−1) from the reanalysis dataset from July to 651 

November in strong monsoon trough years. The black symbols indicate the different 652 

positions of the weak artificial vortices at the initial time. (b) Evolution with time of 653 

the maximum azimuthal mean wind speed (m s−1) at 10 m in the additional five 654 

experiments. The abscissa represents time (hours) and the ordinate corresponds to the 655 

intensity. The dashed line in part (b) denotes the time of tropical cyclogenesis when 656 

the maximum azimuthal mean wind speed exceeds 12.9 m s−1. 657 

Figure 7. Wind fields (vectors, m s−1) and total wind speed (shading; m s−1) at 850 hPa 658 

in run C150E from t = 48 h to t = 66 h at intervals of 6 h. 659 

Figure 8. Same as Fig. 7 but in run C170E. 660 

Figure 9. Vertical profiles of area-averaged (600 km × 600 km) zonal wind from t = 661 

48 h to t = 66 h at intervals of 6 h in runs (a–d) C150E and (e–h) C170E. 662 

Figure 10. Vertical height–longitude cross-sections of meridional wind (contours; m 663 

s−1) and temperature anomalies (shading; °C) in runs (a–d) C150E and (e–h) C170E 664 

from t = 48 h to t = 66 h at intervals of 6 h. 665 

Figure 11. Wind fields (vectors, m s−1) and total wind speed (shading; m s−1) at 300 666 

hPa in runs (a–d) C150E and (e–h) C170E from t = 48 h to t = 66 h at intervals of 6 h. 667 

Zero denotes the location of tropical vortex. The red box indicates the area of 900 km 668 
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× 900 km around the vortex center. 669 

Figure 12. Same as Fig. 11 but with wavelength larger than 600 km. 670 

Figure 13. Vertical height–time evolution of (a) area-averaged (420 km × 420 km) 671 

relative vorticity (10−5 s−1), (b) divergence (10−5 s−1), (c) relative humidity (%) and (d) 672 

diabatic heating (10−4 K s−1) in run C150E from t = 48 h to t = 120 h. The green 673 

dashed lines denote the time of tropical cyclogenesis. 674 

Figure 14. Same as Fig. 13 but in run C170E. 675 
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Table 1. The list of sub-regions and corresponding tropical cyclogenesis number 677 

Sub-region 
120°–

130°E 

130°–

140°E 

140°–

150°E 

150°–

160°E 

160°–

170°E 

170°–

180°E 

TC number 12 28 22 28 23 6 

Normalized 1.2 2.8 2.2 2.8 2.3 0.6 

Sub-region 
120°–

135°E 

135°–

145°E 

145°–

155°E 

155°–

165°E 

165°–

180°E  

TC number 28 22 29 26 14 
 

Normalized 1.86 2.2 2.9 2.6 0.93 
 

 678 
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 680 

Figure 1. The 850-hPa wind fields (m s−1) and tropical cyclogenesis during (a) strong 681 

and (b) weak monsoon trough years from the reanalysis data. The dashed lines divide 682 

the WNP into six sub-regions with equal ranges. The red numbers denote the 683 

frequency of tropical cyclogenesis in the corresponding sub-regions. The black 684 

dashed line defined by zonal wind equal to zero in (a) indicates the location of 685 

monsoon trough. 686 
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 688 

Figure 2. Composite (a) 850 hPa wind fields (vector, m s−1)), sea surface temperatures 689 

(contours, °C), and genesis potential index (shaded) from the reanalysis data as the 690 

initial background fields and low boundary condition and (b) vertical shear of zonal 691 

wind between 200 hPa and 850 hPa during July–November in strong monsoon trough 692 
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years (1982, 1986, 1990, 1991, 1997, 2002, and 2004). The black symbols indicate 693 

the different positions of the weak artificial vortices at the initial time.  694 
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 695 

Figure 3. Evolution over time of (a) the minimum sea-level pressure (hPa) and (b) the 696 

maximum azimuthal mean wind speed (m s−1) at 10 m in the eight experiments. The 697 

abscissa represents time (hours) and the ordinate corresponds to the intensity. The 698 

dashed line in part (b) denotes the time of tropical cyclogenesis when the maximum 699 

azimuthal mean wind speed exceeded 12.9 m s−1. 700 

 701 
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 702 

Figure 4. Wind fields (vectors, m s−1) and total wind speed (shading; m s−1) at 850 hPa 703 

in run C130E from t = 48 h to t = 66 h at intervals of 6 h. 704 
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 706 

Figure 5. Wind fields (vectors, m s−1)), relative humidity (shading, %) at 700 hPa and 707 

surface heat flux (contour, W m−2) in run C130E from t = 48 h to t = 66 h at intervals 708 

of 6 h. 709 

 710 

 711 
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 712 

Figure 6. (a) Composite 850 hPa wind fields (vectors, m s−1), GPI (shading) and 713 

relative vorticity (contours; 10−5 s−1) from the reanalysis dataset from July to 714 

November in strong monsoon trough years. The black symbols indicate the different 715 

positions of the weak artificial vortices at the initial time. (b) Evolution with time of 716 

the maximum azimuthal mean wind speed (m s−1) at 10 m in the additional five 717 

experiments. The abscissa represents time (hours) and the ordinate corresponds to the 718 

intensity. The dashed line in part (b) denotes the time of tropical cyclogenesis when 719 

the maximum azimuthal mean wind speed exceeds 12.9 m s−1. 720 
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 721 

 722 

Figure 7. Wind fields (vectors, m s−1) and total wind speed (shading; m s−1) at 850 hPa 723 

in run C150E from t = 48 h to t = 66 h at intervals of 6 h. 724 

 725 

 726 
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 727 

Figure 8. Same as Fig. 7 but in run C170E. 728 

  729 



44 

 

 730 

Figure 9. Vertical profiles of area-averaged (600 km × 600 km) zonal wind (m s−1) 731 

from t = 48 h to t = 66 h at intervals of 6 h in runs (a–d) C150E and (e–h) C170E. 732 

  733 
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 734 

Figure 10. Vertical height–longitude cross-sections of meridional wind (contours; m 735 

s−1) and temperature anomalies (shading; °C) in runs (a–d) C150E and (e–h) C170E 736 

from t = 48 h to t = 66 h at intervals of 6 h. 737 
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 739 

Figure 11. Wind fields (vectors, m s−1) and total wind speed (shading; m s−1) at 300 740 

hPa in runs (a–d) C150E and (e–h) C170E from t = 48 h to t = 66 h at intervals of 6 h. 741 

Zero denotes the location of tropical vortex. The red box indicates the area of 900 km 742 

× 900 km around the vortex center. 743 
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 745 

Figure 12. Same as Fig. 11 but with wavelength larger than 600 km. 746 

 747 
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 749 

Figure 13. Vertical height–time evolution of (a) area-averaged (420 km × 420 km) 750 

relative vorticity (10−5 s−1), (b) divergence (10−5 s−1), (c) relative humidity (%) and (d) 751 

diabatic heating (10−4 K s−1) in run C150E from t = 48 h to t = 120 h. The green 752 

dashed lines denote the time of tropical cyclogenesis. 753 
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 755 

Figure 14.  Same as Fig. 13 but in run C170E. 756 


