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ABSTRACT

Tropical cyclones (TCs) formed in the western North Pacific and South China Sea can undergo rapid

intensification (RI) shortly before making landfall in China. Forecasting such offshore RI is a great challenge

in operations. In this study the offshore RI events in a sheared environment are examined for TCs that made

landfall in China during 1979–2017. It is found that there were only three offshore RI events in a sheared

environment, all of which occurred to the south of Hainan Island within the monsoon trough in early to mid-

July, coinciding with the termination of the mei-yu season. The specific geographic location and timing of the

occurrence of the offshore RI in the sheared environment is associated with the adjustment of the East Asia

summer monsoon system when the mei-yu season terminates in the Yangtze River valley. In addition to the

adjustment favorable for TC intensification by enhancing the TC–trough interaction in the upper tropo-

sphere, this study suggests that two environmental factors also contribute to the offshore RI over the South

China Sea in a sheared environment. One is the intrusion of dry air associated with the western North Pacific

subtropical high (WNPSH) and the other is the penetration of the water vapor flux associated with the

monsoon surge. The adjustment of the East Asia summer monsoon system allows the water vapor flux of the

monsoon surge to penetrate the TC circulation and prevents the dry air of the WNPSH from intruding into

the TC circulation.

1. Introduction

Tropical cyclones (TCs) often experience rapid in-

tensification (RI) during their lifetime, especially for

intense TCs, and forecasting the RI is currently a great

challenge in operations (Titley and Elsberry 2000;

Kaplan and DeMaria 2003; Wang and Zhou 2008; Shu

et al. 2012). Chinese forecasters have long noticed that

TCs formed in the western North Pacific and South

China Sea can undergo RI shortly before making land-

fall (e.g., Liu and Rong 1995), leading to a very short

time period for authorities to execute evacuation. While

studies suggested that the favorable large-scale envi-

ronmental conditions are important for RI (Kaplan and

DeMaria 2003; Hanley et al. 2001; Kaplan et al. 2010;

Shieh et al. 2013; Wang et al. 2015; Chen et al. 2015),

recent studies have demonstrated that RI can occur in

an environment with vertical wind shear (VWS) larger

than 10ms21 (Molinari et al. 2006;Molinari andVollaro

2010). It is argued that convective bursts inside the ra-

dius of maximum wind play an important role in the RI

in a sheared environment (Reasor et al. 2009; Rogers

et al. 2016; Zawislak et al. 2016; Chen et al. 2018;

Leighton et al. 2018). This finding further complicates

the forecast of offshore RI, which is particularly im-

portant for disaster mitigation and prevention of land-

falling TCs in China.
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It has been found that RI is more likely to occur in the

large-scale environment with lower VWS, warmer sea

surface temperature (SST), higher oceanic heat content,

and higher relative humidity in the low- to midtropo-

sphere (Kaplan and DeMaria 2003; Kaplan et al. 2010;

Chen et al. 2015). Other favorable environmental fac-

tors include external forcing from upper-level systems

(Hanley et al. 2001; Shieh et al. 2013; Chen et al. 2015).

In the western North Pacific and South China Sea, the

large-scale conditions are closely associated with the

summer monsoon system, including the monsoon trough

(MT) in the lower troposphere, the western North Pacific

subtropical high (WNPSH) and the South Asia high

(SAH) in the upper troposphere. Wang and Zhou (2008)

examined the climatic variability of the RI on seasonal,

intraseasonal, interannual, and interdecadal time scales,

suggesting that these oscillations of the monsoon circu-

lation can play an important role in the RI over the

westernNorth Pacific and the SouthChina Sea.However,

it is not well understood how the monsoon system affects

the offshore RI of TCs in a sheared environment.

The objective of this study is to examine the mon-

soonal influences on the offshore RI of TCs that made

landfall in China in a sheared environment during the

period 1979–2017. The data and methodology are de-

scribed in section 2, and the identification of the offshore

RI events in a sheared environment is presented in

section 3. The large-scale environmental circulation as-

sociated with the offshore RI in a sheared environment

is discussed in section 4, followed by discussion and

conclusions in sections 5 and 6.

2. Data and methodology

The TC data in the western North Pacific and South

China Sea are obtained from the best track dataset of

the Shanghai Typhoon Institute (STI) of the China

Meteorological Administration (CMA). Similar to other

best track datasets, the STI dataset includes the maxi-

mum wind speed, minimum central sea level pressure,

and the latitudes and longitudes of the TC center at 6-h

intervals (Ying et al. 2014). In addition, the STI

dataset also includes the time, latitude and longitude,

the maximum wind speed, and minimum central sea

level pressure when the TC made landfall in China.

When a TC moves to the offshore of China, the STI

dataset utilizes radar data and observations from is-

lands and buoys, usually in a shorter time interval.

These additional data should be beneficial to the es-

timation of TC intensity and center position when the

TC was off the shore of China.

The ERA5 reanalysis from the European Centre for

Medium-Range Weather Forecasts (ECMWF) is used

for examining the large-scale conditions and circula-

tions. Our analysis focuses on the period 1979–2017

since the TC intensity records were more reliable since

1979 (Wu and Zhao 2012). As shown by Zong and Wu

(2015), the large-scale circulation derived from the re-

analysis data can be contaminated by the TC circulation.

Hsu et al. (2008) also demonstrated that extreme events

such as TCs can contribute significantly to the time-

averaged field. For this reason, the large-scale circulation

in this study is derived based on a two-step procedure. The

TC circulation is first removed with the procedure pro-

posed by Kurihara et al. (1993, 1995) and then a 10-day

low-pass Lanczos filter is applied to the resulting en-

vironmental variables. Since the TC circulation can

interact with the large-scale circulation, we also use

the difference between the unfiltered and filtered fields

to examine the possible interaction of the TC circula-

tion with the environment. Note that the TC structure

and the associated interactions contain considerable un-

certainty due to the inaccurate representation of the TC

circulation in the relatively coarse-resolution reanalysis.

Following previous studies (Kaplan and DeMaria 2003;

Shu et al. 2014), the VWS is calculated within a radius of

220–880 km from the TC center. The sea surface tem-

perature (SST) data are from National Oceanic and

Atmospheric Administration Extended Reconstructed

SST version 4 (ERSST v4) dataset (Huang et al. 2015).

FollowingMolinari et al. (1995), the relative eddy flux

convergence (REFC) is defined as:

REFC52
1

r2
›

›r
r2u0

Ly
0
L , (1)

where u and y are the radial and azimuthal velocity

components, respectively; r is the distance from the

storm center; and primes indicate the deviation from the

azimuthal mean (which is represented with an overbar).

The subscript L refers to storm-relative flow since

REFC is calculated in a storm-following coordinate

system. REFC is an indicator of TC–trough interaction

in spite of coarse reanalysis data (Chen et al. 2015).

REFC in this study is calculated at 200 hPa over 220–

880-km radii from the TC center.

An RI event is defined when the maximum sustained

surfacewind speed of a TC increases by at least 15.4ms21

over a 24-h period (Kaplan and DeMaria 2003; Qin et al.

2016). The RI onset time is the beginning time of the RI

over a 24-h period. For a comparison, we also define the

weakening event when the maximum sustained wind

speed of a TC decreases by at least 5ms21 over a 24-h

period. The offshore RI and weakening events are de-

fined for those TCs that made landfall in China mainland

and Hainan Island within 36h and were located within a

radius of 850km from the landfalling location. For the RI
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and weakening events, the TCs with tropical storm in-

tensity at the onset time are examined.

3. Offshore RI events in a sheared environment

Based on the definition in the last section, 24 offshore

RI events are detected during the period 1979–2017.

Figure 1a shows the track segment (red) of TCs during

the offshore RI episode. There are 21 offshore RI

events in the South China Sea and the other three

occurred in the East China Sea. Some of the RI events

lasted more than 24h and even until shortly before a TC

made landfall. More than half of the TCs that experienced

the offshore RI made landfall in Hainan Island and

Leizhou Peninsula in Guangdong province. In agree-

ment with Liu and Rong (1995), the South China Sea is

the most active region for the occurrence of the offshore

RI events. Further examination indicates that there are

13 offshore RI events that occurred in July–September.

To compare the large-scale conditions for the 13 off-

shore RI events in July–September, we also identified 16

weakening events that occurred in July–September over

the South China Sea during the period 1979–2017. We

compared the TC intensity, VWS, SST, and 600-hPa

relative humidity (RH) at the onset time; it is found

that the significant differences are only found in the

VWS and TC intensity between the RI and weakening

events. The average onset intensity is 26.4 and 38.3m s21

for the RI and weakening events, respectively, indicat-

ing that the weakening event occurs mostly for TCs

with typhoon strength. The average VWS is 7.9 and

11.1m s21 for the RI and weakening events, respec-

tively. In agreement with previous studies, VWS

generally is an inhibiting environmental factor for the

offshore RI.

However, some TCs can still experience offshore

RI when the VWS between 200 and 850 hPa is larger

than 10m s21. We also examined RI events in the

western North Pacific basin west of 1508E in July–

September during the period 1979–2017. A total of

151 RI events were identified, with 129 and 22 RI

events over the western North Pacific and the South

China Sea, respectively. Calculation of the VWS using

the low-pass-filtered data indicates that four (eight)

events over the South China Sea (the western North

Pacific) experienced the VWS of greater than 10m s21

during the whole RI period. That is, 18.2% (6.2%) RI

events occurred in a sheared environment with VWS

greater than 10m s21 during the whole RI period

over the South China Sea (the western North Pacific),

suggesting that the South China Sea is a relatively

active region for the occurrence of the RI in a sheared

environment.

Among of the 13 offshore RI events over the South

China Sea in July–September, three RI events took

place when VWS exceeded 10ms21 and then made

landfall in China within 36h (Fig. 1b). The three TCs are

Typhoons Kelly (1981), Zeke (1991), and Rammasun

(2014). It is interesting that the three RI events all oc-

curred in early to mid-July and moved across the

Philippines and experienced offshore RI to the south-

east of Hainan Island in the South China Sea. As sug-

gested by Holliday and Thompson (1979), RI events

occur over warm oceans with SSTs not lower than 288C.
As shown in Table 1, the SST associated with the three

offshore RI events are all above 288C. Figure 2a shows
the 24-h intensity change of the three TCs relative to

the RI onset (t 5 0 h) and the corresponding VWS

is shown in Figs. 2b and 2c. The intensity of Kelly,

Zeke, andRammasunwas 25, 25, and 45ms21, respectively.

FIG. 1. (a) Track segments of TCs that experienced offshore RI

in during 1979–2017, with red lines indicating the RI episode.

(b) The RI (red) and weakening (blue) track segments that oc-

curred in a sheared environment in early to mid-July.
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Note that the intensity change of Kelly and Zeke was

identical during the period of the RI.

The VWS in the low-pass-filtered data at the RI onset

was 15.1, 13.1, and 13.0ms21 for Kelly, Zeke, and

Rammasun (Table 1). During the RI episode, the VWS

for the three RI cases was larger than 10.0ms21 (Fig. 2c).

We also calculated the VWS using the unfiltered data.

The VWS in the unfiltered data is 14.6, 11.3, and 9.8ms21

at theRI onset forKelly, Zeke, andRammasun (Table 1),

respectively. During the RI episode, the VWS in the

unfiltered data was at least 8.0m s21 (Fig. 2b). The

VWS (larger than 10m s21) in the low-pass-filtered

data suggests that the three TCs experienced a rela-

tively hostile large-scale environment at the beginning

of the RI. Previous studies suggest that VWS larger than

5m s21 is generally considered hostile to TC intensifi-

cation (Kaplan and DeMaria 2003; Kaplan et al. 2010).

4. Large-scale circulation associated with the
offshore RI event

The above analysis revealed two interesting features

for the offshore RI in the sheared environment. One is

the specific geographic location of the occurrence of the

offshoreRI. All the three identifiedRI events took place

to the southeast of Hainan Island and the corresponding

TCs took a northwestward track. The other is that the

three RI events in the sheared environment all occurred

in early to mid-July. It is suggested that the large-scale

circulation plays a role in the timing and geographic

location of the occurrence of the three RI events in the

sheared environment.

We first examined the climatologic mean 200-, 500-,

and 850-hPa wind fields in July. In the upper troposphere

(200hPa) (Fig. 3a), the South China Sea is controlled by

the easterly of the south flank of the SAH. The ridge

of SAH is located along ;308N and extends over the

western North Pacific. In the middle troposphere

(500 hPa) (Fig. 3b), the WNPSH extends westward to

1058E over China mainland. The ridge of the WNPSH

is about 278N at 1208E. The southwesterly monsoon

flow from the Bay of Bengal meets the southeasterly

flow of the WNPSH at 850 hPa, constituting the MT

(Fig. 3c). The RI events occurred in the climatologic

monsoon trough, which extends southwestward beyond

1358E and the VWS in the South China Sea resulted

mainly from the strong easterly winds associated with

the SAH and the southwesterly monsoon flow.

For a comparison, we selected three weakening events

that also occurred in the South China Sea in early to

mid-July. They were Typhoons Ellis (1979), Warren

(1988), and Faye (1989). As shown in Fig. 1b, the three

weakening cases in the South China Sea were generally

located to the north of the RI cases. The comparisons

of the VWS derived from the low-pass and unfiltered

data are given in Table 1. The three weakening TCs

also experienced strong VWS. As shown in Table 1, the

VWS between 200 and 850hPa calculated from the un-

filtered data is 16.4, 12.0, and 15.9m s21 at the beginning

of weakening, while the VWS derived from the low-

pass-filtered data is 14.3, 11.7, and 14.1m s21 at the onset

for Ellis, Warren, and Faye, respectively. The VWS

shows no significant change during the weakening pe-

riod (Figs. 2b,c). The VWS is generally comparable to

those of the three RI cases inmagnitude. In addition, the

three weakening cases also occurred in the climatologic

monsoon trough (Fig. 3c). Compared to theRI cases, the

TC intensity at the beginning of weakening was 30, 40,

and 30ms21 for Ellis, Warren, and Faye, respectively,

indicating no significant difference in the onset inten-

sity between the RI and weakening cases. Moreover,

the SST with the three weakening events was 29.28,
29.88, and 29.38C for Ellis, Warren and Faye, respec-

tively (Table 1), and there was no significant difference

in SST between the RI and weakening events. Thus,

given the similar geographic location and timing of the

occurrence, the comparison of the three offshore RI

cases with the three weakening cases can help under-

stand the mechanisms responsible for the offshore RI

in a sheared environment.

We further examined the differences in the large-scale

circulation between the three offshore RI and weakening

TABLE 1. List of the SST and the environmental parameters for the three RI cases (Kelly, Zeke, Rammasun) and three weakening cases

(Ellis, Warren, Faye) at the onset.

Parameter RI Weakening

TC name Kelly (1981) Zeke (1991) Rammasun (2014) Ellis (1979) Warren (1988) Faye (1989)

SST (8C) 28.7 28.5 30.1 29.2 29.8 29.3

Filtered VWS (m s21) 15.1 13.1 13 14.3 11.7 14.1

Unfiltered VWS (m s21) 14.6 11.3 9.8 16.4 12.0 15.9

REFC (m s21 day21) 11.3 9.3 1.4 20.1 20.5 22.7

600-hPa filtered relative humidity (%) 73.5 73.2 72.9 66.8 62.1 62.4

Westernmost extension of WNPSH (8E) 119 114 112 110 112 108

Latitude of WNPSH ridge at 1208E (8N) 26 25 26 26 28 25.5
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cases. Figure 4 compares the 200-hPa wind field for the

three RI cases and three weakening cases. For the RI

cases, the SAH shrank westward in the case of Kelly,

while it split into two centers over China and over the

westernNorth Pacific in the cases ofZeke andRammasun.

FIG. 2. (a) The 24-h intensity changes and (b),(c) 24-h changes of

VWS relative to the onset (t5 0 h) for the RI cases of Kelly (1981),

Zeke (1991), and Rammasun (2014) and the weakening cases of

Ellis (1979), Warren (1988), and Faye (1989).

FIG. 3. Climatologic 200-, 500-, and 850-hPa filtered wind fields

(vectors) with the shading indicating the (a) filtered zonal wind

component, (b) 500-hPa relative humidity, and (c) wind speed,

which are averaged in July over the period 1979–2017. The red

(blue) typhoon symbol indicates the position of the TC center at

the onset of the RI (weakening) cases. The ridges of the WNPSH

and monsoon trough are also indicated.
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The ridge of the SAH was between 258 and 308N. For

the weakening cases, on the other hand, the SAH ex-

tended eastward in the case ofWarren, while there was

an anticyclone center to the north of Ellis and Faye.

We can see that the three RI cases were located to the

southeast flank of the SAH with the SAH centered

west of 908E, while the weakening cases occurred in

the south flank of the SAH. Although the SAH was

centered west of 908E, there was still an anticyclonic

circulation on the northern side of Warren. In other

words, the SAH maintained a center over China in the

weakening cases.

The westward shift or breakdown of the SAH over

China may result in the difference in TC–trough inter-

action between the RI and weakening cases, which can

be indicated by the REFC at 200hPa (DeMaria et al.

1993). For the RI events, the REFC in the unfiltered

data is 11.3, 9.3, and 1.4m s21 day21 at the RI onset for

Kelly, Zeke, and Rammasun (Table 1), respectively.

For the weakening events, the REFC is 20.1, 20.5,

and 22.7m s21 day21 for Ellis, Warren, and Faye,

respectively. As suggested by Chen et al. (2015), the

relatively high REFC is a unique synoptic environ-

mental feature for RI cases in the South China Sea. In

agreement with Chen et al. (2015), the large-scale cir-

culation pattern in the upper troposphere enhanced the

TC–trough interaction in the three offshore RI events.

The WNPSH is an important component of the East

Asia summer monsoon and generally determines the

movement of the TCs from July to September over the

WNP. Shu et al. (2014) investigated the influence of

environmental conditions on the intensity changes of

TCs over the western North Pacific by examining TCs

that interacted with the subtropical high. By compar-

ing the intensifying events and weakening events, they

found that the environmental conditions associated

with the subtropical high play important roles in the

intensity changes of TCs. When TCs move along the

FIG. 4. The 200-hPa filtered wind field (vectors) and zonal wind component (shaded) at the onset for the RI cases

of Typhoons Kelly (1981), Zeke (1991), and Rammasun (2014) and the weakening cases of Typhoons Ellis (1979),

Warren (1988), and Faye (1989). The red (blue) typhoon symbol indicates the position of the TC center at the onset

of the RI (weakening) cases.

628 WEATHER AND FORECAST ING VOLUME 35

Unauthenticated | Downloaded 04/10/21 09:28 AM UTC



western edge of the subtropical high, the strong west-

erly VWS promotes the intrusion of dry environmental

air associated with the subtropical high, leading to the

weakening of TCs. Figure 5 shows 500-hPa wind field

and 600-hPa relative humidity derived from the low-

pass-filtered data. For the RI cases, the ridge of the

WNPSH was located north of 208N at 1208E. The rel-

ative humidity at 600 hPa was generally higher than

60% within the radius of 500 km from the TC center.

For the weakening cases, the ridge of the WNPSH was

also located north of 208N at 1208E, but the TCs were

located closer to the subtropical high. Relative hu-

midity values lower than 60% can be clearly found

within the radius of 500 km from the TC center. In

Table 1, the average relative humidity within the ra-

dius of 500 km from the TC center is also shown. The

average relative humidity in the weakening cases is

lower than in the RI cases. Figure 5 suggests that the

weakening cases were accompanied with the dry air

intrusion associated with the subtropical high.

FIG. 5. The 500-hPa filtered wind field (vectors), filtered relative humidity field (shaded), and the contour of 5880

gpm at 500 hPa (thick blue line) at the onset for the RI cases of Typhoons Kelly (1981), Zeke (1991), and

Rammasun (2014) and the weakening cases of Typhoons Ellis (1979), Warren (1988), and Faye (1989). The red

(blue) typhoon symbol indicates the position of the TC center at the onset of the RI (weakening) cases. Black solid

circles indicate the distance of 58 from the TC center, and pink lines represent the ridge of the WNPSH.
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The dry intrusion that results from the interaction

between the TC and WNPSH can be further demon-

strated by the 600-hPa unfiltered relative humidity and

the synoptic-scale wind fields derived from the unfil-

tered and low-pass-filtered data (Fig. 6). This figure in-

dicates that the relatively dry air of the WNPSH with

relative humidity lower than 60% can penetrate the TC

circulation on the north and northwest sides of the TC.

However, the dry air intrusion is weaker in the RI cases

than in the weakening cases, suggesting that the dry air

intrusion is an important factor for the offshore RI.

The stronger dry air intrusion in the weakening cases

may be due to the shorter distance between the TC and

the WNPSH. As shown in Fig. 1b, the TCs in the

weakening cases are located to the north of the TCs in

the RI cases, closer to the WNPSH.

Forecasters in China have long recognized the im-

portance of the moist air transport associated with

the strengthening southwesterly monsoon flow on the

southern flank of the monsoon trough, which is often

called the monsoon surge. Figure 7 shows the 850-hPa

low-pass-filtered wind field and the water vapor flux.

FIG. 6. As in Fig. 5, but for the 600-hPa synoptic-scale wind field (vectors) and unfiltered relative humidity field

(shaded).
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For the RI cases, the TCs were embedded in a well-

developed monsoon trough and the water vapor was

transported to the TC circulation along the southwesterly

flow. The subtropical high extended to the continent and

the water vapor was further transported to the inland of

China. For the weakening case of Ellis, although the

monsoon flow transported the water vapor to the mon-

soon trough, the enhanced transport was located to the

south of the TC, suggesting that the enhanced water va-

por did not penetrate the TC circulation. For the weak-

ening cases ofWarren and Faye, the monsoon trough did

not well develop and themonsoon surge cannot be found.

This suggests that the water vapor transport associated

with the monsoon flow into the TC circulation is impor-

tant for the offshore RI of TCs in a sheared environment.

5. Discussion

The seasonal northward migration of the summer

monsoon in East Asia includes three stationary stages

and two abrupt northward shifts (Ding and Chan 2005).

The stepwise movement of the East Asia monsoon is

closely associated with the changes of large-scale circu-

lations such as the SAH,WNPSH, andMT, as well as the

FIG. 7. The 850-hPa filteredwind field (vectors) and filteredwater vapor flux (shaded) at the onset for theRI cases

of Typhoons Kelly (1981), Zeke (1991), and Rammasun (2014) and the weakening cases of Typhoons Ellis (1979),

Warren (1988), and Faye (1989). The red (blue) typhoon symbol indicates the position of the TC center at the onset

of the RI (weakening) cases. Black solid circles indicate the distance of 58 from the TC center, and blue lines are

contours of the wind speed.

APRIL 2020 Q IU ET AL . 631

Unauthenticated | Downloaded 04/10/21 09:28 AM UTC



primary rainbelt in China. The three stationary stages

correspond to the presummer rainy season in South

China, the mei-yu season in the Yangtze River valley,

and the rainy season in North China. The two sudden

northward jumps signify the onset of the mei-yu season

in the Yangtze River valley and the rainy season in

North China. The RI events of Kelly (1981), Zeke

(1991), and Rammasun (2014) started on 2 July 1981,

12 July 1991, and 17 July 2014, respectively. By com-

paring the ending date of the mei-yu season in Jiangsu

Province, we find that theRI in the sheared environment

occurred 1–3 days prior to the termination of the mei-yu

season. The timing of the RI in the sheared environment

coincides with that of the adjustment of the large-scale

atmospheric circulations.

In general, the ridge of the WNPSH shifts north of

278N by the end of the mei-yu season and the primary

rainbelt moves to North China. Wei et al. (2015) in-

vestigated the influence of the condensational heating

associated with the mei-yu precipitation on the SAH

and found that the condensational heating excites a

local anticyclone in the upper troposphere and leads to

the eastward extension of the SAH. As shown in Fig. 4,

it is suggested that the weakening or westward with-

drawal of the SAH in the RI cases may be associated

with the termination of the mei-yu season. Meanwhile,

as an important member of the Asian monsoon system

(Krishnamurti and Bhalme 1976; Tao and Chen 1987),

the westward withdrawal of the SAH corresponds to

the enhancement of the monsoon flow, which is also

shown in Wei et al. (2014). As discussed above, the con-

figuration of the large-scale circulation in the upper tro-

posphere can also enhance the TC–trough interaction in

the three offshore RI events.

In association with the adjustment of the large-scale

circulations, the water vapor transport associated with

the monsoon flow can reach North China through the

monsoon trough in the South China Sea. It is important

for the enhanced transport of water vapor to penetrate

the TC circulation. Recent studies suggested that con-

vective bursts inside the radius of maximum wind play

an important role in theRI withmoderateVWS (Reasor

et al. 2009; Rogers et al. 2016; Zawislak et al. 2016;

Leighton et al. 2018). Chen and Gopalakrishnan (2015)

investigated the asymmetric RI ofHurricane Earl (2010)

and argued that persistent convective bursts in the

downshear-left quadrant are favorable for the RI in a

sheared environment. The downdrafts of the convective

bursts enhance the upper-level warming in the eye,

leading to the RI of Hurricane Earl (2010). In the three

RI cases discussed in this study, the VWS between 200

and 850hPa was generally easterly and thus the convec-

tive bursts are generally triggered on the southwestern

side of the TC (downshear-left). The penetration of water

vapor associated with the monsoon surge is favorable for

the convective bursts within the radius of maximum wind

and thus TCs can experience the RI in a sheared envi-

ronment. Further study is needed to demonstrate the

penetration of the monsoon surge into the TC circulation

and the associated effect.

6. Conclusions

The offshoreRI in a sheared environment is examined

for the TCs that made landfall in China during 1979–

2017. It is found that the offshore RI in a sheared envi-

ronment is a relatively rare event. The detected three

offshore RI events in a sheared environment occurred

in early to mid-July, 1–3 days prior to the termination of

the mei-yu season in the Yangtze River valley. The

offshore RI events all took place to the south of Hainan

Island within the monsoon trough. Our study suggests

that the forecaster should consider the possibility of

an offshore RI event when a TC is over the South China

Sea just prior to the termination of the mei-yu season in

the Yangtze River valley.

This study reveals two possible environmental factors

that are responsible for the offshore RI in a sheared

environment. One is intrusion of the dry air associated

with the WNPSH and the other is the penetration of the

water vapor flux associated with the monsoon surge. We

argue that the specific geographic location and timing of

the occurrence of the offshore RI in the sheared envi-

ronment is mainly due to the adjustment of the large-

scale circulation when the mei-yu season terminates in

the Yangtze River valley. The termination of the mei-yu

season is closely associated with the adjustment of large-

scale circulations such as the SAH, WNPSH and mon-

soon trough. The adjustment makes the water vapor flux

of the monsoon surge penetrate the inner region of the

TC and prevents the dry air associated with theWNPSH

from intruding into the TC circulation. In addition, the

calculation of the REFC also suggests that the adjust-

ment enhances the TC–trough interaction in the upper

troposphere, favorable for TC intensification.

As mentioned in the introduction, observational and

numerical studies have confirmed the occurrence of RI

in an environment with VWS larger than 10ms21

(Molinari et al. 2006; Molinari and Vollaro 2010; Chen

et al. 2015). As a specific type of RI, this study shows that

theoffshoreRI in a shearedenvironment canoccur 1–3days

prior to the termination of the mei-yu season in the

Yangtze River valley, although it is based only on

three offshore RI cases. To confirm the robustness

of our conclusions, future studies can be conducted

in the following two aspects. One is to perform the
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numerical simulation of the real offshore RI cases

discussed in this study. Since high-resolution climate

models can simulate relatively realistic intensifica-

tion of TCs (Roberts et al. 2015; Vecchi et al. 2019),

the other is to examine TCs from high-resolution sim-

ulations with climate models, which may substantially

increase the sample size.
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