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ABSTRACT

From the time series of Climate Forecast System Reanalysis (CFSR), rain gauge 
data, and case studies, two widespread heavy rainfall (> 80 mm day-1) periods over 
Taiwan during the South China Sea Two Island Monsoon Experiment (SCSTIMX) 
(1 to 4 June and 14 to 18 June 2017) are found to be closely related to the large 
moisture transport within the marine boundary layer (MBL) from the northern South 
China Sea [integrated vapor transport (IVT) between surface and 900-hPa level > 
220 kg m-1 s-1] to the Taiwan area. With most of the moisture confined within the 
boundary layer, the moisture transport to the Taiwan area mainly occurs in the marine 
boundary layer jet (MBLJ). For both periods, the synoptic system-related low-level 
jet (SLLJ) coexists with the MBLJ, which is a subsynoptic feature. The MBLJ devel-
ops and intensifies when the mei-yu trough over southern China deepens and/or the 
western Pacific subtropical high strengthens and extends westward. With significant 
upstream moisture transport within the MBL (IVT ~300 - 315 kg m-1 s-1), extreme 
torrential rain (> 500 mm day-1) occurs over Taiwan during 2 to 3 June of the first 
widespread heavy rainfall period. During the second widespread heavy rainfall pe-
riod, there are two sub-periods of MBLJs and rainfall peaks (> 300 mm day-1) on 14 
and 17 June with lower moisture transport by MBLJs (IVT ~220 - 280 kg m-1 s-1)  
than during the first heavy rainfall period. For both periods, the moisture-laden 
MBLJs lifted by terrain and/or mei-yu jet/front systems produce heavy rainfall. The 
moisture transport within the MBL from the northern South China Sea to Taiwan 
provides a useful guide to predict heavy rainfall over Taiwan.
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1. INTRODUCTION

During the early summer rainy season (May to June) 
over Taiwan, under the influences of jet/front systems from 
southern China, mesoscale convective systems (MCSs), and 
the warm, moist prefrontal southwesterly monsoon flow, 
heavy rainfall frequently occurs (Kuo and Chen 1990; Chen 
1992; Li et al. 1997; Yeh and Chen 1998, 2002; Ding and 
Chan 2005; Jou et al. 2011; Xu et al. 2012; Tu et al. 2014, 
2017; Wang et al. 2017; Chen et al. 2018). From statistical 
analysis, Chen and Yu (1988) and Chen et al. (2005) found 
that the 850 - 700-hPa low-level jet (LLJ) associated with 
the mei-yu front, classified as a synoptic system-related low-

level jet (SLLJ) (Du et al. 2014), is closely related to the 
heavy rainfall (> 100 mm day-1) that occurred over northern 
Taiwan. When a SLLJ (> 15 m s-1) prevailed at the 700-hPa 
level, there was a 91% likelihood that heavy rainfall was 
in progress or would begin in the next day. The frequency 
of 700-hPa SLLJ reached a maximum 12 hrs before and  
850-hPa SLLJ right at the start of extremely heavy rainfall 
as the SLLJ moved towards northern Taiwan from southern 
China (Chen and Yu 1988). Chen et al. (2005) suggested 
that for a heavy rainfall event (> 100 mm day-1), the SLLJ 
at 850 hPa frequently brought in warm, moist air from the 
South China Sea (SCS) to the Taiwan area 12 hrs prior to the 
occurrence of heavy rainfall. The SLLJ frequently occurs in 
the warm sector of the frontal system as the frontal cyclone 
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initiated in the leeside of the Tibetan Plateau or Yun-Guei 
Plateau deepens and migrates eastward (Chen 1977, 1978; 
Chen et al. 1994, 1997; Chen and Chen 1995). Chen et al. 
(1994, 1997) diagnosed the dynamics of SLLJ through a 
detailed case study. They found that the SLLJ is associated 
with the secondary circulation of the moist baroclinic jet/
front system.

Chen et al. (2007) studied the 10-year (1997 - 2006) 
extremely heavy rainfall event over southern Taiwan during 
the early summer rainy season. They identified five torren-
tial rain (> 350 mm day-1) events over southwestern Taiwan 
during the period. These events are characterized by large 
(> 220 g kg-1 m s-1) upstream low-level moisture fluxes aver-
aged among 1000-, 925-, and 850-hPa levels, the presence of 
the 850-hPa high θe axis, and 700-hPa upward motion over 
southwestern Taiwan. Chen et al. (2018) found that for the 
widespread heavy rainfall events over Taiwan during 10 to 
12 June 2012, the maximum low-level horizontal moisture 
fluxes (> 330 g kg-1 m s-1) associated with the southwesterly 
monsoon flow occur in the planetary boundary layer with a 
maximum at the 950-hPa level, transporting moisture from 
the northern South China Sea to the Taiwan area. The strong 
low-level winds in the boundary layer are called the Marine 
Boundary Layer Jets (MBLJ) (Tu et al. 2019). For this case, 
in addition to the localized heavy rainfall during the passage 
of a jet/front system, heavy rainfall occurs on the windward 
slopes of the Snow Mountains (> 1000 mm) and Central 
Mountain Range (CMR) (> 1500 mm) as the strong warm, 
moist, low-level winds impinge on the mountains.

Tu et al. (2019) used a five-year (2008 - 2012) reanaly-
sis composite to study the characteristics of MBLJs over the 
northern South China Sea during the later period of early 
summer rainy season over Taiwan (June). The MBLJs are 
mainly caused by the subsynoptic-scale pressure gradients 
due to a deeper mei-yu trough over southern China and/or 
a stronger-than-normal western Pacific subtropical high. 
At the jet core, the vertical wind profile resembles an Ek-
man spiral with a wind speed maximum near the top of 
the marine boundary layer (~925 hPa). When both MBLJ 
and SLLJ are present, from the moisture budget analysis 
for frontal systems without considering terrain effects, the 
horizontal moisture transport from the South China Sea to 
Taiwan is associated with MBLJ. The rainfall production 
is mainly related to secondary circulation associated with 
the jet/front system in the frontal zone and localized lifting 
related to orographic effects (Tu et al. 2019).

Chen et al. (2007) and Tu et al. (2019) studied the low-
level moisture transport using composite analyses. The MBLJ 
is a transient feature and the low-level moisture transport as-
sociated with the MBLJ during June 2008 to 2012 is more 
significant as compared to the June monthly mean southwest-
erly monsoon flow (Tu et al. 2019). Not every frontal system 
affecting the Taiwan area is accompanied by a MBLJ over 
the northern South China Sea. In this study, we will investi-

gate: (1) the physical mechanisms for the development and 
evolution of the MBLJs during the South China Sea Two-
Island Monsoon Experiment (SCSTIMX-2017) (Chen et al. 
2020; Sui et al. 2020); (2) the relationship between the mois-
ture transport by the MBLJ from the northern South China 
Sea to the Taiwan area and the occurrences of heavy rainfall 
over Taiwan based on time series analysis; (3) the roles of 
frontal lifting and orographic effects of MBLJs on enhanced 
rainfall for cases identified from time series analysis.

2. DATA AND METHODOLOGY

Previous studies classified two kinds of LLJs: (1) 
boundary layer jet (BLJ) occurring in the planetary bound-
ary layer (PBL); and (2) synoptic system-related low-level 
jet (SLLJ) occurring between the 600- and 900-hPa levels 
(e.g., Chen et al. 1994; Du et al. 2014). Some studies iden-
tified LLJs based on the maximum horizontal wind speed  
(> 10 m s-1) at the 925-, 850-, or 700-hPa levels (e.g., Tao 
and Chen 1987). In this study, two criteria are used to identi-
fy the existence of a southwesterly MBLJ over the northern 
South China Sea: (1) maximum wind speed of more than  
10 m s-1 below the 900-hPa level; and (2) the vertical shear 
of horizontal wind > 3 m s-1 (Du et al. 2014; Tu et al. 2019). 
Similar to Tu et al. (2019), if more than 60% of the grid 
points in the upstream box (116 - 120°E, 19 - 22°N; black 
box in Fig. 1) satisfy the MBLJ criteria and the event per-
sists for more than 6 h, that entire day (0000 - 2400 LT) is 
defined as a MBLJ day. A wide and long-duration MBLJ 
event affecting Taiwan satisfies the MBLJ day criteria. Du 
and Chen (2018, 2019) studied a heavy rainfall event over 
southern China associated with a double LLJ (coexistence 
of SLLJ and BLJ). In this study, we will further analyze the 
relationship between the moisture transport by the MBLJ 
and heavy rainfall occurrence over Taiwan during mei-yu 
season of 2017. We will also illustrate the different roles 
of SLLJ and MBLJ when both jets coexist during the early 
summer rainy season in Taiwan.

The National Centers for Environmental Prediction 
(NCEP) Climate Forecast System Reanalysis (CFSR) data 
(Saha et al. 2010) with 0.5° × 0.5° grids at 6-h intervals 
and 37 pressure levels are used to delineate favorable con-
ditions for the development/evolution of MBLJ and mois-
ture transport in the MBL from the northern South China 
Sea to the Taiwan area. The rainfall data are from conven-
tional surface weather stations and the Automatic Rainfall 
and Meteorological Telemetry System (Kerns et al. 2010) 
(> 300 stations have valid rainfall data). Dongsha (Fig. 1) 
sounding data (available from the Central Weather Bureau, 
Taipei, Taiwan or SCSTIMX project office) are used for the 
upstream LLJ conditions.

The vertically integrated horizontal water vapor trans-
port (hereafter, integrated vapor transport; Zhu and Newell 
1998; Lavers et al. 2012; Tu et al. 2019) is defined as
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Q QIVT 2 2= +m z  (1a)

and the vertical integrals of the moisture transport com-
ponents in the zonal (λ) and meridional (φ) directions are 
given as follows

Q g qudp1
P

P

0

1=m #  (1b)

Q g qvdp1
P

P

0

1=z #  (1c)

where q is the specific humidity in kg kg-1, u is the zonal 
wind in m s-1, υ is the meridional wind in m s-1, g is the ac-
celeration due to gravity in m s-2, and p0 is surface pressure 
in Pa. In this study, we analysis the IVT within the boundary 
layer (between surface to the 900-hPa level).

3. RESULTS
3.1 Horizontal Moisture Fluxes from Northern SCS and 

Widespread Heavy Rainfall Events over Taiwan

There are large temporal variations in the strength of 
low-level southwesterly monsoon flow during the early 
summer rainy season over Taiwan in 2017. In this section, 
we will show the time series of rainfall over Taiwan, up-
stream winds and geopotential height at the 925-hPa level, 
and upstream moisture flux (qV) at the 925- and 700-hPa 
levels. We will also show that periods of moisture transport 
by the MBLJ toward Taiwan and heavy rainfall over the 

Taiwan area are closely related.
From the time series along the NW-SE cross-section 

line (Fig. 1; the red line) across southern China, upstream 
of Taiwan to Luzon Island, it is clear that during the ear-
ly summer rainy season of 2017, the southwesterly MBLJ  
(> 10 m s-1) occurs upstream of Taiwan (~118.5°E, 21.5°N) 
when the mei-yu trough over southern China deepens and/or 
the western Pacific subtropical high (WPSH) extends west-
ward (during 1 to 4 June and 14 to 21 June; Figs. 2a and b). 
Figure 2 shows that MBLJ occurs with a deepened mei-yu 
trough during 1 to 4 June and 16 to 21 June, and with WPSH 
extending westward during 14 to 15 June (Figs. 2a and b). 
The MBLJ during these periods occurs between a mei-yu 
trough and WPSH. There are seven days (1 to 4 June, 14 
June, and 17 to 18 June) that satisfy the criteria for south-
westerly MBLJ days (Tu et al. 2019) during the 2017 early 
summer rainy season. Note that on 18 June, only the early 
part of the day was under the influence of a MBLJ.

Significant horizontal moisture fluxes at the 925-hPa 
level associated with southwesterly MBLJ (qV > 220 g 
kg-1 m s-1) upstream of Taiwan (~117.5 - 119°E) (Fig. 2c), 
which occurred during 1 to 4 June and 14 to 18 June, are 
highly correlated with heavy rainfall occurrence over Tai-
wan (Figs. 3a and b). Average daily rainfall over Taiwan of  
> 20 mm occurred during 16 May, 1 to 4 June, and 14 to 18 
June (Fig. 3a). During 1 to 4 June and 14 to 18 June, there 
are more than 20 stations that satisfy the criteria for heavy 
rainfall (> 80 mm day-1) (Fig. 3b). The upstream southwest-
erly MBLJ with moisture fluxes > 220 g kg-1 m s-1 is closely 
related to widespread heavy rainfall over Taiwan. One, two, 
83, and 130 station(s) recorded the extremely heavy rainfall 
of > 200 mm day-1 during 1 to 4 June, respectively. Seven, 

Fig. 1. Terrain height (m). The red line is the NW-SE cross-section line used for time series plot in Fig. 2. The purple line is the NE-SW cross-section 
line used in Fig. 9. Blue dots denote Dongsha and Taiping Islands.
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(a) (b)

(c) (d)

Fig. 2. The CFSR time series along the NW-SE line (red line in Fig. 1) from 0000 UTC 16 May to 0000 UTC 30 June 2017: (a) 925 hPa winds  
(m s-1); (b) 925 hPa geopotential height (gpm); (c) 925 hPa horizontal moisture flux vector (qV) (g kg-1 m s-1); and (d) 700 hPa horizontal moisture 
flux vector (qV) (g kg-1 m s-1).
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(a) (b)

(c) (d)

(e)

Fig. 3. Time series of (a) averaged daily rainfall over Taiwan from rain gauges (mm), (b) number of stations recording heavy rain (> 80 mm day-1), 
(c) number of stations recording extremely heavy rain (> 200 mm day-1), (d) number of stations recording torrential rain (> 350 mm day-1), and (e) 
number of stations recording extreme torrential rain (> 500 mm day-1) from 16 May to 30 June 2017 (LT).
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14, and 32 stations recorded the extremely heavy rainfall of 
> 200 mm day-1 for the period 14, 15, and 17 June, respec-
tively. Furthermore, during 2 to 3 June in the first period (1 
to 4 June) the MBLJ is more intense than during the second 
period (14 to 18 June) with stronger winds and more signifi-
cant moisture fluxes (qV > 320 g kg-1 m s-1) within the MBL 
(Figs. 2a and c). As a result, the more significant moisture-
laden MBLJ (Fig. 2) interacts with Taiwan’s terrain and/
or the surface front bringing in extreme torrential rain  
(> 500 mm day-1) over Taiwan during 2 to 3 June (Fig. 3). 
There are 5 and 18 stations that satisfy the criteria for ex-
treme torrential rain (> 500 mm day-1) on 2 and 3 June, re-
spectively (Fig. 3e).

During these two heavy rainfall periods, we see the co-
existence of SLLJ and MBLJ upstream of Taiwan (~117.5 
- 119°E) (Fig. 2). The 700-hPa SLLJ as part of secondary 
circulation associated with the jet/front system has much 
lower horizontal moisture fluxes (qV < 160 g kg-1 m s-1) than 
the MBLJ (Figs. 2c and d). The high total precipitable wa-
ter (TPW > 65 mm) indicates the moist condition upstream 
of Taiwan during these two periods (not shown). Note that 
Tropical Storm (TS) Merbok, which occurred over the 
South China Sea on 12 June, and a tropical depression (TD), 
which occurred in the vicinity of southern China on 13 June, 
are not the main foci in this study.

In the following sections, we will show the evolution 
of large-scale weather maps and rainfall distributions over 
Taiwan. We will show the vertical structure of the MBLJ 
and the jet/front system through case studies for cases iden-
tified from time series analysis. We will also show the close 
relationship between the moisture transport and rainfall pro-
duction through frontal lifting and orographic effects.

3.2 First Widespread Heavy Rainfall Period

During 2 to 3 June, as a surface front passes over north-
ern and western central Taiwan, extreme torrential rain  
(> 500 mm day-1) occurs over the northern coast and the 
southwestern slopes of the Snow Mountains and CMR 
(Figs. 4b and c) with widespread heavy rainfall over Tai-
wan. At 0000 UTC 1 June, the mei-yu trough over south-
ern China deepens and the WPSH extends westward into 
the southern South China Sea with large pressure gradients 
and a MBLJ (> 16 m s-1) presenting over the northern South 
China Sea (Fig. 5a). At 0000 UTC 2 June, a low in the 
leeside of the Yun-Guei Plateau forms within the mei-yu 
trough and moves over the southeastern China coast. Con-
currently, the MBLJ strengthens (> 20 m s-1) (Fig. 5b). At 
0000 UTC 3 June, the lee cyclone dissipates with weakened 
mei-yu trough and MBLJ (Fig. 5c). At 0000 UTC 4 June, 
the mei-yu trough over southeastern China continues weak-
ening. Concurrently, the strength of the MBLJ also weakens  
(Fig. 5d). Note that the barrier jet (Chen and Li 1995a, b; Li 
and Chen 1998) off northwestern Taiwan can occur within 

the boundary layer (< 1 km) under an MBLJ interacting 
with terrain (Tu et al. 2019) as a mei-yu front approaches 
northern Taiwan (1 to 2 June; Figs. 5a and b). The SLLJ 
at the 700-hPa level has a similar tendency as the MBLJ, 
reaching maximum intensity on 2 June and weakening dur-
ing 3 to 4 June (not shown). The mei-yu trough shows a 
northward tilt. The SLLJ is in the warm sector (to the south) 
of the mei-yu tough. In addition to the secondary circulation 
across the jet/front system, the winds veer with respect to 
height upstream of Taiwan (Figs. 2c and d), implying warm 
advection associated with the southwesterly monsoon flow.

The moisture transport within the MBL from the 
northern South China Sea to the Taiwan area corresponds 
well with the strength of the MBLJ with a peak on 2 June  
(Figs. 5 and 6). We select the upstream region along the 
cross-section line (red line in Fig. 1; 117.5 - 119°E) ~200 
km away from southwestern Taiwan to analyze the up-
stream moisture transport within the MBL. Note that the 
200 km distance is larger than the Rossby radius of defor-
mation by orographic influence of Taiwan under the south-
westerly monsoon flow (~100 km; Li and Chen 1998). The 
upstream southwesterly monsoon flow with a large IVT in 
the boundary layer (between surface and the 900-hPa level) 
(> 230 kg m-1 s-1) (Figs. 5 and 6) brings in widespread heavy 
rainfall over Taiwan during 1 to 4 June (Figs. 3a - b, and 4).  
Note that, during 2 to 3 June, when the upstream IVT in 
the boundary layer exceeds 300 kg m-1 s-1 (Fig. 6), ex-
treme torrential rain (> 500 mm day-1) occurs over Taiwan  
(Figs. 3e and 4).

From the N-S cross-section line along 118°E (Fig. 7), it 
is apparent that on 2 June the MBLJ exists over the northern 
South China Sea (~20 - 22°N) with the jet core at the 925-
hPa level (Fig. 7a). The moisture transport mainly occurs 
in the planetary boundary layer associated with the MBLJ 
(Figs. 7a and c). The situation is similar on 3 June showing 
the existence of MBLJ, SLLJ, low-level moisture transport, 
and frontal upward motion (Fig. 7). From the time series 
of Dongsha soundings, the MBLJ with the strongest wind 
speed at the 925 - 950-hPa level reaches its maximum in-
tensity on 2 June (> 20 m s-1) (Fig. 8a). The high moisture 
is mostly within the boundary layer (Fig. 8b). The sounding 
observations also show that the moisture transport associat-
ed with the MBLJ (qV > 390 g kg-1 m s-1) is more significant 
than the SLLJ (Fig. 8c) with its maximum magnitude below 
the 925-hPa level.

During 2 to 4 June, the MBLJ with large moisture 
transport to the Taiwan area (Figs. 5 and 6) is lifted by the 
secondary circulation associated with the jet/front system  
(Fig. 7) or terrain (Fig. 9). On 2 June, orographic lifting of 
MBLJ is evident on the windward side with low-level con-
vergence due to orographic blocking (Fig. 9). The second 
low-level convergence region east of Taiwan is contributed 
by the northerly flow in the west flank of lee vortex encoun-
tering the strong orographic induced southwesterly flow 
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southeast of Taiwan ahead of the frontal surface (Sun and 
Chern 1993) (Figs. 5b and 9). The SLLJ impinges on the 
Snow Mountains and CMR and also contributes to heavy 
rainfall. Localized heavy rainfall occurred along the north-
ern coast as a combination of frontal lifting and orographic 
forcing as the surface front stalled along the northern coast 
for several hours (~0300 - 1000 LT). The mesoscale pro-
cesses, including the lifting of the moisture-laden MBLJ 
(orographic lifting and frontal lifting), deserve further in-
vestigation in the future using high-resolution (< 3 km) 
mesoscale models (e.g., Weather Research and Forecasting 
model).

3.3 Second Widespread Heavy Rainfall Period

The second widespread heavy rainfall period over Tai-
wan for the 2017 early summer rainy season occurred during 
14 to 18 June (Figs. 3a - b and 10) with an upstream MBLJ 
(Fig. 11). There are two sub-periods of MBLJ events (14 to 
15 June and 16 to 18 June) during this period (Fig. 11). Prior 
to this heavy rainfall period over Taiwan, TS Merbok origi-
nated over the South China Sea, moved over southern China, 
weakened into a TD on 13 June (Fig. 11a), and then merged 

with the mei-yu trough over southern China. As a result, a 
southerly MBLJ occurs on the southeastern flank of the TD 
over the northern South China Sea. Taiwan is under south-
erly flow without an orographic lifting component because 
the southerly flow is parallel to the CMR (Fig. 11a). On 
14 June, the TD embedded in the mei-yu trough transforms 
to a frontal cyclone and moves off the southeastern China 
coast (Fig. 11b). The ENE-WSW oriented mei-yu trough 
extends from the frontal cyclone to southeastern China with 
the wind direction of the MBLJ changing to southwesterly. 
Concurrently, WPSH strengthens and extends westward re-
sulting in the intensification of the MBLJ (Fig. 11b). On 15 
June, the frontal cyclone moves eastward (not shown) with 
the weakened mei-yu trough and MBLJ (Fig. 11c).

On 16 June, as the mei-yu trough deepens, another 
MBLJ event develops (Fig. 11d). On 17 June, a mei-yu fron-
tal cyclone moves over the southern coast of China with the 
intense jet core of the southwesterly MBLJ impinging on 
Taiwan (Fig. 11e). On 18 June, as WPSH extends westward. 
Concurrently, the upstream MBLJ axis shifts westward to 
the Taiwan Strait with a wind maximum in the southeastern 
flank of the frontal cyclone (Fig. 11f).

During 14 to 18 June, the large southwesterly IVT in the 

(a) (b)

(c) (d)

Fig. 4. Total rainfall accumulation (mm) during (a) 1 June, (b) 2 June, (c) 3 June, and (d) 4 June 2017 (LT) from rain gauge observations.
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(a) (b)

(c) (d)

(e) (f)

Fig. 7. The vertical cross-section of winds (m s-1) (a full barb represents 5 m s-1) and potential temperature (K, contoured) along 118°E at (a) 0000 
UTC (0800 LT) 2 June and (b) 0000 UTC (0800 LT) 3 June 2017. (c) and (d) same as (a) and (b) but for horizontal moisture flux vector (qV) (g kg-1 
m s-1). (e) and (f) same as (a) and (b) but for vertical velocity (cm s-1).
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(a) (b)

(e)

(c) (d)

Fig. 10. Total rainfall accumulation (mm) during (a) 14 June, (b) 15 June, (c) 16 June, (d) 17 June, and (e) 18 June 2017 (LT) from rain gauge 
observations.



Tu et al.170

(a) (b)

(c) (d)

(e) (f)

Fig. 11. The CFSR 925 hPa geopotential height (gpm, contoured) and winds (m s-1) (a full barb represents 5 m s-1) at (a) 0000 UTC (0800 LT) 13 
June, (b) 0000 UTC (0800 LT) 14 June, (c) 0000 UTC (0800 LT) 15 June, (d) 0000 UTC (0800 LT) 16 June, (e) 0000 UTC (0800 LT) 17 June, 
and (f) 0000 UTC (0800 LT) 18 June 2017.
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boundary layer (> 220 kg m-1 s-1) upstream (Fig. 12) corre-
sponds well with the widespread heavy rainfall over Taiwan 
(Figs. 3 and 10). The moisture transport in the MBL from 
the northern South China Sea to the Taiwan area (Fig. 12) 
corresponds well with the strength of the MBLJ (Fig. 11),  
showing two sub-periods (14 to 15 June and 16 to 18 June). 
The time series of stations satisfying extremely heavy rain 
(> 200 mm day-1) shows two separate peaks during the two 
sub-periods (14 stations on 14 June, and 32 stations on 17 
June, respectively) (Fig. 3c) with large southwesterly IVT 
(> 220 kg m-1 s-1) that extends from the northern South 
China Sea to Taiwan and impinges on the Taiwan terrain 
(Fig. 12). For the second period (14 to 18 June), there are 
two sub-periods (14 to 15 June, 16 to 17 June) with rainfall 
peaks on 14 and 17 June (Fig. 3) corresponding to two peaks 
in IVT (> 225 kg m-1 s-1 on 14 June and > 255 kg m-1 s-1 on 
17 June) (Fig. 12). After the shift of the axis of the MBLJ to 
the Taiwan Strait (Fig. 11f), the rainfall over the windward 
side of both the Snow Mountains and the CMR diminishes 
(Fig. 10e).

In addition to rainfall production on the windward of 
both the Snow Mountains and CMR (Figs. 10a and d) due 
to orographic lifting (Figs. 9b and d), both sub-periods (14 
to 15 June and 17 June) are influenced by subsynoptic forc-
ing as the jet/front system arrives (Figs. 13a and b). The 
horizontal moisture fluxes transported by the MBLJ to the 
Taiwan area (Figs. 13c and d) are lifted by the secondary 
circulation in the frontal zone (Figs. 13e and f).

3.4 Discussion

We investigate the entire early summer rainy season 
of 2017 during SCSTIMX. From the time series analysis, 
evolution of weather patterns, and horizontal rainfall dis-
tributions, there are two periods with MBLJ over the South 
China Sea with widespread heavy rainfall over Taiwan. We 
also show that the rainfall production over the Taiwan area 
is closely related to the moisture transport in the MBL as the 
jet/front system approaches.

For both periods (1 to 4 June and 14 to 18 June), the 
horizontal moisture transport mainly occurs within the 
MBL associated with the MBLJ. The MBLJ occurs when 
mei-yu trough over the southern China deepens and/or 
WPSH extends westward with subsynoptic pressure gradi-
ents. The MBLJ intensifies when a lee cyclone, originated 
in the leeside of Yui-Guei Plateau over southwestern China, 
deepens and moves to the southern coast of China (e.g., 2 to 
3 June and 16 to 17 June) or when a mei-yu frontal cyclone, 
transformed from a TC/TD, is embedded within the mei-
yu trough (e.g., 14 June). For the second sub-period dur-
ing 16 to 17 June, there is no apparent westward extension 
of WPSH (Figs. 2b, 11d, and e) during the development of 
the MBLJ. Nevertheless, the development of all the MBLJ 
events are all related to an increase in pressure gradients 

related to the evolution of weather patterns.
For both periods, the MBLJ is accompanied by the SLLJ 

(Figs. 7 and 13) with subsynoptic forcing. However, before 
the arrival of the jet/front system over Taiwan, the MBLJ can 
be lifted by the Snow Mountain and CMR (Fig. 9) produc-
ing heavy rainfall on the windward side without frontal lift-
ing. As the jet/front system arrives, the horizontal moisture 
transport by a MBLJ, provides the moisture sources for the 
development of heavy precipitation. However, the upstream 
moisture transport within the MBL is more significant during 
the first heavy rainfall period than the second heavy rainfall 
period with a stronger MBLJ (>20 m s-1) (Figs. 8a vs. 14a) 
and higher equivalent potential temperature in the boundary 
layer (Figs. 8b vs. 14b). As a result, the maximum rainfall 
during the first period (> 500 mm day-1) is higher than the 
second period (> 300 mm day-1) (Figs. 4 vs. 10).

Du and Chen (2018, 2019) emphasize the role of dou-
ble LLJs (BLJ and SLLJ) in southern China to the convec-
tive initiation (CI) near the south coast of China, located 
hundreds of kilometers to the south of an inland cold front. 
The SLLJ in the heavy rainfall case of Du and Chen (2018, 
2019) shares the same characteristics as in this study with 
rainfall in the frontal zone. The BLJ upstream of the south-
ern China coast in Du and Chen (2018, 2019) reaches its 
maximum in the early morning, which is influenced by both 
the boundary processes (e.g., inertial oscillation mechanism 
driven by the thermal contrast between land and ocean) and 
large-scale circulation or weather system (e.g., enhancement 
of the low-pressure circulation to the west of the coastal re-
gion with west-east thermal contrast). Furthermore, the BLJ 
upstream of the southern China coast is strongly modified 
by the terrain of Hainan Island. In contrast, the MBLJ is 
over the open ocean and in lower latitudes. Our preliminary 
results show that the MBLJ reaches its maximum before 
sunrise and is close to geostrophic flow in the late afternoon 
due to mixing in the lowest levels and reduction of friction 
velocity during daytime (Tu et al. 2019). In the future, we 
will perform momentum budget to diagnose the dynamics 
of the MBLJ and its diurnal variations based on results from 
high resolution models.

4. SUMMARY AND CONCLUSION

During 16 May to 30 June 2017 of the South China Sea 
Two-Island Monsoon Experiment (SCSTIMX-2017), there 
are two periods of widespread heavy rainfall over Taiwan 
with high total precipitable water (TPW > 65 mm) (1 to 4 
June and 14 to 18 June 2017). For both periods, the moisture 
transport from the tropics to the Taiwan area by the warm, 
moist southwesterly monsoon flow mainly occurred in the 
planetary boundary below the 850-hPa level. The large 
moisture transport within the MBL (marine boundary layer) 
upstream from the northern South China Sea [integrated 
vapor transport (IVT) between the surface to the 900-hPa 
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(a) (b)

(c) (d)

(e) (f)

Fig. 12. The CFSR integrated vapor transport (IVT; kg m-1 s-1) in the boundary layer (below 900 hPa) at (a) 0000 UTC (0800 LT) 13 June, (b) 0000 
UTC (0800 LT) 14 June, (c) 0000 UTC (0800 LT) 15 June, (d) 0000 UTC (0800 LT) 16 June, (e) 0000 UTC (0800 LT) 17 June, and (f) 0000 UTC 
(0800 LT) 18 June 2017.
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(a) (b)

(c) (d)

(e) (f)

Fig. 13. The vertical cross-section of winds (m s-1) (a full barb represents 5 m s-1) and potential temperature (K, contoured) along 118°E at (a) 0000 
UTC (0800 LT) 14 June and (b) 0000 UTC (0800 LT) 17 June 2017. (c) and (d) same as (a) and (b) but for horizontal moisture flux vector (qV)  
(g kg-1 m s-1). (e) and (f) same as (a) and (b) but for vertical velocity (cm s-1).
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level > 220 kg m-1 s-1] by the southwesterly MBLJ (marine 
boundary layer jet) brings in the widespread heavy rainfall 
over the Taiwan area. Over 20 stations recorded rainfall of 
> 80 mm day-1 (1 to 4 June and 14 to 18 June).

The MBLJ develops and intensifies when the mei-
yu trough/cyclone over southern China deepens and/or the 
western Pacific subtropical high strengthens and extends 
westward. The MBLJ can also form when a TS/TD is em-
bedded in the South China Sea or southern China with the 
presence of the western Pacific subtropical high. As the mei-
yu trough/lee cyclone weakens or dissipates, the MBLJ also 
weakens. During the first widespread heavy rainfall period (1 
to 4 June), as the mei-yu frontal cyclone moves to the south-
eastern coast of China on 2 June, the southwesterly MBLJ 
over the northern South China Sea reaches its maximum 
magnitude (> 20 m s-1). During the second widespread heavy 
rainfall period, there are two sub-periods (14 to 15 June and 
16 to 18 June) with rainfall peaks on 14 June and 17 June. 
Fourteen stations on 14 June and 32 stations on 17 June re-
corded extremely heavy rain of > 200 mm day-1. On 14 June, 

the intense southwesterly MBLJ is associated with a notable 
ENE-WSW oriented mei-yu trough, extending from a frontal 
cyclone northeast of Taiwan to southeastern China. Concur-
rently, the western Pacific subtropical high strengthens and 
extends westward to the South China Sea. On 17 June, as a 
frontal cyclone, embedded within a deepened mei-yu trough 
moves to the southeastern China coast, the MBLJ intensifies 
(> 16 m s-1). Furthermore, on 14 and 17 June, the intense 
southwesterly MBLJ with a large moisture transport within 
the boundary layer from the northern South China Sea to Tai-
wan (IVT > 225 kg m-1 s-1 on 14 June and > 255 kg m-1 s-1 on 
17 June) impinges on the Taiwan terrain.

With significant upstream moisture transport within 
the MBL (IVT ~300 - 315 kg m-1 s-1), extreme torrential 
rain (> 500 mm day-1) occurs over Taiwan during 2 to 3 
June. During the second widespread heavy rainfall period, 
the moisture transport within the MBL is lower than the 
previous period (IVT ~220 - 280 kg m-1 s-1) corresponding 
to extremely heavy rainfall over Taiwan (> 300 mm day-1). 
From sounding observations at Dongsha, the atmosphere is 

(a) (b)

(c)

Fig. 14. (a) The time series of wind speed (m s-1) (shaded) and winds (m s-1) (a full barb represents 5 m s-1) from Dongsha (Fig. 1) soundings during 
0000 UTC (0800 LT) 13 June to 0000 UTC (0800 LT) 20 June 2017. (b) Same as (a) but for water vapor mixing ratio (g kg-1, shaded) and equivalent 
potential temperature (K, contoured). (c) Same as (a) but for horizontal moisture flux vector (qV) (g kg-1 m s-1). (Data source: CWB and SCSTIMX 
project office.)
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moister (θe > 366 K vs. 363 K, water vapor mixing ratio > 
22 vs. 20 g kg-1) with stronger MBLJ (> 20 m s-1 vs. 16 m s-1) 
during the first heavy rainfall period than the second period. 
The Dongsha sounding also shows higher moisture fluxes 
within the MBL during the first heavy rainfall period with 
a peak value (qV > 390 g kg-1 m s-1) than the second period 
(qV > 300 g kg-1 m s-1).

The MBLJ impinges on the Taiwan terrain and/or mei-
yu jet/front systems, lasts for a few days, and brings in wide-
spread heavy rainfall over Taiwan (1 to 4 June and 14 to 18 
June 2017). The precise predictions of MBLJ and the mois-
ture transport within the MBL are important to widespread 
heavy rainfall occurrences over the Taiwan area. The lifting 
effects of moisture-laden LLJs (especially MBLJ) by terrain 
and the mei-yu front deserve further research in the future 
using high-resolution models (e.g., Weather Research and 
Forecasting model).
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