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ABSTRACT: From 0200 to 1000 LST 2 June 2017, the shallow, east–west-oriented mei-yu front (,1 km) cannot move
over the Yang-Ming Mountains (with peaks ∼1120 m) when it ﬁrst arrives. The postfrontal cold air at the surface is
deﬂected by the Yang-Ming Mountains and moves through the Keelung River and Tamsui River valleys into the Taipei
basin. The shallow northerly winds are anchored along the northern side of the Yang-Ming Mountains for 8 h. In addition,
the southwesterly barrier jet with maximum winds in the 900–950-hPa layer brings in abundant moisture and converges
with the northwesterly ﬂow in the southwestern ﬂank of the mei-yu frontal cyclone. Therefore, torrential rain (.600 mm)
occurs over the northern side of the Yang-Ming Mountains. From 1100 to 1200 LST, with the gradual deepening of the
postfrontal cold air, the front ﬁnally passes over the Yang-Ming Mountains and arrives at the Taipei basin, which results in
an east–west-oriented rainband with the rainfall maxima over the northwestern coast and Taipei basin. From 1300 to 1400
LST, the frontal rainband continues to move southward with rainfall over the northwestern slopes of the Snow Mountains.
In the prefrontal southwesterly ﬂow, the orographic lifting of the moisture-laden low-level winds results in heavy rainfall
on the southwestern slopes of the Snow Mountains and the Central Mountain Range. With the terrain of the Yang-Ming
Mountains removed in the high-resolution model, the mei-yu front moves quickly southward without a rainfall maximum
over the northern tip of Taiwan.
KEYWORDS: Mesoscale processes; Boundary layer; Jets; Mei-yu fronts; Rainfall

1. Introduction
The rainfall distributions for heavy rainfall events over Taiwan under favorable large-scale settings differ from case to
case due to terrain, local winds, convective feedbacks, orientation of the front, and depth of the postfrontal cold air, etc. (Li
et al. 1997; Teng et al. 2000; Yeh and Chen 2002; Lin et al.
2011; Tu et al. 2014, 2017; Chen et al. 2018; Ke et al. 2019, and
others). This presents a signiﬁcant challenge when predicting
the timing, duration, and location of heavy rainfall over the
Taiwan area during the mei-yu season. The unique aspects of
the 2 June 2017 case studied in this research include persistent
torrential rain on the northern side of the Yang-Ming Mountains, with a rainfall accumulation of .600 mm in less than
8 h (0200–1000 LST) along the northern coast. Furthermore,
around noontime (1100–1200 LST 2 June), an east–west-oriented rainband occurred over the Taipei basin and the northwestern coast, with a rainfall rate of .70 mm h21. Torrential
rains also occurred over the southwestern slopes of the Snow
Mountains and the Central Mountain Range, with a rainfall
accumulation of .500 mm day21.
There are a few recent studies on the heavy rainfall event
of 2 June 2017. Tu et al. (2020) studied the long-duration
widespread mei-yu heavy rainfall event over the Taiwan area
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during 1–4 June 2017. For this event, the southwesterly
marine boundary layer jet (MBLJ) (Tu et al. 2020) was present prior to the arrival of the mei-yu jet/front system. The
MBLJ was associated with horizontal moisture transport from
the northern South China Sea to the Taiwan area mainly
within the marine boundary layer. Wang et al. (2021) applied
an ensemble-based sensitivity analysis (ESA) based on 45
forecast members with a grid size of 2.5–5 km. They suggested
that there are several factors important in the prediction of
the frontal rainfall in their models: (i) position and speed of
the surface mei-yu front and the low-level wind-shift line; (ii)
moisture amount in the environment; (iii) location and timing
of the mesoscale low pressure disturbances along the front;
and (iv) frontal intensity. Arakane et al. (2019) studied the
remote effect of a tropical cyclone (TC Mora) in the Bay of
Bengal on the mei-yu front by including and excluding TC
Mora in the model simulations. Chung et al. (2020) combined
the Weather Research and Forecasting (WRF) Model with
the Community Radiative Transfer Model (CRTM) to simulate the multichannel brightness temperatures (BTs) from the
Advanced Himawari Imager (AHI) on board the Himawari8 geostationary satellite for the mei-yu frontal system.
Our main foci are the front-terrain interactions over the
northern Taiwan coast, Taipei basin, and northwestern Taiwan, as well as the impacts of these interactions on the timing,
duration, and location of heavy rainfall occurrences from
observational analyses and high-resolution model simulations.
Publisher's Note: This article was revised on 08 March 2022 to
fix a formatting problem in Eq. (2).
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Past studies of orographic precipitation associated with landfalling cold fronts in different parts of the world (Bosart et al.
1973; Bond et al. 1997; Bougeault et al. 2001; Chien et al.
2001; Colle et al. 2002; Stoelinga et al. 2003; Neiman et al.
2004; Medina et al. 2005; Garvert et al. 2005a,b; Kingsmill
et al. 2006; Rotunno and Houze 2007; Barrett et al. 2009; and
others) were conducted during the winter season in midlatitudes
in a relatively stable environment. The orographic precipitation
associated with the mei-yu front over the Taiwan area occurs in
a subtropical, warm, and potentially unstable monsoon ﬂow in
the early summer under the presence of steep terrain.
In this work, we would like to investigate the heavy-rainproducing mei-yu front (.70 mm h21) along the northern
Taiwan coast, northwestern Taiwan, and the subsequent rainfall maximum over the Taipei basin as the shallow (,1 km)
east–west-oriented front makes landfall. We will investigate
the interplay of the moisture supply, lifting mechanisms (e.g.,
frontal lifting and orographic lifting), depth of the postfrontal
cold air, and frontal movement for the development of torrential rains. In addition to the National Centers for Environmental Prediction (NCEP) Final Operational Global Analysis
(FNL) data, soundings, and surface and rain gauge observations, we also conduct high-resolution modeling to further
assess the interactions between the mei-yu jet/front system
and the terrain. Our investigations include the roles of the
barrier jet (BJ) (Chen and Li 1995a; Li et al. 1997; Li and
Chen 1998), marine boundary layer jet (MBLJ) (Tu et al.
2019), and terrain effects (Fig. 1c) on the development of
heavy rainfall over northern Taiwan.

2. Literature review

FIG. 1. (a) The four nested domains of the WRF Model simulation with horizontal grid sizes of 27, 9, 3, and 1 km, respectively.
(b) Terrain height (m). The dark red line marks the location of the
northeast–southwest cross section across the South China Sea
(SCS) and Taiwan Strait. The purple line marks the location of the
NE–SW cross section across the SCS and the Central Mountain
Range. The blue dot marks Dongsha Island. (c) Terrain height (m) of
northern Taiwan. The dark red line marks the location of the northwest–southeast cross section along the Tamsui River Valley. The purple line marks the location of the northeast–southwest cross section
along the Keelung River Valley. The pink line marks the location of
the north–south cross section across the Yang-Ming Mountains and
Snow Mountains. The Anbu (25.188N, 121.538E), Zhuzihu (25.168N,
121.548E), Tamsui (25.168N, 121.458E), Keelung (25.138N, 121.748E),
Wenshan (258N, 121.588E), and Guishan (25.038N, 121.398E) stations

During late spring and early summer, the large-scale circulations undergo two distinct changes over East Asia (He et al.
1987). The ﬁrst transition in May corresponds to the onset of
the Southeast Asian monsoon when rains spread over Assam,
the west coast of the Malay Peninsula, Indochina, and south
China. The second transition occurs about one month later,
which corresponds to the onset of the Indian summer monsoon. During the second transition, the mei-yu season starts
over the Yangtze River Valley, China plain, and the adjacent
waters. The onset of the early summer rainy season over
Taiwan (15 May–15 June) occurs during the ﬁrst transition
and ends once the mei-yu season begins over the China plain
(Chen 1983; Chen et al. 1989; Kuo and Chen 1990).
In a prolonged mei-yu frontal system during 10–15 June
1975, the apparent temperature gradients across the surface
front and the associated upper-level jet/front were not
revealed by the ﬁltered and subjectively analyzed 240-km grid
data using only four vertical levels (e.g., 850-, 700-, 500-, and
400-hPa level) (Chen and Chang 1980). Hsiao and Chen
←−
are denoted by a red (Central Weather Bureau manned weather
station) or blue (CWB automatic weather station) dot. Banciao
(258N, 121.448E) rawinsonde site is denoted by a red triangle.
Peng-Chia Yu Island (25.638N, 122.078E) and Linkou Plateau are
marked.
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FIG. 2. The NCEP FNL 850-hPa winds (m s21; one full barb represents 5 m s21) and geopotential height (gpm; contours) at (a) 1200 UTC (2000 LST) 31 May 2017, (b) 1200 UTC (2000 LST) 1 Jun 2017, (c) 0000 UTC (0800 LST)
2 Jun 2017, and (d) 1200 UTC (2000 LST) 2 Jun 2017.

(2014) revisited this case using the European Centre for
Medium-Range Weather Forecast (ECMWF) Re-Analysis
(ERA-40) data with a 2.58 grid spacing and 23 vertical levels
(from the 1000-hPa level to the 1-hPa level). Similar to other
frontal systems found during the Taiwan Area Mesoscale
Experiment (TAMEX) (Chen et al. 1989; Trier et al. 1990;
Chen 1993; Chen et al. 1994, 1997; and others) and recent
studies (Tu et al. 2014; Chen et al. 2018; and others), this meiyu front exhibited baroclinic characteristics: (i) appreciable
temperature/moisture gradients in the lower troposphere; (ii)
a marked vertical tilt; (iii) an upper-level jet/front with tropopause folding; (iv) a thermally direct circulation across the
frontal zone (Hsiao and Chen 2014). A midlatitude omega
blocking pattern on 10 June 1975 transformed into a Rex
blocking pattern by 12 June 1975. During this period, the midlatitude blocking patterns and associated trough axis were
almost stagnant. As a result, this mei-yu front was a slow
mover and affected the Taiwan area for more than four days

(Hsiao and Chen 2014), unlike propagating fronts observed
during TAMEX (Chen 1993).
Over southern China, the mei-yu fronts have a marked
northward vertical tilt (Chen et al. 1989; Chen and Hui 1990,
1992). The frontal slope is determined by the balance between
Coriolis acceleration and the density difference (neglecting
friction) across the front (Margules 1906). The frontal slope is
maintained under an equilibrium condition between the wind
and density ﬁelds (Palmen and Newton 1969). However, as
the mei-yu front penetrates into the subtropics, the depth of
the postfrontal cold air decreases due to a decrease in the
Coriolis parameter (Chen et al. 1989). As the mei-yu fronts
from southeastern China move southward, they interact with
the hilly terrain along the southeastern China coast (Chen
and Hui 1990) and the terrain over Taiwan (Wang 1986; Chen
et al. 1989; Trier et al. 1990). The postfrontal cold air is ducted
around the southeastern China coast and moves rapidly
southward, a result of a pressure ridge along the southeastern
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FIG. 3. (a) The NCEP FNL 500-hPa winds (m s21; one full barb represents 5 m s21) and geopotential height (gpm;
contours) at 0000 UTC (0800 LST) 2 Jun 2017. The dashed line represents the upper-level trough axis. (b) As in (a),
but for 300-hPa winds (m s21; one full barb represents 5 m s21), geopotential height (gpm; contours), and relative vorticity (1024 s21; color shaded).

China coast and strong northeasterlies blowing down the
pressure gradients (Chen and Hui 1990, 1992). This is similar
to the ducted coast ridge observed over southeastern Australia
(Baines 1980; Colquhoun et al. 1985; Holland and Leslie 1986;
and others) and the backdoor cold fronts along the northeastern
coast of the United States (Bosart et al. 1973).
In the vicinity of Taiwan, the mei-yu front is shallow with a
depth of ∼1 km. It is cut into two branches by the mountainous terrain of the Central Mountain Range, with a local pressure ridge along the northeastern coast of Taiwan (Wang
1986; Chen et al. 1989; Chen and Hui 1990, 1992; Trier et al.
1990). The microscale structure of the leading edge of the cold
front resembles a density current as observed by instrumented
aircraft (Chen and Hui 1990; their Fig. 19). It is important to
note that the microscale structure of the cold front cannot be
resolved by mesoscale models with a grid spacing on the order of
15 km (Sun and Chern 2006). Because of the existence of the
frontal slope, the passage of the 850-hPa trough over the Taiwan
area frequently occurs up to 1–2 days after the passage of the surface front (e.g., Chen and Li 1995a; Tu et al. 2014; and others).
During frontal passage, mesoscale convective systems are
frequently embedded in the mei-yu frontal zone (Wang et al.
1990; Lin et al. 1990; Tao et al. 1991; Li et al. 1997; Teng et al.
2000; Wang et al. 2005; Xu et al. 2012; Tu et al. 2014; and
others), with localized heavy precipitation as they move
onshore. After the passage of the mei-yu fronts over Taiwan,
the low-level northeasterlies are deﬂected by the Central Mountain Range (Fig. 1b), leaving warm, moist air over the southwestern plain (Chen et al. 1989; Chen and Hui 1990, 1992).
In addition to front–terrain interaction, the prefrontal ﬂow
is affected by orographic blocking of the southwesterly ﬂow
by the Central Mountain Range. Three types of low-level jets
(LLJs) may occur during the mei-yu season over Taiwan.

(i) The subsynoptic low-level jet (SLLJ; Chen and Yu 1988;
Y.-L. Chen et al. 1994; G. Chen et al. 2005; Du et al. 2014)
occurs between the 900- and 600-hPa levels (∼1–4 km). The
850–700-hPa SLLJ in the frontal zone ahead of the mei-yu trough
is associated with the secondary circulation of the moist baroclinic jet/front system (Chen et al. 1994, 1997; Chen and Tseng
2000; Chen and Chen 2002; Hsiao and Chen 2014). (ii) The
marine boundary layer jet (MBLJ; Tu et al. 2019, 2020) occurs in
the planetary boundary layer (PBL) below the 900-hPa level
(#1 km). The MBLJ develops when the mei-yu trough is
deeper and/or the western Paciﬁc subtropical high (WPSH) is
stronger, with the ridge axis extending farther westward than
the climatological mean. In the MBLJ core, the vertical wind
proﬁle resembles an Ekman spiral in response to the threeway balance among pressure gradients, Coriolis force, and
frictional force, and has a wind speed maximum of more than
10 m s21 in the PBL (Tu et al. 2019). (iii) The barrier jet (BJ;
Chen and Li 1995a,b; Li and Chen 1998; Yeh and Chen 2003)
off or along the northwest Taiwan coast is a result of orographic blocking of the SLLJ by the island obstacle. The BJ
is a local-scale feature (Chen and Li 1995a,b; Li et al. 1997)
with a wind speed maximum at the top of the PBL, at approximately ∼1 km (Li and Chen 1998). The barrier jet is the
strongest when the surface windward ridge–leeside trough
pressure gradient is the strongest. It has an early morning
maximum when the land surface is the coldest (∼3 m s21
stronger than the afternoon minimum) (Lin et al. 2011). The
convergence between the BJ and southwest monsoon ﬂow
and/or frontal wind shift line leads to the development of
localized heavy rainfall over northwestern Taiwan (Li et al.
1997; Yeh and Chen 2002; Chen et al. 2018; Ke et al. 2019).
Moreover, the BJ transports abundant moisture locally to the
convergence area from the south, which contributes to
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FIG. 4. The observed station surface winds (m s21; one full barb represents 5 m s21) and hourly rainfall accumulation (mm; color shaded) from rain gauges ending at (a) 0200 LST 2 Jun 2017, (b) 0300 LST 2 Jun 2017, (c) 0400 LST 2
Jun 2017, (d) 0600 LST 2 Jun 2017, (e) 0800 LST 2 Jun 2017, (f) 1000 LST 2 Jun 2017, (g) 1200 LST 2 Jun 2017, and
(h) 1400 LST 2 Jun 2017.

enhanced heavy coastal precipitation (Li et al. 1997; Kerns
et al. 2010). In the absence of a SLLJ, the BJ could develop
due to orographic blocking of the MBLJ. A notable example
occurred during the Terrain-inﬂuenced Monsoon Rainfall
Experiment (TiMREX) Intensive Observing Period (IOP)
8 (Tu et al. 2017, their Figs. 4a,c).

Tu et al. (2019) studied the MBLJs during the later period
of the early summer rainy season of Taiwan in June for 5
years (2008–12) and examined their relationship with mei-yu
heavy rainfall. The moisture transport by the MBLJ supplies
moisture whereas the SLLJ provides the subsynoptic lifting
needed to produce heavy mei-yu rainfall in the frontal zone
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FIG. 5. The time series of observed temperature (black solid line), dewpoint temperature (blue dashed line), and
surface winds (m s21; one full barb represents 1 m s21) from 0100 to 1500 LST 2 Jun 2017 at various stations shown in
Fig. 1c: (a) Anbu, (b) Zhuzihu, (c) Tamsui, (d) Keelung, (e) Wenshan, and (f) Guishan. Red line represents the sunrise
time.
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FIG. 6. The time series of observed hourly rainfall (mm) from 0100 to 1500 LST 2 Jun 2017 at various stations given
in Fig. 1c: (a) Anbu, (b) Zhuzihu, (c) Tamsui, (d) Keelung, (e) Wenshan, and (f) Guishan. Orange triangle represents
a trace (rainfall , 0.1 mm).
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(Tu et al. 2019, 2020). Furthermore, under favorable largescale settings, orographic lifting of the southwesterly MBLJs
by the Snow Mountains and/or the Central Mountain Range
(Fig. 1b) contributes to heavy rainfall over the southwestern
slopes of these mountains and over southwestern Taiwan
(Tu et al. 2019, 2020). Du and Chen (2018, 2019) studied the
impacts of the coupling of double low-level jets, e.g., a SLLJ
on the south side of an inland cold front and the boundary
layer jet from the South China Sea, on convective initiation
of warm-sector heavy rainfall over the southern China
coastal area.
Chen et al. (2018) studied the interaction between a mei-yu
jet/front system and topography for a heavy rainfall event
over northern Taiwan, with ∼435 mm over the northwestern
Taiwan coast and ∼477 mm within the Taipei basin, during
11–12 June 2012. From 2200 LST 11 June to 0200 LST 12
June, the rainfall maximum along the northwestern coast is
closely related to the arrival of scattered prefrontal echoes,
followed by the east-northeast–west-southwest-oriented convective line associated with the mei-yu front. The convective
activity over the northwestern coast is enhanced by the localized convergence between the southerly BJ and the postfrontal west-northwesterly ﬂow. From 0200 to 0800 LST 12 June,
the relatively deep postfrontal cold air (∼1.5 km) moves
over the Yang-Ming Mountains, with peaks ∼1120 m (Fig. 1c),
into the Taipei basin as the mei-yu front/850-hPa trough
arrives over northern Taiwan with cold northeasterlies near
the surface and northwesterlies behind the 850-hPa trough.
In this case, the mei-yu front stalls over the Taipei basin for
6 h. The 850-hPa postfrontal northwesterlies impinge on the
northwestern slopes of the Snow Mountains (Fig. 1c), which
results in heavy rainfall. In addition, during 10–12 June 2012,
the prefrontal southwesterly SLLJ and strong low-level winds
associated with the MBLJ with large horizontal moisture
ﬂuxes (.360 g kg21 m s21 at the 950-hPa level) were lifted by
the southwestern slopes of the Snow Mountains and the
Central Mountain Range, and resulted in a 3-day heavy orographic precipitation accumulation of .1000 and .1500 mm,
respectively.
For the coastal heavy rainfall event during TiMREX IOP 8,
the warm, moist south-southwesterly MBLJ is lifted by a
∼500-m-deep cold pool over the southwestern coast. The cold
pool was caused by rain-evaporative cooling resulting from
antecedent rains (Xu et al. 2012; Tu et al. 2014, 2017). Above
the cold pool, the south-southwesterly ﬂow deﬂected by orographic blocking is nearly parallel to the Central Mountain
Range (Fig. 1b). Thus, the heavy rainfall maximum occurs
over the southwest coast of Taiwan, where the MBLJ converges with the offshore ﬂow associated with the cold pool.
The rain showers are enhanced by localized low-level convergence, drift inland, and then diminish.

3. Data and methodology
a. Data
The National Centers for Environmental Prediction (NCEP)
Final Operational Global Analysis (FNL) data with 0.258 3 0.258

VOLUME 150

FIG. 7. The time series of wind (m s21; one full barb represents
5 m s21) and potential temperature (K; color shaded) proﬁles from
1200 UTC (2000 LST) 31 May to 1200 UTC (2000 LST) 3 Jun 2017
constructed from rawinsonde data collected at Banciao Weather
Station (Fig. 1c).

grids at 6-h intervals and 31 pressure levels are used to
delineate the subsynoptic weather patterns. The rainfall and
surface wind observations are from conventional surface
weather stations and the Automatic Rainfall and Meteorological Telemetry System (ARMTS; Kerns et al. 2010) (512
stations with hourly rainfall data). The time series of station-observed temperature, dewpoint temperature, surface
winds, and rainfall at Anbu, Zhuzihu, Tamsui, Keelung,
Wenshan, and Guishan (Fig. 1c) are used to analyze rainevaporative cooling, the arrival of postfrontal cold northerly
ﬂow at the surface, and the interaction between the cold
northerlies and the terrain of northern Taiwan. Banciao
(Fig. 1c) sounding data, available from the Central Weather
Bureau, are used to delineate the depth of the postfrontal
cold air behind the mei-yu front.

b. Model description
The Weather Research and Forecasting (WRF) Model
(Skamarock et al. 2008) uses the sigma (terrain following)
hydrostatic-pressure vertical coordinate (Laprise 1992). Four
model domains with two-way nesting are used with horizontal
grids of 27 (domain 1), 9 (domain 2), 3 (domain 3), and 1 km
(domain 4), respectively (Fig. 1a). There are 65 sigma levels
from the surface to the 30-hPa level. There are 22 and 34
sigma levels below 1 km and through the depth of Taiwan’s
terrain, respectively. The WRF model physics schemes used
in this study include the Rapid Radiative Transfer Model for
GCMs (RRTMG; Iacono et al. 2008) longwave and shortwave
schemes; Noah land surface model (LSM) (Chen and Dudhia
2001); Yonsei University (YSU) planetary boundary layer
scheme (Hong et al. 2006); modiﬁed Kain–Fritsch cumulus
parameterization scheme (Kain 2004); and Goddard microphysics (Tao and Simpson 1993) with three classes of ice
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FIG. 8. Simulated 950-hPa winds (m s21; one full barb represents 5 m s21), and geopotential height (gpm; contours)
from the 9-km gridded domain (domain 2): (a) 1200 UTC (2000 LST) 1 Jun 2017, (b) 1600 UTC 1 Jun (0000 LST 2
Jun) 2017, (c) 2200 UTC 1 Jun (0600 LST 2 Jun) 2017, and (d) 0600 UTC (1400 LST) 2 Jun 2017. The light yellow
shading represents an area with no data where the station pressure is below 950 hPa; L1, L2, and L3 represent mei-yu
frontal cyclones; and Lt represents a lee vortex.

(including ice, snow, and graupel). The cumulus parameterization scheme is turned off for 3- and 1-km domains. The
surface layer uses the ﬁfth-generation Pennsylvania State University–NCAR Mesoscale Model (MM5) similarity scheme
with stability functions from Paulson (1970), Dyer and Hicks
(1970), and Webb (1970). A 0.0838 daily real-time global sea
surface temperature (RTG_SST_HR) analysis is used as the
lower boundary condition over the ocean (Gemmill et al.
2007). The land use data are from the Moderate Resolution
Imaging Spectroradiometer (MODIS) dataset with a 500-m
resolution.
A 48-h simulation initialized from the NCEP FNL reanalysis at 0000 UTC (0800 LST) 1 June 2017 is conducted (CTRL
run). The model results from the 9-km grid domain are used
to delineate the evolution and structure of the mei-yu jet/front
system (including MBLJ, SLLJ, BJ, and frontal convection)
and moisture transport within the marine boundary layer by

the MBLJ and the BJ. Note that the vertically integrated horizontal water vapor transport [hereafter, integrated vapor
transport (IVT)] (Zhu and Newell 1998; Lavers et al. 2012; Tu
et al. 2019) components in zonal (l) and meridional (f) directions are given as follows:
Ql 5

1
g

Qf 5

1
g

 P1
qu dp,

(1a)

qy dp,

(1b)

P0

 P1
P0

where q is the speciﬁc humidity (kg kg21), u is the zonal wind
(m s21), y is the meridional wind (m s21), g is the acceleration
due to gravity (m s22), and P0 is surface pressure (Pa). The
magnitude of the integrated vapor transport (IVT) is deﬁned as
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FIG. 9. Simulated integrated vapor transport (IVT; kg m21 s21) in the boundary layer (below 900 hPa) from the
9-km gridded domain (domain 2): (a) 1200 UTC (2000 LST) 1 Jun 2017, (b) 2200 UTC 1 Jun (0600 LST 2 Jun) 2017,
and (c) 0600 UTC (1400 LST) 2 Jun 2017.

IVT 5


Q2l 1 Q2f :

(1c)

In this study, we analyze the IVT within the boundary layer
(deﬁned for convenience as the surface to 900 hPa). The interaction between the mei-yu jet/front system and the terrain of
Taiwan is presented using the model results from the 3- and
1-km grid domains. The Yang-Ming Mountains are removed
in a model sensitivity test (RmY run) to discuss the impacts of
the terrain over northern Taiwan on the mei-yu jet/front system and the distribution of rainfall. In the RmY run, the
model terrain height is set to 150 m (ﬂat terrain) where the
Yang-Ming Mountains’ terrain (with peaks ∼1120 m) is higher
than 150 m.

4. Weather conditions
a. Synoptic conditions
At 1200 UTC 31 May 2017 (Fig. 2a), a SLLJ prevails at
the 850-hPa level between a lee cyclone (L), which originates in the leeside of the Yun-Guei Plateau over

southwestern China, and the WPSH extending westward to
the South China Sea. At 1200 UTC 1 June 2017 (Fig. 2b),
the lee cyclone L is stationary and the other two mei-yu
frontal cyclones (L1 and L2) develop over southeastern
China with a stronger SLLJ over the southeastern ﬂank of
the cyclones. At 0000 UTC 2 June 2017 (Fig. 2c), the mei-yu
frontal cyclone L1 (L2) moves eastward off southeastern
China (over southeastern China) and another mei-yu frontal
cyclone L3 develops over southern China. At 1200 UTC 2
June 2017 (Fig. 2d), as the mei-yu frontal cyclones (L1, L2,
and L3) weaken, the SLLJ also weakens.
At 0000 UTC 2 June 2017 (Fig. 3a), the north-northeast–south-southwest upper-level trough at the 500-hPa level
extends from the East China Sea to east of Taiwan. An east–west-oriented westerly upper-level jet passes through Taiwan
(Fig. 3a). Another upper-level jet is present in the southwestern ﬂank of the midlatitude cyclones (La and Lb; Fig. 3a). At
the 300-hPa level (Fig. 3b), the north-northeast–south-southwest upper-level trough extends from the Yellow Sea to the
eastern China coast showing the westward tilt of the upperlevel trough.
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FIG. 10. The vertical cross section along the dark red line in Fig. 1b (across the SCS and Taiwan Strait) at 2200 UTC
1 Jun (0600 LST 2 Jun) 2017 from the 9-km gridded domain (domain 2): (a) winds (m s21; one full barb represents
5 m s21) and potential temperature (K; contours), (b) relative humidity (%; color shaded) and equivalent potential
temperature (K; contours), (c) radar reﬂectivities (dBZ; color shaded), and (d) potential vorticity (PVU; color shaded)
and speciﬁc humidity (g kg21; contours).

b. Rainfall and the mei-yu front over the Taiwan area
At 0000 LST 2 June 2017, an east-northeast–west-southwest-oriented convective line (radar echoes . 50 dBZ) associated with the mei-yu front is off the northern coast of Taiwan
(not shown). There is very little rainfall over northern Taiwan
before 0200 LST 2 June (Fig. 4a). From the station-observed
hourly rainfall, the heavy rainfall occurs over the northern
(windward) slopes of the Yang-Ming Mountains during
0200–1000 LST 2 June 2017 (∼8 h) (Figs. 4a–f). During
1100–1200 LST 2 June (Fig. 4g), the east–west-oriented meiyu front moves over the Yang-Ming Mountains and arrives at
the Taipei basin, resulting in an east–west-oriented rainband

with the maximum accumulated rainfall over the northwestern coast and the Taipei basin (.70 mm h21) (Fig. 4g). During 1300–1400 LST 2 June, the mei-yu frontal rainband
continues to move southward with rainfall over the northern
slopes of the Snow Mountains (Fig. 4h) (Fig. 1c). There are
persistent radar echoes on the southwestern windward side of
the Snow Mountains and the Central Mountain Range as the
prefrontal southwesterly ﬂow impinges on these mountains
(not shown).
Figures 5 and 6 show the time series of temperature, dewpoint temperature, surface winds, and rainfall at Anbu,
Zhuzihu, Tamsui, Keelung, Wenshan, and Guishan stations
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(Fig. 1c) from 0100 to 1500 LST 2 June. During 0200–1000
LST 2 June (Fig. 4), the shallow mei-yu front cannot move
over the Yang-Ming Mountains (with peaks ∼1120 m) when it
ﬁrst arrives. The postfrontal cold air at the surface is deﬂected
by the Yang-Ming Mountains and moves through two river
valleys, Keelung River and Tamsui River (Figs. 4 and 5c,d)
with shallow northerly winds anchored over the northern
slopes of the Yang-Ming Mountains (Fig. 4). As the depth of
the postfrontal cold air increases, the shallow front is ﬁnally
able to pass over the Yang-Ming Mountains (Figs. 5a,b) and
move into the Taipei basin (Fig. 5e) around 1100 LST 2 June.
At Tamsui and Keelung, the temperature drop is evident at
0300 LST 2 June as the surface cold air arrives at the entrances of the Tamsui River Valley and the Keelung River Valley
(Figs. 5c,d), having been modiﬁed by rain evaporative cooling
(Figs. 6c,d). Furthermore, the frontal convection is enhanced
over the northern slopes of the Yang-Ming Mountains with
the most signiﬁcant rainfall along the northern coast (Figs.
4b,c). The entire Yang-Ming Mountains (including Zhuzihu
and Anbu) receive notable rainfall from the mei-yu frontal
system (Figs. 4b,c and 6a,b). However, before 1100 LST, the
shallow postfrontal cold air does not reach Zhuzihu (607 m)
and Anbu (838 m) on the leeside slopes of the Yang-Ming
Mountains as the cold air behind the front is unable to move
over the hilltop (∼1120 m).
At Anbu and Zhuzihu, there are two temperature drops on
2 June (Fig. 5). The ﬁrst temperature drop around 0200 LST
is due to rain evaporative cooling as heavy rains are anchored
along the windward coast (Figs. 4 and 6), whereas the second
temperature drop (at around 1100 LST) is due to the arrival
of the deepening postfrontal air that is eventually able to
climb over the Yang-Ming Mountains and has been modiﬁed
by rain evaporative cooling (Figs. 4, 5, and 6). From 0200
to 1000 LST 2 June (Figs. 4a–f), the cold pool from intense
convection over the northern side of the Yang-Ming Mountains further enhances the strength and depth of the postfrontal air. Note that nocturnal cooling will result in a gradual
decrease in temperature, rather than a sudden drop in
temperature.
At Wenshan in the foothills of the Snow Mountains south
of the Taipei basin, there are also two temperature drops
around 0400–0500 LST 2 June and 1100 LST 2 June (Fig. 5e).
The ﬁrst temperature drop (Fig. 5e) is due to the arrival of
the surface cold air through the Keelung River Valley modiﬁed by rain evaporative cooling (Figs. 4c and 6e), whereas the
second temperature drop (Fig. 5e) is due to deepening of the
postfrontal air that moves over the Yang-Ming Mountains
into Taipei basin (Fig. 6e). Note that the easterly ﬂow at the
Wenshan Station at around 1100 LST 2 June (Fig. 5) could be
modiﬁed by the terrain and the frontal convection (Figs. 4
and 6).
Over the southwestern end of the Taipei basin (Guishan)
(Fig. 5f), the southwesterly ﬂow prevails during 0100
LST–1000 LST 2 June. Afterward, the deepened postfrontal
cold northerly ﬂow moves over the Yang-Ming Mountains
and arrives at Guishan at 1100 LST 2 June (Fig. 5f) with notable rainfall (Fig. 6f). There is a slight temperature drop before
0400 LST 2 June (Fig. 5f), perhaps due to the arrival of the

VOLUME 150

FIG. 11. The vertical cross section of the simulated horizontal
moisture ﬂuxes (vectors with magnitude color shaded every 30 g
kg21 m s21) along the dark red line in Fig. 1b (across the SCS and
Taiwan Strait) at 2200 UTC 1 Jun (0600 LST 2 Jun) 2017 from the
9-km gridded domain (domain 2).

shallow cold air through the Tamsui River Valley. When
the shallow surface cold air arrives at the Taipei basin by way
of the Tamsui River Valley and the Keelung River Valley,
only light rainfall occurs within the Taipei basin before the
cold front moves over the Yang-Ming Mountains at 1100 LST
2 June (Fig. 4).
Figure 7 shows the time series of potential temperature and
wind proﬁles constructed from rawinsonde data collected at
the Banciao station, located on the southwestern corner of
the Taipei basin (Fig. 1c). Prior to 0000 UTC (0800 LST)
2 June, the southwesterly ﬂow prevails at the Banciao station.
The shallow (,1 km) cold front arrives before 1200 UTC
(2000 LST) 2 June.

5. Simulations of structure of the mei-yu system and
moisture transport
At 1200 UTC (2000 LST) 1 June (Fig. 8a), at the 950-hP
level, the mei-yu frontal cyclone (L1) is located over the
southeast coast of China and the WPSH extends westward to
the southern South China Sea with large pressure gradients
and a MBLJ in between. The axis of maximum wind speed
(.20 m s21) of the MBLJ extends from the northern South
China Sea to the Taiwan Strait. The mei-yu front is located
north of Taiwan. The prefrontal southwesterly ﬂow is blocked
by the Central Mountain Range, resulting in the development
of the BJ along the northwestern Taiwan coast (.25 m s21)
and a lee vortex off the southeastern coast as found by Chen
and Tsay (1978), Sun et al. (1991), and Sun and Chern (1993).
Note that as the MBLJ intensiﬁes and interacts with the
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FIG. 12. The vertical cross section along the purple line in Fig. 1b (across the SCS and the Central Mountain Range)
at 2200 UTC 1 Jun (0600 LST 2 Jun) 2017 from the 9-km gridded domain (domain 2): (a) winds (m s21; one full barb
represents 5 m s21) and potential temperature (K; contours), (b) relative humidity (%; color shaded) and equivalent
potential temperature (K; contours), (c) horizontal moisture ﬂux (vectors with magnitude color shaded every
30 g kg21 m s21), and (d) vertical velocity (cm s21; color shaded).

Central Mountain Range, the BJ intensiﬁes simultaneously
(Fig. 8a). The horizontal moisture transport by the southwesterly MBLJ along the Taiwan Strait is evident (Figs. 8a and 9a)
with a maximum associated with the BJ (.430 kg m21 s21)
off northwestern Taiwan (Fig. 9a). Additionally, strong orographically induced winds (.25 m s21) are present in the
southeastern ﬂank of the lee vortex, a result of the large pressure gradients between the lee vortex (Lt) and the WPSH
(Fig. 8a).
At 1600 UTC 1 June (0000 LST 2 June) (Fig. 8b), the meiyu frontal cyclone (L1) moves eastward off southeastern
China. At 2200 UTC 1 June (0600 LST 2 June) (Fig. 8c), the

mei-yu frontal cyclone (L1) moves eastward and is located
northeast of Taiwan. Within the northern Taiwan Strait, the
northwesterly ﬂow in the southwestern ﬂank of L1 converges
with southwesterly ﬂow along the Taiwan Strait and the BJ
off the northwest coast (Fig. 8c). The local maximum in moisture transport associated with the BJ off the northwestern
coast is greater (.460 kg m21 s21) than before (Fig. 9b).
Figure 10 shows a northeast–southwest cross section along
the Taiwan Strait (∼2350-km-long dark red line in Fig. 1b).
The SLLJ wind maximum (.20 m s21) extends vertically
from 900 to 600 hPa, mainly in the frontal zone (Fig. 10a),
with moisture ﬂuxes . 420 g kg21 m s21 (Fig. 11). In addition,
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FIG. 13. (a) Simulated 2-m temperature (8C; color shaded) and 10-m winds (m s21; one full barb represents 5 m s21)
from the 3-km gridded domain (domain 3) at 0600 LST 2 Jun (2200 UTC 1 Jun) 2017. (b) As in (a), but for 900-hPa
vertical velocity (cm s21; color shaded) and winds (m s21; one full barb represents 5 m s21). The light yellow shading
represents an area with no data where the station pressure is below 900 hPa. (c),(d) As in (a) and (b), but for
1200 LST 2 Jun (0400 UTC 2 Jun) 2017.

the MBLJ with a wind maximum of 20 m s21 at the 925-hPa
level around 20.58N is also simulated (Fig. 10a). Within the
MBLJ, the simulated maximum axis of the moisture ﬂuxes
(.360 g kg21 m s21) occurs at the 950-hPa level (Figs. 10a
and 11) in agreement with the analyses by Tu et al. (2020).
The horizontal moisture ﬂuxes are locally enhanced off northwestern Taiwan (∼24.48N; .450 g kg21 m s21 at the 950-hPa
level) (Fig. 11) due to the presence of the BJ (Figs. 8c and
10a).
In the frontal region, the moisture tongue extends upward
along the sloping frontal surface to the 350-hPa level (Figs.

10a,b,d; RH . 80%). In the postfrontal region, the cold dry
northerly ﬂow prevails (Figs. 10a,b). Similar to cases found in
previous studies, the mei-yu front has a vertical tilt with a
slope approximately 1/200 (Fig. 10a). The depth of the postfrontal cold air is deeper farther to the north behind the leading
edge. The latent heat release associated with frontal convection,
having radar echoes . 30 dBZ up to the 250-hPa level, feeds
back to the environmental ﬂow and high potential vorticity
extends vertically upward from the 700-hPa level to the 350-hPa
level (Figs. 10c,d). The tropopause folding associated with
the high-PV air (.2 PVU; 1 PVU 5 1026 K kg21 m2 s21)
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level southwesterly ﬂow results in the development of heavy
rainfall on the windward side of the Central Mountain Range
and the Snow Mountains.
At 0600 UTC (1400 LST) 2 June (Figs. 8d and 9c), the meiyu frontal cyclone (L1) continues to move eastward with the
strong northeasterly ﬂow in the western ﬂank of the cyclone
(L1) penetrating farther southward and converging with the
moisture-laden prefrontal southwesterly ﬂow. Note that during 1–4 June 2017, the southwesterly monsoon ﬂow over the
northern South China Sea satisﬁes the criteria of MBLJ days
(Tu et al. 2020).

6. Simulations over the Taiwan area with a grid spacing
of less than 3 km

FIG. 14. Simulated 2-m temperature (8C; color shaded) and 10-m
winds (m s21; one full barb represents 5 m s21) from the 1-km
gridded domain (domain 4): (a) 0600 LST 2 Jun (2200 UTC 1 Jun)
2017 and (b) 1200 LST 2 Jun (0400 UTC 2 Jun) 2017.

(Lamarque and Hess 1994) occurs in the midlatitudes (∼348N)
where the upper-level jet prevails (.60 m s21 at the 200-hPa
level) (Figs. 10a,d) as found in Chen and Hui (1990, 1992) and
Hsiao and Chen (2014).
Figure 12 shows the 1109-km-long southwest–northeast
cross section across the Central Mountain Range (purple line
in Fig. 1b). The upstream southwesterly ﬂow impinges on the
Central Mountain Range with a wind speed maximum in the
950–900-hPa layer (Fig. 12a). To the southwest, high moisture
(RH . 90%) is conﬁned below the 900-hPa level (Fig. 12b).
The horizontal moisture transport from the northern South
China Sea to southwestern Taiwan occurs mainly in the
marine boundary layer (Figs. 12a,c) in agreement with Tu
et al. (2020). Orographic lifting (Fig. 12d) of the moist low-

At 0600 LST 2 June (Figs. 13a,b), the mei-yu frontal
cyclone (L1) northeast of Taiwan is characterized by the cold
northerly ﬂow in the northwestern ﬂank of the cyclone. The
cold west/northwesterly ﬂow is deﬂected by the Yang-Ming
Mountains with weak winds passing through the Tamsui
River Valley and the Keelung River Valley (Fig. 14a). Note
that the observed surface winds along the northern slopes of
the Yang-Ming Mountains exhibit a more northerly wind
component (Fig. 4) when compared to the model simulations
(Fig. 14a). At the 900-hPa level (Fig. 13b), the southwesterly
BJ converges with the northwesterly ﬂow in the southwestern
ﬂank of the mei-yu frontal cyclone (L1) slightly off the northern tip of Taiwan, resulting in the enhancement of the frontal
convection.
At 1200 LST 2 June, the surface front moves southward
(Figs. 13c and 14b) with an intense frontal rainband arriving
at the Taipei basin (Fig. 4g). At the 900-hPa level (Fig. 13d),
the localized convergence between the northwesterly ﬂow in
the southwestern ﬂank of the mei-yu trough and the southwesterly BJ enhances the frontal convection over the Taipei
basin and the northwestern coast. Over northwestern Taiwan,
at the surface (Fig. 14b), the postfrontal northerly ﬂow advances southward and moves to south of the Linkou plateau
(Fig. 1c). Over northeastern Taiwan, the northerly ﬂow passes
through the Keelung River Valley and arrives at the Taipei
basin (Fig. 14b).
Figure 15 shows the north–south cross section through the
Yang-Ming Mountains and the Snow Mountains (133-kmlong pink line in Fig. 1c). From the ﬁgure, it is evident that in
the early morning of 2 June 2017, the shallow stable cold
northerly ﬂow is anchored on the north side of the YangMing Mountains at the lowest levels (Fig. 15a) with a relatively warm westerly ﬂow above. The shallow northerly ﬂow
deﬂected by the Yang-Ming Mountains passes through the
Keelung River Valley and the Tamsui River Valley, and
arrives at the Taipei basin (Figs. 15a and 16a,c). Around
noontime, the cold northerly ﬂow with increasing depth
(∼1 km) advances southward and arrives at the Taipei basin
(Figs. 15b and 16b,d). Within the Taipei basin, south of the
Yang-Ming Mountains, the cold air becomes deeper as time
progresses.
From the Hovmöller diagrams of the simulated winds and
potential temperature at the 990-hPa level (∼100 m) along a
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FIG. 15. Model results from the 1-km gridded domain (domain 4). (a) Vertical cross section of winds (m s21; one full
barb represents 5 m s21) and potential temperature (K; color shaded) along the pink line in Fig. 1c (across the YangMing Mountains and Snow Mountains) at 0400 LST 2 Jun (2000 UTC 1 Jun) 2017. (b) As in (a), but for 1300 LST 2
Jun (0500 UTC 2 Jun) 2017.

49-km-long purple line in Fig. 1c through the Keelung River
Valley, and a 54-km-long dark red line in Fig. 1c through the
Tamsui River Valley (Fig. 17), it is evident that the simulated
cold northerly ﬂow starts to advance from the surrounding
ocean to the Keelung River Valley and the Tamsui River Valley at 0300 LST 2 June and 0400 LST 2 June, respectively,
and then into the Taipei basin.
Schär and Smith (1993) showed that as shallow-water ﬂow
passes a three-dimensional hill, the three possible ﬂow regimes
can be illustrated in a two-dimensional regime diagram (M 3
Fr0), where the ambient Froude number Fr0 is given by
U0
Fr0 5  ,
g* H 0

(2)

where U0 is the ﬂow speed, H0 is the ﬂuid depth, and g* is the
reduced gravity acceleration (g* 5 gDu/u0). Note that Du is
the potential temperature difference between the cold air and
the air above, and u0 is the mean potential temperature of the
shallow ﬂow. The ratio M is given by
M 5 hm =H0 ,

(3)

where hm is the mountain height, and H0 is the depth of the
cold air.
Regime III in the M 3 Fr0 regime diagram is characterized
by the inability of the ﬂow to move over the hilltop. Regimes
I and II are characterized by ﬂow over the hill with the
absence or presence of a hydraulic jump, respectively. Based
on the Bernoulli equation, the M value of the boundary S
between regimes II and III (Ms) is given by
Ms 5 1 1

1 2
Fr :
2 0

(4)

When M is less than Ms, the cold air can pass over the YangMing Mountains.
When the shallow cold air reaches the northern side of the
Yang-Ming Mountains in the early morning of 2 June 2017,
Fr0 5 0.4–0.7 and M 5 3.3 (u0 5 299 K, Du ∼ 3 K, g* 5 0.098
m s22, U0 ∼ 2–4 m s21, H0 5 300 m, hm 5 1000 m). Under
these conditions, the cold airﬂow is unable to climb over the
top of the Yang-Ming Mountains. This results in ﬂow separation on the windward side (Regime III) with given Fr0, Ms ∼
1.1–1.2 and H0s ∼ 850–900 m. Note that, H0s is deﬁned as
hm/Ms from Eq. (3). Therefore, based on the M 3 Fr0 regime
diagram, when the cold air depth exceeds ∼850 m, the cold
airﬂow can pass over the Yang-Ming Mountains.
From the evening of 1 June to the early morning of 2 June
(LST), before the mei-yu front reaches Taiwan, the front
demonstrates features of propagation (Figs. 8a–c) as found by
Chen et al. (1989), Trier et al. (1990), Chen (1993) and others.
Because the leading edge of the front is very shallow in this
case, the front is unable to pass over the Yang-Ming Mountains when it ﬁrst arrives. Instead, it stays anchored over the
northern side of the Yang-Ming Mountains for almost 8 h
(0200–1000 LST 2 June), until the depth of the cold air
exceeds ∼850 m. In the CTRL run (Fig. 18b), in addition to a
rainfall maximum along the northern coast, the simulated
daily rainfall accumulation exhibits a rainfall maximum over
the southwestern windward slopes of the Snow Mountains
and the Central Mountain Range, in agreement with rain
gauge observations (Fig. 18a).
In the RmY run, at 0600 LST 2 June (Figs. 19b and 20a),
the BJ off the northwestern coast and/or over northern Taiwan is stronger and extends farther northward when compared to the CTRL run (Figs. 13b and 14a). As a result, the
surface front in the RmY run does not reach the northern tip
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FIG. 16. Model results from the 1-km gridded domain (domain 4). (a) Vertical cross section of winds (m s21; one full
barb represents 5 m s21) and potential temperature (K; color shaded) along the purple line in Fig. 1c (along the
Keelung River Valley) at 0400 LST 2 Jun (2000 UTC 1 Jun) 2017. Keelung Weather Station is denoted by a red triangle with a letter “K.” (b) As in (a), but for 1300 LST 2 Jun (0500 UTC 2 Jun) 2017. (c) Vertical cross section of winds
(m s21; one full barb represents 5 m s21) and potential temperature (K; color shaded) along the dark red line in
Fig. 1c (along the Tamsui River Valley) at 0600 LST 2 Jun (2200 UTC 1 Jun) 2017. Tamsui Weather Station is denoted
by a red triangle with a letter “T.” (d) As in (c), but for 1200 LST 2 Jun (0400 UTC 2 Jun) 2017.

of Taiwan at this time (Figs. 19a and 20a). Unlike the CTRL
run (Fig. 14a), the southerly ﬂow at the surface prevails in the
Taipei basin in the RmY run (Fig. 20a). Furthermore, at the
900-hPa level, the southwesterly BJ converges with the northwesterly ﬂow in the southwestern ﬂank of the mei-yu frontal
cyclone (L1) northeast of Taiwan, producing frontal convection off the northern tip of Taiwan (Fig. 19b). Without the
Yang-Ming Mountains in the model, the surface front continues to move southward (Figs. 19 and 20). At 1200 LST 2 June
(Fig. 20b), the surface front has already passed through northern Taiwan and is located farther south than the CTRL run
(Fig. 14b). As a result, on 2 June 2017 (LST) (Fig. 18c), there
is no daily rainfall maximum over the northern tip of Taiwan

in the RmY run. Instead, a rainfall maximum is simulated
over northwestern Taiwan (Fig. 18c) where the BJ converges
with the postfrontal northwesterly ﬂow.

7. Summary and conclusions
On 2 June 2017, the marine boundary layer jet (MBLJ)
over the northern South China Sea prevails between the
mei-yu trough over southeastern China and the western
Paciﬁc subtropical high (WPSH), extending westward to the
southern South China Sea. Orographic blocking of the prefrontal southwesterly ﬂow by the Central Mountain Range
results in a barrier jet (BJ) off and along northwestern
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FIG. 17. Simulated Hovmöller diagrams at the 990-hPa level from the 1-km gridded domain (domain 4). (a) Winds
(m s21; one full barb represents 5 m s21) and potential temperature (K; color shaded) along the dark red line in
Fig. 1c (along the Tamsui River Valley) during 0100–1500 LST 2 Jun 2017. Tamsui Weather Station is denoted by a
red semicircle with a letter “T.” (b) Winds and potential temperature along the purple line in Fig. 1c (along the
Keelung River Valley). Keelung Weather Station is denoted by a red semicircle with a letter “K.”

Taiwan. Prior to the arrival of the mei-yu front, orographic
lifting of the prefrontal moisture-laden southwesterly ﬂow
contributes to heavy rainfall on the windward side of the
Central Mountain Range and the Snow Mountains. The

horizontal moisture transport from the northern South
China Sea to the Taiwan area mainly occurs below the
900-hPa level (Tu et al. 2020). The localized enhanced horizontal moisture transport within the boundary layer by the

FIG. 18. (a) Daily (0000–2400 LST) rainfall accumulation (mm; color shaded) for 2 Jun 2017 from rain gauge observations. The simulated daily rainfall accumulation (mm; color shaded) for 2 Jun 2017 (LST) from the 3-km gridded domain (domain 3): (b) the CTRL run and (c) the RmY run.
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FIG. 19. Model results from the 3-km gridded domain (domain 3) for the RmY run. (a) 2-m temperature (8C; color
shaded) and 10-m winds (m s21; one full barb represents 5 m s21) at 0600 LST 2 Jun (2200 UTC 1 Jun) 2017. (b) As in
(a), but for 900-hPa vertical velocity (cm s21; color shaded) and winds (m s21; one full barb represents 5 m s21). The
light yellow shading represents an area with no data where the station pressure is below 900 hPa. (c),(d) As in (a) and
(b), but for 1200 LST 2 Jun (0400 UTC 2 Jun) 2017.

BJ brings in abundant moisture to the east–west-oriented
mei-yu front over northern Taiwan.
The depth of the mei-yu front impacts the rainfall pattern
as the front interacts with the terrain over northern Taiwan.
The unusually shallow east–west-oriented mei-yu front (,850
m) is anchored over the northern side of the Yang-Ming
Mountains (with peaks ∼1120 m) for 8 h during the early
morning of 2 June 2017 (0200–1000 LST), producing torrential rain along the northern coast (.600 mm). In contrast, for
the 12 June 2012 case, the relatively deep mei-yu front (∼1.5
km) moves quickly over the Yang-Ming Mountains and stalls

over the Taipei basin for 6 h (0200–0800 LST), producing
rainfall maxima within the Taipei basin and along the northwestern coast (Chen et al. 2018). In the 2 June 2017 case, the
postfrontal stable cold air at the surface is shallower than it is
in the 12 June 2012 case, causing it to stay anchored along the
northern side of the Yang-Ming Mountains during 0200–1000
LST (Fig. 21a). At the surface, the postfrontal cold air is
deﬂected by the Yang-Ming Mountains and moves through
the Keelung River Valley and Tamsui River Valley into the
Taipei basin (Fig. 21a). At the 900-hPa level, the southwesterly BJ prevails over northern/northwestern Taiwan and
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FIG. 21. A schematic diagram shows the surface (black solid
arrows) and 900-hPa (red solid arrows) ﬂow patterns with the barrier jet (thick red solid arrows). (a) The shallow (,1 km) mei-yu
front is anchored over the northern side of the Yang-Ming Mountains for almost 8 h during the morning of 2 Jun 2017 (0200–1000
LST 2 Jun). At the 900-hPa level, the southwesterly BJ converges
with the northwesterly ﬂow in the southwestern ﬂank of the mei-yu
frontal cyclone around the northern tip of Taiwan. (b) Around
noontime, the mei-yu front ﬁnally moves southward over the
Yang-Ming Mountains into the Taipei basin and converges with
the southwesterly BJ over the Taipei basin.

FIG. 20. Simulated 2-m temperature (8C; color shaded) and 10-m
winds (m s21; one full barb represents 5 m s21) from the 1-km
gridded domain (domain 4) for the RmY run: (a) 0600 LST 2 Jun
(2200 UTC 1 Jun) 2017 and (b) 1200 LST 2 Jun (0400 UTC 2 Jun)
2017. The black (gray) frontal symbol marks the location of the surface front for the RmY (CTRL) run.

converges with the northwesterly ﬂow in the southwestern
ﬂank of the mei-yu frontal cyclone around the northern tip of
Taiwan (Fig. 21a).
Around noontime, with an increase in the depth of the
postfrontal cold air to .850 m, the mei-yu front is ﬁnally able
to pass over the Yang-Ming Mountains and moves into the
Taipei basin (Fig. 21b). At this time, the mei-yu frontal rainband develops within the Taipei basin. The southwesterly BJ
converges with the postfrontal northwesterly ﬂow at the 900hPa level (Fig. 21b). A temperature drop is evident at the
Tamsui and Keelung stations, as the cold air at the surface
arrives at 0300 LST 2 June. The Taipei basin also experienced

two temperature drops in the early morning (∼0400–0500
LST 2 June) and around noontime (∼1100 LST 2 June), corresponding to the arrival of the surface cold air through two
river valleys (Tamsui River and Keelung River valleys), followed by the arrival of the mei-yu front that moved over the
Yang-Ming Mountains. Furthermore, two temperature drops
are recorded at Zhuzihu and Anbu stations in the Yang-Ming
Mountains at 0200 LST 2 June and 1100 LST 2 June, corresponding to rain evaporative cooling and to the deepening of
the postfrontal air that is also modiﬁed by rain evaporative
cooling. Note that before 1100 LST 2 June, the shallow front
anchored over the northern slopes of the Yang-Ming Mountains does not reach Zhuzihu and Anbu.
The BJ and rainfall maxima over the northern tip of
Taiwan, Taipei basin, and the southwestern slopes of the
Snow Mountains and the Central Mountain Range are well
simulated using a high-resolution (,3 km) numerical model.
With the terrain of the Yang-Ming Mountains removed in the
RmY run, as the mei-yu front makes landfall over northern
Taiwan, it quickly moves southward without producing a
rainfall maximum over the northern side of the Yang-Ming
Mountains on 2 June 2017. Instead, in addition to heavy
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rainfall over the southwestern slopes of the Snow Mountains
and the Central Mountain Range, a rainfall maximum is simulated over northwestern Taiwan.
Based on studies of heavy rainfall events over northern
Taiwan on 11–12 June 2012 (Chen et al. 2018) and 2 June
2017, we found that under favorable large-scale settings with
abundant low-level moisture, the depth of the postfrontal
cold air is crucial for frontal movement and heavy rainfall distribution over northern Taiwan (e.g., a rainfall maximum
occurs over the northern coast of Taiwan versus within Taipei
basin). In the future, we would like to measure the depth of
the postfrontal cold air from soundings along the northern
coast of Taiwan and off the northern coast at Peng-Chia Yu
(Fig. 1c), or use radio occultation (RO) data from the Constellation Observing System for Meteorology, Ionosphere and
Climate-2 (COSMIC-2) global positioning system (GPS).
Sounding observations from future ﬁeld experiments, e.g.,
Prediction of Rainfall Extremes Campaign In the Paciﬁc
(PRECIP)/Taiwan-Area Heavy rain Observation and Prediction Experiment (TAHOPE), will be analyzed for this scientiﬁc
goal. Additionally, the Storm Tracker radiosondes (Hwang
et al. 2020) will be used to measure the depth of the postfrontal
cold northerly ﬂow at the entrances of the Tamsui River Valley
and Keelung River Valley, and along the northern coast of
Taiwan. Note that the Storm Tracker is a newly developed,
smaller, lighter, cheaper, and multichannel simultaneous capable radiosonde that is beneﬁcial for high spatiotemporal resolution observations (Hwang et al. 2020). Further, we would also
like to study the diurnal variations of the MBLJ and BJ under
the presence of a MBLJ, but without a SLLJ, using a highresolution long-term climatological dataset, e.g., ERA5 analysis, wind proﬁler observations (at Dongsha Island and over
northwestern Taiwan; Fig. 1b), and WRF model simulations, as
well as the impacts of the MBLJ on heavy rainfall over southwestern Taiwan and the windward slopes of the Central Mountain Range and the Snow Mountains.
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