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Abstract: During 6–7 June 2003, a Mei-Yu jet/front system over Southern China is characterized
by appreciable horizontal temperature contrast below the 850 hPa level (>8 K), where the cold,
dry, postfrontal northeasterlies converge with the warm, moist southwesterly flow, and above the
400–hPa level (>18 K) associated with an upper-level front. The frontal baroclinic zone tilts northward
with a slope of ~1/100. During the passage of a midlatitude trough, the upper-level jet/front
system advances southeastward. The thermally direct circulation across the subsynoptic low-level
jet (SLLJ)/Mei-Yu front system, coupled with dynamic forcing aloft on the equatorial side of the
entrance region of a subsynoptic upper-level jet (SULJ), provides a favorable environment for the
development of a frontal cyclone over Southern China. A southwesterly marine boundary layer jet
(MBLJ) develops between the deepening Mei-Yu frontal cyclone and the West Pacific Subtropical
High (WPSH). The MBLJ transports moisture from the northern South China Sea (NSCS) to Southern
China. All three jets (SULJ, SLLJ, and MBLJ) interact together during the deepening of the Mei-Yu
frontal cyclone with positive feedback effects of latent heat release. On 7 June 2003, as the Mei-Yu
front arrives near the Taiwan area, the warm, moist, and unstable air associated with the MBLJ
decelerates as it approaches the Central Mountain Range (CMR). The warm, moist, and unstable air
is orographically lifted by the CMR and enhances the vertical motion already present with the frontal
zone. A region of widespread heavy rainfall develops, with a maximum of more than 350 mm/day,
over a region extending from the southwestern coast of Taiwan to the windward slopes of the CMR.

Keywords: marine boundary layer jet; Mei-Yu front; heavy rainfall

1. Introduction

The early summer rainy season over the Taiwan area (Mei-Yu) mainly occurs during
the seasonal transition between late May and mid-June; see [1,2] and others. In an early
study, G. Chen and Chang [3] diagnosed the structure of a Mei-Yu front that resulted in
significant flooding over the Taiwan area during 10–15 June 1978. They suggested that
the western section, around 115◦ E, of the composite Mei-Yu system exhibited several
features during its mature stage that are commonly seen in an equivalent barotropic
tropical disturbance, e.g., weak temperature gradients and almost no vertical tilt. The
intense convection and thermally direct circulation associated with the Mei-Yu system
appear to be driven by the Conditional Instability of the Second Kind (CISK) process and
Ekman pumping.

Recently, Hsiao and Chen [4] re-examined this system over Southern China using the
European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA-40) with
data from 23 vertical levels [5] every 6 hours. In contrast to G. Chen and Chang [3], they
determined that this Mei-Yu front possessed moist baroclinic features similar to other Mei-Yu
systems that occurred during the Taiwan Area Mesoscale Experiment (TAMEX) [2,6–9] and
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in recent studies; see [10–13] and others. In the study by G. Chen and Chang [3], the basic
baroclinic features, e.g., a thermal contrast of 5–7 K in the low levels, an upper-level jet/front
with tropopause folding, a marked northward vertical tilt, and a secondary thermally direct
circulation, are not captured by the time-averaged composite analysis and vorticity budget
calculations due to the use of filtered and subjectively analyzed 240 km grid data at four pressure
levels (850, 700, 500, and 400 hPa).

G. Chen et al. [14] diagnosed the development of a mesoscale Mei-Yu frontal cyclone
associated with a heavy rainfall event over Taiwan on 6–7 June 2003 using the gridded
analysis from the ECMWF Tropical Ocean Global Atmosphere (TOGA advanced) data and
piecewise potential vorticity (PV) inversion. The dataset has a horizontal 1.125◦ x 1.125◦

grid spacing at 11 pressure levels (1000, 925, 850, 700, 500, 400, 300, 250, 200, 150, and
100 hPa) every 6 h. They also suggest that the Mei-Yu frontal disturbance is characterized
by negligible thermal gradients and very little vertical tilt. Furthermore, they suggest that
the deepening of the mesoscale frontal cyclone is caused by a CISK process and Ekman
pumping, through positive feedback by cumulus convection. In this study, the structure
and secondary circulation of this case are re-examined and compared with those studied
in other cases. Our goal is to confirm that the Mei-Yu frontal characteristics of this case
are consistent with the baroclinic features found during TAMEX and recent studies [15].
Furthermore, we demonstrate that, for this case, the coupling between the thermally direct
secondary circulation and the dynamic forcing aloft is important for the spin-up of the
frontal cyclone.

Another prominent feature associated with the Mei-Yu system is the subsynoptic
low-level jet (SLLJ) in the 850 to 700 hPa layer [14,16,17] ahead of the Mei-Yu trough.
C.-S. Chen et al. [18] studied a heavy rainfall event over Southwestern Taiwan during
6–8 June 2003 and suggest that the 850 hPa SLLJ serves as a conveyor belt, bringing in
moisture from the NSCS to Southwestern Taiwan. This problem will be re-examined as
our studies [15,19] suggest that the SLLJ is an integral part of the secondary circulation
associated with the Mei-Yu jet/front system.

For a heavy rainfall event over Taiwan during 10–12 June 2012 [13], a strong southwest-
erly low-level jet (LLJ) at the 950 hPa level, extending from the NSCS to the Taiwan area,
with large horizontal moisture fluxes (>360 g kg−1 m s−1) is present. This is the marine
boundary layer jet (MBLJ), which is another type of LLJ, as identified by Tu et al. [19,20].
These studies show that the MBLJ is distinctly different from the SLLJ, and that it plays a
dominant role in the horizontal transport of moisture from the NSCS to the Taiwan area.
On the contrary, the warm, moist tongue in the frontal zone is related to the rising motion
associated with the Mei-Yu jet/front system. In the absence of a nearby tropical cyclone,
the occurrence of an MBLJ is related to the relatively large subsynoptic pressure gradients
between a deeper Mei-Yu trough and a more pronounced West Pacific Subtropical High
(WPSH) than the mean state in June [19,20]. We would like to confirm that an MBLJ is also
present for the 6–7 June 2003 case. The importance of the horizontal moisture transport by
the MBLJ to the spin-up of a frontal cyclone and heavy rainfall events over the Taiwan area
during 6–7 June 2003 will also be investigated.

In this study, the data sources and methods are detailed in Section 2. The synoptic
weather conditions and the depiction of the Mei-Yu jet/front system are presented in
Section 3. In Section 4, the secondary circulation across the jet/front system is diagnosed.
The coupling between the moist baroclinic forcing and the dynamic forcing aloft during
the development of the frontal cyclone is explained in Section 5. The moisture transport by
the MBLJ is examined in Section 6 and major new results are summarized in Section 7.

2. Data and Methods

The National Centers for Environmental Prediction (NCEP) Climate Forecast System
Reanalysis (CFSR) data [21] with a 0.5◦ × 0.5◦ grid at 6 h intervals and 37 pressure levels
are used to delineate: (1) the synoptic weather conditions and mesoscale disturbances in
the frontal zone; (2) the structure of the Mei-Yu jet/front system; and (3) the horizontal
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moisture fluxes associated with the MBLJ from the NSCS to the Taiwan area. Rainfall data
recorded at surface stations and by the Automatic Rainfall and Meteorological Telemetry
System [19,22] are used to depict the heavy rainfall events over Taiwan.

A vertical cross-section along 117◦ E is constructed to delineate the vertical structure of
the Mei-Yu jet/front system. Similar to Tu et al. [19], we construct a northwest–southeast
cross-section (Figure 1) to identify the possible existence of the MBLJ. Furthermore, a 925 hPa
Hovmöller diagram along this line is used to determine the relationship between the moisture
transport by the MBLJ and the heavy rainfall event over Taiwan during 6–8 June 2003.
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Figure 1. Terrain height (m). The black line is the NW–SE cross-section line. The red line is the
NE–SW cross-section line. The black dot indicates the location of Kaohsiung City.

The vertically integrated water vapor transport (IVT) [19,23,24] is defined as

IVT =
√

Qλ
2 + Qφ

2 (1)
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The vertically integrated moisture transport (Q) components in the zonal (λ) and
meridional (φ) directions are given as follows.

Qλ =
1
g

∫ P1

P0

qudp (2)

Qφ =
1
g

∫ P1

P0

qvdp (3)

where q is the specific humidity (g kg−1), u is the zonal wind (m s−1), υ is the meridional
wind (m s−1), g is the acceleration due to gravity (m s−2), P0 is surface pressure, and P1 is
the 850 hPa level pressure.

The two-dimensional frontogenesis function [4] is defined as

F =
1
|∇θ|

{
− ∂θ

∂x

[
∂u
∂x

∂θ

∂x
+

∂v
∂x

∂θ

∂y

]
− ∂θ

∂y

[
∂u
∂y

∂θ

∂x
+

∂v
∂y

∂θ

∂y

]}
(4)

where u and v are the horizontal winds and θ is the potential temperature (K).
The Ertel potential vorticity (EPV) [25,26] is calculated by

EPV =
1
ρ

η·∇θ (5)

where ρ is the density (kg m−3), η is the absolute vorticity (s−1), and θ is the potential
temperature (K).

3. Evolution of Weather Patterns

During 1200 UTC 6 through 0600 UTC 7 June 2003 (Figure 2), the presence of an east–
west-oriented Mei-Yu front over Southern China is evident from the CFSR geopotential
heights and winds at 925 hPa. At 1200 UTC 6 June, a Mei-Yu frontal cyclone develops over
Southern China around 112◦ E and 24◦ N (Figure 2a) under prevailing 500 hPa westerlies
over the Yun-Guei Plateau (Figure 3b). The cyclone subsequently deepens and migrates
southeastward toward the northern Taiwan Strait (Figure 2b,c). At 0600 UTC 7 June, the
frontal cyclone extends from Southern China to the ocean off the Eastern Taiwan coast.
With the deepening and expansion of the frontal cyclone, the southwesterly monsoon
flow over the NSCS strengthens and exceeds 20 m s−1 after 1800 UTC 6 June (Figure 2).
Large thermal contrasts exist along the E–W-orientated frontal zone between the cold, dry,
postfrontal northeasterlies and prefrontal warm, moist southwesterly flow (Figure 4). At
1800 UTC 6 June, the north–south thermal contrast across the frontal zone along 117◦ E
at the 925 hPa level is relatively large (≥8 K) (Figure 4b). During 0600 UTC 6 June–0600
UTC 7 June, the Mei-Yu frontal zone advances southward and reaches the Southern China
coast. A pronounced axis of frontogenesis is diagnosed along the Mei-Yu frontal boundary
(Figure 4).
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Figure 2. The CFSR geopotential height (gpm, contoured), wind speed (V; m s−1, shaded), and
winds (m s−1) (full barb and half barb represent 10 and 5 m s−1, respectively) at 925 hPa at (a) 1200
UTC (2000 LT) 6 June; (b) 1800 UTC 6 June (0200 LT 7 June); (c) 0000 UTC (0800 LT) 7 June; and
(d) 0600 UTC (1400 LT) 7 June 2003.
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Figure 3. The CFSR geopotential height (gpm, contoured), potential temperature (K, shaded), and
winds (V; m s−1) (full barb and half barb represent 10 and 5 m s−1, respectively) at 850 hPa at (a) 1200
UTC (2000 LT) 6 June; (c) 1800 UTC 6 June (0200 LT 7 June); (e) 0000 UTC (0800 LT) 7 June; and (g)
0600 UTC (1400 LT) 7 June 2003. (b,d,f,h) are at the same time as (a,c,e,g), respectively, but for vertical
motion (Pa s−1, shaded), geopotential height (gpm, contoured), and wind (V; m s−1) at 500 hPa.
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Figure 4. The CFSR frontogenesis at 925 hPa (10−9 K m−1 s−1), winds (V; m s−1, full barb and half
barb represent 10 and 5 m s−1, respectively), and potential temperature (K, purple lines every 2 K) at
(a) 1200 UTC (2000 LT) 6 June; (b) 1800 UTC 6 June (0200 LT 7 June); (c) 0000 UTC (0800 LT) 7 June;
and (d) 0600 UTC (1400 LT) 7 June 2003.

At the 850 hPa level, a sub-synoptic cyclonic circulation is evident over Southeastern
China (Figure 3) with a windshear line between the warm southwesterly flow and cold
northeasterly flow. From 0600 UTC 6 June to 0600 UTC 7 June, it deepens, expands, and
moves southeastward. At 0600 UTC 7 June, the circulation center is off the Central Taiwan
coast (23◦ N, 118◦ E) (Figure 3g). During 1200 UTC 4 June–0000 UTC 7 June, a mid-latitude
trough at the 500 hPa level migrates eastward with northerly winds behind the trough
(Figure 3b,d,f). The intrusion of cold northerly winds from Northern China toward the
Southern China Plain behind the propagating mid-latitude trough is evident. The winds
south of the deepening Mei-Yu disturbance turn clockwise with height, from 850 hPa
southwesterlies to 500 hPa westerlies (Figures 2–4), indicating the presence of warm air
advection. The 500 hPa vertical motion shows rising (sinking) motion ahead (behind) the
925 hPa frontal zone, where the frontogenesis has a maximum.

Figure 5 shows the latitude–time cross-sections of winds, geopotential height, and
potential temperature at four different levels (850, 700, 500, and 300 hPa) along 117◦ E.
From 0000 UTC 5 June to 0000 UTC 6 June, the advection of cold air by the northerly winds
behind the 850 hPa mid-latitude trough is evident (Figure 5a). In the meantime, the eastern
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end of the Mei-Yu frontal cyclone propagates across 117◦ E around 1800 UTC 5 June, with
cold northeasterlies behind the southward-moving Mei-Yu front. At 1800 UTC 6 June, the
thermal contrast between the prefrontal southwesterly flow and postfrontal winds is as
large as 8 K. Over the China Plain, the potential temperature exhibits diurnal variations
due to daytime heating/nighttime cooling (Figure 5a).
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height (gpm, solid white lines) from 0000 UTC 5 June to 1200 UTC 7 June at (a) 850 hPa; (b) 700 hPa;
(c) 500 hPa; and (d) 300 hPa.

At the 700 hPa level, the intrusion of cold air from the mid-latitudes to Southern China
(~40◦ to 28◦ N) is also evident (Figure 5b) as the trough crosses 117◦ E over Northern China
around 0600 UTC 6 June and migrates to the Sea of Japan. The cold air advection from
the north behind a mid-latitude trough, during 0000 UTC 5 June–1200 UTC 6 June, occurs
at all levels and the baroclinic zone has a northward tilt with respect to height (Figure 5).
The largest thermal contrast (>18 K), between the intruding cold northwesterlies and the
west/southwesterlies over Southern China, occurs at the 300 hPa level with the presence of
a subsynoptic upper-level jet (SULJ). During 1800 UTC 5 June–1200 UTC 6 June, the SULJ
associated with the upper-level front due to thermal winds exceeds 40 m s−1.

Latitude–time cross-sections of θe at four different levels (925, 850, 700, and 500 hPa)
along 117◦ E are presented in Figure 6. The postfrontal southward-propagating cold, dry,
and low θe polar air is apparent at all levels, especially in the mid-troposphere. An area
of maximum θe (greater than 345 K) with RH greater than 90% exists around 24–27◦ N at
all four levels. A moist tongue extends vertically in the frontal zone due to the vertical
motion associated with the Mei-Yu front. It is important to note that as the Mei-Yu cyclone
deepens, the high θe air (greater than 350 K) occurs in the low levels associated with the
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strengthening of the southwesterly monsoon. After 0000 UTC 6 June, the highest θe air
(greater than 360 K) is found at the 925 hPa level (Figure 6a).
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Figure 6. The CFSR latitude–time cross-section along 117◦ E for equivalent potential temperature
(K, contoured every 5 K) and relative humidity (shaded every 10%) at (a) 925 hPa; (b) 850 hPa;
(c) 700 hPa; and (d) 500 hPa.

In summary, based on the evolution of weather patterns, it is apparent that the Mei-Yu
system possesses the following characteristics: (1) a large thermal contrast, greater than
8 K, below the 850 hPa level, between the cold, dry northeasterlies behind the front and
the warm, moist southwesterly monsoon flow; (2) a pronounced axis of frontogenetical
forcing along the frontal boundary in the low levels; (3) significant warm air advection in
the prefrontal atmosphere with winds turning clockwise with height; (4) northward tilt
of the baroclinic zone; (5) rising (sinking) motion at the 500 hPa level, ahead of (behind)
the 850 hPa frontal zone; (6) large temperature gradients associated with the upper-level
frontal zone with an SULJ of more than 40 m s−1. These features are in sharp contrast to
the semitropical disturbance, with an equivalent barotropic, weak temperature gradient
system due to Ekman pumping (CISK), suggested by G. Chen and Chang in the 10–15 June
1978 case [3] over Southern China.

4. The Secondary Circulation across the Mei-Yu Jet/Front System

In the 6–7 June 2003 case, the SLLJ peaking at the 850 hPa level could be driven by a
CISK mechanism induced by mesoscale convective systems (MCSs) [14]. However, several
diagnostic and modeling studies attributed the SLLJs associated with other Mei-Yu fronts
to a mass–momentum adjustment process driven by moist baroclinic forcing associated
with the deepening of the frontal cyclone; see [27–30] and others. This discrepancy will be
further investigated in this section.
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From the vertical cross-sections along 117◦ E at 1800 UTC 6 June (0200 LT 7 June), the
prefrontal low-level high θe air (Figure 7a) is transported vertically upward by rising motion
in the frontal zone (Figure 7b). The rising motion is located above the surface cold front
(Figure 7b). The θ and θe gradients between the postfrontal cold, dry air and the prefrontal
warm, moist air are greatest near the surface around 23◦ N (Figure 7a,b). The relative
vorticity has a maximum axis in the frontal zone, which tilts northward (Figure 7c). Hence,
in contrast to G. Chen et al. [14], the frontal zone exhibits appreciable temperature contrast
(>8 K) and moisture gradients in the lowest levels with a marked vertical tilt (~1/100).
Additionally, the horizontal winds (Figure 7d) have an SLLJ core near 21◦ N, with an SULJ
farther to the north around 32◦ N due to thermal winds. There are cross geopotential height
contour ageostrophic winds perpendicular to the frontal surface (Figure 7b) associated
with both the SLLJ and the SULJ (Figure 7d). Figure 8 reveals the presence of tropopause
folding associated with an upper-level front, with descending motions transporting the
high-PV stratospheric air downward, as found in TAMEX studies [6,7,27]. The secondary
circulation across this jet/front system is remarkably similar to the TAMEX Intensive
Observing period (IOP) #5 case [27]. From the energy conversions associated with the SLLJ
calculated from model results [31], the intensification of the SLLJ is due to the increase
in nondivergent kinetic energy (kND). The SLLJ is generated from the potential energy
through the cross-contour divergent winds and converted into kND via a process through
the transverse secondary circulation across the jet/front system.
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Figure 7. Vertical cross-section along 117◦ E at 1800 UTC 6 June (0200 LT 7 June). (a) Equivalent
potential temperature (K, black lines) and relative humidity (%, shaded); (b) secondary circulation
(vectors, vertical motion: Pa s−1; ageostrophic winds: m s−1), zonal winds (u) (m s−1, shaded), and
potential temperature (K, solid lines); (c) specific humidity (g kg−1, solid line) and relative vorticity
(s−1, shaded); and (d) horizontal winds (V; m s−1) (full barb and half barb represent 10 and 5 m s−1,
respectively), horizontal wind speed (m s−1, shaded), and meridional winds (v) (m s−1, contoured).
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5. Coupling between the Secondary Circulation and Dynamic Forcing Aloft

The spin-up of the frontal cyclone in the 6–7 June 2003 case occurs after the southward
shift of the SULJ into the Southern China Plain (Figure 5d). The 300 hPa chart shows that, at
0600 UTC 6 June, the spin-up of the frontal cyclone over South/Southwestern China occurs
when the cyclone is south of the entrance region of the SULJ with upper-level divergence
(Figure 9). In this case, the low-level baroclinic forcing (Figure 4) is coupled with dynamic
forcing aloft. In the TAMEX IOP #5 case (1–2 June 1987), model results [28] show that latent
heat release provides positive feedback for the deepening of the frontal cyclone. With latent
heating, the areal-averaged baroclinic conversion rate over the frontal cyclone increases
and is more than five times greater in the upper levels [28]. The synoptic setting for the
deepening of the frontal cyclone is remarkably similar to those found for heavy rainfall
events over Korea associated with the summer monsoon [32,33]. The coupling between
the low-level baroclinic forcing and the dynamic forcing aloft also occurs during TAMEX
IOP #3 (20–23 May 1987) [34]. These results suggest that the large-scale organization of this
Mei-Yu jet/front system and the development of the Mei-Yu frontal cyclone is not due to
Ekman pumping (CISK), as suggested by G. Chen et al. [14] for the same case.
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Figure 9. The CFSR divergence at 300 hPa (10−5 s−1), winds (V; m s−1, full barb and half barb
represent 10 and 5 m s−1, respectively), and geopotential height (gpm, dark green lines) at 0600 UTC
(1400 LT) 6 June 2003.

6. Moisture Transport and Heavy Rainfall over Taiwan

During 0000–1200 LT 7 June, the 12-hour rainfall accumulation (Figure 10a–d) was
greater than 200 mm at almost all stations in Southwestern Taiwan, and daily rainfall
accumulations were greater than 350 mm. This region of heavy rainfall extended from
the southwestern coastal areas (near Kaohsiung City, black dot in Figure 1) to the Central
Mountain Range (CMR) [24].
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Figure 10. The total 12-hour accumulated rainfall (mm) during (a) 12–24 LT 6 June; (b) 0–12 LT 7
June; (c) 12–24 LT 7 June; and (d) 0–12 LT 8 June 2003.

The moisture transport from the NSCS to the Taiwan area mainly occurred in the
marine boundary layer (MBL) rather than within the 850 hPa to 700 hPa layer. At 1800 UTC
6 June (0200 LT 7 June), the total precipitable water (TPW) (Figure 11a) over most regions
of the NSCS was greater than 65 mm. Large southwesterly IVT below the 850 hPa level,
greater than 450 kg m−1 s−1 (Figure 11b), extended from the NSCS to Taiwan, impinging on
the Taiwan terrain. Large horizontal moisture fluxes occurred at the 925 hPa level (greater
than 300 g kg−1 m s−1) (Figure 11c) due to the presence of the MBLJ upstream of Taiwan,
with wind speed greater than 20 m s−1 (Figures 4b and 12a). These conditions were also
found in the 11–12 June 2012 case [13].
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Figure 11. (a) The CFSR total precipitable water (TPW; kg m−2); (b) the CFSR integrated vapor
transport (IVT; kg m−1 s−1) in the boundary layer (sfc-850 hPa); (c) moisture flux (g kg−1 m s−1) at
925 hPa; and (d) same as (c) but for 700 hPa at 1800 UTC 6 June (0200 LT 7 June) 2003.

The Hovmöller diagrams from 1200 UTC (2000 LT) 5 June to 0000 UTC (0800 LT) 8
June (Figure 12), along the northwest–southeast (NW–SE) cross-section in Figure 1, show
the evolution of low-level winds, geopotential height, and horizontal moisture transport
during the period. With the deepening of the frontal cyclone (Figures 2 and 12b), a strong,
low-level southwesterly flow started to pick up in the evening of 6 June, with increasing
horizontal moisture fluxes. From 1800 UTC 6 June (0200 LT 7 June) to 1800 UTC 7 June (0200
LT 8 June), the southwesterly MBLJ was greater than 20 m s−1 (Figure 12a), due to enhanced
subsynoptic pressure gradients (Figure 12b) associated with the development of the frontal
cyclone. Figure 12d shows a much smaller moisture transport above the 850 hPa level than
within the MBL (Figure 12c,e). During this period, large horizontal moisture fluxes occurred
below the 850 hPa level (Figure 12c,d), with IVT greater than 450 kg m−1 s−1 (Figure 12e).
This is also the period of heavy rainfall over Southwestern Taiwan (Figure 12f), as described
in Tu et al. [20]. It is apparent that moisture transport by the MBLJ provides the moisture
source for cumulus convection, leading to the spin-up of the frontal cyclone through the
feedback effects from latent heat release. The deepening frontal cyclone increases the
pressure gradient between the Mei-Yu trough and the WPSH, intensifying the MBLJ and
further deepening the frontal cyclone through a positive feedback process.
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The NE–SW cross-section along the red line in Figure 1 at 0000 UTC 7 June 2003
shows the moisture transport from the NSCS to the Taiwan area (Figure 13). One of the
most striking features is that the largest horizontal moisture fluxes and strongest winds
occur below the 900 hPa level associated with the MBLJ, rather than at the 850 hPa to
700 hPa levels associated with the SLLJ. Furthermore, the high θe air (>360 K) is mainly
confined to the lowest levels below 900 hPa (Figure 13a,b). The warm, moist, low-level
southwesterlies have a notable southerly wind component (Figure 13b,c), impinging on
Taiwan’s topography with rising motion due to flow deceleration (Figure 13c), orographic
blocking, and orographic lifting (Figure 13d). Heavy rainfall occurs along the southwestern
Taiwan coast, extending inland toward the windward slopes of the CMR, consistent with
Tu et al. [19]; see their Figure 9. A moist tongue, with RH greater than 95% in the coastal
area, extends upward over the windward slopes (Figure 13c). A similar situation also
occurs along the Southern China coast [35,36], except that the CMR is higher than the low
hilly terrain along the Southern China coast. A schematic diagram is given in Figure 14.
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Figure 12. The CFSR Hovmöller diagram along the NW–SE line (black line in Figure 1) from 1200
UTC (2000 LT) 5 June to 0000 UTC (0800 LT) 8 June 2003: (a) 925 hPa winds (V; m s−1) (a full
barb and half barb represent 10 and 5 m s−1, respectively; (b) 925 hPa geopotential height (gpm);
(c) 925 hPa horizontal moisture flux vector (qV; g kg−1 m s−1); (d) 700 hPa horizontal moisture flux
vector (qV; g kg−1 m s−1); (e) integrated vapor transport (IVT; kg m−1 s−1) in the boundary layer
(below 850 hPa); (f) time series of island-scale areal-averaged daily rainfall over Taiwan from rain
gauges (mm) during 2–10 June (LT) 2003.



Atmosphere 2022, 13, 644 16 of 20

Atmosphere 2022, 13, x FOR PEER REVIEW  17  of  21 
 

 

intensifying the MBLJ and further deepening the frontal cyclone through a positive feed‐

back process. 

The NE–SW cross‐section along  the  red  line  in Figure 1 at 0000 UTC 7  June 2003 

shows the moisture transport from the NSCS to the Taiwan area (Figure 13). One of the 

most striking features is that the largest horizontal moisture fluxes and strongest winds 

occur below the 900 hPa level associated with the MBLJ, rather than at the 850 hPa to 700 

hPa levels associated with the SLLJ. Furthermore, the high θe air (>360 K) is mainly con‐

fined to the lowest levels below 900 hPa (Figure 13a,b). The warm, moist, low‐level south‐

westerlies have a notable southerly wind component  (Figure 13b,c),  impinging on Tai‐

wan’s topography with rising motion due to flow deceleration (Figure 13c), orographic 

blocking, and orographic lifting (Figure 13d). Heavy rainfall occurs along the southwest‐

ern Taiwan coast, extending inland toward the windward slopes of the CMR, consistent 

with Tu et al. [19]; see their Figure 9. A moist tongue, with RH greater than 95% in the 

coastal area, extends upward over the windward slopes (Figure 13c). A similar situation 

also occurs along the Southern China coast [35,36], except that the CMR is higher than the 

low hilly terrain along the Southern China coast. A schematic diagram is given in Figure 

14. 

 

Figure 13. The CFSR vertical cross‐section along the NE–SW line (red line in Figure 1) at 0000 UTC 

(0800 LT) 7 June 2003. (a) horizontal moisture flux (qV; g kg−1 m s−1, shaded) and winds (V; m s−1) 

(full barb and half barb represent 10 and 5 m s−1, respectively); (b) equivalent potential temperature 

(K, shaded) and winds (V; m s−1); (c) specific humidity (g kg−1, contoured), relative humidity (%, 

shaded), and winds (V; m s−1); (d) winds (V; m s−1) and vertical motion (Pa s−1, contoured). 

Figure 13. The CFSR vertical cross-section along the NE–SW line (red line in Figure 1) at 0000 UTC
(0800 LT) 7 June 2003. (a) horizontal moisture flux (qV; g kg−1 m s−1, shaded) and winds (V; m s−1)
(full barb and half barb represent 10 and 5 m s−1, respectively); (b) equivalent potential temperature
(K, shaded) and winds (V; m s−1); (c) specific humidity (g kg−1, contoured), relative humidity (%,
shaded), and winds (V; m s−1); (d) winds (V; m s−1) and vertical motion (Pa s−1, contoured).
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Figure 14. A schematic diagram showing the moisture transport from the NSCS toward Taiwan and
rising motion due to flow deceleration, blocking, and lifting by the Central Mountain Range (CMR).

7. Summary

In this study, characteristics of the Mei-Yu jet/front that occurred during 6–7 June 2003
are diagnosed. A close examination is conducted on the interaction among the SLLJ, the
SULJ, and the MBLJ on the spin-up of a frontal cyclone embedded in the Mei-Yu trough,
and on the localized island effects on the development of the heavy rainfall event over
Southwestern Taiwan on 7 June 2003.

This Mei-Yu frontal system possesses the following characteristics: (1) a large thermal
contrast, greater than 8 K, below the 850 hPa level, between the postfrontal cold north-
easterlies and the prefrontal warm, moist southwesterly monsoon flow; (2) a pronounced
axis of frontogenetical forcing along the frontal boundary in the low levels; (3) warm air
advection in the prefrontal atmosphere; (4) northward tilt of the baroclinic zone with a
slope about 1/100; (5) large temperature gradients associated with the upper-level frontal
zone with an SULJ greater than 40 m s−1; (6) a thermally direct circulation driven by a moist
baroclinic process; (7) descending motion associated with the thermally direct circulation
in the upper troposphere, which transports the high-PV stratospheric air downward with
tropopause folding.
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For this case, a pronounced frontal cyclone develops within the Mei-Yu trough north
of the Southern China coast. The frontal cyclone at 925 hPa first appears in the leeside of
the Yun-Gui Plateau during 0600–1200 UTC 6 June beneath 500 hPa westerlies over the
plateau. The development of the frontal cyclone occurs when an upper-level jet/front
system advances southward during the passage of a mid-latitude trough. The rising motion
associated with the Mei-Yu jet/front system is coupled with upper-level divergence on the
equatorial side of the SULJ entrance region, which provides the dynamic forcing aloft for
the release of potential instability and the subsequent deepening of the frontal cyclone.

In the low levels, the MBLJ brings in moisture from the northern South China Sea to the
frontal zone. The MBLJ is associated with the subsynoptic pressure gradients between the
frontal cyclone and the WPSH. The release of latent heat feeds back to the frontal cyclone
as it migrates southeastward. As the frontal cyclone deepens, the secondary circulation
associated with the Mei-Yu jet/front system strengthens, with a larger baroclinic conversion
rate in the frontal zone. Furthermore, the pressure gradients between the Mei-Yu trough
and the WPSH also increase. As a result, the MBLJ strengthens with more effective moisture
transport and results in further deepening of the frontal cyclone through a positive feedback
process. Thus, in response to baroclinic forcing and upper-level dynamical forcing, all three
jets (SULJ, SLLJ, and MBLJ) interact together during the deepening of the frontal cyclone
with positive feedback effects of latent heat release.

On 7 June 2003, as the Mei-Yu front arrived in the Taiwan area, widespread heavy
rainfall (daily accumulation greater than 350 mm) occurred over Southwestern Taiwan in
a moist environment with total precipitable water greater than 65 mm. The MBLJ, with a
jet core around the 925 hPa level, brings in significant moisture, with an IVT greater than
450 kg m−1 s−1 below the 850 hPa level, from the tropics to the Taiwan area. In addition to
rising motion in the frontal zone, the warm, moist, unstable MBLJ decelerates and is oro-
graphically blocked and lifted by the CMR. This results in the development of widespread
heavy rainfall, extending from the Southwestern Taiwan coast to the windward slopes.
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