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ABSTRACT
During the period of 21–25 June 1991, a mei-yu front, observed by the post–Taiwan Area Mesoscale Experiment, produced heavy precipitation along the western side of the Central Mountain Range of Taiwan. Several
oceanic mesoscale convective systems were also generated in an area extending from Taiwan to Hong Kong.
Numerical experiments using the Penn State–NCAR MM5 mesoscale model were used to understand the intensification of the low-level jet (LLJ). These processes include thermal wind adjustment and convective, inertial,
and conditional symmetric instabilities.
Three particular circulations are important in the development of the mei-yu front. First, there is a northward
branch of the circulation that develops across the upper-level jet and is mainly caused by the thermal wind
adjustment as air parcels enter an upper-level jet streak. The upper-level divergence associated with this branch
of the circulation triggers convection.
Second, the southward branch of the circulation, with its rising motion in the frontal region and equatorward sinking
motion, is driven by frontal vertical deep convection. The return flow of this circulation at low levels can produce
an LLJ through geostrophic adjustment. The intensification of the LLJ is sensitive to the presence of convection.
Third, there is a circulation that develops from low to middle levels that has a slantwise rising and sinking
motion in the pre- and postfrontal regions, respectively. From an absolute momentum surface analysis, this
slantwise circulation is maintained by conditionally symmetric instability located at low levels ahead of the
front. The presence of both the LLJ and moisture is an essential ingredient in fostering this conditionally
symmetric unstable environment.

1. Introduction
The mei-yu, which literally translated means plum
rain, is a major annual rainfall event that begins in mid-
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May over southern China and moves northward to the
Yangtze River and southern Japan between mid-June
and mid-July. During the mei-yu season, the quasi-stationary mei-yu front can extend from southern Japan to
southern China and is characterized by a weak temperature gradient, strong vertical wind shear, and large
moisture gradient across the front at low levels. Precipitation systems imbedded in the mei-yu front are essentially convective in nature and long lived (Chen
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1983; Matsumoto et al. 1971). Statistically, the heavy
precipitation produced by the mei-yu front is closely
related to the existence of a low-level jet (LLJ) (Chen
and Yu 1988), a southwesterly flow located between
850 and 700 hPa with a speed of around 20 m s21 and
a horizontal length scale of 400–500 km. This LLJ1 is
not the classical boundary layer jet of Blackadar (1957)
and Bonner (1968) but rather a strengthening of the wind
between the 600- and 900-hPa levels (Chen et al. 1994).
The importance of the LLJ is not simply its ability
to transport moisture to fuel convection but also its signaling of the onset of the East Asia summer monsoon
(EASM). This monsoon begins over southern China in
mid-May (Chang and Chen 1995) and is subsequently
followed by the mei-yu season. Thus, the LLJ has been
an interesting and important topic because of its relationship with heavy rainfall (Akiyama 1973; Matsumoto
1972; Ninomiya and Akiyama 1974; Tao and Chen
1987) and the development of the EASM and associated
mei-yu front.
The origin of the LLJ has been explored extensively.
Matsumoto (1973) and Ninomiya and Akiyama (1974)
suggested that it results from the downward mixing of
southwesterly momentum from upper levels by convection. Because the LLJ usually does not lie directly
underneath the upper-level jet, Chen (1982) suggested
that the LLJ is produced by thermal wind adjustment
that occurs in the entrance region of the upper-level jet,
rather than by momentum mixing. Chen (1982) demonstrated that, by including convective heating, thermal
wind adjustment can generate two cells; the convective
heating occurs between these two circulation cells. To
the left (north) of the convective heating, a cell develops
across an upper-level jet at the jet streak entrance where
frontal forcing is strong. To the right (south), the other
cell, with its returning flow in low levels, can lead to
the LLJ generation.
In their two-dimensional numerical experiments,
Chou et al. (1990) found that convective heating can
generate a direct circulation with rising motion in the
convective region and sinking motion equatorward. The
LLJ is produced by the Coriolis deflection of the return
flow. The development of the convection is associated
with confluent frontal forcing. Therefore, the theory proposed by Chou et al. (1990) can be regarded as an example of Chen’s (1982) theory.
Other theories have been proposed. For example,
from their numerical experiments, Hsu and Sun (1994)
suggested that heating by stratiform cloud deepens the
low-level pressure trough and thereby leads to the development of the LLJ. Chen et al. (1994) and Chen and
Chen (1995) argued that the intensification of the LLJ
is linked to the development of a lee trough to the east

1
An example of the vertical and horizontal structure of the LLJ
can be seen in Figs. 9d and 14d, respectively.
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of the Tibetan Plateau. Their argument rests on the finding that the LLJ intensification is collocated with those
regions where the cross-isobar wind increases. The Coriolis deflection of this wind results in the development
of the LLJ.
In summary, most theories agreed that the LLJ is
produced by the Coriolis deflection of the low-level
cross-isobar wind. However, they differ on the origin
of this cross-isobar wind. One camp suggests that the
mesoscale precipitation systems are the cause, whereas
others attribute it to the deepening of the lee trough
system.
The objective of this paper is to conduct numerical
simulations to examine the mechanisms responsible for
the development of the LLJ in the lower troposphere in
a mei-yu front. We have chosen to examine the actual
mei-yu front event of 23–24 June 1991. In section 2, a
brief overview of weather during this period is given.
In section 3, MM5 is described along with some of its
key features. The methodology of the experiment design
is also discussed. In section 4, the results from the control case are presented. To show the effects of clouds,
results from the sensitivity experiments are also presented. In section 5, the physical processes that can lead
to the development of the LLJ are discussed. These
include a cloud triggering mechanism associated with
the upper-level jet and the development of the vertical
and the slantwise convection. Finally, a summary of the
findings are presented in section 6.
2. Overview of synoptic situation:
23–24 June 1991
During 20–25 June 1991, heavy rainfall, with rates
of 100–300 mm day21 , occurred over the western plain
and mountains of Taiwan. This weather system, analyzed and reported by Tseng (1993), was characterized
by the passage of a slow moving mei-yu front. During
this period, a deep, northeast–south-southwest trough
developed at upper levels over China. The associated
LLJ extended from Japan to Taiwan into the South China
Sea. This LLJ appeared to result from the strengthening
and the westward movement of the Pacific high.
Although the weather event lasted from 20 to 25 June
1991, this paper concentrates on the most intense mesoscale convection that occurred during the period of
23–24 June 1991. Figure 1, showing the 300-hPa and
850-hPa analyses from 0000 UTC 23 June through 0000
UTC 24 June, reveals a trough extending from the northeastern to southern China. Figure 1a shows that this
trough consists of three shortwave troughs: one over
southeastern China, another one over Yellow/Yangtze
River, and a more northern one over Manchuria. The
development of the southernmost trough was closely
related to the orographic effects due to the Tibetan Plateau, while the other two troughs resulted from atmospheric baroclinicity. Over a 24-h period (Fig. 1b), the
system evolved into two troughs. The Yellow/Yangtze
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FIG. 1. Contour analyses of 300-hPa geopotential (m, solid), wind vectors, and isotherms (K, thin dashed) for (a) 23 June 1991 and (b)
24 June 1991 (after Tseng 1993). The panels (c) and (d) show the corresponding analyses for 850 hPa. The isotherms at 300 hPa are for
temperature, while those at 850 hPa are for equivalent potential temperature. The heavy dashed line represents the location of the trough.

River trough merged with the southernmost trough,
while the northernmost trough deepened and extended
southward to the Yellow River.
Chen and Chen (1995) noted that a LLJ can develop
simultaneously with the deepening of an upper-level lee
trough to the east of the Tibetan Plateau. As the lee
trough deepens, a low-level frontal cyclone can intensify
the LLJ due to the Coriolis deflection of the cross-isobar
wind. On the other hand, our present case does not have
a prominent deepening of the upper-level lee trough over
a 24-h period (Figs. 1a and 1b). However, the intensification of the LLJ (Figs. 1c and 1d) is still very significant over a large area extending from Taiwan to Japan. Although the increase of the wind speed and the
formation of the LLJ can be explained by the increase
of 850-hPa height gradients (Fig. 1d), there is no evidence that the increase of the low-level pressure gradient
force is directly associated with the development of the

Tibetan lee cyclone. Therefore, it would be interesting
to investigate the differences between this case and that
analyzed by Chen and Chen (1995).
The corresponding mesoscale surface analyses near
Taiwan during the simulation period are shown in Fig.
2. From 0000 UTC 23 June through 0000 UTC 24 June,
the surface front moved slowly toward the southeast.
Ahead of the front, the wind was mainly southwesterly.
Behind the front, the wind varied from northeasterly to
southwesterly during this period. The temperature gradient in the vicinity of the surface front to the southwest
of Taiwan was weak at 0000 UTC 23 June (Fig. 2a).
However, this temperature gradient at 0000 UTC 24
June (Fig. 2b) seemed to strengthen as a southwesterly
flow ahead of the front advected warm air. This speculation is confirmed by model results presented in a later
section.
Looking at IR imagery for 2332 UTC 23 June (Fig.
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FIG. 2. Surface map analyses of surface pressure (hPa, solid) and temperature (K, dashed) for (a) 0000 UTC 23 June 1991 and (b) 0000
UTC 24 June 1991 (after Tseng 1993).

FIG. 3. Geostationary Meteorological Satellite (GMS) IR imagery at 2332 UTC 23 June 1991 (after Tseng 1993).
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FIG. 4. Schematic diagram showing the second nested grid domain. The grid resolution in this
domain is 45 km. The solid lines AB and CD represent the orientation of the x–z cross sections
for the following analyses.

3), a cloud band ahead of the mei-yu front extended
from Japan to the Luzon Strait (north of the Philippines).
This cloud band was not responsible for the heavy precipitation that occurred on 23 June over southwestern
Taiwan. Rather, there was another band of mesoscale
convective systems (MCSs), labeled A and B, extending
southwestward from Taiwan to Hong Kong. These
MCSs were located southeast of the upper-level jet and
northwest of the LLJ. In this study, the initiation and
the development of these MCSs and their interactions
with upper- and low-level jets are investigated.
In Fig. 3, there is also a MCS that developed over
southwestern Taiwan whose generation was closely associated with the terrain. We have chosen not to analyze
this particular MCS. Because we are primarily interested
in the oceanic MCSs that occurred near Taiwan, the LLJ
that we will examine is the low-level southwesterly flow
that intensified to the south and southwest of Taiwan.
3. Mesoscale model and experiment design
a. Model description
MM5 was used to conduct numerical simulations of
the mei-yu frontal system. Elements of the Penn State–
NCAR MM5 have been described by Dudhia (1993).
In brief, MM5 is a three-dimensional, nonhydrostatic,
and elastic mesoscale model. It uses finite differences
and a time-splitting scheme to solve prognostic equations on an Arakawa type-B staggered grid. Its vertical
coordinate, though defined as a function of the reference-state pressure, is similar to a terrain-following coordinate. For case studies, MM5 employs observed
wind, temperature, and humidity as the initial and
boundary conditions and incorporates realistic topography and sophisticated physical processes to represent

the appropriate forcing for the development of the observed weather system. These physical processes include clouds, long- and shortwave radiative processes,
and surface fluxes of heat, moisture, and momentum.
Because of the wide variety of physical process schemes
that can be used in MM5, only an overview of those
that are most important are listed as follows:
1) The model is initialized from National Centers for
Environmental Prediction (NCEP) archived global
analyses with 2.58 latitude–longitude resolution that
are interpolated to the model gridpoint locations. The
first-guess fields are then enhanced by blending in
the observational data using an objective analysis
technique to introduce mesoscale features. The timevarying lateral boundary condition is provided by
repeating the above procedure at 12-h intervals. The
time interval of interest is from 0000 UTC 23 June
to 0000 UTC 24 June of 1991.
2) Three nested domains were constructed with a grid
resolution of 135, 45, and 15 km, and had numbers
of grid points in (x, y, s) of 43 3 28 3 23, 55 3
37 3 23, and 73 3 49 3 23, respectively. The number of s levels is 24 (1, 0.99, 0.98, 0.96, 0.93, 0.89,
0.85, 0.8, 0.75, 0.7, 0.65, 0.6, 0.55, 0.5, 0.45, 0.4,
0.35, 0.3, 0.25, 0.2, 0.15, 0.1, 0.05, 0.0), which gives
23 layers at which the temperature, moisture, and
wind variables are defined. The model top is located
at 50-hPa level. A time step of 300 s is used in the
coarse-grid domain. To gain a comprehensive understanding of the weather system of interest, only
results from the second domain are shown, of which
the schematic representation is illustrated by Fig. 4.
There are feedbacks between the various domains.
3) Grell’s cumulus parameterization scheme (Grell
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1993)2 was used in this study. It is a simple onecloud scheme based on the quasi-equilibrium assumption (Arakawa and Schubert 1974). It tests for
instability in the sounding and the height of lifting
for free convection. This scheme is a mass flux transport scheme with detrainment at cloud top and compensating subsidence outside the cloud. This scheme
also includes downdrafts.
The cloud is triggered by detecting a deep enough
layer of available buoyant energy in the sounding,
which is caused by the destabilization of the largescale environment. The mass flux through the cloud
base is then calculated by balancing the cloud stabilization rate with the large-scale change of this
energy. Subsequently, the parameterized rate of the
heating, moistening, and precipitation of the convection is determined by the cloud base mass flux.
In this study, the vertical motion associated with the
ageostrophic flow across the upper-level jet can destabilize the large-scale environment by the vertical
lifting of moisture.
4) A three-class cloud microphysics scheme (Dudhia
1989) is used to account for the resolvable scale
convection. This scheme allows for ice-phase processes in which cloud water is treated as cloud ice
and rainwater as snow when the temperature is below
the freezing point.
5) Blackadar’s high-resolution PBL scheme (Zhang and
Anthes 1982) was used to calculate vertical fluxes
of heat, moisture, and momentum at each vertical
layer. The fluxes from the surface are based on similarity theory. In the nocturnal regime, the vertical
fluxes are computed from K theory above the surface
layer. In the free-convection regime, these vertical
fluxes within the mixed layer are not determined by
local gradients but rather the thermal structure of the
whole mixed layer (transilient approach). Above the
mixed layer, the calculation of fluxes are again based
on K theory.
Based on the results shown in this paper, Blackadar’s PBL scheme seems to perform well in simulating the boundary layer structure over the ocean.
Furthermore, results reported by Chen et al. (1997)
indicate that the same PBL scheme also works very
well over the land.
6) To produce more realistic initial conditions, a fourdimensional data assimilation (FDDA) scheme
(Stauffer and Seaman 1990) was employed from
0000 to 1200 UTC 23 June 1991. It was probably
not necessary to use the FDDA scheme in the simulation. Our previous experience (Chen et al. 1997)
showed that the model still produces realistic features without FDDA. During the FDDA period, the

VOLUME 126

TABLE 1. Summary of numerical experiments.
Experiment

PBL
proc.

Cumulus
param.

Explicit
cloud proc.

CTRL
NOPBL
NOCU
NOEXP
NOCLD

Yes
No
Yes
Yes
Yes

Yes
Yes
No
Yes
No

Yes
Yes
Yes
No
No

model fields were nudged toward analyses of the
observed data. Once the assimilation period was
completed at 1200 UTC, the model simulation was
continued for another 12 h.
b. Experiment design
The experiment design is summarized in Table 1. A
total of five experiments, including the control, were
carried out. All experiments used FDDA during the first
12 h. For the control (CTRL) case, MM5 was run with
cumulus parameterization, cloud microphysics, and
PBL processes. The NOPBL case consists of running
the model with the PBL scheme deactivated. The motivation for this test is to rule out the possibility that
inertial oscillations can couple with PBL processes to
generate a nocturnal boundary layer LLJ (Blackadar
1957). This test may not have been necessary, because
the mei-yu LLJ occurs at levels much higher than that
of the boundary layer jet.
The remaining three cases (NOCU, NOEXP, and
NOCLD) tested the hypothesis proposed by Hsu and
Sun (1994), in which they conjectured that the latent
heat release by the stratiform clouds is the primary cause
for the development of the LLJ. They conducted three
numerical experiments, which are denoted by withoutcumulus (no subgrid-scale cumulus heating), withoutlatent-heat (neither resolvable nor cumulus heating), and
with-cumulus (with resolvable and cumulus heating).
Our corresponding experiments are represented by
NOCU, NOCLD, and CTRL, respectively. The additional NOEXP case examined the stratiform clouds argument from a different perspective, because the
NOEXP case cannot generate stratiform clouds. Therefore, the cumulus parameterization and explicit cloud
microphysics were disabled in the NOCU and NOEXP
cases, respectively. A simulation that deactivated the
latent heat processes completely is denoted by NOCLD.
The NOCLD case can be regarded as a fake dry simulation in which the effect of the moisture is still included in the buoyancy term of the vertical wind acceleration equation.
4. Results
a. The control experiment

The details of this scheme can be found in an NCAR technical
note (NCAR/TN-39811A) entitled ‘‘A description of the fifth-generation Penn State/NCAR Mesoscale Model (MM5).’’
2

Figures 5b, 5c, and 5d show the accumulated rainfall
for 4 h ending at the time specified on the figure; the

Unauthenticated | Downloaded 01/09/23 04:15 AM UTC

FEBRUARY 1998

CHEN ET AL.

355

FIG. 5. Cross sections (x–y) of the accumulated precipitation (cm, shaded) at the surface and contours of potential temperature u (solid,
every 1 K) at the height of 500 m (MSL). The time sequence of the plots is (a) 1200, (b) 1600, (c) 2000, and (d) 2400 UTC 23 June 1991.
The time interval used to calculate the accumulation is shown in each panel. The dotted line represents the 301-K isentrope.

rainfall shown in Fig. 5a is for 12 h (0000–1200 UTC).
These figures also show the potential temperature at 500
m (MSL, notation omitted hereafter) at the end of the
period. During the first 12 h, there was a northeast–
southwest band of precipitation, with the heaviest precipitation at the southern edge of China. However, in
the hours that follow, the system over the East China
Sea became weaker. In contrast, the system over the
South China Sea exhibited strong convection and propagated in a southwesterly direction from Hainan toward
Taiwan. At the end of the simulation (Fig. 5d), the precipitation pattern west of Taiwan resembled that shown
by satellite IR imagery (Fig. 3). However, the precipitation pattern was much more widespread in the model
than that suggested by the satellite picture. Because the
purpose of this study is to understand the LLJ rather
than the exact precipitation pattern, an absolute agreement between the model simulation and observation is
not necessary.
In general, the frontal temperature gradient at the
earth’s surface was weak at 1200 UTC (Fig. 5a) over
the region from southern Japan to Taiwan to the South
China Sea. However, the gradient subsequently strength-

ened in two areas. The first region extended from Japan
to the Ryukyu Islands. Midlatitude baroclinic frontogenesis was probably responsible for the tightening. The
second region was located over the southern edge of the
Taiwan Strait. In this area, the increase of gradient
seemed to be associated with the development of convection.
Cross-sectional analysis shows the structure of the
precipitation system. The location of these cross sections are shown in Fig. 4 by lines AB and CD. These
cross sections slice through the precipitation system
MCS A located to the west of Taiwan. The lines AB
and CD are essentially perpendicular (from northwest
to southeast) and parallel (from southwest to northeast)
to the surface front (see Fig. 2), respectively. The crosssectional analysis for MCS B is not presented because
its evolution is very similar to that of MCS A.
Upon examining Fig. 6a (cross section AB), two
prominent features of the cloud system can be identified:
deep vertical convection and a relatively shallow convection slanted from the surface up to a height of 6 km.
The temperature gradient at the leading edge of the surface front is weaker than that at the upper levels. In
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FIG. 6. Vertical cross sections (x–z) of u (solid lines, every 4 K) and hydrometeor content (g kg 21 , shaded)
for 2400 UTC 23 June 1991 along the lines (a) AB and (b) CD. The horizontal distance between the tick
marks represent a spatial scale of 45 km. The dotted line represents the 308-K isentrope.

contrast to the AB cross section (Fig. 6a), the cross
section CD (Fig. 6b) shows that a band of MCSs, containing primarily vertical convection, developed over a
wide area along the front, in a direction from northeast
to southwest.
To describe the thermal structure of the convective
system shown in Fig. 6a (or MCS A), a sounding, sam-

pled at the intersection of lines AB and CD at 1200 UTC
before the generation of a LLJ, is provided and shown
in Fig. 7. From the sounding, a boundary layer capping
inversion can be identified at 850 hPa. The air mass
within the boundary layer is almost saturated. Therefore,
the atmosphere is potentially unstable. The sounding is
also characterized by the presence of a moist layer above
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FIG. 7. Atmospheric sounding sampled at the intersection of lines
AB and CD at 1200 UTC.

the capping inversion from 750 to 550 hPa. This moist
layer is probably the remnant of convection that occurred previously. As can be seen in the following plot
(Fig. 8), this midlevel moist layer appears to play an
important role in the onset of the MCS (Fig. 8a).
In Fig. 8, ageostrophic wind vectors (parallel to AB)
are superimposed onto cloud profiles to show the development of the cloud system in the AB cross section.
During the onset of convection at 1200 UTC (Fig. 8a),
the upper-level wind is characterized by a transverse
ageostrophic circulation across the upper-level baroclinic zone. The development of this circulation is similar to that discussed by Uccellini and Johnson (1979).
The initial development of the midlevel cloud at z 5 5
km results from the interaction of this upper-level ageostrophic circulation with the midlevel moist layer, as
suggested by the sounding. Once the midlevel cloud
formed, deep convection, as well as the intense vertical
velocities, subsequently developed underneath the
southern edge (right side) of the upper-level ageostrophic flow boundary. Meanwhile, a strong inflow at low
levels on the right side of the convection developed and
resulted in moisture transport into the cloud. From low
to middle levels, some sporadic shallow convection
(Fig. 8c) developed in association with this inflow.
Figure 8 also shows that slantwise convection occurs
simultaneously with the development of the vertical
convection. The associated flow indicates that a low- to
midlevel flow with a sloped structure develops to the
left of the vertical convection. This flow induces a weak
circulation with a return branch from northern latitudes
that provides convergence into the region near the surface underneath the vertical convection.
A circulation also develops to the right of the convection with rising motion in the frontal zone and sink-
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ing motion equatorward. Because of the horizontal extent of the second model domain, the sinking motion is
not clearly shown by Fig. 8. However, in a similar cross
section (not shown) from the coarse-grid domain, the
existence of this sinking motion can be identified. Chou
et al. (1990) called this direct circulation a ‘‘reversed
Hadley’’ circulation. Despite the controversial usage of
such terminology, we use it to signify this equatorward
branch of the convectively driven circulation.
To see the mechanism responsible for generating this
transverse circulation associated with the upper-level
baroclinicity shown in Fig. 9, the normal wind V (perpendicular to AB) is plotted with the ageostrophic wind
vectors to show the relationship between the upper-level
jet and the ageostrophic circulation. Because upper-level
jet dynamics may play an important role in driving this
transverse circulation, it is not surprising to find that the
strongest ageostrophic flow is located at the core of the
jet. As shown in Fig. 10, an upper-level jet streak exists
to the northeast of the cross section AB. The confluent
flow associated with this upper-level jet streak may be
the reason for the development of an ageostrophic circulation across the core of the upper-level jet.
Figure 11 shows a contour plot of the vertical velocity
W. To correlate the relationship of W with respect to
convection, we overlay solid lines that show the structure of the cloud. As can be seen in Fig. 11a, the transverse ageostrophic circulation across the upper-level jet
produces vertical motions in the region where the initial
midlevel cloud begins to form. Although the magnitude
of this vertical motion is small, it appears to trigger the
subsequent deep convection. Once the deep convection
matures (Figs. 11b, 11c, and 11d), the maximum of W
lies primarily in the middle to upper levels of the cloud.
The small vertical motion associated with the ageostrophic circulation can advect moisture in the vertical
direction, resulting in the destabilization by the increase
of the available buoyant energy. Grell’s cumulus parameterization scheme then activates and produces the subgrid-scale convection. The same process can also activate the cloud microphysics scheme. As shown by solid
lines in Fig. 11a, the resolvable-scale cloud occurs in
the low- to midlevels at 1200 UTC.
Because convection may be triggered by the divergence of ageostrophic flows at upper levels, it would
be interesting to find the relationship between this divergence and the accumulated surface precipitation. Figure 12 is a plot of this divergence field (shaded area)
and the associated ageostrophic wind vectors in an x–
y plane at heights of z 5 13 and 10 km. Comparing
with the surface accumulated rainfall pattern (Fig. 5),
there is a very good correlation between precipitation
and divergence of the upper-level ageostrophic wind, at
least over the ocean. Furthermore, the outline of the
entire mei-yu frontal rainband can be clearly identified
by the dark area (divergence) in Fig. 12. Indeed, upperlevel divergence was present before the development of
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FIG. 8. Vertical cross sections (x–z) of ageostrophic wind vectors and hydrometeor content (g kg 21 , shaded) along the line AB for (a) 1200, (b) 1600, (c) 2000,
and (d) 2400 UTC 23 June 1991. The horizontal spatial scale is the same as in Fig. 6a.
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FIG. 9. Vertical cross sections (x–z) of ageostrophic wind vectors and normal wind speed (m s 21 , shaded) along the line AB for (a) 1200, (b) 1600, (c) 2000,
and (d) 2400 UTC 23 June 1991. The character J denotes the LLJ position. The horizontal spatial scale is the same as in Fig. 6a.
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FIG. 10. Cross sections (x–y) of the wind speed (m s21 , shaded) and streamlines for 1200 UTC 23 June
1991 at the height of z 5 (a) 13 km and (b) 10 km.

MCSs A and B, as shown in the satellite IR imagery
(Fig. 3).
Another important feature shown by Fig. 9 is the
development of the LLJ located at the bottom-right corner of the cross section. The intensification of the LLJ
is not caused by the downward mixing of momentum
by clouds as proposed by Matsumoto (1973) and Ninomiya and Akiyama (1974), because the LLJ does not
lie directly beneath the upper-level jet. Therefore, this

simple cloud-mixing theory cannot account for the LLJ
intensification. Rather, the development of the LLJ is
closely related to the inflow structure that develops at
lower levels to the right of the convection. Hereafter,
we call this low-level, ageostrophic inflow structure: the
mesoinflow. The Coriolis deflection of this mesoinflow
results in the LLJ.
Circulations around MCSs have been thoroughly reviewed by Ray (1986). Although his Fig. 9.30b (figures
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FIG. 11. Same as in Fig. 8 except for the vertical velocity (every 2 m s 21 , shaded) and overlayed cloud outline.

by Shapiro) depicts the presence of a LLJ under an exit
region of an upper-level jet, it serves well in the study of
a LLJ under an entrance region. According to Shapiro, a
northwesterly LLJ is expected under the upper-level jet
entrance region, not a southwesterly jet as shown in this
study. Therefore, the mechanism that produces the LLJ in
a mei-yu front must be entirely different.
The flow structure described in Figs. 8 and 9 is in
excellent agreement with that shown in the schematic diagram (Fig. 13) summarized by Chen et al. (1994) based
on their diagnostic analysis of a mei-yu frontal system
during TAMEX IOP 5 from 31 May to 2 June 1987. As
in that case, there was an ageostrophic circulation across
the upper-level jet and evidence of slantwise circulation
from the surface to 600 hPa across the front. Furthermore,
there was a reversed Hadley circulation that developed to
the south of the vertical rising circulation. The location of
the LLJ was along the returning branch of the reversed
Hadley circulation at low levels.
Based upon our model results, there are some dif-

ferences as well. For example, the location and the shape
of their cloud, as suggested by the relative humidity
(shaded), differs from our case. Furthermore, the meiyu front in their case extended from upper levels down
to the surface. In contrast, the present case does not
show a distinct frontal structure extending from middle
to low levels. In addition to these differences, their system developed a strong lee cyclone at low levels. Consequently, they attributed the development of the LLJ
to the intensification of the lee cyclone. Despite the
differences in the low-level cyclone’s intensity, the flow
structures between these two cases are still amazingly
similar. Therefore, the intensification of the lee cyclone
must not be the only mechanism for the intensification
of a LLJ.
Because the development of the LLJ is the focal point
in this study of a mei-yu front, it is useful to examine
the horizontal structure of the LLJ. Figure 14 shows a
time sequence of streamlines and associated velocities
at a height of 1.5 km. At an early stage of the simulation
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FIG. 12. Same as in Fig. 10 except for the ageostrophic wind vectors and the divergence of the
ageostrophic wind (s21 , shaded).

(1200 UTC), a patch of LLJ with wind speeds greater
than 20 m s21 prevails over a region east of the Ryukyu
Islands. No significant jet appears in the vicinity of Taiwan. However, at later times, as the convective system
develops, an intense LLJ becomes the primary feature
in an area to the south and southwest of Taiwan.
Figure 14 also shows the development of mesocyclones along the coast of China. As shown in a later

section, the mesocyclone that develops over southern
China (northeast of Hainan) is not responsible for the
intensification of the LLJ because the NOCLD case also
shows such a mesocyclone over the same region without
any LLJ intensification (see Fig. 16d). Rather, the LLJ
intensification is caused by the development of the other
mesocyclone which is located in an area over the southwestern edge of Taiwan Strait.
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b. The sensitivity experiment

FIG. 13. Schematic diagram showing the flow structure of an observed mei-yu front (after Chen et al. 1994). The thin solid line depicts
the direct (D) circulation while the thin dashed line depicts the indirect
(I) circulation. The heavy solid line shows the frontal position. The
character J denotes the jet positions. The thick heavy line represents
the tropopause boundary. Regions with relative humidity greater than
70% are shaded.

In this section, the model’s sensitivity to PBL processes (NOPBL), the cumulus parameterization
(NOCU), and resolvable-scale explicit cloud processes
(NOEXP) will be shown. Furthermore, the results from
a fake dry simulation (NOCLD) will also be shown
where the resolvable-scale and subgrid cloud processes
are disabled. A summary of these sensitivity experiments is given in Table 1.
The 12-h accumulated rainfall from 1200 to 2400
UTC is shown in Fig. 15 for the four cases (NOPBL,
NOCU, NOEXP, and CTRL). In general, all four cases
show a similar precipitation pattern. However, the intensity and location of individual convective systems
are different. Compared with the CTRL case (Fig. 15d),
the NOPBL case (Fig. 15a) produced less rain. The
model response for the NOPBL case is reasonable because the moisture flux from the ocean surface is severed. In contrast, the response for the NOCU (Fig. 15b)
and the NOEXP (Fig. 15c) cases shows that with a
partial activation of convective processes, the model
tends to produce excessive amounts of precipitation in
a narrow region with a bull’s-eye structure.

FIG. 14. Cross sections (x–y) of the wind speed (m s21 , shaded) and streamlines at the height of z 5 1.5 km for (a) 1200, (b) 1600, (c)
2000, and (d) 2400 UTC 23 June 1991. The horizontal extent of the LLJ is represented by the dark shaded area with wind speeds greater
than 20 m s21 .
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FIG. 15. Cross sections (x–y) of the accumulated precipitation (cm, shaded) at the surface from 1200 to 2400 UTC 23 June 1991 for
cases (a) NOPBL, (b) NOCU, (b) NOEXP, and (d) CTRL.

Figure 16 shows the horizontal flow pattern associated
with the formation of the LLJ at the height of 1.5 km.
For all cases involving clouds (NOPBL, NOCU, and
NOEXP), the model produced the LLJ. These experiments
bear some similarity when they are compared with the
CTRL case (Fig. 14d). From Fig. 16a, PBL processes do
not play any role in the formation of the LLJ. Rather, the
development of the LLJ is only sensitive to cloud processes, as suggested by the NOCLD case (Fig. 16d).
The same sensitivity can also be seen in Fig. 17, an
x–z cross-sectional plot of ageostrophic wind vectors
and normal wind V. The NOCLD case (Fig. 17d) did
not produce a LLJ, despite the presence of the upperlevel jet and the associated ageostrophic flow across the
jet. Although this case did produce a weak secondary
circulation underneath the upper-level jet, no significant
vertical motion was generated on either side of the jet.
Therefore, there was no strengthening of any circulation,
such as the low-level mesoinflow, which can lead to the
development of the LLJ. As for the other three cases
(NOPBL, NOCU, and NOEXP), they showed a similar
flow structure with the CTRL case (Fig. 9d). However,
there are some differences, especially in the vertical
motion field. Different mechanisms of releasing con-

vective instability (grid resolvable vs subgrid processes)
probably account for these differences.
In general, our results, as shown by the CTRL,
NOCU, and NOCLD cases, are consistent with that reported by Hsu and Sun (1994). However, they concluded
that the latent heat release by stratiform clouds, not the
cumulus heating, is important in the formation of the
LLJ. The difference in conclusions may be due to the
fact that they define a ‘‘stratified’’ cloud as one that has
a shallow cloud top (below 6 km) and is wide spread.
Nevertheless, their cloud is still convective in nature.
To identify contributions made by convective processes, plots showing differences between the CTRL
and NOCLD cases were constructed. Figure 18 shows
the difference plot (CTRL minus NOCLD) of the pressure at a height of 1.5 km. The increase in the pressure
gradient to the southwest of Taiwan is solely due to the
development of the mesolow. The location of this mesolow coincides with that of the MCSs found in this
area (i.e., the lowest pressure occurred in the region
where the convection developed). Therefore, the latent
heat released by the convection could be one of the
mechanisms for the generation of this mesolow. Another
reason could be the convergence of vorticity.
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FIG. 16. Same as in Fig. 14 except at 2400 UTC for cases (a) NOPBL, (b) NOCU, (b) NOEXP, and (d) NOCLD.

To reveal the mechanism responsible for the intensification of the LLJ, the horizontal wind speed differences were added to Fig. 18. Based on the distribution
of the positive wind speed differences located to the
southeast of the mesolow center, this excessive wind is
generated by the Coriolis deflection of the flow moving
toward the center of the mesolow where the deep vertical convection is located.
An x–z difference plot (CTRL minus NOCLD, Fig.
19) for cross section AB was also constructed to show
the flow structure induced by the convection. Because
the NOCLD case begins to deviate from the CTRL only
after 1200 UTC, there is no difference in wind vectors
as shown in Fig. 19a. After 1200 UTC (Figs. 19b–d),
the main difference between the CTRL and the NOCLD
case is the enhanced development of the circulation to
the south (right) side of the convection, which is characterized by a strong inflow and outflow at the lower
and upper levels, respectively. The flow to the left side
is generally weak except for that associated with the
slantwise convection.
The reason for strong vertical motions inside a cloud
can be easily understood by the release of latent heat
from the condensation and deposition of hydrometeors.
But why should there be a preferential development of

the circulation to the right side of the convection? For
typical moist convection developed in a weak vertical
wind shear environment, the generation of the flow to
the left side should be as strong as that of the right side,
because the associated pressure perturbations produced
at the upper and lower levels have a symmetric structure
in the horizontal direction (Schlesinger 1973). Therefore, the reason for this preferential development will
be discussed in the following section.
5. Physical processes that led to the intensification
of the LLJ
The important physical processes that led to the intensification of the LLJ have been introduced. These
processes explain the generation of ageostrophic flows
at both upper and lower levels. These explanations include the upper-level jet, the LLJ, convection, a transverse circulation across the upper-level jet, the reversed
Hadley circulation, convectively induced low-level mesoinflow, and slantwise convection.
a. Thermal wind adjustment
Hoskins et al. (1978) demonstrated that geostrophic
motions tend to destroy thermal wind balance. However,
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FIG. 18. Cross section (x–y) of wind speed (m s21 , solid line) and pressure (hPa, shaded) at z 5 1.5 km showing
the difference between two cases (CTRL minus NOCLD).

it is known that large thermal wind imbalances seldom
occur in the atmosphere. How can we reconcile these
two facts? The mechanism that the atmosphere uses to
restore thermal wind balance is its ability to produce
ageostrophic wind. The Coriolis deflection of this newly
created (ageostrophic) wind then restores thermal wind
balance. The cause of this ageostrophic wind was also
given by Uccellini and Johnson (1979), numerically
simulated by Keyser and Pecnick (1985) and reviewed
by Keyser and Shapiro (1986).
Based on our model results, the schematic representation of this ageostrophic secondary circulation is shown
in Fig. 20a. This figure illustrates the relationship among
the upper-level jet, ageostrophic transverse flow, and rising
and sinking motion. Although the secondary circulation
may be weak from low to middle levels, rising motions
in this circulation can still play an important role in triggering convection if moisture is present. Therefore, the
onset of convection occurs where rising motion (Fig. 11a)
and moisture (Fig. 7) coexist at middle levels.
b. Convection processes, CSI, and the intensification
of the LLJ
Once the initial cloud has formed, the potentially unstable air mass located in the boundary layer (see Fig.
7) lifts to form deep vertical convection (Fig. 8). The
release of latent heat then drives a mesoinflow at low
levels. The development of the LLJ results from the
Coriolis deflection of this mesoinflow. Slantwise con-

vection can also occur from low to middle levels. It
signals the presence of conditional symmetric instability
(CSI), which then intensifies the LLJ. A schematic representation of this flow structure is shown in Fig. 20b.
In a parallel work (C. Chen et al. 1997, manuscript
submitted to J. Atmos. Sci.), we used a two-dimensional,
nonhydrostatic model to demonstrate how ageostrophic
circulations associated with the upper-level front can trigger convection and lead to the intensification of the LLJ.
We found that once convection developed, internal inertia–
gravity waves were generated and propagated away from
the center of convection. The development of a low-level
mesoinflow is the manifestation of this outwardly propagating internal inertia–gravity waves. This may explain
why the horizontal length-scale of the mesoinflow and the
LLJ in our study is about 400–500 km, because this length
is consistent with the Rossby radius of deformation lR 5
C/ f, where C . 20 m s21 and f 5 5 3 1025 s21 .
In the same two-dimensional idealized model simulation, we also found that quasi-steady-state convection
can be produced with a slantwise structure similar to
that shown in Fig. 6a, if an alongfrontal moisture gradient is present at low levels. Furthermore, the intensity
of the mesoinflow and the LLJ increases as slantwise
convection develops from low to middle levels.
The LLJ does not simply advect moisture. Its (as well
as the upper-level jet’s) strength is important in determining inertial stability. The crucial parameter is absolute momentum M (Hoskins 1974; Emanuel 1983),
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inflow. At upper levels, for the right branch, the environment is essential inertially unstable. Therefore, right
outflow is enhanced. The development of the so-called
reversed Hadley circulation (Chou et al. 1990) on the
right side of the convection appears to be the result of
both convective and inertial instability.
At upper levels, on the left side, the outflow encounters an environment with inertial stability ranging from
weakly unstable to neutral to strongly stable. This may
explain why the speed of the northward flow at upper
levels is reduced in the region where ]M/]x . 0. However, caution is necessary because the difference plot
may fail to reflect the fact that the left branch of the
cloud-top outflow can work coherently with the ageostrophic flow across the upper-level jet.
The distribution of equivalent potential temperature
u e is also overlayed in Fig. 21. At low levels, high u e
represents the abundance of moisture that is an essential
element for fueling convection. In this case, high u e is
located on the bottom-right side of the cross section.
Because the slope of the M surface is flat in this highu e area, a parcel will encounter CSI when it is perturbed
toward the center of the convection. This is a classical
CSI example as explained by Emanuel (1983). The
slantwise cloud structure extending from the surface to
a height of 6 km (see heavy solid line, Fig. 21) is the
evidence for the occurrence of CSI.
FIG. 20. Conceptual schematic diagram illustrating the role of (a)
the upper-level jet, and (b) the vertical and slantwise convection in
the development of the LLJ. The heavy solid line with triangles shows
the frontal position. The character J denotes the jet position, and the
boldness of the J represents the jet strength. The thick heavy line
represents the tropopause boundary. The dashed line depicts the
weaker circulation, and the thin sold line represents the stronger
circulation. Regions with cloud are shaded.

where M is defined as M 5 fx 1 y , f is the Coriolis
parameter, x is the distance from the left boundary of
the cross section, and y is the wind normal to the cross
section. In a neutral and dry atmosphere, air parcels
move freely along constant M surface. Just as ]u/]z .
0 denotes thermal stability in convection, so does the
presence of a positive ]M/]x denote inertial stability.
The opposite is true for the unstable case. The presence
of inertial stability can be used to explain whether the
right (south) branch of the circulation is enhanced while
that of the left (north) side is suppressed (Fig. 19, difference plot showing the suppression).
Figure 21 shows contours of the M (solid) and the
cloud structure (thick solid). At low levels, for the right
branch, the slope of the M surface is flat, especially at
later simulation times. Therefore, the low-level inflow
from the right side can reach the center of the convection
by following a constant-M surface. On the other hand,
the inflow of the left branch has to cross a zone with
packed M surfaces before it can reach the convection.
Therefore, the atmospheric conditions are not favorable
for the development of the left branch of the low-level

6. Summary
The Penn State–NCAR MM5 mesoscale model was
used to conduct numerical simulations that explored the
development of the LLJ in a mei-yu front. This front produced heavy precipitation to the south and southwest of
Taiwan during the period 23–24 June 1991. This weather
was characterized by a deep northeast–south-southwest
midlatitude trough over China. The initial development of
the LLJ along the western Pacific rim from the South
China Sea to Taiwan to Japan was attributed to the westward migration of the Pacific high and the onset of the
East Asian monsoon over the South China Sea.
Numerical experiments showed that the intensification of the LLJ in the region to the south and southwest
of Taiwan is sensitive to convective processes. Once
mesoscale convection began, the intensity of the LLJ
increased. This allowed moisture-laden air to be advected into the region and fuel further convection. There
is a positive feedback between the LLJ and convection.
Despite the importance of the LLJ in advecting warm
moist air into the frontal zone (Ninomiya 1984) for the
development of cloud, deep convection did not occur
atop the LLJ. Rather, convection usually occurred to the
southeast of the upper-level jet and northwest of the LLJ
(i.e., in an area between the upper- and low-level jets).
The ample supply of moisture is tapped by a low-level
transverse ageostrophic circulation (mesoinflow) that
flows from the LLJ to the convective system. This inflow
is originally generated by vertical convection and further
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FIG. 21. Vertical cross sections (x–z) of M surfaces (m s21 , solid line), equivalent potential temperature (348 K, shaded), and cloud profile
(thick solid line) along the line AB for (a) 1200, (b) 1600, (c) 2000, and (d) 2400 UTC 23 June 1991.

enhanced by the slantwise convection. Subsequently, the
development of this mesoinflow can lead to the intensification of the LLJ through geostrophic adjustment.
The creation of an unstable environment by symmetric instability is directly associated with the presence
of the LLJ. This environment results from the flattening
of the absolute momentum (M) surfaces (reducing inertial stability) and by advecting moisture into the vicinity of the frontal zone (drawing in high-u e air). Therefore, air can move freely along constant-M surfaces in
the region between the LLJ and the convective system
and becomes unstable because ]u e /]z , 0. Obviously,
there is a positive feedback between the LLJ and CSI.
Consequently, the LLJ, low-level mesoinflow and heavy
precipitation will intensify as long as processes to maintain the LLJ and convection are not interrupted.
The dynamics of the upper-level jet was also found
to be important. At the jet confluent entrance, the generation of an ageostrophic flow, moving from the warm

side to the cold side of the jet, can be explained by
thermal wind adjustment. It is speculated that the divergence of this ageostrophic flow on the warm side of
the upper-level jet provides a triggering mechanism for
the onset of underlying convection.
In contrast to conjectures made by Chen et al. (1994),
our results indicate that the intensification of the lee
cyclone is not necessary for the intensification of the
LLJ because the lee cyclone in our study was neither
strong nor intensifying. However, in our case, mesoscale
cyclones are generated toward the later stages, and their
generation is closely related to the development of mesoscale convective systems.
In summary, our study shows that the LLJ may form
to the southeast and beneath the entrance of an upperlevel jet. Deep convection occurs between the upperlevel jet and the LLJ. The divergence of the ageostrophic
wind associated with the upper-level jet appears to be
an important trigger for the onset of deep convection.
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The intensification of the LLJ is caused by geostrophic
adjustment of the mesoinflow, which is induced by the
development of the mesoscale convective system. Furthermore, the generation of the slantwise convection and
CSI are important factors that can strengthen the mesoinflow and lead to further intensification of the LLJ.
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