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ABSTRACT

During the early summer rainy season over southern China

and the Taiwan area, heavy rainfall is frequently accompanied

by a strong southwesterly flow in the lower troposphere.

Previous studies on the physical mechanisms responsible for

the intensification of the southwesterly flow during the early

summer rainy season over southern China and the Taiwan area

have been inconclusive. In this research, I investigate the

dynamics of the intensification of the southwesterly flow

during the Taiwan Area Mesoscale Experiment (TAMEX) through

observational and numerical studies.

It is found that before the seasonal transition the spin

up of the lee cyclone in the lower troposphere is caused by

the arrival of the upper-level trough, the low-level cold air

advection behind a midlatitude trough, and the positive

feedback from latent heat release. The lee trough provides the

initial low-level vorticity. The dynamically induced vertical

motion (and hence the low-level convergence) associated with

the upper-level trough and the low-level cold air advection

results in the initial deepening of the low-level lee vortex.

The southwesterly flow develops in response to the increased

pressure gradients related to the development and movement of

a lee trough and transports the warm, moist air from the

south. The condensation heating within the warm, moist

southwesterly flow feeds back to the large-scale flow and
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leads to the further deepening of the lee cyclone and the

intensification of the southwesterly flow. The secondary

circulation across the front system is characterized by a

thermally direct circulation with warm air rising within the

southwesterly flow and cold air sinking in the postfrontal

northeasterlies and by a weak thermally indirect circulation

to the south.

After the seasonal transition in mid-June, the major

baroclinic zone shifts northward, and the upper-level south

Asian high-pressure cell moves over the Tibetan Plateau and

dominates the upper-level circulations preventing baroclinic

disturbances from moving into southern China. An

orographically induced lee trough forms southeast of the

Tibetan Plateau at 1200 UTC 22 June. As a lee vortex develops

within the lee trough, a strong southwesterly flow is observed

over the southern China coast. The spin-up of the lee vortex

is mainly attributed to latent heat release. The secondary

circulation across the southwesterly flow is characterized by

a rising motion northwest of the southwesterly flow axis and

a broad sinking motion to the south.
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CHAPTER ONE

INTRODUCTION

A jet is defined as an intense, narrow, quasi-horizontal

current of wind that is associated with strong vertical shear

(Ray 1986, p. 173). "Intense" usually means at least 30 m S-I

for the upper portion of the troposphere (above the 300-hPa

level) and 12.5 m S-I for the lower portion of the troposphere

(below the 600-hPa level). A "narrow" current is one whose

width-length ratio must be no larger than 1/2. "strong"

vertical shear is about 5-10 m S-I km",

Chen and Yu (1988) defined the axis of a low-level jet

(LLJ) as the axis of maximum wind speed (~ 12.5 m S-I) at the

850- or 700-hPa level with length greater than 600 km and with

reasonably strong horizontal cyclonic shear (~ 7 x 10~ ~I) and

vertical shear (~ 7 x 10~ ~I).

In this dissertation, a strong southwesterly flow in the

lower troposphere is defined as an intense, narrow, quasi

horizontal current of wind. "Intense" usually means at least

12.5 m S·I (below the 600-hPa level). A "narrow" current is one

whose width-length ratio must be no larger than 1/2.

Over east Asia, the period from early June through the

middle of July is known as the Baiu season in Japan (Ninomiya

and Murakami 1987) and the Mei-Yu season in China (Tao and

Chen 1987). In contrast to a typical polar front, the Mei-Yu

fronts are characterized by a weak horizontal temperature
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gradient. They are also accompanied by a large moisture

gradient and horizontal wind shear (Tao and Chen 1987). An

important feature often accompanying the heavy precipitation

events during this period is a well-defined LLJ that develops

in the 8SG-700-hPa layer. Several studies based on Baiu cases

over Japan suggested that the LLJ is a result of the downward

transport of horizontal momentum by cumulus convection

(Matsumoto 1973; Ninomiya and Akiyama 1974). One of the

consequences of this momentum transport to the lower levels is

that the LLJ becomes supergeostrophic; however, several

factors appear to argue against this process. First, simple

convective mixing of horizontal momentum cannot explain the

formation of a localized maximum of wind speed that

characterizes the LLJ. Second, the LLJ associated with Baiu

frontal heavy precipitation over Japan is typically directed

from the south or southwest, whereas upper-level flows are

westerlies or northwesterlies. Simple momentum exchange cannot

account for the direction change of wind between the upper

and low-level jets (Nagata and Ogura 1991). In a theoretical

study, Chen (1982) proposed that the formation of the LLJ

during the Mei-Yu season over central China is due to a

thermal wind adjustment in the entrance region of the upper

level jet. Based on a numerical simulation on a late season

case, Chen and Dell'Osso (1984) argued that the momentum

generation in the lower levels results from the secondary

circulation induced by convective latent heat release.
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Recently, Nagata and Ogura (1991) emphasized the role of

diabatic heating processes associated with warm frontogenesis

in the development of the LLJ.

The early summer rainy season over southern China and the

Taiwan area occurs one month earlier than the Mei-Yu (Baiu)

season over central China (Japan) (Chen 1993). Previous

studies of a Mei-Yu front during the period 10-15 June 1975

(Chen and Chang 1980) stressed that this system was

characterized by wind shifts, strong moisture gradients, and

negligible temperature differences. It also exhibited several

features that were less common in midlatitude fronts, but more

typical in tropical systems such as the ITCZ (intertropical

convergence zone). During the early summer rainy season over

Taiwan, heavy rainfall of at least 100 mm per day is also

frequently accompanied by a well-defined LLJ (Chen and Yu

1988). Previous studies on the formation of the LLJ during the

early summer rainy season over Taiwan were strongly influenced

by the results from late season cases just prior to the

northward migration of the rain belt to the central China.

Chen and Yu (1988) attributed the formation of LLJs to

convective heating. Chou et al. (1990) simulated the formation

of a LLJ to the south of the area of strong convection in

their two-dimensional frontogenesis model. They argued that

the LLJ formed due to the Coriolis acceleration of the

northward ageostrophic motion in the lower branch of the

thermally direct secondary cirCUlation induced by convective
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heating. This secondary circulation resembles a reversed

Hadley cell with a rising motion in the frontal region and a

sinking motion farther equatorward. Such an overturning would

provide an easterly Coriolis torque at the upper-level

equatorward flow and a westerly torque at the low-level

poleward flow. Therefore, the upper-level easterlies develop

and expand (weakening of the prevailing westerlies) as the

low-level southwesterly flow increases. This mechanism may be

viewed as a geostrophic adjustment process driven by diabatic

heating. Based on the European Centre for Medium-Range Weather

Forecasts (ECMWF) data and numerical simulations for a LLJ

case during 15-16 May 1987, Hsu and Sun (1994) suggested that

the large-scale heating associated with ·stratiform clouds over

southern China was responsible for the development of the LLJ.

The Taiwan Area Mesoscale Experiment (TAMEX), a Republic

of China-united states cooperative field experiment, was

conducted during May-June 1987 to study dynamical and

microphysical processes leading to heavy precipitation (Kuo

and Chen 1990). Recent TAMEX studies (Chen et ale 1989; Chen

and Hui 1990; Trier et ale 1990; Chen and Hui 1992) have shown

that these fronts exhibited appreciable baroclinity. Chen

(1993) revealed that before the seasonal transition in mid

June, most of these fronts possess baroclinic characteristics

in contrast to Mei-Yu fronts over central China, which occur

after the seasonal transition. Several strong southwesterly

flow cases were monitored during TAMEX. Based on TAMEX data,

4



Chen (1993) failed to observe the development of easterlies

(or weakening of the prevailing westerlies) in the upper

levels during the intensification of the southwesterly flow

predicted by Chou et ale (1990). These results suggest that it

may not be appropriate to generalize the frontal

characteristics and the mechanisms responsible for the

intensification of the southwesterly flow based on the results

from late season cases.

The primary objective of this study is to improve the

understanding of the physical mechanisms responsible for the

intensification of the southwesterly flow during the early

summer rainy season over southern China from both

observational studies and numerical simulations. To achieve

our objective, a detailed case study of the strong

southwesterly flow that occurred during the TAMEX rop

(intensive observing period) 5 (1-2 June 1987) will be

performed based on the observed data. We will show that the

secondary circulation across the front system differs from

that presented by Chen and Chang (1980), and Chen and

Dell 'Osso (1984) , which occurred after the seasonal

transition. We then survey all the strong southwesterly flow

cases that occurred during the TAMEX period and compare these

results with those found for the rop 5 case. To further

understand the physical processes related to the

intensification of the southwesterly flow, the PSUjNCAR

mesoscale model version 4 (hereafter referred to as MM4) will
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be used to simulate the rop 5 case. The numerical simulation

results will be compared with observations, and sensitivity

tests will be performed to assess the effects of latent heat

release and boundary layer physics on the intensification of

the southwesterly flow. A detailed energy bUdget diagnosis

will be carried out to understand energy sources of the strong

southwesterly flow for the rop 5 case. The effects of latent

heat release on the intensification of the southwesterly flow

will be further investigated by comparing the energy bUdgets

between the control simulation and the sensitivity test

without latent heat release. Finally, the processes involved

in the intensification of the southwesterly flow before the

seasonal transition will be summarized and compared to

previous studies.

Chapter 2 will describe and diagnose the intensification

of a southwesterly flow case that occurred during the TAMEX

rop 5 based on twice-daily routine upper-air observations and

TAMEX soundings. Chapter 3 will examine the mechanism for the

intensification of the southwesterly flow presented in Chapter

2 for all strong southwesterly flow cases during TAMEX.

Chapters 4 and 5 will be devoted to the numerical-modeling

based diagnosis of the strong southwesterly flow that occurred

during the rop 5. A summary and conclusions will be given in

Chapter 6.
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CHAPTER TWO

A DIAGNOSTIC STUDY OF THE STRONG SOUTHWESTERLY FLOW

DURING TAMEX lOP 5

During 31 May-2 June 1987 a low pressure center developed

around 28°N, 102°E east of the Tibetan Plateau during the

passage of a midlatitude trough. It moved northeastward,

intensified over the Yangtze River valley, and produced

widespread rainfall over southeastern China. A strong

southwesterly flow developed in the low levels over southern

China as the cyclone deepened. At 0000 UTC 1 June, the strong

southwesterly flow was found between the 850-700-hPa levels

with wind speed exceeding 20 m S-1 at the 700-hPa level. This

chapter will describe and diagnose the intensification of this

southwesterly flow. The specific purposes are to 1) describe

the synoptic overview and the evolution of the strong

southwesterly flow; 2) diagnose the ageostrophic winds and

compare the isallohypsic winds with the ageostrophic winds to

assess quantitatively the relationship between the

cyclogenesis and the intensification of the southwesterly

flow; and 3) diagnose the frontogenetical forcing and the

associated secondary circulation.

2.1 Data type and the method of analysis

Conventional upper-air sounding data in the National
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Meteorological Center (NMC) format and TAMEX soundings were

obtained from NCAR. The routine upper-air data were available

at 12-h intervals. For special TAMEX soundings, observations

were made at 6-h intervals during 15 May-15 June 1987. During

rops, the observing frequency increased to 3-h intervals.

Because our interest is on the subsynoptic scale for this

study, our analysis was made at 12-h intervals. The routine

upper-air data were supplemented by TAMEX soundings (Fig.

2.1). All sounding data were reviewed manually. The obviously

erroneous data were removed. Height, temperature, relative

humidity, and u, v wind components at mandatory and

significant levels were vertically interpolated to constant

pressure surfaces from the 1000 hPa to 100 hPa in 50-hPa

increments onto 19 levels at each station. Gridded data for

diagnostic calculations were obtained, using the existing

analysis package of the PSU/NCAR mesoscale modeling system

(Manning and Haagenson 1992). The 2.50 x 2.50 ECMWFjTropical

Ocean Global Atmosphere (TOGA) data were used as the initial

guess fields. The rawinsonde data were analyzed on an 80-km

grid mesh using a cressman-type (Cressman 1959) objective

analysis scheme. The radius of influence is 520 km for the

first scan, decreasing to 125 km on the last (fourth) scan.

There is an additional fifth scan for the relative humidity

field. Surface observations and ship data were also

objectively analyzed and combined with the upper-air analysis.

Thus, there are 20 levels in the vertical.
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The vertical p-velocity w was obtained from the kinematic

method by the following boundary condition at the surface:

co =-pgV/'Vh, (2.1)

where h is the surface topography, p the density of the air,

and Vs the horizontal wind velocity at the surface. The

O'Brien (1970) linear correction method was used to adjust the

divergent wind to ensure that the vertical motion vanished at

the 100-hPa level.

2.2 synoptic overview and the evolution of the strong

southwesterly flow

2.2.1 The development of a lee cyclone

At 0000 UTC 31 May, a SW-NE oriented lee trough was

evident east of the Tibetan Plateau below the 700-hPa level

with a closed isobar at the surface around 32~, 110oE. The

surface low deepened and moved northeastward. At 1200 UTC 31

May, the low center was located around 34°N, 109°E at the 700

hPa level (Fig. 2.2a). In the midtroposphere, a short-wave

trough was observed northwest of the low-level low pressure

center, and the upper-level short-wave trough was located

farther northwestward (Fig. 2.2b). After 1200 UTC 31 May, the

low pressure system deepened and moved northeastward. At 0000

UTC 1 June, the cyclone center was located at 33°N, 114°E at
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the 700-hPa level (Fig. 2.3a). This cyclone was identifiable

with closed isobars at all levels up to the 300-hPa level. In

the next 12 h the cyclone intensified and moved northeastward

(Fig. 2.4).

Abundant precipitation was observed over southeastern

China during the development of the cyclone. The 24-h

precipitation from 0000 UTC 31 May to 0000 UTC 1 June (Fig.

2.5a) shows that widespread rainfall occurred in a SW-NE

oriented band. Several of the heaviest areas are associated

with the development of MCSs (mesoscale convective systems)

inside the cloud band. When the cyclone moved eastward, the

rainband also shifted eastward with widespread rainfall along

the east Asian coast (Fig. 2.5b).

2.2.2 The evolution of the strong southwesterly flow and ULJ

At 1200 UTC 31 May, the southwesterly flow reached 12.5

and 15 m s-J at the 850- and 700-hPa (Fig. 2.2c) levels,

respectively. In the upper level (Fig. 2.2d), a well-defined

jet streak with an elongated region of maximum winds exceeding

55 m s-J extended southeastward from 40oN, 1100E to southern

Korea. It moved northeastward (Fig. 2.3d) with a propagating

midlatitude trough. A secondary curved upper-level jet (ULJ)

streak was found over southwestern China associated with the

short-wave trough related to the deepening lee cyclone in the

lower troposphere. Its speed reached 40 m s-J both ahead of and

behind the trough axis (Fig. 2.2d).
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At 0000 UTC 1 June, the strong southwesterly flow became

well defined with a maximum wind speed greater than 20 m S·1 at

both the 850- and 700-hPa levels (Fig. 2.3c). In the upper

level, the ULJ associated with the short-wave trough

intensified and moved southeastward, the northern jet streak

weakened and retreated northeastward (Fig. 2.3d). The strong

southwesterly flow was located to the southeast of the ULJ,

and it continued to intensify. At 1200 UTC 1 June, the wind

speed exceeded 25 m S·1 at both the 850- and 700-hPa levels

(Fig. 2.4c). The ULJ moved northeastward and paralleled the

strong southwesterly flow (Fig. 2.4d). Up to this point, the

northern jet streak had moved out of the domain of interest.

2.3 Relationship between the cross-isobar ageostrophic winds

and the strengthening of the southwesterly flow and ULJ

To reveal the physical mechanisms responsible for the

intensification of the southwesterly flow, we need to examine

the ageostrophic wind that is essential for the development or

dissipation of a weather system. The observed ageostrophic

wind at every grid point was decomposed into two components:

cross-isobar and along-isobar components.

At the 700-hPa level, the cross-isobar ageostrophic winds

were pointing to lower pressure in the regions east and

southeast of the cyclone as well as in a small area west of

the cyclone (Figs. 2.6a-b). They are the areas that
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experienced a significant increase in the speed of the

observed along-isobar wind component in a 24-h period (Figs.

2.6a-b). In the southwest quadrant of the cyclone, where the

cross-isobar ageostrophic winds were pointing toward higher

pressure, the speed of the observed along-isobar wind

component was decreasing. It is apparent that the

strengthening (weakening) in the observed along-isobar winds

is related to the Coriolis force acting on the cross-isobar

ageostrophic winds.

At the 250-hPa level, southeast of the trough as well as

in a small region west of the trough axis, the speed of the

along-isobar wind component increased (Figs. 2.6o-d). Similar

to the situation at the 700-hPa level in these regions, the

cross-isobar ageostrophic wind components were pointing toward

lower pressure. These facts show that the intensification of

both the southwesterly flow and the ULJ is related to the

Coriolis force acting on the cross-isobar ageostrophic winds.

2.4 Diagnosis of ageostrophic winds

2.4.1 Basic equations

The ageostrophic wind Vag for a frictionless flow can be

written in the pressure coordinate as (Holton 1992)

K a av = - x(- + V·V + <.U-)V,
I1g f at p ap

(A) eB) (e)
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where p is pressure, w the vertical p-velocity, V the actual

horizontal wind vector, and f the Coriolis parameter. Term A

represents the ageostrophic winds due to local change in the

horizontal wind, term B denotes the ageostrophic winds due to

inertial advection of the horizontal wind, and term C is the

ageostrophic winds due to vertical advection of the horizontal

wind. Our computations revealed that, in general, term C is

small compared to terms A and B. If the horizontal wind in

term A is approximated by the geostrophic wind, we have

g aZ
Vi = - - V' (-) I

f2 at (2.3)

where Z is the geopotential height and Vi is the isallohypsic

wind.

An alternative form of Eq. (2.2) in natural coordinates

can be expressed as (Shapiro and Kennedy 1981; Bluestein and

Thomas 1984)

(2.4)

with the following definitions:

(2.5)

and

(2.6)

where Van and Vas are the cross-stream (perpendicular and to the
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left of the horizontal flow) and along-stream components of

the ageostrophic winds, respectively; V the horizontal wind

speed; and ~ the radius of trajectory curvature. These

equations state that the ageostrophic wind component normal to

the flow is related to the along-stream acceleration, whereas

the ageostrophic wind component along the flow is related to

the curvature effect.

The inertial-advection term (term B) in Eq. (2. 2) is

related to the ageostrophic wind component due to along-stream

changes in wind speed and curvature. Uccellini and Johnson

(1979) discussed the ageostrophic motions associated with

speed-accelerating and speed-decelerating air parcels in the

entrance and exit regions, respectively, of a near-straight

jet streak wind system due to along-stream changes in wind

speed (Fig. 2. 7a). Shapiro and Kennedy (1981) studied the

ageostrophic wind component due to curvature (Fig. 2.7b) in

modifying the divergence pattern presented in Fig. 2.7a in the

exit region of a jet steak that has entered into a trough

region of a synoptic-scale wave.

Because the curvature term can contribute only to the

along-stream component of the ageostrophic wind (Fig. 2.7b),

and the along-stream changes in wind speed are significant

only in the entrance and exit regions of a steady-state jet

streak (Fig. 2.7a), it is apparent that the inertial-advection

term (term B) cannot account for the significant cross-isobar

ageostrophic winds pointing toward lower pressure near the
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strong wind core at both the 700- and 250-hPa levels observed

in this study. It appears that the cross-isobar ageostrophic

winds observed near the strong wind core may be related to the

local change term (term A) . Although there is a slight

difference in the direction between the cross-isobar component

of the ageostrophic winds and V~ (the cross-stream component

of the ageostrophic winds), the difference appears to be

negligible, based on the fact that the observed winds are

nearly parallel to geopotential height contours.

2.4.2 Isallohypsic wind

Figure 2.8 shows the isallohypsic wind fields at both the

700- and 250-hPa levels. comparing Fig. 2.8 with 2.6, it can

be seen that the patterns of the isallohypsic wind fields were

remarkably similar to that of the cross-isobar component of

the ageostrophic wind fields except that the magnitude of the

cross-isobar ageostrophic winds was generally larger than that

of the isallohypsic winds, suggesting that the cross-isobar

ageostrophic winds were primarily related to local changes in

the geopotential gradients. The isallohypsic winds crossing

the geopotential height contours would force a corresponding

acceleration of the along-stream winds. Another notable

feature was that the patterns of the 24-h differences in the

geostrophic flow (Fig. 2.8) were quite similar to those of the

24-h differences in the along-isobar component of the observed

winds (Fig. 2.6). Regions where isallohypsic winds were
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pointing toward lower (higher) pressure experienced an

increase (decrease) in the geostrophic winds. It is apparent

that the local changes in the geopotential gradients were

closely linked to the intensification of both the

southwesterly flow and the ULJ. In other words, the

intensification of both the southwesterly flow and the ULJ is

closely related to the lee cyclogenesis as the cyclone

deepened and moved northeastward.

Comparing Fig. 2.6 with 2.8, it is interesting to note

that at the 700-hPa level the 24-h increase in the speed of

the southwesterly flow in the direction parallel to

geopotential height contours is comparable to the 24-h

increase of the geostrophic winds. In contrast, at the 250-hPa

level, the 24-h increase in the speed of the ULJ in the

direction parallel to geopotential height contours is only

approximately half of the increase of the geostrophic value.

with strong wind speed in the upper levels, the centrifugal

force is large within the sUbsynoptic-scale baroclinic wave.

As the wave amplified with stronger wind, the curvature effect

became more significant with a larger along-stream

ageostrophic wind. In the lower troposphere where the winds

are generally much weaker than that in the upper levels, the

curvature effect is usually less significant.

2.4.3 Inertial-advection term

At 0000 UTC 1 June, the speed of the ULJ near the trough
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axis was less than 80% of its geostrophic value (Fig. 2.9a).

SUbgeostrophic winds were observed over most areas over

southern China where the flow exhibited cyclonic curvature.

Near the ridge axis over northern Korea, the flow is

supergeostrophic. Another region with supergeostrophic flow

was observed northwest of the cyclonic center. The

ageostrophic winds computed from the inertial-advection term

(term B) at the 250-hPa level displayed anticyclonic

ageostrophic winds around the cyclone center with maximum

values near the trough axis (Fig. 2.9b). Over the ridge axis

near Korea, as well as in the region northwest of the cyclone

center, the inertial-advection term contributed to

supergeostrophic flow in these regions (Fig. 2. 9b). These

results are in general agreement with the observed wind flow

along the geopotential height contours (Fig. 2.9a). The

ageostrophic winds due to inertial advection would give rise

to the divergence ahead of the trough around 35°N, 117°E and

convergence behind the trough around 38°N, 107°E. It is

apparent that the ageostrophic winds owing to inertial

advection as well as the observed along-stream airflow both

agree remarkably well with the schematic diagram (Fig. 2.7b)

of the along-stream ageostrophic winds due to the curvature

effect. These results suggest that at the 250-hPa level, the

inertial-advection term is dominated by the curvature effect.

At 0000 UTC 1 June, the observed winds in the direction

parallel to geostrophic height contours were slightly
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subgeostrophic within the strong southwesterly flow along the

southeastern China coast (Fig. 2.9c). The speed of the strong

southwesterly flow was close to its geostrophic value. Along

the trough axis and around the center of the cyclone, the flow

was sUbgeostrophic. supergeostrophic flow was found in regions

northwest (-38"N, 107°E) and northeast (-35°N, 116°E) of the

cyclone. The general pattern of the ageostrophic winds

diagnosed from the inertial-advection term at the 700-hPa

level is quite similar to that at the 250-hPa level except the

magnitudes were considerably smaller (Fig. 2.9d). The

curvature effect was weaker at the 700-hPa level than in the

upper levels due to much weaker wind speed in the lower

troposphere. Furthermore, weak cross-stream ageostrophic winds

due to along-stream changes in wind speed were observed in the

entrance and exit regions of the jets. At 0000 UTC 1 June, the

core of the strong southwesterly flow was observed in the area

around 28"N, 118°E (Fig. 2. 3b). upstream of the core, the

ageostrophic winds displayed a cross-stream component pointing

toward a lower pressure area. Downstream of the core, a cross

stream ageostrophic wind component pointing to a higher

pressure area was observed in the area around 35°N, 122°E (Fig.

2. 9d). West of the cyclone, a strong northerly flow has

entered the trough. Upstream (downstream) of this strong

northerly flow a cross-stream component of the ageostrophic

winds pointing toward a lower (higher) pressure area was

observed in the region around 3rN, 108°E (25°N, 108°E). It
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appears that at the 700-hPa level the ageostrophic winds due

to the curvature effect were modified by the along-stream

changes in wind speed. A similar situation was found for both

1200 UTC 31 May and 1200 UTC 1 June.

2.4.4 Local change of the ageostrophic wind

Term A in Eg. (2. 2) can be decomposed into the

isallohypsic wind and the effect due to the local change of

the ageostrophic wind:

K aVa gTerm A = Vi + - x --.
f at (2.7)

At the 700-hPa level, the strong southwesterly flow was

slightly subgeostrophic and had a maximum wind speed very

close to that of the geostrophic value (Fig. 2. 9c). By

comparing Figs. 2.6 and 2.8, it is apparent that the increase

in the speed of the strong southwesterly flow is closely

related to the increase in the cross-stream pressure

gradients. In this situation, term A can be approximated by

the isallohypsic wind. Our computations show that at the 700

hPa level the second term in Eg. (2. 7) is very small in

general (not shown) and can be ignored.

At the 250-hPa level, the ULJ is sUbgeostrophic with

large along-stream ageostrophic winds due to the curvature

effect. As the synoptic-scale wave amplified, the curvature

effect became more significant with larger along-stream

ageostrophic winds. The increase in the along-stream
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ageostrophic winds [Eq. (2. 7)] would give rise to cross

stream ageostrophic winds pointing toward a higher pressure

area. It appears that the observed cross-stream ageostrophic

winds pointing toward a higher pressure area on the cyclonic

shear side of the ULJ near the trough axis (Figs. 2.6e-d) were

due to the effect of increasing along-stream ageostrophic

winds as the sUbsynoptic-scale wave amplified.

2.5 Diagnosis of vertical motions

2.5.1 Frontogenetical forcing

The frontogenetical function is calculated to examine the

tightening of temperature gradients across the front. The

process of frontogenesis can be described qualitatively as the

rate of change in the magnitude of the horizontal gradient of

potential temperature (6) following the air parcel motion.

Therefore, for frictionless flow, the frontogenetical function

can be defined as (Miller 1948)

d
dt

va
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+ [aa~(d6) + aa..£.(dEl)]},
ax ax dt ay ay dt

(D)

(2.8)

where CtJ is the vertical p-velocity , and u and v are the

horizontal wind components. Terms A and B represent the

contribution of the deformation field to the frontogenesis.

Term C, the twisting term, is negligible at the surface and

tropopause because vertical motions are smaller near the upper

and lower boundaries. Term D is the diabatic term.

At 1200 UTC 31 May, the 850-hPa frontogenesis, because of

horizontal deformation, had an area of maximum values parallel

to the frontal zone with a magnitude of 7 x 10-10 k mol Sol

extending SW-NE (Fig. 2.10a), where the northwesterly flow

behind the trough converged with the southwesterly monsoon

flow over southern China. 12 h later, the frontogenesis belt

displaced southeastward with increasing magnitudes. The

maximum value exceeded 9 x 10-10 k mol S·l (Fig. 2 .10b). This case

is not included in the composite analysis presented by Chen

(1993), because of the absence of the migratory high over the

China plain. Chen (1983) suggested that during the early

summer rainy season over Taiwan, frontogenesis frequently

occurred in the deformation zone between the migratory high

over the China plain and the western Pacific subtropical

anticyclone. For this particular case, frontogenesis occurred

along the axis of the lee trough during the passage of a polar
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front over northern China without the presence of a migratory

high over the China plain.

A similar frontogenesis pattern was found at the 300-hPa

level with the axis of maximum frontogenesis along a SW-NE

oriented belt farther to the northwest of the 850-hPa

frontogenesis zone, which is indicative of deep, westward

tilting of the frontal zone (Figs. 2.10e-d).

2.5.2 Vertical-motion patterns

At 1200 UTC 31 May, the horizontal distribution of

vertical motion for the 700-hPa level (Fig. 2.11a) reveals

rising (sinking) motion ahead of (behind) the axis of the

maximum frontogenetical forcing. In the upper level, rising

motion was diagnosed (Fig. 2.11b) ahead of the trough axis

where the frontogenetical forcing due to horizontal

deformation (Fig. 2.10c) has a maximum. The corresponding

visible satellite imagery (Fig. 2.12a) is consistent with the

upward motion pattern. Over the next 12 h, the cyclone

deepened and moved northeastward. The axis of maximum

frontogenetical forcing advanced southeastward as the
',.

northwesterlies behind the cyclone brought in colder air into

the China plain. The region with rising motion also shifted

southeastward (Figs. 2.11c, d). A large-scale comma-shaped

cloud pattern observed in the satellite imagery (Fig. 2.12b)

was in the general area of the rising motion associated with

the cyclone. In addition, a maximum in rising motion was
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observed around 34~, 116°E northeast of the cyclone center at

0000 UTC 1 June (Figs. 2.11c, d). The rising motion northeast

of the cyclone center is related to the upper-level divergence

ahead of the trough axis due to the curvature effect (Fig.

2.9b) .

2.5.3 Thermally direct transverse secondary circulation

The observed ageostrophic winds were computed by

vectorially subtracting the geostrophic winds from the

observed winds. Several vertical cross sections perpendicular

to the 850-hPa frontogenesis axis were constructed based on -w

and the horizontal ageostrophic wind along the cross section

from 0000 UTC 31 May to 0000 UTC 2 June. The dominant feature

of the transverse circulation was a very broad northwestward

tilting, tropospheric thermally direct circulation associated

with the frontogenetical forcing. Toward the southeast, a

thermally indirect circulation was generally very weak.

The thermally direct transverse circulation across the

front system reached its maximum intensity at 1200 UTC 1 June

(Fig. 2.13a), when the southwesterly flow had a strong

vertical wind shear around its core (Fig. 2.13b). Ascent of

prefrontal warm, moist air (Fig. 2.13c) occurred northwest of

the strong southwesterly flow and southeast of the ULJ, while

sinking motion was observed underneath the ULJ in the

postfrontal colder, drier air. The low-level convergence

(divergence) and upper-level divergence (convergence) are
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associated with the ascent of prefrontal warm, moist air

(descent of postfrontal colder, drier air) (Fig. 2.13d). The

ageostrophic motion crossing the ULJ and strong southwesterly

flow cores pointed northwestward; therefore, both the ULJ and

the southwesterly flow intensified due to the Coriolis

acceleration of the northwestward ageostrophic motions. These

features are different from the secondary circulation

predicted by Chou et ale (1990). In their model, the upper

level return flow of the secondary circulation is equatorward,

whereas in our case it pointed northwestward across the upper

level westerly jet core.

The cold front structure in this case is similar to the

case studied by Chen et ale (1989) with large moisture

contrasts (Fig. 2.13c) and horizontal gradients of equivalent

potential temperature (Fig. 2 .13e). Appreciable potential

temperature gradients (Fig. 2.13c) near the surface and in the

mid- to upper troposphere in the frontal zone are also

evident. In the prefrontal southwesterly monsoon flow, the

atmosphere is potentially unstable with a minimum in

equivalent potential temperature near the 600-hPa level (Fig.

2.13e). There is no evidence of conditional symmetric

instability above the sloping frontal surface for this case

(Fig. 2.13e). In the postfrontal region, a moist tongue is

present (Fig. 2.13c). It coincides with the cloud mass to the

northwest of the cyclone (Fig. 2.12c).

The axis of maximum relative vorticity tilts
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northwestward with a maximum value at about the 250-hPa level

(Fig. 2.13f). The potential vorticity (PV) on isobaric

surfaces can be expressed as (Hoskins et ale 1985; Bosart and

Bartlo 1991)

(2.9)

where f is the Coriolis parameter, Vb is the horizontal wind

velocity, ~ is the relative vorticity on an isobaric surface,

and Vp is the two-dimensional gradient operator on the

isobaric surface. Tropopause folding associated with the

upper-level frontogenesis (Keyser and Shapiro 1986) is clearly

shown by the PV cross section (Fig. 2.13g). High-PV, dry air

originating from the upper troposphere and lower stratosphere

(1-2 PVU have been commonly adopted by many authors to mark

the boundary of stratospheric air, 1 PVU = 10-6 m2 K kg-I S·I) has

extruded down to the 700-hPa level. Based on our results, a

schematic diagram is developed to summarize the transverse

secondary circulation across the baroclinic zone for this

particular case (Fig. 2.14).

12 hand 24 h earlier, the observed thermally direct

transverse secondary circulation across the front system was

similar to that presented in Fig. 2.14 (Figs. 2.15 and 2.16).

Ascent of prefrontal warm, moist air northwest of the strong

southwesterly flow and southeast of the ULJ, sinking motion

underneath the ULJ in the postfrontal colder, drier air and

ageostrophic motion crossing the ULJ and strong southwesterly
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flow cores pointing northwestward were all observed.

Appreciable potential temperature gradients across the frontal

zone, tropopause folding, and intrusion of high-PV air

originating from the upper troposphere and lower stratosphere

were also evident (Figs. 2.15 and 2.16). At 1200 UTC 31 May,

a secondary rising motion was found southeast of the thermally

direct transverse circulation across the front system (Fig.

2.15a). The rising motion there is related to the convection

within the warm sector of the cyclone. At this time, in

addition to the cloud system associated with the cyclone, a

large cloud mass was observed in the southeast quadrant of the

cyclone over southeastern China (Fig. 2.12a).

2.6 Discussion and summary

As already discussed, at 0000 UTC 1 June, in addition to

rising motion over southeastern China, which was located ahead

of the axis of maximum frontogenetical forcing, a strong

upward motion was also observed east of the cyclone center

(Fig. 2.11). The upward motion was related to the imbalance

between wind and pressure associated with the ULJ due to the

curvature effect. The along-stream ageostrophic wind pattern

leads to upper-level divergence east of the trough (Fig. 2.9)

in agreement with earlier theoretical studies (e. g., Bjerknes

and Holmboe 1944). Rising motion was observed ahead of the

trough axis with sinking motion behind it. To maintain the
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mass balance in the troposphere, low-level convergence was

required, which, in turn, contributes to the increase in the

low-level vorticity locally and the deepening of the cyclone.

This situation is typical for a developing baroclinic wave

(Holton 1992). Comparing the observed convergence (Figs.

2.17a-b) at the 700-hPa level with the convergence due to the

isallohypsic winds (Figs. 2.17c-d), it is evident that the

isallohypsic winds contributed to approximately 50% of the

observed convergence east of the cyclone center. The upper

level divergence due to the imbalance between the winds and

pressure associated with the ULJ is coupled with the low-level

convergence due to isallohypsic winds as the cyclone deepened.

In the lower troposphere, a pressure trough extended from

the cyclone center to the southwest of the cyclone. The

frontogenetical forcing due to horizontal deformation had a

pronounced maximum along the axis where the northwesterlies

west of the cyclone converged with the southwesterlies ahead

of the trough (Fig. 2.10). In regions ahead of the trough axis

as well as immediately west of the cyclone center, the

isallohypsic winds had a significant component pointing to

lower pressure (Fig. 2.8), therefore inducing a strong

southwesterly flow ahead of the trough and a strong northerly

flow just west of the cyclone. The secondary circulation

induced by the frontogenetical forcing across the front system

consisted of a thermally direct circulation with rising motion

within the warm, moist southwesterlies and sinking motion in
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the cold, dry northwesterlies (Figs. 2.13a, c). The feedback

effects due to the latent heat released inside these clouds

(Kuo 1974) would strengthen the thermally direct secondary

circulation. A weak thermally indirect circulation was

observed to the south. It represents the compensating sinking

motion in the environment. This secondary circulation is

different from those predicted by Chou et ale (1990) and also

Hsu and Sun (1994). Because of the curvature effect, the

strong southwesterly flow was slightly sUbgeostrophic, in

contrast to the case presented by Uccellini and Johnson

(1979). In that case, the southerly isallohypsic wind was an

important component of the LLJ. The isallohypsic wind

component of the LLJ that was orthogonal to the axis of the

upper tropospheric jet streak was the primary reason for LLJ

being at a significant angle to the upper-level jet's axis. In

our case, the ULJ was located northwest of the strong

southwesterly flow without any significant angle between them.

The intensification of the ULJ was also linked to isallohypsic

winds that pointed toward lower pressure across the ULJ as the

wave cyclone amplified. In other words, the intensification of

both the ULJ and the southwesterly flow is part of the

geostrophic adjustment process related to the deepening of a

lee cyclone.

The wind (mass) adjustment will dominate the geostrophic

adjustment process when the length scale L is greater (less)

than the Rossby radius of deformation LR (Washington 1964;
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Holton 1992). For a continuously stratified fluid, the Rossby

radius of deformation LR is defined as

_ NH
L R - -,

f
(2.9)

where N is the Brunt-Vais~ila frequency, f is the Coriolis

parameter, and H is the equivalent depth. For the case studied

here, N is 10~ ~l, H is approximately 10 km, and f is about

10-4 S·l. The corresponding LR is approximately 1000 km, which

is comparable or slightly larger than the length scale L for

this wave cyclone, therefore, the geostrophic adjustment

process appears to be a mutual adjustment between mass and

momentum fields.

This is the most intense southwesterly flow case observed

during TAMEX. The cyclone was also the deepest to occur during

this period. It may not be appropriate to generalize the

mechanisms for the intensification of southwesterly flow based

on a case study alone. Several strong southwesterly flow cases

were monitored during TAMEX. The mechanisms leading to the

intensification of southwesterly flow for other cases will be

examined in the next chapter.
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CHAPTER THREE

DEVELOPMENT OF THE STRONG SOUTHWESTERLY FLOW DURING TAMEX

Eight frontal systems were observed during TAMEX (Kuo and

Chen 1990). Except for the 14-16 June case (Chen and Hui

1990), during which a tropical cyclone was observed over the

South China Sea, the southwesterly monsoon flow was observed

ahead of the 850-hPa trough. Only for one case (27-28 May) the

pre-frontal southwesterly monsoon flow did not reach the

strong southwesterly flow intensity (Chen et ale 1989) (Table

3.1). In this chapter, the mechanism for the intensification

of the southwesterly flow presented in Chapter 2 will be

examined for all strong southwesterly flow cases during TAMEX.

Similarities and differences among these cases will be

studied. During TAMEX, the large-scale circulation patterns

over east Asia underwent considerable changes in mid-June 1987

(Chen 1993). Before the seasonal transition, the westerly

current prevailed over southern China in the upper levels.

After the seasonal transition, the upper-level south Asian

anticyclone advanced northward over the Tibetan Plateau with

easterlies along the southern China coast. Because of the

change of large-scale circulation patterns around the seasonal

transition, the so-called Mei-Yu fronts before and after the

seasonal transition (Chen 1993) were embedded in different

large-scale settings. In this chapter, the differences in the

secondary circulation across the strong southwesterly flow
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prior to and after the seasonal transition will be

investigated. The mechanism proposed for the intensification

of the southwesterly flow case during 1~16 May 1987 by Hsu

and Sun (1994) will also be examined.

3.1 Development of the strong southwesterly flow before the

seasonal transition

We summarize the development of the strong southwesterly

flow prior to the seasonal transition in mid-June during TAMEX

(cases 1--5). A close examination of synoptic-scale maps during

TAMEX revealed that the evolution of these five strong

southwesterly flow cases can be divided into the following

five stages (Table 3.1):

1) Stage 1: Precursor

Prior to the seasonal transition, the westerly current

was observed both north and south of the Tibetan Plateau at

the 500-hPa level (Chen 1993). A short-wave trough (TI ) was

approaching the Tibetan Plateau from the west (cases 1, 3a,

3b, 5a, and 5b) or the northwest (cases 2 and 4) (Fig. 3.1),

a precursor of the next strong southwesterly flow event. In

addition to the strong westerly current ahead of the trough

T I , strong northwesterly flow was also frequently observed

along the northern or northeastern periphery of the south

Asian anticyclone (Fig. 3.1).
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2) stage 2: Lee troughing

It is well known that the lee sides of the major mountain

complexes like the Alps, the Rocky Mountains, the Himalayas,

and others (Chung et al. 1976; Zishka and Smith 1980;

Whittaker and Horn 1981; Chen et al. 1991) are favored

cyclogenetic regions. The early stages of the lee troughing

are dependent upon orographic influences (Chung et al. 1976;

Palmen and Newton 1969, p. 344; McGinley 1982). There are two

factors that may account for the strong westerly current over

the Tibetan Plateau: a large north-south pressure gradient

between a midlatitude trough (T M or LM) and the south Asian

anticyclone, and the approach of the short-wave trough T( from

the west or northwest (Fig. 3.2). with the strengthening of

the westerly current ahead of the short-wave trough (T(), an

orographically induced lee trough (T L) formed in the middle to

lower troposphere east of the Tibetan Plateau (Fig. 3.3). The

changes in the pressure in the lees ide often do not indicate

the changes of cyclonic circulation about the center. In time,

the lee trough adjusts toward geostrophic equilibrium

(Pierrehumbert 1986) and the southwesterly flow develops ahead

of the lee trough in the lower troposphere.

3) stage 3: Merger of the eastward-moving trough and the lee

trough

The initial stages of lee troughing may be initiated by

pure orographic influences. The sUbsequent growth and

32



intensification appear to be related to the arrival of the

upper-level trough (T 1) as found by Chung et al. (1976). At

this stage, the trough T1 moved eastward and merged with the

lee trough TL in the middle and lower troposphere and deepened

(Fig. 3.4).

For cases 2 and 3b, the southwesterly flow exceeded 12.5

m S-l and reached the strong southwesterly flow intensity at

this merging stage. For case 5b, the southwesterly flow

reached the strong southwesterly flow intensity at 0000 UTe 7

June. For other cases, the southwesterly flow reached the

strong southwesterly flow intensity after this stage.

The hook-shaped Alps and the north-south oriented Rocky

Mountains have a drastic influence on the weather and climate

of the local regions. A large number of studies have been done

to understand the mechanisms related to the initiation and

intensification of the lee cyclone in the lee sides of the

Alps and the Rocky Mountains ( MCGinley 1982; Smith 1984,

1986; Pierrehumbert 1985; Speranza et al. 1985; Buzzi and

Speranza 1986; Mattocks and Bleck 1986; Hayes et al. 1987,

1993; Egger 1988; Tafferner and Egger 1990; Trevisan and

Giostra 1990; Bannon 1992; Kaplan and Karyampudi 1992;

Orlanski and Gross 1994). The Alpine lee cyclogenesis was

attributed to the modification of baroclinic instability by

the presence of a mountain (Buzzi and Tibaldi 1978; Buzzi and

Speranza 1986; Orlanski and Gross 1994). The cyclogenesis in

the lee of the Rocky Mountains as described as (Bannon 1992):
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Initially, the surface anticyclone sits over the mountain

ridge. It generates a quadruple of topographic eddies.

Superposition of the two fields yields a NW-SE distortion of

the anticyclone. As the primary anticyclone moves to the foot

of the mountain, two dipoles are generated by the system of

up- and downslope motions. The total field yields the

southeast-high and northeast-low pattern over the mountain as

well as the troughing in advance of the surface low. When the

primary cyclone moves over the mountain ridge, it generates a

quadruple of topographic eddies, which are in opposite sign to

those at the initial stage. superposition of the two fields

yields a NW-SE distortion of the cyclone.

Studies on the lee cyclogenesis in the lee side of the

Tibetan Plateau are rare in the literature (Chen et ale 1991).

Because of the different size and shape of the Tibetan Plateau

from the Alps and the Rocky Mountains, the lee cyclogenesis in

the lee side of the Tibetan Plateau may be different from that

of the Alps and the Rocky Mountains. Further diagnostic

analyses and modeling studies are needed to better understand

the processes responsible for the lee cyclogenesis and the

subsequent intensification of the southwesterly flow over

southwestern China.

4) Stage 4: Intensification of the southwesterly flow

The superposition of the trough T1 and the lee trough TL

led to the further deepening of the lee trough. In the upper
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troposphere, the short-wave trough (T 1) deepened after the

merger and moved eastward (Figs. 3.5a, 3.6a, and 3.7a). The

southwesterly flow intensified simultaneously with the

deepening of the lee trough (Figs. 3.5b, 3.6b, and 3.7b). The

ULJ associated with TI strengthened as TI intensified (Figs.

3.5a and 3.7a) except for cases 3a and 5a (Fig. 3.6a).

The relative position of the midlatitude trough TM to the

eastward-moving upstream trough T, also played an important

role in the deepening of the lee trough. If the midlatitude

trough TM was located north or northeast of TI (cases 1, 2,

3b, 4, and 5b) (Figs. 3.5a and 3.7a), it would bring the cold

air to the rear of the merged trough (Td in the lower

troposphere (Figs. 3.5b and 3.7b). As will be shown later, at

this stage the maximum frontogenesis due to sUbsynoptic-scale

deformation was observed along the axis of the lee trough

where the cold northeasterlies converged with warm, moist

southwesterly monsoon flow as found by Chen and Hui (1992). As

the TM continued to move eastward, the surface front

associated with TI moved southeastward and propagated across

Taiwan (Chen 1993). For case 3a, TM had moved out of the

domain, and there was no other midlatitude trough to the north

of TI • For case 5a (Fig. 3. 6a), TM was still 'l°ar west of TI •

For these two cases, cold air advection was not significant in

the lower troposphere behind the merged trough (Fig. 3.6b). In

both cases, the strong southwesterly flow and T1 weakened

after this stage (Fig. 3.6).

35



5) stage 5: The mature stage

At this stage, the strong southwesterly flow for cases 1,

2, 3b, 4, and 5b continued to intensify and reached their

maximum intensity. After the strong southwesterly flow reached

their mature stage, they continued to move eastward and

eventually out of the domain.

3.2 Diagnoses of the strong southwesterly flow and the

associated secondary circulations before the seasonal

transition

The southwesterly flow intensified on or after stage 3

defined in section 3.1. As found in Chapter 2, at the 700-hPa

level, the similarity between the pattern of the cross-isobar

ageostrophic winds (Figs. 3.5c, 3.6c, and 3.7c) and that of

the isallohypsic winds (Figs. 3.5d, 3.6d, and 3.7d) suggest

that, the intensification of the southwesterly flow is closely

related to the local change in the geopotential gradients as

the lee troughs deepened and moved eastward.

Frequently, a lee cyclone developed within the lee trough

on or after stage 3. A region of maximum frontogenesis due to

horizontal deformation [Eq. (2.8)] was observed along the axis

of the lee trough where the cold, dry northeasterly flow

behind a midlatitude trough converged with the warm, moist

southwesterly monsoon flow (Figs. 3.8a-b).

In the upper levels (Figs. 3. 8c-d) I maximum frontogenesis

36



by horizontal deformation was observed northwest of the low

level frontogenesis zone. Cases 3a and 5a were two weak

baroclinic cases, the cold air advection was not pronounced

because of the absence of a midlatitude trough (TM) .

For strong baroclinic cases (1, 2, 3b, and 5b), the

secondary circulation and the front structure (Figs. 3.9 and

3.10) are similar to those in Chapter 2. For the weak

baroclinic cases 3a and 5a, the isentropic surfaces are almost

horizontal (Fig. 3.lla). The moisture contrasts across the

strong southwesterly flow axis are small with negligible

horizontal potential temperature gradients (Fig. 3.11a). The

secondary circulation across the strong southwesterly flow was

quite different from that shown in Chapter 2 (Figs. 3.11b-c).

As mentioned previously, there was no ULJ for both cases.

Based on the ECMWF analysis, Hsu and Sun (1994) suggested

that prior to 0000 UTC 15 May there was no distinct strong

southwesterly flow. At 0000 UTC 16 May, a cloud band

associated with the Mei-Yu front was observed along the

southern China coast (Fig. 3.12). They suggested that the

cloud band formed over southeastern China when the moist air

transported to the north by the western Pacific sUbtropical

high-pressure cell encountered the migrating high from the

north. They also suggested that the intensification of this

southwesterly flow was driven by the large-scale latent heat

release associated with the stratiform clouds along the

southern China coast. The secondary circulation across the
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strong southwesterly flow was confined in the lower

troposphere in their analysis. From our analysis it is

apparent that the strong southwesterly flow was observed at

0000 UTC 15 May (Fig. 3.13) when the sky was clear over

southeastern China (Fig. 3 in Hsu and Sun 1994). The cloud

band over the southern China coast formed after the

intensification of the southwesterly flow. The intensification

of the southwesterly flow is not caused by the large-scale

heating associated with the stratiform clouds. At 1200 UTC 15

May, over southeastern China a comma-shaped cloud system (Fig.

3.12a) extended near the cyclone center southwestward ahead of

the trough axis southeast of the maximum frontogenetical

forcing due to sUbsynoptic-scale deformation at the 850-hPa

level (Fig. 3.8a). At 0000 UTC 16 May, the low-pressure center

and the comma-shaped cloud system moved off the eastern China

coast (Fig. 3.12b). The southern portion of the cloud band

associated with the comma-shaped cloud system remained along

the southern China coast and intensified. It appears that the

secondary circulation across the front system is caused by the

frontogenetical forcing due to sUbsynoptic-scale deformation.

3.3 The strong southwesterly flow after the seasonal

transition

The last strong southwesterly flow case (0000 UTC 23

June-DOOO UTC 25 June) during TAMEX occurred after the
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seasonal transition. The secondary circulation across this

strong southwesterly flow is diagnosed and presented in this

section.

3.3.1. Synoptic-scale overview and the evolution of the strong

southwesterly flow

A detailed synoptic-scale overview for this case can be

found in Wang et ale (1993). At 1200 UTC 22 June, a lee trough

appeared at the southeastern corner of the Tibetan Plateau,

with southwesterlies lying to its southeast flank (Fig. 3.14).

By 1200 UTC 23 June, the lee trough had developed with a

strong southwesterly flow along the southern China coast (Fig.

3.15). Unlike other strong southwesterly flow cases prior to

the seasonal transition, there was no upstream midlatitude

trough prior to the development of the lee trough. The lee

trough was orographically induced following the westward

expansion of the western Pacific SUbtropical high. The lee

trough probably formed as a consequence of the interaction

between the southerly to southwesterly flow along the western

portion of the western Pacific SUbtropical high in the lower

levels and the southeastward extension of the Tibetan Plateau

(or Yun-Gui Plateau) (Wang et ale 1993). They found that the

deepening of this lee trough and the subsequent development of

a southwest vortex in the lee trough were driven by latent

heat release.

In the upper levels, the quasi-stationary south Asian
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anticyclone advanced northward (Fig. 3. 15a) after the seasonal

transition. It dominated the upper-level circulations over

southern China (Chen 1993) and was called the Tibetan high by

Wang et al. (1993). The upper-level maximum westerly wind axis

was located north of the Tibetan Plateau with easterlies along

the southern China coast. During this strong southwesterly

flow event, the quasi-stationary Tibetan high prevented the

upper-level baroclinic waves from reaching southern China. At

1200 UTC 22 June, a weak midlatitude short-wave trough

deepened over northern China and moved along the northeastern

periphery of the Tibetan high. By 0000 UTC 23 June, it was

located along the eastern China coast with closed isobars in

the lower troposphere. At 1200 UTC 23 June, the midlatitude

cyclone was located at 33°N, 121°E, whereas the lee trough

remained in the lee side of the Tibetan Plateau (Fig. 3.15b).

3.3.2. Diagnosis of ageostrophic wind and the strengthening of

the southwesterly flow

At the 700-hPa level, the southwesterlies in the

southeast flank of the lee trough strengthened, where the

cross-isobar ageostrophic winds were pointing toward the lower

pressure center (Fig. 3 .15c). The pattern of isallohypsic

winds (Fig. 3. 15d) is similar to that of the cross-isobar

ageostrophic winds (Fig. 3.15c), even though the speed of the

isallohypsic winds is generally slower. The pattern of the 24

h differences in the observed along-isobar wind speed (Fig.
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3.15c) is similar to that of the geostrophic wind speed (Fig.

3.15d). All of these facts demonstrated that the increase in

the southwesterlies in the southeast flank of the lee trough

was due in part to the Coriolis force acting on the cross

isobar ageostrophic winds as the lee trough deepened.

3.3.3. Frontogenetical forcing and the secondary circulation

with the major baroclinic zone north of the Tibetan

Plateau and the establishment of the Tibetan high in the upper

levels, the lee trough formed and deepened in a weak-shear,

quasi-barotropic environment (Wang et al. 1993). No

frontogenesis due to horizontal deformation is observed

associated with the lee trough in both the lower (Fig. 3.16)

and upper troposphere. The frontogenetical forcing due to

horizontal deformation was only observed around 30 0N over

eastern China associated with the deepening southeastward

moving midlatitude cyclone (Fig. 3.16). It was located where

the northwesterlies behind the midlatitude cyclone merged with

westerlies over central China.

The secondary circulation (Fig. 3.17a) across the strong

southwesterly flow was similar to that simulated by Chou et

al. (1990) and Chen and Dell'Osso (1984), with a rising motion

in the weak frontal zone, a return flow in the upper levels to

the south, and a broad sinking motion equatorward. In the

upper levels, easterlies were observed south of the rising

branch of the secondary circulation (Fig. 3.17b). The upper-
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level westerly jet northwest of the strong southwesterly flow

found for early season cases was absent. The lee trough

exhibited a quasi-barotropic characteristic with negligible

horizontal potential temperature gradients throughout the

entire troposphere (Fig. 3.17c).

3.4 Summary

In this chapter, we have investigated the physical

mechanisms leading to the intensification of the southwesterly

flow and the secondary circulation across the st~ong

southwesterly flow during TAMEX. The intensification of the

southwesterly flow prior to the seasonal transition can be

described as follows:

Prior to the seasonal transition in mid-June 1987,

westerly flow prevailed over east Asia at the 500-hPa level

(Chen 1993). An upstream short-wave trough moved eastward from

west or northwest of the Tibetan Plateau. As the upstream

trough moved eastward, the westerly flow strengthened over the

plateau. A trough formed in the lee side with closed isobars

in the lower levels. The upstream trough moved farther

eastward and merged with the lee trough. The lee trough

intensified with a southwesterly flow to the southeast

quadrant in the lower troposphere. After the merging, for

those cases with a midlatitude trough to the north and aligned

with the merged trough, the northerly wind component behind
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the midlatitude trough brought in cold, dry air along the

northeastern periphery of the Tibetan Plateau to the rear of

the merged trough which deepened and moved eastward. In the

southeast quadrant of the merged trough, both the

southwesterly flow and ULJ strengthened in response to the

increase in pressure gradients. The merged trough did not

intensify for those cases without the presence of a

midlatitude trough to the north. For strong baroclinic cases,

the secondary circulation and the front structure were similar

to those in Chapter 2.

After the seasonal transition, the upper-level south

Asian anticyclone advanced northward over the Tibetan Plateau.

The major baroclinic zone shifted to the north of the Tibetan

Plateau. The Tibetan high dominated the upper-level

circulations, preventing baroclinic disturbances from reaching

southern China. An orographically induced lee trough formed at

1200 UTC 22 June. The deepening of the lee trough and the

sUbsequent development of a southwest vortex within the lee

trough were mainly driven by diabatic heating (Wang et al.

1993). As the vortex deepened, a strong southwesterly flow

developed in the southeast flank of the trough. The secondary

circulation across the strong southwesterly flow was thermally

direct with negligible horizontal thermal contrasts. It was

similar to that simulated by Chou et al. (1990) and Chen and

Dell'Osso (1984) with a rising motion northwest of the strong

southwesterly flow and a broad sinking motion to the south.
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CHAPTER FOUR

A NUMERICAL STUDY OF THE STRONG SOUTHWESTERLY FLOW DURING

TAMEX lOP 5. PART I: MODEL VERIFICATION AND SENSITIVITY TESTS

Western Atlantic cyclones have attracted considerable

attention (Uccellini et al. 1984; Uccellini et al. 1987 ;

Whitaker et al. 1988; Kuo and Low-Nam 1990; Lapenta and Seaman

1990, 1992; Kuo et al. 1991, 1992), in part due to the

availability of the comprehensive dataset that resulted from

the GALE (Genesis of Atlantic Lows Experiment). A great deal

of research has been done to better understand the impact of

latent heat release on western Atlantic and the Great Plains

extratropical cyclones. Latent heat release changes the basic

structure of extratropical cyclone systems by increasing

upper-level temperatures (Anthes et al. 1982), increasing

(decreasing) upper-level (low-level) geopotential heights

(Aubert 1957; Danard 1966a, bi Chang et al. 1982; Robertson

and smith 1983), lowering sea-level pressure (Anthes and

Keyser 1979), and by strengthening the vertical motions

(Krishnamurti 1968; Tracton 1973; DieMego and Bosart 1982;

Chen et al. 1983; Kenney and Smith 1983; Pagnotti and Bosart

1984; smith et al. 1984; smith and Dare 1986; Pauley and smith

1988). Additional simulations indicated that surface energy

fluxes also played a significant role in the development of

cyclones (Kuo et al. 1991).

Despite a large number of case studies on western

44



Atlantic cyclones, the corresponding studies on east Asian

cyclones in the lees ide of the Tibetan Plateau are rare,

especially during the early summer rainy season over Taiwan

(Chen et al. 1991). In a numerical case study of an east Asian

coastal cyclogenesis during winter time, Chen and Dell'Osso

(1987) found that the baroclinic forcing was enhanced by the

feedback of physical processes.

In this chapter, we employ a mesoscale numerical model to

examine the physical mechanisms responsible for the further

deepening of the cyclone after the merger of the upstream

eastward-moving trough with the orographically induced lee

trough, and its relationship with the intensification of the

southwesterly flow during the TAMEX lOP 5. Two sensitivity

tests will be performed to assess the effects of latent heat

release and boundary layer physics to the development of the

lee cyclone and the sUbsequent intensification of the

southwesterly flow. The results will be compared to previous

studies on the strong southwesterly flow after the seasonal

transition.

section 4.1 describes the model, experiment design, and

analytical methods. section 4.2 shows the control simulation

and verification of the model results against observations.

section 4.3 presents the results from the sensitivity tests.

Section 4.4 diagnoses the effects of latent heat release on

the cyclogenesis and the intensification of the southwesterly

flow. Section 4.5 summarizes the results.
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4.1 Model description, experiment design, and analytical

methods

4.1.1 Model description

The numerical model used here is the MM4, which is a

hydrostatic, three-dimensional, primitive equation model with

a terrain-following sigma (u) vertical coordinate (Phillips

1957). A detailed description of the model's governing

equations, grid structure and numerics can be found in Anthes

et al. (1987). The computational domain of the model consists

of 55 x 83 grid points with an 80 km grid distance (Fig. 4.1).

It has 23 vertical u levels defined at 0.025, 0.075, 0.125,

0.175, 0.225, 0.275, 0.325, 0.375, 0.425, 0.475, 0.525, 0.585,

0.645, 0.685, 0.725, 0.775, 0.82, 0.865, 0.91, 0.945, 0.97,

0.985, 0.995. For display purposes, only a portion of the

computational grid will be used to show the simulation results

(Fig. 4.1). The model topography is obtained by analyzing the

NCAR 30-minute latitude and longitude terrain data with the

Cressman (1959) objective analysis scheme.

The planetary boundary layer (PBL) processes are

parameterized with a mUltilayer scheme developed by Blackadar

(1976, 1978, and 1979) and tested by Zhang and Anthes (1982),

which includes surface heat, moisture, and momentum fluxes. A

surface energy bUdget calculation is used to predict ground

temperature while ocean temperatures are independent of time.

Short- and long-wave radiation are included in the surface
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energy bUdget. These radiative fluxes depend upon the model

predicted cloud cover in a parameterization developed by

Benjamin and Carlson (1986). Nonconvective precipitation is

calculated using explicit prognostic equations for water

vapor, cloud water, and rainwater (Hsie et ale 1984).

Convective precipitation is parameterized using an Arakawa

Schubert (1974) scheme, as modified by Grell et ale (1991) to

include the effects of convective-scale downdrafts.

The initial conditions are obtained by objectively

analyzing the rawinsonde and surface observations with

successive scans (Cressman 1959), using the ECMWF/TOGA global

analysis as the first guess. The lateral boundary conditions

are provided by linear interpolating the 12-h objective

analyses.

4.1.2 Experiment design

For the control simulation (CTRL) we used full model

physical parameterizations to provide a high temporal and

spatial resolution dataset to diagnose the development of the

cyclone and the evolution of the strong southwesterly flow

event on 1-2 June 1987. The experiment was initialized at 0000

UTe 31 May 1987 about 24 hours prior to the formation of the

well-defined cyclone, which was stage 3 of this strong

southwesterly flow event classified in Chapter 3. This time

was chosen because the eastward-moving upstream trough just

merged with the orographically induced lee trough. We focus
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our investigation on the deepening of the lee trough after the

merger and the development of the lee cyclone. A 48-h

integration was performed to study the evolution of the lee

cyclone and the intensification of the southwesterly flow.

Model results during the first 24-h simulation were analyzed

in detail to diagnose the physical processes during the rapid

developing stage.

Two additional sensitivity tests were conducted to

isolate the effects of latent heat release and surface heat

and moisture fluxes on the development of the lee cyclone. For

the first test (NOLH), the latent heating associated with both

the resolvable grid-scale precipitation and convective

parameterization was not included in the thermodynamic

equation. This simulation was designed to assess the effects

of latent heat release on the formation of the lee cyclone and

the subsequent intensification of the southwesterly flow. For

the second test (NOBLYR), the latent heat release was

included, but the boundary layer parameterization was not

included. A comparison of the results between NOBLYR and CTRL

allows us to isolate the effects of surface heat, moisture,

and momentum fluxes on the deepening of the lee cyclone. As in

CTRL, the two sensitivity tests were initialized at 0000 UTC

31 May, and 48 hours simulations were conducted.

4.1.3 Analytical methods

To separate the horizontal wind into its divergent (Vo)
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and nondivergent (VND) components, an iterative scheme

developed by Endlich (1967) was employed. First, the vorticity

is calculated by means of centered differences. Let a grid

points nearest neighbors to the east, west, north, and south

be designated bye, w, n, and s, respectively. Adjustments of

equal magnitude but opposite sign are then made to ue , and Uw

and likewise to v n and vs ' so that the divergence at the

central grid point vanishes. After application of this

procedure at every point on the grid, the vorticity of the

adjusted wind field is different from that of the original

wind field; but a second round of adjustments involving un' us,

v., and v ; at each grid point can bring them into closer

agreement. with repeated applications of this algorithm, the

divergence of the adjusted wind approaches zero and its

vorticity approaches that of the original wind. A constant

correction is added to the u and v components of the final

adjusted wind so that the average values of the nondivergent

components agree with the average values of the original

components. Finally, the resulting fields of VND were

subtracted from the total wind to produce V D•

4.2 Control simulation description and verification

4.2.1 Evolution of the simulated weather patterns

Comparison of the 12-h simulated (Fig. 4.2) with observed

(Fig. 2.2) geopotential height fields shows that the model has
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predicted the formation of a lee cyclone with closed isobars

in the lower troposphere in agreement with observations. The

intensity and location of the lee cyclone were well predicted

(Fig. 4.2a). The low-level southwesterly monsoon flow was

under development (Fig. 4. 2c). The upper-level short-wave

trough has developed at this time (Fig. 4.2b). A well-defined

jet streak with an elongated region of maximum winds exceeding

45 m S-1 extended southeastward from 40oN , 1100 E to southern

Korea, and a secondary curved ULJ was situated at the base of

the upper-level short-wave trough over southwestern China

which was related to the deepening lee cyclone in the lower

troposphere (Fig. 4.2d).

The lee cyclone kept deepening in the next 12 h. Although

the intensity of the lee cyclone in the lower troposphere

(Figs. 4.3a) was in agreement with observation, the position

of the cyclone center was somewhat west of the observed

position (Fig. 2.3). At this time, an important development in

the model was a strong southwesterly flow at both the 850- and

700-hPa levels (Fig. 4.3c). The intensity and axis of the

strong southwesterly flow was favorably simulated compared

with the observation (Fig. 2.3). However, the simulated

northerly flow was somewhat stronger than the observation. The

upper-level short-wave trough has simulated (Fig. 4.3b) with

its trough axis tilting northwest-southeastward, the ULJ

associated with the short-wave trough intensified and moved

ahead of the trough, while the northern jet streak retreated
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northeastward (Fig. 4.3d). The pattern of the ULJ (Fig. 4.3d)

was simulated in agreement with the observation, its intensity

was weaker than its observed counterpart.

Comparison of the infrared satellite imagery (Fig. 2.19)

with simulated maxima relative humidity fields at the 400-hPa

level (Fig. 4.4) shows that the model has developed the comma

shaped cloud along the southeastern China coast.

A useful measurement of model verification is

precipitation amount. Abundant precipitation was produced over

southeastern China during the development of the cyclone.

During the first 24-h simulation, two rain bands developed

with one ahead of, and the other behind the cyclone (Fig.

4.5a), which compared with the observation (Fig. 2.8). The

precipitation was mainly from the stratiform cloud (Figs.

4.5b-c).

4.2.2 Development of the strong southwesterly flow and ULJ

Since the evolution of the cyclone and the strengthening

of the southwesterly flow and ULJ were well simulated in the

model, we further diagnosed the ageostrophic wind component to

reveal the physical processes responsible for the

intensification of both the southwesterly flow and the ULJ.

At the 700-hPa level, the cross-isobar ageostrophic winds

were pointing toward lower pressure in the regions east and

southeast as well as an area west of the simulated cyclone

(Figs. 4.6a-b). They were the areas that experienced a
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significant increase in the speed of the simulated along

isobar wind component in a 24-h period (Figs. 4.6a-b). In the

southwest quadrant of the cyclone, where the cross-isobar

ageostrophic winds were pointing toward higher pressure, the

speed of the simulated along-isobar wind component decreased.

The strengthening (weakening) in the simulated along-isobar

winds were apparently related to the Coriolis force acting on

the cross-isobar ageostrophic winds. The pattern of the

isallohypsic winds (Figs. 4.6c-d) was similar to that of the

cross-isobar ageostrophic winds. Regions where isallohypsic

winds were pointing toward lower (higher) pressure experienced

an increase (decrease) in the geostrophic winds. The pattern

of the 24-h differences in the geostrophic wind speed (Figs.

4.6c-d) was similar to that of the 24-h differences in the

simulated along-isobar wind component (Fig. 4.6a-b). These

features are essentially similar to the results in Chapter 2

and suggest that the intensification of the southwesterly flow

is closely related to the local change in the geopotential

gradients as the lee cyclone deepened and moved eastward.

Similar results were found for the 250-hPa level (Fig.

4.7) except that the 24-h increase in the speed of the ULJ in

the direction parallel to geopotential height contours (Figs.

4.7a-b) is only approximately half of that of the geostrophic

value (Figs. 4.7c-d), whereas the 24-h increase in the speed

of the strong southwesterly flow (Figs. 4.6a-b) in the

direction parallel to geopotential height contours is
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comparable to that of the geostrophic winds (Figs. 4.6c-d).

These results are also in agreement with those diagnosed from

the observed data. It is apparent that results from our

numerical experiment have reproduced the basic features and

the physical processes for the development of the cyclone and

the intensification of the southwesterly flow.

4.3 sensitivity tests

4.3.1 No latent heating

The effects of latent heating were studied by removing

the latent heat release associated with both the convective

and grid-scale precipitation from the thermodynamic equation

in NOLH. Fig. 4.8 shows the 24-h 700 and 250-hPa simulation

results. It is evident that latent heating has significant

impact on the development of the cyclone in the lower

troposphere. The lee cyclone in the lower troposphere was weak

(Figs. 4.8a). The speed of the southwesterly flow ahead of the

trough is less than 10 m S-I which is less than half of that in

CTRL. It is shown that the simulation reproduced the upper

level short-wave trough (Fig. 4.8b). The ULJ was not

significantly affected by the removal of diabatic heating

associated with precipitation (Fig. 4.8c).

4.3.2 No surface fluxes

The removal of the surface fluxes (NOBLYR) had minor
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impact on the development of the cyclone (Fig. 4.9). The model

successfully captured the formation of a closed lee cyclone in

the lower troposphere (Fig. 4.9a) with its location and

intensity compared favorably with that in CTRL. The intensity

and orientation of the strong southwesterly flow (Fig. 4.9c)

were well simulated. However, the low-level northerly flow

behind the cyclone (Fig. 4.9c) was weaker than that in CTRL

(Figs. 4.3c). This test demonstrated that the intensification

of the southwesterly flow is different from the development of

the nocturnal boundary layer jet, which is strongly modified

by the planetary boundary physics (Blackadar 1957). It also

reproduced the deepening of the upper-level short-wave trough

(Fig. 4.9b) and the intensification of the ULJ (Fig. 4.9d).

4.4 Effects of latent heating

It has been demonstrated that the removal of latent

heating associated with precipitation from the thermodynamic

equation in NOLH produced a dramatic impact on the development

of the cyclone in the lower troposphere. In this section we

will focus on the comparison between CTRL and NOLH to assess

the effects of latent heating on the cyclogenesis and the

intensification of the southwesterly flow.

4.4.1 Evolution of the potential vorticity

As demonstrated earlier, latent heat release did not
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affect the upper-level short-wave trough significantly. A

comparison of the evolution of potential vorticity (PV) at the

250-hPa level between CTRL and NOLH was made to assess the

effects of latent heating on tropopause folding and the upper

level front.

Initially (Fig. 4.10a), the upper-level PV maximum

associated with the developing upper-level short-wave trough

was located at -40~, 100oE . In CTRL, this PV maximum increased

and moved southeastward (Fig. 4 .10b). The PV maximum also

increased and moved southeastward in NOLH (Fig. 4.10c) with

its intensity and path comparable to those in CTRL. The PV

cross sections (Fig. 4.11) show that relatively high PV

extended downward to 500-hPa level in both CTRL (Fig. 4.11a)

and NOLH (Fig. 4 .1Ib). However, in CTRL high PV extended

farther downward to below the 500-hPa level at 24 h than it

did in NOLH. These comparisons show that upper-level front and

tropopause folding were not strongly affected by the removal

of diabatic heating associated with precipitation.

4.4.2 Thermal and dynamic field differences between CTRL and

NOLH

In order to better understand the significance of latent

heating on the cyclogenesis and the intensification of the

southwesterly flow, the differences in the thermal and dynamic

fields between CTRL and NOLH are investigated in this section.

The 50o--250-hPa thickness difference between CTRL and
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NOLH (Fig. 4.12a) shows that just above the low-level cyclone

center, latent heating exceeded adiabatic cooling. One of the

direct influences of the diabatic heating in the upper levels

is the increase in thickness ahead of the upper-level trough

in CTRL (Fig. 4.12a) as found by Pauley and smith (1988). The

difference in the 250-hPa winds between CTRL and NOLH shows

anticyclonic winds ahead of the trough with higher

geopotential height in CTRL than in NOLH (Fig. 4.12b). In the

upper troposphere, the ageostrophic wind associated with the

local change of wind (Fig. 4.12c), which was mainly

contributed by the isallohypsic wind (Fig. 4.7d), was

apparently convergent, and was not strongly influenced by

latent heat release (compare Figs. 4. 12c and 4 .12d). The

upper-level divergence was essentially contributed by the

ageostrophic wind owing to the inertial-advection term (Fig.

4.12e), which was influenced by latent heat release ahead of

the upper-level trough (compare Fig. 4.12e and Fig. 4.12f).

Fig. 4.12f shows the upper-level divergence even WITHOUT

latent heat release! The rising motion ahead of the trough was

driven dynamically and enhanced by latent heat release. In

other words, the dynamic forcing aloft associated with the

upper-level baroclinic wave is important for the spin-up of

the low-level vortex. This is one of the key difference

between this study and other LLJ studies over southern China.

Figure 4.13a shows the 85~500-hPa thickness difference

between CTRL and NOLH. It is interesting to note that
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southeast (northwest) of the cyclone center, CTRL is warmer

(colder) than NOLH. The southerly (northerly) winds in CTRL

(Figs. 4.3a-b) were stronger than their counterparts in NOLH

(Figs. 4. 8a-b), which enhanced the thermal and moisture

advection. The combined effect of condensation heating and

warm advection (evaporative cooling and cold advection) ahead

of (behind) the cyclone center exceeded adiabatic cooling

(warming), therefore enhancing the low-level baroclinity.

Nagata and Ogura (1991) also pointed out that evaporative

cooling from stratiform raindrops generated a marked

frontogenetical forcing and created a cold pool beneath the

sloping frontal surface. The differences in the 700-hPa winds

between CTRL and NOLH show cyclonic winds near the cyclone

center with lower geopotential in CTRL than in NOLH (Fig.

4 .13b). It is apparent that latent heat release plays an

important role for the deepening of the cyclone in the lower

troposphere. The divergent wind (Endlich 1967) at the 700-hPa

level (Fig. 4.13c) was very similar to the divergent part of

ageostrophic wind due to local change of wind (Fig. 4.13d),

which was mainly contributed by the isallohypsic wind (Fig.

4.6d). These facts attest that the divergence in the lower

troposphere was mainly due to the local change of geopotential

height which was associated with the development and movement

of the lee cyclone. The difference field in Fig. 4.13b shows

that wind speed increase due to diabatic heating effect is not

symmetric around the cyclone center. The background
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southwesterly monsoon flow is not important in the

interpretation of the strong southwesterly flow ahead of the

cyclone center. The southwesterly flow ahead of the cyclone

strengthened in response to the increase in pressure gradients

associated with the development and eastward movement of the

cyclone and the enhanced low-level baroclinity. Latent heating

had a dramatic impact on the ageostrophic wind due to local

change of wind, which mainly contributed to the low-level

convergence (compare Figs. 4.13e to 4.13f).

4.4.3 Frontogenesis and its associated secondary circulation

As discussed above, latent heat release enhanced the low

level baroclinity. The development of baroclinity can be

described by the frontogenetical function [Eq. (2.8)]. This

section presents frontogenesis and its associated secondary

circulation during the evolution of the model cyclone.

In the lower (Fig. 4.14a) and upper (Fig. 4.14b)

troposphere, the deformation term made a frontogenetical

contribution along the frontal zone, while the tilting term

and diabatic term offset each other. In NOLH, the

frontogenesis owing to horizontal deformation was much weaker

in the lower troposphere (Fig. 4.14c) compared to that in CTRL

(Fig. 4.14a). However, the frontogenesis due to horizontal

deformation barely changed in the upper troposphere (Fig.

4.14d). It is demonstrated once again that the upper-level

dynamics was not strongly affected by latent heating.
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One of the most important consequences of the

frontogenetical forcing is the development of the secondary

circulation to restore the thermal wind balance. Charts of the

85G-500-hPa (50~200-hPa) thickness were superposed with the

700-hPa (300-hPa) relative vorticity (Fig. 4.15) to examine

the distribution of vertical motion in the lower (upper)

troposphere implicitly. Whenever there is cyclonic

(anticyclonic) advection of vorticity by the thermal wind we

can infer ascent (descent) according to the quasi-geostrophic

theory (Sutcliffe 1947; Trenberth 1978). In NOLH, the thermal

wind advection of relative vorticity is insignificant in the

lower troposphere (Fig. 4.15a). In CTRL, the positive

vorticity advection by the thermal wind is evident ahead of

the cyclone center in the lower troposphere (Fig. 4 .15b) ,

indicating rising motion there. Warm (cold) air was· observed

ahead of (behind) the cyclone (Fig. 4.15) suggesting the

conversion from the available potential energy to kinetic

energy. It is apparent that the diabatic heating enhanced the

baroclinic conversion in the lower troposphere.

In the upper troposphere, without diabatic heating the

thermal wind advection of relative vorticity is evident ahead

of the trough (Fig. 4. 15c), suggesting the presence of dynamic

forcing associated with the baroclinic wave. with the diabatic

heating, the thermal wind advection of relative vorticity is

more significant (Fig. 4 .15d). Furthermore, the thickness

pattern was also modified with warm (cold) air ahead of

59



(behind) the trough than in NOLH (Fig. 4.15d), suggesting the

generation of available potential energy in CTRL by including

the diabatic heating and the increase in the baroclinic energy

conversion in the upper level. Fig. 4.16 further demonstrates

that baroclinic conversion term -wa was significantly enhanced

in CTRL than in NOLH.

The vertical p-velocity (w) was computed from the

kinematic method. In CTRL, the horizontal distribution of w at

the 700-hPa level (Fig. 4.17a) reveals rising (sinking) motion

ahead of (behind) the trough. In the upper level, rising

motion was (Fig. 4.17b) ahead of the trough axis where the

frontogenetical forcing due to horizoptal deformation had a

maximum. The corresponding simulated relative humidity field

(Fig. 4.4) was consistent with the upward (downward) motion

pattern (Figs. 4.17a-b). In NOLH, the vertical motion was much

weaker in the lower (Fig. 4.17c) and upper (Fig. 4.17d)

troposphere. Results from our case study are similar to that

found by Kuo et al. (1991) for the QE-II storm. In a numerical

simulation on the QE-II storm, they found that in the course

of rapid intensification of the storm, diabatic heating

associated with latent heat release was the dominant forcing

mechanism for the vertical motion of the simulated storm,

whereas the diabatic heating also significantly modified the

baroclinic structure of the storm to reinforce its adiabatic

vertical motion. They also suggested that extratropical

cyclogenesis should be viewed in the context of moist
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baroclinic instability with nonlinear interactions between the

baroclinic dynamics and diabatic processes. The above results

on the rop 5 cyclone event suggest that the development of the

lee cyclone and the subsequent intensification of the

southwesterly flow prior to the seasonal transition is related

to moist baroclinic dynamics, rather than convective latent

heat release which was found for late season cases (Chen and

Chang 1980; Chen and Dell'Osso 1984).

The differences in the vertical cross sections between

CTRL and NOLH show that the secondary circulation across the

front system is much stronger and concentrates in the frontal

zone in CTRL than in NOLH (Fig. 4.18a). The difference in wind

component perpendicular to the strong southwesterly flow axis

between CTRL and NOLH shows that in the lower troposphere, the

intensity of both southwesterly flow and northerly flow was

significantly enhanced by latent heat release (Fig. 4.18b). It

is apparent that latent heat release feeds back to the large

scale flow and strengthens the secondary circulation across

the front system.

4.5 Summary

A numerical investigation has been performed with MM4 to

study the 1-2 June 1987 cyclone event. Comparison between the

CTRL and observations demonstrated that the model had

successfully reproduced the major features associated with
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this case including cyclone path, the intensification of the

southwesterly flow, the distribution of precipitation, and the

secondary circulation across ·the front system.

Additional sensitivity tests showed that removal of the

latent heating feedback to the thermodynamic equations had a

dramatic impact on the cyclogenesis and the intensification of

the southwesterly flow in the lower troposphere, but surface

fluxes of heat and moisture had minor impact on the

cyclogenesis and the intensification of the southwesterly

flow. However, the upper-level flow patterns were not strongly

affected by these physical processes.

The spin-up of the lee cyclone in the lower troposphere

is caused by the arrival of the upper-level trough, the low

level cold air advection behind a midlatitude trough, and the

positive feedback from latent heat release. The lee trough

provides the initial low-level vorticity. The initial

deepening of the lee vortex is caused by the vertical motion

associated with the upper-level trough and the low-level cold

air advection. Latent heating results in an anticyclonic

circulation ahead of the trough in the upper levels, an

enhanced low-level cyclonic circulation, and a stronger

secondary circulation. The combined effect of condensation

heating and warm advection (evaporative cooling and cold

advection) ahead of (behind) the cyclone center exceeded

adiabatic cooling (warming) and increased the low-level

thermal contrast. The southwesterly flow strengthened in
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response to the increase in pressure gradients associated with

the development and eastward movement of the cyclone and the

enhanced baroclinity through thermal wind adjustment. It

transported warm, moist air from the south as the moisture

source for condensation. These processes interacted

nonlinearly and made a positive feedback loop that led to the

further deepening of the cyclone and the intensification of

the southwesterly flow.
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CHAPTER FIVE

A NUMERICAL STUDY OF THE STRONG SOUTHWESTERLY FLOW

DURING TAMEX lOP 5. PART II: KINETIC ENERGY BUDGET

An energy budget is a powerful tool in determining the

processes important for the development of weather systems.

Chen and Wiin-Nielsen (1976) considered relative contributions

of the divergent and nondivergent wind components to kinetic

energy balance in a closed system. They found that although

the divergent kinetic energy was small in magnitude, it played

a crucial role in the generation and transport of kinetic

energy in the atmosphere. Chen et al. (1978), Krishnamurti and

Ramanathan (1982), Fuelberg and Browning (1983), Buechler and

Fuelberg (1986), and Fuelberg and Buechler (1989) stressed the

quasi-catalytic role of the divergent wind in the energy

conversion between the total potential energy and the kinetic

energy in open systems. By partitioning energy into components

for the mean flow and the eddy field, Orlanski and Katzfey

(1991), Orlanski and Chang (1993), and Orlanski and Sheldon

(1993) revealed that early growth of the system was dominated

by the convergence of geopotential fluxes. Baroclinic

conversion, mostly in the form of cold advection, became the

primary energy source only after the development was well

under way. They called this sequence "downstream baroclinic

development" (OED). The effects of latent heat release on

western Atlantic and the Great Plains extratropical cyclones
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also have been investigated through energetic analyses. Latent

heat release enhances the conversion of potential to kinetic

energy (Danard 1964, 1966a, and 1966b; Chang et ale 1984;

Kenney and Smith 1983; Robertson and Smith 1983; smith and

Dare 1986; Pauley and Smith 1988).

Although a number of energetic analyses on western

Atlantic and the Great Plains extratropical cyclones have been

performed, corresponding research on cyclones in the lee side

of the Tibetan Plateau is rare in the literature, especially

for the early summer rainy season cases. Chen and Dell'Osso

(1984) performed an energy bUdget diagnosis for a simulated

summer heavy rainfall vortex over the eastern Asia monsoon

region. They later simulated a winter east Asian coastal

cyclone (Chen and Dell'Osso 1987). In both cases, it was found

that for the vertically integrated energetics, the cross

contour flow was the only source of kinetic energy. In Chapter

4, we demonstrated that the MM4 is fairly successful in

reproducing many of the observed synoptic-scale features of

the lOP 5 case. Detailed energy bUdget analyses can help our

understanding of the processes responsible for the development

of the lee cyclone and the intensification of the

southwesterly flow. The energetics associated with the

cyclogenesis and the intensification of the southwesterly flow

during the lOP 5 are analyzed and the role of latent heat

release is further investigated in this chapter based on the

simulated dynamically consistent model output in Chapter 4.
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The following issues will be addressed: 1) What are the energy

sources of the strong southwesterly flow; 2) How do these

energy sources vary between the lower and upper troposphere;

and 3) What are the effects of latent heat release on the

energetics. In section 5.1, the energy budget equations in a

limited region are derived. The details of the control

simulation energetics are described in section 5.2. The

effects of latent heat release on energetics are investigated

in section 5.3. Section 5.4 summarizes and discusses the

results.

5.1 Energy bUdget equations

5.1.1 The basic equations

The momentum and hydrostatic equations in pressure

coordinates can be written as follows (Holton 1992):

dV +(0) aV+ fkxV=-V'<I>+F
dt ap r

(5.1)

(5.2)

Fe stands for the frictional forces, djdt is defined as

aj at + v· Vp • The rest of the symbols have their usual

meteorological meaning.

The continuity equation in pressure coordinates is
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The surface w is given by

e», f s;
W =-+V .\lp =- V 'Vdp

5 at B soP

where Ps is the surface pressure.

5.1.2 Partitioning of the kinetic energy equation

(5.3)

(5.4)

In order to stress the importance of divergence in the

energy bUdget, here we follow the method of Fuelberg and

collaborators to partition the kinetic energy into its

divergent and nondivergent components in an open system

(Fuelberg and Browning 1983; Buechler and Fuelberg 1986;

Fuelberg and Buechler 1989).

According to Helmholtz's theorem we have

(5.5)

where VND is the nondivergent wind and VD is the divergent

wind. The kinetic energy per unit mass (k) is defined as

k=V·V/2. The divergent kinetic energy and the

nondivergent kinetic energy (kND) are defined as k D=VO'Vo/2 and

kNO=VNO'VNO/2, respectively. Applying these definitions to (5.

5), we have

The component equations for (5. 1) are
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By introducing the following identities:

uau+vau=ak_(v
ax ay ax

(5.7)

(5.8)

(5.9)

(5.10)

where t=avND/aX-aUND/ay is the vorticity, Eqs (5. 7) and (5. 8)

can be written in the form:

(5.11)

(5 . 12)

By introducing the divergent and nondivergent winds and

kinetic energy components in (5.11) and (5. 12), we obtain:

(5.13)

68



(5.14)

We multiply (5. 13) by UND and (5. 14) by V ND I add the

resulting equations I we get the bUdget equation for the

nondivergent kinetic energy:

(5.15)

By taking the dot product of (5. 1) and V, we obtain the

budget equation for the total kinetic energy:

SUbtracting (5. 15) from (5. 16) we have:

ak sv ak at':
_D=-v.·~-[-('+f) (V ·(kxV»-w--...EE-wV: .--2]at D at ND D ap ND ap

-v ·v"'-v· (V J...) -~ (wk) +V ·FD 'i' tr> ap D r

By defining

Eqs (5. 17) and (5. 15) can be rewritten as:
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akND =-V, • aVD -ct» k ) -V ·v~-v· (V, v) +V 'Fat ND at D' ND ND 'I' ND" ND r

OKR INTR GR HFR DR

(5.19)

(5.20)

Eqs. (5. 19) and (5. 20) can be illustrated by the energy

diagram in Fig. 5.1, where PE represents the potential energy

and lines connecting reservoirs denote conversions. Terms INTO

and INTR arise from VNO'VO due to the open system being

studied. The total conversion between ko and kNO is denoted by

C(ko, k ND ) . The baroclinic and barotropic conversions are

represented by GD and GR, respectively. Physically, the

barotropic process cannot cause the conversion between the

potential energy and the kinetic energy over the whole

atmosphere. This energy conversion is completely accomplished

by the baroclinic process (Chen and Wiin-Nielsen 1976). HFD

and HFR denote horizontal import of k by VD and VND ,

respectively. VFK is vertical flux divergence of k and only

affects ko since w arises from Vo' Dissipation terms DO and DR

represents residuals which include frictional processes as

well as transfers of energy between resolvable and

unresolvable scales of motion, and accumulation of possible

errors from other terms in their respective equations.
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5.2 Energetics in control simulation

5.2.1 Area-averaged energetics

Averaged energetics in the area in which the cyclone is

embedded (Fig. 4.3c) is described in this section. The

vertically integrated total kinetic energy (k) is dominated by

nondivergent kinetic energy (kNO) , while the divergent kinetic

energy (ko) and the correlation term VNO'VO only constitute a

minor portion of k (Table 5.1). Both k and kNO increase

significantly during the deepening stage of the cyclone

(Table. 5.1). For vertically integrated energetics (Tables.

5.2-5.3), the dominant source of k D is the cross-contour

conversion from PE by V o (GO), which is converted into kNO

through term C (ko, kNO) . Term VFK is vertically integrated into

zero, its function is to vertically redistribute the kinetic

energy. The energy is lost through terms INTD, HFO, and OD.

The major source of kNO is GR, while C (ko' k NO ) plays a

secondary role. The horizontal import of k by VNO (HFR) is

also a small term. As the system deepens, the relative

importance of C(kD , k NO ) as a source of k ND becomes more

significant. An examination of individual layers (Tables 5.2

5.3) shows that in the lower (upper) troposphere C(ko' kND )

(GR) is greater than GR (C(ko' kNO» acting as the major energy

source of k NO •

A close examination of Fig. 5.2 shows that in the lower

troposphere, the dominant source of ko is GO, and C(ko' k NO ) is
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the major sink of ko • C(ko ' k NO) is the dominant source of kNO,

while GR is the second largest. These facts demonstrate that

baroclinic energy conversion from PE to k NO via C(ko ' kNO)

plays the dominant role in the low-level energy bUdget. In

spite of these major transports and conversions, k D itself is

very small and barely changes (Table. 5.1), indicating its

role as a "catalyst" (Chen et al. 1978) in converting PE into

k NO•

The energetics of the upper troposphere (Fig. 5.2) are

quite different from that of the lower troposphere. Unlike the

lower troposphere, GR dominates the energy source of kNO as

the cyclone deepens, while C(kD, k NO) converts energy from kNO

into ko •

As presented previously, one of the most striking

features during the lOP 5 was the intensification of the

southwesterly flow to the southeast flank of the cyclone

center. In the upper troposphere, the ULJ strengthened during

the intensification of the southwesterly flow over

southeastern China. To further explore the energetics

associated with the intensification of the southwesterly flow

and the ULJ, it is desirable to examine the horizontal

distribution of energy conversion for both the lower and upper

troposphere separately. Horizontal maps of individual terms in

the kinetic energy budget equations will be presented to

describe the energetics for the lower (surface-650-hPa) and

upper (45Q-200-hPa) troposphere in the following subsections.
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5.2.2 Low-level energetics

The evolution of the flow can be shown by the integrated

kND in the surfac~50-hPa layer in Fig. 5.3. Both the strong

southwesterly flow and the strong northerly flow began to

emerge at l2-h (Fig. 5. 3a). After l8-h, both strong flow

developed very well (Fig. 5.3b). The amount of kD also

increases slightly during the deepening of the cyclone (Figs.

5.3c-d).

The examination of the integrated DKR in the surfac~50

hPa layer showed that before 12-h, the kinetic energy

associated with the strong northerly flow increased faster

than that associated with the strong southwesterly flow (Fig.

5. 4a). After 12-h, the kinetic energy associated with the

strong southwesterly flow increased faster than that with the

strong northerly flow (Fig. 5.4b). DKD (Figs. 5.4c-d) is an

order of magnitude smaller than DKR.

In the area encompassing the strong southwesterly flow

ahead of the cyclone center (Figs. 5.3a-b), the primary source

of k D is GD (Figs. 5. 5a-b). This is due to the persistent

isallohypsic forcing accompanying the deepening of the

cyclone. HFD (Figs. 5.5c-d) contributes to the increase of kD•

For this area, energy is removed by VFK from the lower

troposphere and exported to the upper troposphere which is

associated with the upward motion (Figs. 5. 5e-f). Another

major sink of k D is C(kD , k ND ) (Figs. 5.5g-h). The fact that

the pattern of C(kD , kND ) (Figs. 5.5g-h) is similar to that of
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the GO (Figs. 5.5a-b) demonstrates that most of the generated

energy (ko) from PE is immediately converted into and becomes

a major source of k NO• Therefore, k o only acts as an important

bridge connecting PE and k NO • GR is not significant until 24-h

(Figs. 5.6a-b). HFR advects energy downstream from the maximum

k ND center (Figs. 5.6c-d), and is related to the northeastward

movement of the strong southwesterly flow.

The above results demonstrate that the intensification of

the southwesterly flow is related to the increase in k NO• The

most important energy source of k o is GD generated from PE

through the cross-isobar divergent winds associated with the

deepening of the lee cyclone, which is immediately converted

into kNO via C(ko, k ND) to maintain the strong southwesterly

flow.

In the area encompassing the strong northerly flow behind

the cyclone center (Figs. 5.3a-b), the individual terms in Eq.

(5.20) are stronger than their corresponding terms in the area

encompassing the strong southwesterly flow ahead of the

cyclone center. Energy is transported downward by VFK from the

upper troposphere into the lower troposphere associated with

downward motion (Figs. 5.5e-f), and becomes energy source of

k o• Energy is lost through GR significantly after 18-h (Figs.

5.6a-b).

5.2.3 Upper-level energetics

To further explore the development of the ULJ, kND and k D
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bUdgets were computed for the 40G-200-hPa layer. The amount of

k is dominated by kNO (Figs. 5.7a-b), which increases during

the intensification of the ULJ. Unlike in the lower

troposphere, ko decreases as the ULJ intensifies (Figs. 5.7c

d) •

DK is dominated by DKR (Figs. 5.8a-b). DKO (Figs. 5.8c-d)

is approximately two orders of magnitude smaller than both OK

and DKR. In the region encompassing the ULJ, the major source

for positive OKO is GO (Figs. 5.9a-b). HFO advects energy away

from the maximum energy center (Figs. 5.9c-d). VFK transports

energy upward from the lower troposphere (Figs. 5.ge-f). C(ko '

k NO ) converts energy from k NO into ko (Figs. 5. 9g-h) and

becomes a source of k o • For the ULJ, the major source of kNO

is GR (Figs. 5.10a-b), with some contribution from HFR (Figs.

5.10c-d). Since V·VND = 0 by definition, GR and HFR are

strictly the advective processes by the nondivergent wind.

5.3 Effects of latent heat release on energetics

It was demonstrated that latent heating played an

important role in the development of the cyclone system in the

lower troposphere. In this section, the energetics in the NOLH

will be investigated and compared with those in section 5.2 to

reveal the significance of latent heat release on the

generation of kinetic energy and to improve our understanding

of the intensification of the southwesterly flow and the ULJ.
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There was a net gain in k, kND , and kD in the CTRL as

compared to the NOLH (Table. 5.1). A comparison between Figs.

5.11 and 5.2 shows that in the upper troposphere the ratio

k (NOLH) /k (CTRL) is approximately 1. 0; while in the lower

troposphere this ratio drops below 0.5 as the system develops.

This fact demonstrates that latent heating had a significant

effect on the generation of kinetic energy in the lower

troposphere but not in the upper troposphere. By comparing

Tables 5.4-5.5 to 5.2-5.3, it is apparent that for both k o and

k ND bUdgets, the vertically-integrated generation, sUbgrid

scale dissipation, and conversion between ko and kNO are all

smaller in the NOLH than in the CTRL.

Although GO is still the dominant source of k o in the

lower troposphere (Fig. 5.11), its magnitude is much smaller

than that in the CTRL (Fig. 5.2). The lee cyclone failed to

fully develop in the NOLH owing to the absence of latent heat

release, therefore, both the geopotential gradient and

divergent wind are small. This resulted in weaker GO in NOLH

than CTRL. The energy conversion also slows down in the lower

troposphere with C(ku ' kNO) decreasing.

In the upper troposphere (Fig. 5.11), GR is still the

dominant source of k ND as in the CTRL with its magnitude

comparable to that in the CTRL (Fig. 2). Latent heat release

has a remarkable effect on k u through the generation term GO.

However, it has minor impact on kND , because the dominant

energy sources of k ND are GR and HFR.
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5.4. Summary

Based upon real-data simulation experiments, detailed

energetics analyses were carried out and the effects of latent

heating were diagnosed to further understand the mechanisms

responsible for the development of the lee cyclone and the

intensification of both the southwesterly flow and the ULJ.

The major findings for this particular case are summarized as

follows:

(1) The major component for total kinetic energy k is

nondivergent kinetic energy k No • Divergent kinetic energy ko

and the correlation term VNO·V O only constitute a minor portion

of k.

(2) In the lower troposphere, the intensification of the

southwesterly flow is primarily related to the increase in

nondivergent kinetic energy k ND• The primary energy source of

divergent kinetic energy k D is baroclinic conversion term (GO)

which converts potential energy into divergent kinetic energy

through the work done by the cross-contour divergent winds

associated with the deepening and movement of the lee cyclone.

The generated energy from potential energy into divergent

kinetic energy is immediately converted into nondivergent

kinetic energy k ND by the Coriolis effect, which is the major

term in the conversion term from divergent kinetic energy into

nondivergent kinetic energy [C (ko ' k ND) ] , to maintain the

strong southwesterly flow.
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(3) The upper-level energetics are quite different from

that in the lower troposphere. Although the intensification of

the ULJ is still due to the increase in nondivergent kinetic

energy k No ' its two most important energy sources are the

barotropic conversion term (GR) and the horizontal import of

kinetic energy by nondivergent wind (HFR), which are actually

associated with the upper-level advective processes by the

nondivergent wind.

(4) In the lower troposphere, latent heating

significantly enhances the baroclinic conversion term (GO),

and also increases the conversion term from divergent kinetic

energy into nondivergent kinetic energy [C(ko , kNo») , thereby

creating a large nondivergent kinetic energy kND• In the upper

troposphere, the dominant sources of nondivergent kinetic

energy k NO are the barotropic conversion term (GR) and the

horizontal important of kinetic energy by nondivergent wind

(HFR). Latent heating directly affects divergent kinetic

energy ko through the baroclinic conversion term (GO). The

conversion term from divergent kinetic energy into

nondivergent kinetic energy [C(ko, kND») is not an important

source of k~, so that latent heating does not affect the

intensity of the upper-level jet significantly.
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CHAPTER SIX

SUMMARY AND CONCLUSIONS

During the early summer rainy season over southern China

and Taiwan, heavy rainfall of at least 100 mm per day is

frequently accompanied by a strong southwesterly flow in the

lower troposphere. Previous studies on the physical mechanisms

responsible for the intensification of the southwesterly flow

during the warm, rainy season over east Asia have focused on

the geostrophic adjustment process driven by convective

heating based on late season cases. The momentum generation in

lower levels is thought to result from the secondary

circulation induced by convective latent heat release. This

thermally direct circulation maintained both the

southwesterlies in the lower troposphere and the easterlies in

the upper troposphere south of the convective precipitation

area. For early season cases with appreciable baroclinity

across the front, the studies on the physical mechanisms

responsible for the intensification of the southwesterly

monsoon flow have been inconclusive. This dissertation focuses

on the dynamics of the intensification of the southwesterly

monsoon flow during TAMEX through observational and numerical

studies.

An evaluation of the lOP 5 strong southwesterly flow

event and a survey of all six cases during TAMEX show that

before the seasonal transition, the intensification of the
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southwesterly monsoon flow ahead of the trough is closely

related to the developing lee cyclone to the east of the

Tibetan Plateau. The secondary circulation across the front

system is characterized by a thermally direct circulation with

warm air rising within the southwesterly monsoon flow, cold

air sinking in the postfrontal northeasterlies, and a weak

thermally indirect circulation to the south.

After the seasonal transition in mid-June, the major

baroclinic zone shifts northward, and the upper-level south

Asian high-pressure cell moves over the Tibetan Plateau and

dominates the upper-level circulations. This prevents

baroclinic disturbances from moving into southern China. An

orographically induced lee trough forms southeast of the

Tibetan Plateau at 1200 UTC 22 June. As a vortex develops

within the lee trough, a strong southwesterly flow is observed

over the southern China coast. The spin-up of the lee vortex

is mainly attributed to latent heat release. The secondary

circulation across the strong southwest flow is characterized

by rising motion northwest of the southwest flow and broad

sinking motion to the south.

The MM4 model is used to simulate the cyclogenesis event

during the rop 5. Evaluation of the model results indicates

that the model successfully reproduces most of the synoptic

features of this event including cyclone path, the

intensification of the southwest flow, the distribution of

precipitation, and the secondary circulation across the
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frontal system. Condensation heating and warm advection

(evaporative cooling and cold advection) exceed adiabatic

cooling (warming) ahead of (behind) the cyclone in the lower

troposphere, therefore enhancing the low-level baroclinity.

The latent heating results in an upper-level anticyclonic

circulation ahead of the trough and an enhanced low-level

cyclonic circulation. Latent heat release has little impact on

the potential vorticity and tropopause folding in the upper

levels which are closely related to the arrival of the upper

level baroclinic wave.

The results from the diagnoses of the divergent and

nondivergent components of the kinetic energy (kD and k ND)

bUdgets based on the model output show that the major

component of total kinetic energy k is nondivergent kinetic

energy k ND • In the lower troposphere, the dominant source of

divergent kinetic energy k D is the baroclinic conversion from

potential energy into divergent kinetic energy through the

work done by the cross-contour divergent wind (-VD·V~).

Divergent kinetic energy k o provides a major source for

nondivergent kinetic kND through the conversion process which

is mainly due to the Coriolis effect. The energy transformed

from total potential energy into divergent kinetic energy kD

is immediately converted into nondivergent kinetic energy kND,

leaving divergent kinetic energy kD nearly unchanged. These

results suggest that the strong southwesterly flow is

generated primarily by the divergent winds crossing the
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isobars as the cyclone deepens and moves. In the upper

troposphere, the dominant source of divergent kinetic energy

ko is still the baroclinic conversion term (-Vo·V¢). The major

source of nondivergent kinetic energy kNO is not the

conversion from divergent kinetic energy k D , but the

barotropic conversion and the divergence of kinetic energy k

flux by the nondivergent wind, which is strictly the advective

process by the nondivergent wind. It is apparent that the

upper-level jet is primarily related to the arrival of the

upper-level trough. In the lower troposphere, latent heating

significantly enhances the baroclinic conversion term (-Vo·V¢)

and increases the conversion from divergent kinetic energy kD

into nondivergent kinetic energy kND , thereby creating a large

nondivergent kinetic energy kNO • In the upper troposphere, the

conversion from divergent kinetic energy k D into nondivergent

kinetic energy k ND is not important. Latent heating does not

change nondivergent kinetic energy kND significantly because

the major source of nondivergent kinetic energy k ND is the

barotropic conversion and the divergence of kinetic energy k

flux by the nondivergent wind.

It is apparent that before the seasonal transition,

westerly flow prevails over east Asia in the mid- to upper

troposphere, while southwesterly monsoon flow prevails in the

lower troposphere (Chen 1993), transporting warm moist air

from the south. The spin-up of the lee cyclone in the lower

troposphere is caused by the arrival of the upper-level
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trough, the low-level cold air advection behind a midlatitude

trough, and the positive feedback from latent heat release

(Fig. 6.1). The lee trough provides the initial low-level

vorticity. The large-amplitude upper-level potential vorticity

anomaly associated with the upper-level trough is advected

into the region, where lee trough exists and there is a

preexisting meridional temperature gradient at the surface

between the cold, dry air brought in by the midlatitude trough

around the northeastern periphery of the Tibetan Plateau and

the warm, moist monsoon flow. The dynamically induced vertical

motion (and hence the low-level convergence) associated with

the upper-level trough and the low-level cold air advection

results in the initial deepening of the low-level lee vortex.

The strengthening of the southwesterly flow ahead of the lee

cyclone is related to the increased pressure gradient between

the lee cyclone and the western Pacif ic subtropical high

associated with the development and eastward movement of the

lee cyclone, and the enhanced low-level baroclinity associated

with diabatic heating through thermal wind relationship. The

condensation heating within the warm, moist monsoon flow feeds

back to the large-scale flow. These processes interact

synergistically to make a positive feedback loop and lead to

the further deepening of the lee cyclone and the

intensification of the southwesterly flow.
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Table 3.1 strong Southwesterly Flow Cases
during TAMEX (M-MaYi J-June).

STAGE

CASE 1 2 3 4 5

1 12Z 10M OOZ 11M OOZ 12M 12Z 12M OOZ 13M

2 OOZ 14M 12Z 14M OOZ 15M 12Z 15M 12Z 16M

3a OOZ IBM OOZ IBM aoz 19M OOZ 20M 12Z 20M

3b OOZ 19M 12Z 19M 12Z 20M 12Z 21M OOZ 22M

4 OOZ 30M 12Z 30M OOZ 31M OOZ 1J OOZ 2J

5a OOZ 3J 12Z 3J OOZ 4J 12Z 4J OOZ 5J

5b 12Z 5J OOZ 6J 12Z 6J OOZ 7J 12Z 7J
OOZ 7J

6 12Z 22J OOZ 23J OOZ 24J
12Z 23J

Table 5.1 Volume-integrated kinetic
energy and its components in the box
in Fig. 4.3c. Unites are m2 s~.

CTRL k k NO k o VND·VO

06-h 128.3 124.6 4.2 -0.5
12-h 145.5 138.9 6.5 0.1
18-h 173.0 169.9 6.9 -3.8
24-h 198.7 195.4 6.2 -2.9

NOLH k k NO ko VNO·VO

06-h 113.3 112.6 2.6 -1.9
12-h 123.9 121. 0 2.8 0.1
18-h 155.9 155.7 2.5 -2.3
24-h 166.2 166.2 2.2 -2.2
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Table. 5.2 Area-averaged kinetic energy bUdget terms
for CTRL at 12-h in the box in Fig. 4.3c.

unites are 10-5 m-2 S-3.

Pressure
layer DKD INTD -C (ko,kNo) GD HFD VFK DD
(rob)

200-100 0.8 -0.8 3.1 -5.1 -20.9 30.5 -6.0
300-200 3.0 -0.8 20.5 27.3 -21. 7 -0.8 -21.5
400-300 0.7 -0.1 0.0 21.4 3.0 -16.2 -7.4
500-400 0.4 -0.2 -0.2 7.9 8.4 -13.4 -2.1
600-500 0.4 -0.3 -10.6 11.1 5.7 -1.1 -4.4
700-600 0.3 -0.1 -13.7 14.0 0.4 1.9 -2.2
800-700 0.1 0.0 -12.1 13.0 -0.4 0.2 -0.6
900-800 0.4 0.3 -11.8 15.1 0.0 -0.8 -2.4
SFC-900 0.2 0.0 -6.3 8.5 -0.3 -0.3 -1.4
vertical
Total 6.3 -2.0 -31.1 113.2 -25.8 0.0 -48.0

Table. 5.2 continued.

Pressure
layer DKR INTR C (ko' k NO) GR HFR DR
(rob)

200-100 4.0 0.2 -3.1 26.0 -21.4 2.3
300-200 22.7 8.9 -20.5 62.6 -10.3 -18.0
400-300 18.8 1.0 0.0 32.3 8.1 -22.6
500-400 15.3 -0.5 0.2 12.6 8.8 -5.8
600-500 14.3 -0.2 10.6 2.9 4.4 -3.4
700-600 11.4 -0.1 13.7 0.9 0.9 -4.0
800-700 8.5 0.1 12.1 0.9 0.6 -5.2
900-800 6.8 0.3 11.8 2.0 0.3 -7.6
SFC-900 2.9 0.2 6.3 4.3 -0.4 -7.5
vertical
Total 104.7 9.9 31.1 144.5 -9.0 -71. 8
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Table. 5.3 As in Table. 5.2/ except for CTRL at 24-h.

Pressure
layer DKD INTD -C (kD , k NO ) GD HFD VFK DD
(rob)

200-100 -0.6 -2.1 -4.2 -3.1 -17.1 34.9 -9.0
300-200 -1.1 -0.8 25.0 5.3 -16.2 -6.4 -8.0
400-300 -0.7 -0.1 0.5 18.2 1.3 -13.9 -6.7
500-400 0.0 -0.4 -3.7 9.2 1.4 -2.8 -3.7
600-500 -0.5 -0.4 -4.2 6.4 0.2 0.3 -2.8
700-600 -0.7 0.2 -18.5 17.4 0.5 0.2 -0.5
800-700 -0.3 0.1 -24.2 23.1 0.8 -0.6 0.5
900-800 0.6 -0.3 -29.5 40.3 1.2 -6.3 -4.8
SFC-900 1.1 -0.2 -13.8 27.3 1.2 -5.4 -8.0
vertical
Total -2.2 -4.0 -72.6 144.1 -26.7 0.0 -43.0

Table. 5.3 continued.

Pressure
layer DKR INTR C (ko , k ND ) GR HFR DR
(rob)

200-100 -6.0 10.7 4.2 15.9 -19.8 -17.0
300-200 18.0 5.3 -25.0 66.5 -13.8 -15.0
400-300 25.3 0.7 -0.5 16.9 14.9 -6.7
500-400 26.6 -0.6 3.7 5.4 8.5 9.6
600-500 23.6 -0.1 4.2 0.9 3.0 15.6
700-600 21.2 0.2 18.5 1.3 0.9 0.3
800-700 18.4 -0.1 24.2 3.1 0.9 -9.7
900-800 13.5 -0.4 29.5 6.0 0.8 -22.4
SFC-900 3.3 -0.2 13.8 6.7 0.5 -17.5
vertical
Total 143.9 15.5 72.6 122.7 -4.1 -62.8
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Table. 5.4 As in Table. 5.2, except for NOLH at 12-h.

Pressure
layer OKO INTO -C (ko,kNO ) GO HFO VFK DO
(rob)

200-100 -0.3 -0.5 4.7 -5.3 -11. 6 13.6 -1.2
300-200 0.3 -0.7 13.1 3.3 -8.1 -2.8 -4.5
400-300 -0.1 -0.1 7.3 2.6 2.9 -12.8 0.0
500-400 0.2 -0.2 -3.8 3.6 10.4 -9.0 -0.8
600-500 0.1 0.0 -8.4 1.2 4.6 3.1 -0.4
700-600 0.1 0.4 -3.1 -1.7 -0.5 5.1 -0.1
800-700 -0.2 0.0 -1.2 1.4 -0.7 2.2 -1.9
900-800 -0.3 0.1 -5.2 7.2 -0.2 0.4 -2.6
SFC-900 -0.2 -0.1 -4.1 5.9 -0.3 0.2 -1.8
vertical
Total -0.4 -1.1 -0.7 18.2 -3.5 0.0 -13.3

Table. 5.4 continued.

Pressure
layer OKR INTR C (ko,kND ) GR HFR DR
(rob)

200-100 18.9 -1. 3 -4.7 26.9 0.5 -2.5
300-200 38.8 6.0 -13.1 59.0 9.2 -22.3
400-300 24.7 -0.4 -7.3 36.2 9.5 -13.3
500-400 12.2 -0.9 3.8 11.4 8.8 -10.9
600-500 4.8 -0.1 8.4 1.3 3.4 -8.2
700-600 0.1 0.1 3.1 -0.3 0.7 -3.5
800-700 -1.4 0.3 1.2 -0.9 0.2 -2.2
900-800 0.7 0.2 5.2 1.4 -0.2 -5.9
SFC-900 1.0 0.1 4.1 1.7 -0.4 -4.5
Vertical
Total 99.8 4.0 0.7 136.7 31.7 -73.3
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Table. 5.5 As in Table. 5.2, except for NOLH at 24-h.

Pressure
layer OKO INTO -c (ko , k NO ) GO HFO VFK 00
(rob)

200-100 -0.1 -1.2 -8.9 3.9 -3.1 17.7 -8.5
300-200 -0.1 -1.0 4.5 5.6 4.2 -9.0 -4.4
400-300 0.3 -0.1 6.6 5.8 0.3 -11.1 -1.2
500-400 0.2 -0.5 6.2 -0.7 0.3 -3.8 -1.3
600-500 -0.2 0.2 0.8 -2.6 -0.2 3.3 -1.7
700-600 0.1 0.4 -2.0 0.2 0.2 2.9 -1.6
800-700 -0.2 0.1 -2.3 1.3 0.1 0.3 0.3
900-800 -0.4 -0.1 -2.4 2.3 0.0 -0.2 0.0
SFC-900 -0.3 0.0 -1. 9 2.9 0.1 -0.1 -1.1
Vertical
Total -0.7 -2.2 0.6 18.7 1.7 0.0 -19.5

Table. 5.5 continued.

Pressure
layer OKR INTR C (ko ' k NO ) GR HFR OR
(rob)

200-100 14.7 9.3 8.9 -0.6 -18.8 15.9
300-200 35.6 2.7 -4.5 28.3 -11. 0 20.1
400-300 27.8 -0.8 -6.6 12.3 4.0 18.9
500-400 14.1 -1.6 -6.2 -5.3 4.4 22.8
600-500 4.3 0.1 -0.8 -7.9 0.6 12.3
700-600 1.2 0.1 2.0 -2.9 0.2 1.8
800-700 0.2 -0.1 2.3 -0.9 0.5 -1. 6
900-800 -0.9 0.1 2.4 -0.2 0.1 -3.3
SFC-900 -0.8 0.3 1.9 0.5 0.0 -3.5
Vertical
Total 96.2 10.1 -0.6 23.3 -20.0 83.4
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Fig. 2.1 Location of upper-air rawinsonde stations used in
the analysis. The box indicates the area over which
the analyses was shown.
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(a)

aOE 120E

ee)

(b) (d)

Fig. 2.2 Objectively analyzed geopotential height and wind
field for 1200 UTe 31 May. Wind barbs in m S·1 with
one pennant, full barb, and half barb denoting 25,
5, and 2.5 m S·I, respectively: (a) 700 hPa
geopotential heights (solid) every 30 mi (b) as in
(a) except for 250 hPa with geopotential heights
every 120 mi (c) 700 hPa-isotach every 2.5 m S·1

starting from 12.5 m S·l; and (d) as in (c) except
for 250 hPa with isotach every 5 m S·l starting from
30 m S·l.
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Fig. 2.3 As in Fig. 2.2, except for 0000 UTe 1 June.
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Fig. 2.4 As in Fig. 2.2, except for 1200 UTe 1 June.
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Fig. 2.5 Twenty-four-hour precipitation (rom): (a) from 0000
UTC 31 May to 0000 UTC 1 June, and (b) from 0000 UTC
1 June to 0000 UTC 2 June.
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(a)

(b)

(c)

Fig. 2.6 Twenty-four-hour differences in the along-isobar
component of the observed winds for 700 (250) hPa on
the left (right) at 1200 UTC 31 May [top-(a), (c)],
and 0000 UTC 1 June [bottom-(b), (d)]. The contour
intervals are 4 m S·l for 700 hPa and 6 m S·l for 250
hPa, respectively. The wind barbs represent the
cross-isobar component of the ageostrophic winds
with full barb and half barb representing 5 and 2.5
m S·l , respectively.
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Fig. 2.7 Schematic representation of the ageostrophic motions
(heavy arrows) and associated convergence (CON) and
divergence (DIV) patterns in the vicinity of (a)
straight jet streak wind system, and (b) uniform jet
within a stationary synoptic wave. Geopotential
height contours, solid lines; isotachs, dashed
lines; and region of wind speed exceeding 50 m S·l,

shaded area. (From Shapiro and Kennedy 1981).
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(a)

(b)

Fig. 2.8 Twenty-four-hour differences in geostrophic winds
for 700 (250) hPa on the left (right) at 1200 UTC 31
May [toP-Cal, (c)], and 0000 UTC 1 June [bottom
(b) , (d) j , The contour intervals are 4 m S-1 for 700
mb and 6 m S-1 for 250 mb, respectively. The wind
barbs represent isallohypsic winds with full barb
and half barb representing 5 and 2.5 m S-I,

respectively.
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Fig. 2.9 (a) The distribution of the ratio of the along
isobar component of the observed winds to
geostrophic winds (with interval 0.2) and (b) the
ageostrophic winds (arrows) due to the inertial
advection term in Eq. (2) (with isolines of
geopotential height every 120 m) for 0000 UTe 1 June
1987 at the 250-hPa level. (c) As in (a), except for
the 700-hPa level; (d) as in (b), except for the
700-hPa level.
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(a)

(b)

(c)

(d)

Fig. 2.10 Frontogenesis due to horizontal deformation with
interval every 2 x 10-10 k m -1 5.1 for 850 (300) hPa
on left (right) at 1200 UTC 31 May [toP-Cal (e)],
and 0000 UTC 1 June [bottom-(b), (d)].
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(a)

(c) (d)

110E 120E

Fig. 2.11 The vertical p-velocity contours (every 2 J.£b s') for
700 (250) hPa on the left (right) at 1200 UTC 31 May
[top-(a) (b)], and 0000 UTC 1 June [bottom-(c),
(d) ] •

99



Fig. 2.12 Infrared satellite imagery for (a) 1200 UTC 31 May;
(b) 0000 UTC 1 June (enhanced); and (c) 1200 UTC 1
June.
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Fig. 2.13 vertical cross sections along the line AA' in Fig.
2.4c for 1200 UTe 1 June. (a) Secondary circulation.
Ageostrophic winds (m S-l, horizontal component of
arrow) and minus kinematic omegas (J.Lb S·l, vertical
component of arrow). The maximum ageostrophic wind
speed along the cross section is 16 m S·l. The
contour interval for minus omega is 2 J.Lb S·l. (b)
Wind speed normal to the cross-sectional plane. The
interval is 5 m S·l. (c) Potential temperature
(dashed lines, every 4 K), relative humidity (solid
lines, every 10%). (d) Divergence (every 2 x
10.5 S·l). (e) Equivalent potential temperature
(dashed lines, every 4 K), absolute momentum (solid
lines, every 10 m S'l). (f) Relative vorticity (every
4 x 10.5 S·l). (g) Potential temperature (dashed
lines, every 4 K), potential vorticity (solid lines,
every 0.8 PVU).
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Fig. 2.13 continued.
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Fig. 2.14 Schematic delineating the secondary circulations
along the line AA' in Fig. 2.4c. Thin solid line
depicts the strong direct (D) circulation. Thin
dashed line depicts the weak indirect (I)
circulation. Heavy solid line shows the low-level
frontal position. The IIJIt indicates the upper-level
and low-level jet positions. Double thin line shows
the position of tropopause. Regions with relative
humidity greater than 70% are shaded.
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Fig. 2.15 vertical cross sections along the line CC' in Fig.
2.2c for 1200 UTC 31 May. (a) Secondary circulation.
Ageostrophic winds (m S·l I horizontal component of
arrow) and minus kinematic omegas (J.Lb S·l I vertical
component of arrow). The maximum ageostrophic wind
speed along the cross section is 23m S·l. The
contour interval for minus omega is 2 J.Lb S·I. (b)
Wind speed normal to the cross-sectional plane. The
interval is 5 m S·l. (c) Potential temperature
(dashed lines, every 4 K), relative humidity (solid
lines, every 10%). (d) Potential temperature (dashed
lines, every 4 K), potential vorticity (solid lines,
every 0.8 PVU).
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Fig. 2.16 As in Fig. 2.15, except for vertical cross sections
along the line DO' in Fig. 2.3c at 0000 UTe 1 June.
The maximum ageostrophic wind speed along the cross
section in (a) is 21 m S-I.
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Fig. 2.17 The divergence field for the 700-hPa level due to
observed winds: (a) 1200 UTC 31 May, (b) 0000 UTC 1
June; and isallohypsic winds: (c) 1200 UTC 31 May,
(d) 0000 UTC 1 June. The interval is 1.0 x 10's S·l.
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Fig. 3.1 300-hPa analysis. Wind barbs in m S·l with one
pennant, full barb, and half barb denoting 25, 5,
and 2.5 m S·l , respectively; solid contours of
geopotential height in 120-m increments for (a) 0000
UTe 14 May, and (b) 1200 UTe 5 June.
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Fig. 3.2 As in Fig. 3.1, except for (a) 1200 UTC 14 May, (b)
1200 UTC 3 June, and (c) 0000 UTC 6 June.
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Fig. 3.3 As in Fig. 3.2, except for the 500-hPa level with
solid contours of geopotential height in 30-m
increments.
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Fig. 3.4 As in Fig. 3.3, except for (a) 0000 UTC 15 May, (b)
0000 UTC 4 June, and (c) 0000 UTC 7 June.
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......-~ON

Fig. 3.5 Analysis for 1200 UTC 15 May: (a) 300-hPa analysis.
Solid contours of geopotential height in 120-m
increments, dashed contours of isotherm in 4°C; (b)
700-hPa analysis. Objectively analyzed geopotential
height (solid lines, every 30 ro), winds, and
isotherm (dashed lines, every 2°C); (c) 24-h
differences in the along-isobar component of the
observed winds for the 700-hPa level (with contour
interval 2 m S-1), the wind barbs represent the
cross-isobar component of the ageostrophic winds;
(d) 24-h differences in the geostrophic winds for
the 700-hPa level (with contour interval 2 m S-1),

the wind barbs represent isallohypsic winds. Wind
barbs in m S-1 with one pennant, full barb, and
half barb denoting 25, 5, and 2.5 m S-I,

respectively.
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Fig. 3.6 As in Fig. 3.5, except for 1200 UTe 4 June.
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Fig. 3.7 As in Fig. 3.5, except for 0000 UTe 7 June.
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120E

(d)

Fig. 3.8 Frontogenesis due to horizontal deformation every 2
x 10-10 k m -1 S·l for 850-hPa (left a-c) and 300-hPa
(right b-d) levels: (a) and (b) 1200 UTe 15 May, (c)
and (d) 0000 UTe 7 June.
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Fig. 3.9 Vertical cross sections along the line AA' in Fig.
3.5b for 1200 UTe 15 May. (a) Potential temperature
(dashed lines, every 4 K), relative humidity (solid
lines, every 10%). (b) Potential temperature (dashed
lines, every 4 K), potential vorticity (solid lines,
every O. 8 PVU, 1 PVU = 10-6 m2 K kg-I S·l). ( C )

Secondary circulation. Ageostrophic winds (m S·l,

horizontal component of arrow) and minus kinematic
omegas (~b S·l, vertical component of arrow). The
maximum ageostrophic wind speed along the cross
section is 16 m S·l. The contour interval for minus
omega is 2 ~b S·l. (d) Wind speed normal to the
cross-sectional plane. The interval is 5 m S·l.
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Fig. 3.10 As in Fig. 3.9, except for 0000 UTe 7 June along the
line AA' in Fig. 3.7b. The maximum ageostrophic
wind speed along the cross-section is 12 m S·l.
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Fig. 3.11 vertical cross sections along the line AA' in Fig.
3.Gb for 1200 UTe 4 June. (a) Potential temperature
(dashed lines, every 4 K), relative humidity (solid
lines, every 10%). (b) Secondary circulation.
Ageostrophic winds (m S·l, horizontal component of
arrow) and minus kinematic omegas (J,£b S·l, vertical
component of arrow). The maximum ageostrophic wind
speed along the cross section is 13 m S·l. The
contour interva1 for minus omega is 2 J,£b S·l. ( c)
Wind speed normal to the cross-sectional plane. The
interval is 5 m S·l.
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Fig. 3.12 Ca) Enhanced IR satellite imagery for 1200 UTC 15
May; (b) IR satellite imagery for 0000 UTC 16 May.
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Fig. 3.13 Objectively analyzed geopotential height (solid
lines, every 30 m) and winds at the 700-hPa level
for 0000 UTe 15 May. Wind barbs in m S·l with one
pennant, full barb, and half barb denoting 25, 5,
and 2. 5 m 5.1, respectively •
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Fig. 3.14 As in Fig. 3.3, except for 1200 UTe 22 June.
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Fig. 3.15 As in Fig. 3.5, except for 1200 UTe 23 June.
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20N

Fig. 3.16 As in Fig. 3.8, except for 1200 UTe 23 June at the
850-hPa level.
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Fig. 3.17 vertical cross sections along the line AA' in Fig.
3.15b for 1200 UTe 23 June. (a) Secondary
circulation. Ageostrophic winds (m S·I, horizontal
component of arrow) and minus kinematic omegas (~b

S·I, vertical component of arrow). The maximum
ageostrophic wind along the cross section is 11 ms· l

•

(b) Wind speed normal to the cross-sectional plane.
The interval is 5 m S·l. (c) Potential temperature
(dashed lines, every 4 K), relative humidity (solid
lines, every 10%).
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Fig. 4.1 Computational domain and model terrain in m, Contour
interval is 1000 m. The inner box denotes the sub
domain over which the model results are presented.
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(b)

110E
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120E

120E

(c)

(d)

Fig. 4.2 The simulated geopotential height and wind field in
CTRL at 12-h (valid at 1200 UTC 31 May). Wind barbs
in m S·l with one pennant, full barb, and half barb
denoting 25, 5, and 2.5 m S·l, respectively. (a) 700
hPa: geopotential heights (solid) every 30 mi (b) As
in (a), except for 250 hPa with geopotential heights
every 120 mi (c) 700 hPa: isotach every 2.5 m S·l

starting from 12.5 m S·l i (d) As in (c), except for
250 hPa with isotach every 5 m S·l starting from 30
m S·l.
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(c)
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Fig. 4.3 As in Fig. 4.2, except for the 24-h forecast valid
at 0000 UTe 1 June.
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110E l20E

110E 120E

Fig. 4.4 The simulated relative humidity at the 400-hPa level
in CTRL, the interval is 10%. (a) 12-h forecast
valid at 1200 UTC 31 May; (b) 24-h forecast valid at
0000 UTe 1 June.
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Fig. 4.5 The simulated 24-h accumulated precipitation (nun) in
CTRL ending at 0000 UTC 1 June: (a) Total rainfall;
(b) Non-convective rainfall; (c) Convective
rainfall. Isopleths are 1, 10, 25, the interval is
25 for value greater than 25.
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110E 120E

Fig. 4.6 700-hPa level analysis for CTRL: (a) 24-h
differences in the along-isobar component of the
simulated winds and the cross-isobar component of
the ageostrophic winds at the 12-h forecast (valid
at 1200 UTC 31 May), (b) As in (a), except for the
24-h forecast (valid at 0000 UTC 1 June), (c) 24-h
differences in the simulated geostrophic winds and
the isallohypsic winds at the 12-h forecast (valid
at 1200 UTC 31 May), (d) As in (c), except for the
24-h forecast (valid at 0000 UTC 1 June). The
contour intervals are 4 m S·I, the windbarbs with
full barb and half barb representing 5 and 2.5
m s -I, respectively.
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Fig. 4.7 As in Fig. 4.6, except for the 250-hPa level with
contour intervals in 6 m S·l.
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(c)

IIOE 120E

Fig. 4.8 The simulated geopotential height and wind field in
NOLH at 24-h (valid at 0000 UTe 1 June). Wind barbs
in m 5.1 with one pennant, full barb, and half barb
denoting 25, 5, and 2.5 m 5.1, respectively. (a) 700
hPa: geopotential heights (solid) every 30 m; (b) As
in (a) except for 250 hPa with geopotential heights
every 120 m; (c) 250 hPa: isotach every 5 m 5.1

starting from 3a m 5.1•
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Fig. 4.9 As in Fig. 4.3, except for NOBLYR.
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Fig. 4.10

(a)

. 400N

lOODE

(b)

(c)

Potential vorticity at the 250-hPa level with
interval every O. 8 PVU (1 PVU = 10-6 m2 K kg-l S·l)

for: (a) initial condition (Valid at 0000 UTC 31
May); (b) 24-h forecast in CTRL; and (c) 24-h
forecast in NOLH.
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Fig. 4.11 vertical cross sections of potential vorticity (PV)
(solid lines, every 0.8 PVU, 1 PVU = 10-6 m2 K kg-I

s') and potential temperature (dashed lines, every
4 K) along the line AA' in Fig. 4.3c for: (a) 24-h
forecast in CTRLi and (b) 24-h forecast in NOLH.
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110E
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120E

120E 110E 120E

Fig. 4.12 Analysis at 24-h forecast (valid at 0000 UTC 1
June). simulated difference between CTRL and NOLH
(CTRL minus NOLH): (a) Thickness between 500- and
250-hPa levels (every 20 m)i (b) geopotential height
(every 20 m) and vector winds at the 250-hPa level.
250-hPa analysis (solid line is geopotential heights
in 120 m): (c) Ageostrophic winds due to local
change in horizontal winds in CTRLi (d) As in (c),
except for NOLHi (e) Ageostrophic winds due to
inertial advection term in CTRLi (f) as in (e),
except for NOLH.
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Fig. 4.12 continued.
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20N
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Fig. 4.13 Analysis at 24-h forecast (valid at 0000 UTC 1
June). (a) As in Fig. 4.12a, except for thickness
between 850- and 500-hPa levels (every 10 m)i (b) As
in Fig. 4.12b, except for the 700-hPa level. 700-hPa
analysis (solid line is geopotential heights in 30
m): (c) Divergent wind component in CTRLi (d)
Divergent part of ageostrophic wind due to local
change of wind in CTRLi (e) Ageostrophic wind due to
local change of wind in CTRLi (f) as in (e), except
for NOLH.
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Fig. 4.13 continued.
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Fig. 4.14 Frontogenesis due to horizontal deformation with
interval every 4 x 10-10 k m-1 S-l at 24-h forecast
(valid at 0000 UTC 1 June) for CTRL: (a) 850-hPa,
(b) 300-hPai and NOLH: (c) 850-hPa, (d) 300-hPa.
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Fig. 4.15 Analysis at 24-h forecast (valid at 0000 UTC 1
June): 700-hPa relative vorticity (thin lines every
4 x 10~ s~) and 850-500 hPa thickness (solid every
30 m) in (a) NOLH, (b) CTRLi and 300-hPa relative
vorticity and 500-250 hPa thickness (every 60 m) in
(c) NOLH, (d) CTRL.

140



200

300

400
Q)
::E:.....,

500
w
a::::
::>
Cf)
Cf)
w
a::::
(L 700

850

-wa (10.2 m2 S·3)

-0- CTRL
-*- NOLH

Fig. 4.16 Area-averaged (over the box in Fig. 4.3c) vertical
distribution of baroclinic conversion term -wa at
24-h forecast (valid at 0000 UTe 1 June).
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Fig. 4.17 The vertical p-velocity contours (every 2 f.£b S-l) at
24-h forecast (valid at 0000 UTC 1 June) for CTRL:
(a) 700-hPa, (b) 250-hPaj and NOLH: (c) 700-hPa,
(d) 250-hPa.
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Fig. 4.18 Vertical cross-section differences between CTRL and
NOLH (CTRL minus NOLH) along the line AA' in Fig.
4.3c at 24-h forecast (valid at 0000 UTC 1 June).
(a) Secondary circulation. Ageostrophic wind
differences (horizontal component of arrow, m S·l)

and minus omegas (vertical component of arrow, ~b

S·l). The maximum ageostrophic wind difference along
the cross section is 35m S·l. The contour interval
for minus omega is 2 ~b S·l; (b) Wind speed normal to
the cross-section plane (every 2. 5 m S·l).

143



VFK

PE

GD

k
DK

GR

HFD HFR

DD INTD -INTR DR

Fig. 5.1 Schematic of divergent and nondivergent kinetic
energy budgets for an open domain. See the text for
an explanation of symbols.
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Fig. 5.2 The volume-integrated (over the box in Fig. 4.3e)
energy budgets in CTRL for the surfaee-650-hPa
layer: (a) 12-h, (b) 24-hi and the 400-200-hPa
layer: (e) 12-h, (d) 24-h. k, k ND I and k D are in
m2 S-2, while all other terms are in 10·s m2 S·3.
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Fig. 5.3 (a) Distribution of k ND in CTRL for the surface-650
hPa layer at 12-hi (b) As in (a), except for 24-hi
(c) As in (a), except for kDi (d) As in (c), except
for 24-h. The contour interval is 5 m2 s~ for k NO,

and 2 m2 s~ for k D, respectively.
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20N

Fig. 5.4 (a) Distribution of DKR in CTRL for the surface
650-hPa layer at 12-hi (b) As in (a), except for 24
hi (c) As in (a), except for DKOi (d) As in (c),
except for 24-h. The contour interval is 2 x 104 m2

S·3 for OKR and 0.2 X 104 m2 S·3 for OKD, respectively.
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Fig. 5.5 kD budget terms in CTRL for the surface-650-hPa
layer. Term GD: (a) 12-h, (b) 24-h. Term HFD: (c)
12-h, (d) 24-h. Term VFK: (e) 12-h, (f) 24-h. Term
C(kD , kND ) : (g) 12-h, (h) 24-h. The contour interval
is 8 x 10-4 m2 S·3 for GD, 4 x 10-4 m2 S·3 for HFD, 6 x
10-4 m2

S·3 for VFK and C(kD , kND ) , respectively.
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Fig. 5.5 continued.
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Fig. 5.6 kND budget terms
layer. Term GR:
12-h, (d) 24-h.
m2 S·3.

in
(a)

The

CTRL for the surface-650-hPa
12-h, (b) 24-h. Term HFR: (c)
contour interval is 4 x 104
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Fig. 5.7 As in Fig. 5.3, except for the 40o-200-hPa layer.
The contour interval is 20 m2 5.2 for kNO , and 2 m2 S·2

for k D, respectively.
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Fig. 5.8 As in Fig. 5.4, except for
The contour interval is 4 x
and 0.4 X 10-4 m2 5.3 for DKD,
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the 40~200-hPa layer.
10-4 m2 S·3 for DKR
respectively.



30N

20N

30N

20N

110E 120E HOE 120E

30N

20N 20N

110E 120E HOE 120E

the 40o-200-hPa layer.
10-4 m2 S·3 for GD, 10 x
S·3 for VFK and

for
8 x

m2

except
is

As in Fig. 5.5,
The contour interval
10-4 m2 S·3 for HFD, 6 x 10-4
C(kD , kND ) , respectively.

5.9Fig.
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Fig. 5.9 continued.
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Fig. 5.10 As in Fig. 5.6, excep~ for the
The contour interval 1S 8 x 104

104 m2
S·3 for HFR, respectively.

40~200-hPa layer.
m2 S·3 for GR, 10 x
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Fig. 5.11 As in Fig. 5.2, except for NOLH.
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(b)
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Fig. 6.1 Schematic diagram depicting the weather systems
contributing to the development of the lee cyclone
and its associated strong southwesterly flow. Ca)
Precursor stage. Thin solid lines show the
geopotential height in the lower troposphere with
the lee trough represented by "TL " and the western
Pacific sUbtropical high indicated by "H" to the
east. Heavy solid lines show the geopotential height
in the upper troposphere. "TM" describing the
midlatitude trough, "TI " showing the upper-level
upstream trough. (b) Intensification stage. The
surface cyclone and its associated frontal systems
are marked by conventional symbols in thin lines,
upper-level jet streak is described by the heavy
dashed arrow. The SSW is described by the heavy
arrow.
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