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ABSTRACT

A 4-day persistent rainstorm resulting in serious flooding disasters occurred in the north of Fujian
Province under the influences of a quasi-stationary Meiyu front during 5–8 June 2006. With 1◦

×1◦ latitude
and longitude NCEP reanalysis data and the ground surface rainfall, using the potential vorticity (PV)
analysis and PV inversion method, the evolution of main synoptic systems, and the corresponding PV and
PV perturbation (or PV anomalies) and their relationship with heavy rainfall along the Meiyu front are
analyzed in order to investigate the physical mechanism of the formation, development, and maintenance of
the Meiyu front. Furthermore, the PV perturbations related to different physics are separated to investigate
their different roles in the formation and development of the Meiyu front. The results show: the formation
and persistence of the Meiyu front in a quasi-WE orientation are mainly due to the maintenance of the
high-pressure systems in its south/north sides (the West Pacific subtropical high/ the high pressure band
extending from the Korean Peninsula to east of North China). The Meiyu front is closely associated with
the PV in the lower troposphere. The location of the positive PV perturbation on the Meiyu front matches
well with the main heavy rainfall area along the Meiyu front. The PV inversion reveals that the balanced
winds satisfying the nonlinear balanced assumption represent to a large extent the real atmospheric flow and
its evolution basically reflects the variation of stream flow associated with the Meiyu front. The unbalanced
flow forms the convergence band of the Meiyu front and it mainly comes from the high-pressure system
in the north side of the Meiyu front. The positive PV perturbation related to latent heat release in the
middle-lower troposphere is one of the main factors influencing the formation and development of the Meiyu
front. The positive vorticity band from the total balanced winds is in accordance with the Meiyu front band
and the magnitude of the positive vorticity from the balanced wind is very close to that from real winds. The
PV perturbation in the boundary layer is to a certain degree favorable for the formation and development
of Meiyu front. In general, the lower boundary potential temperature perturbation is not beneficial to the
formation and development, which is attributed to the relatively low surface temperature due to surface
evaporation and solar short-wave radiation reduction shaded by clouds on the Meiyu front band, however,
it has some diurnal variation. The effect of PV perturbation in the upper troposphere on the formation and
development of the Meiuyu front is relatively weaker than others’ and not beneficial to the formation and
development of the Meiyu front, but it is enhanced in the period of Meiyu front’s fast southward movement
when the deep North China trough develops and moves southeastward. Rest PV perturbation unrelated to
latent heat release in the middle-lower troposphere plays a certain role in the Meiyu front’s fast southward
movement. Lastly, it should be pointed out that the different PV perturbations maybe play a different role
in different stages of the Meiyu front development.
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1. Introduction

In early summer of every year, a long Meiyu

frontal band usually maintains from southern China

to the south of Japan. Its formation and maintenance

often bring abundant rainfall and exert an important

influence on the weather in East Asia. The nature

and structure of Meiyu front are different from the
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mid-latitude polar front, with rather weak horizontal

temperature gradient but strong cyclonic shear in the

two sides of the front (Kato and Martin, 1985). Chen

and Chang (1980) pointed out that the Meiyu front

has different structures in the west and east part. The

east part is of baroclinic characteristics and has strong

temperature gradient, tilting vertically to the upper-

air cold center. The west part is of tropical features.

Liu et al. (2003) and Chen and Gao (2006) made a fur-

ther analysis and numerical study on the Meiyu front

structure. Recently, Zhao et al. (2004) claimed that

the Meiyu front was of multi-scale features, and ad-

vanced a multi-scale conceptual model and researched

the mechanism of mesoscale convective system forma-

tion and development. Wang and Li (2002), Wang et

al. (2003), and Jiang and Ni (2005) carried out the

diagnostic analysis and numerical simulation on the

mesoscale convective system along the Meiyu front.

Wu et al. (2004) systematically investigated the fron-

togenesis of Meiyu front and external forcing factors

influencing Meiyu frontogenesis. Cho and Chen (1995)

put forward a hypothesis of interaction between low-

level potential vorticity and cumulus convection. How-

ever, there have been few documents pointing out the

role of different physics in the formation and mainte-

nance of the Meiyu front and their relative importance.

Potential vorticity (PV) is a useful diagnostic

variable, which is conservative and invertible under

the adiabatic and frictionless condition. In the 1980s,

Hoskins et al. (1985) pointed out that the adiabatic

and frictionless atmosphere tends to move on a two-

dimensional isentropic surface and the PV is of plen-

tiful dynamics. Given a PV, balanced condition, and

boundary condition, the height and wind fields can

be induced. They also thought that the isentropic

PV is a useful tool to study atmospheric dynamics.

Later, Davis (1992) advanced an inversion method

of separated perturbation PV, i.e., the PV anomaly

generated by non-conservative processes is separated

with PV’s conservative feature, the effects of different

PV on the wind and pressure fields can be diagnosed

by perturbed PV inversion method, and the physi-

cal causes for some phenomena can be deduced. After

that, the PV inversion method has been widely applied

in the atmospheric researches. For example, Hakim et

al. (1996) studied the interaction of upper-level PV

anomaly related to upper-level south and north trough

with the background flows using the quasi-geostrophic

PV inversion, and found that the background flows de-

termined the interaction between vortices. Huo et al.

(1999) found that the two upper-air short waves played

an important role in the determination of tropospheric

flow structure related to superstorm with Eterl PV in-

version. Wu et al. (2004) diagnosed the main factors

affecting typhoon. Furthermore, Huo et al. (1998)

tried to assimilate the surface observational informa-

tion into the numerical model initial field to improve

the numerical forecast with PV inversion method, and

viewed it as a potential tool. Demirtas and Thorpe

(1999) modified the local PV to improve short-range

numerical weather prediction with satellite vapor im-

ages. Recently, Chen et al. (2003) carried out an

investigation of Meiyu front in early summer with PV

inversion and hypothesized that the CISK associated

with diabatic processes is the mechanism of the forma-

tion and maintenance of the Meiyu front and the low-

level jet. Zhou et al. (1998) made a diagnostic analysis

of the abrupt outburst cyclone in western Pacific with

PV inversion. In addition, other related analysis and

research with the PV inversion method was rare.

A west-east oriented quasi-stationary Meiyu front

formed on 4 June 2006. During 5–7 June, it was

pushed southward to the south of the Yangtze River

and the north of South China, and maintained sta-

tionary over there. On 8 June, the west part of the

Meiyu front was pushed southward quickly while the

east part was motionless and affected most parts of Fu-

jian Province. During this period, mesoscale convec-

tive systems formed and developed un-intermittently

on the Meiyu front and brought about heavy rains of

several-days in the north of Fujian Province, which

induced serious flooding disasters over there and led

to severe economic losses and some fatalities. Here,

this long-time maintained Meiyu frontal heavy rain

is taken as an example to analyze in detail the main

synoptic patterns and the relationship of the Meiyu

front evolution with the lower tropospheric PV

during the period of the Meiyu front’s formation,
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development, and movement. Meanwhile, the PV per-

turbations related to different physics are separated

and inversed with Eterl PV inversion method to in-

vestigate the role and contribution of different PV per-

turbations in the Meiyu front and reveal the physical

mechanism of Meiyu front’s formation and develop-

ment.

2. Synoptic case descriptions

2.1 The formation of the Meiyu front

A quasi-WE-oriented rain band formed at 2000

BT 3 June 2006. This indicates that the Meiyu front

begins to form (Fig.1a). At this time, a dense band of

pseudo-equivalent potential temperature (θse) contour

(Meiyu front) at 850 hPa was in a quasi-WE orienta-

tion in the south of the Yangtze River, extending east-

ward from the north of Guizhou Province to the south

of Zhejiang Province, across Hunan Province and the

north of Jiangxi Province. There were several impor-

tant weather systems in the middle-lower troposphere:

the low-level West Pacific subtropical high, the high

pressure band extending westward from the Korean

Peninsula to the east of North China, and a low

Fig.1. (a) Observed 6-h accumulative precipitation (mm), (b) 850-hPa wind field (shading: >12 m s−1) and pseudo-

equivalent potential temperature (solid line; K), (c) 500-hPa geopotential height (dagpm) and wind fields, and (d)

100-hPa geopetential height (solid line; dagpm) and 200-hPa upper-level jet stream (vectors; shading: >30 m s−1) at

2000 BT 3 June 2006.
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pressure band between them, with the Meiyu front in

it. The height field was in a “high-low-high” pattern.

Viewed from the streamline at 850 hPa, there was a

positive vorticity band along the Meiyu front, with

southwest winds and east winds in its two sides. The

low-level jet was not established totally in the south of

Meiyu front, but 12-m s−1 wind velocity disturbance

occured on the large wind axis (Fig.1b). At 500 hPa,

the main body of the West Pacific subtropical high

was to the east of 125◦E, with a flat west flow over the

Meiyu front and a shallow low trough in North China

(Fig.1c). At 100 hPa, the east part of the South Asian

high ridge was in a WN-SE direction, with diffluent

northwest and northeast winds over the Meiyu front

and the upper level of the strong rainfall area (the

north of Jiangxi Province) on the Meiyu front hap-

pening to be a strong divergence area. At 200 hPa,

the upper-level jet stream axis was in a WN-SE orien-

tation and to the north of Meiyu front, with jet stream

core on the jet stream axis, and the heavy rainfall in

the north of Jiangxi Province being in the right side

of the jet stream core entrance (Fig.1d).

2.2 The development and maintenance of the

Meiyu front

Due to the large-scale circulation being stable,

the “high-low-high” circulation from the south to the

north at 850-hPa height field maintained continuously

and did not change obviously. At 0800 BT 5 June, the

Meiyu front rain band was located in the south of the

Yangtze River and the north of South China, but the

strong heavy rain shifted eastward to the north of Fu-

jian Province (Fig.2a). The circulation pattern in the

mid-lower level of troposphere started to change, with

a closed high pressure anti-cyclonic circulation forming

in the east of North China at 850 hPa. The prevailing

east winds at the bottom of high pressure were to the

north of Meiyu front, with southwest or west winds

in the south of Meiyu front. The quasi-WE oriented

Meiyu front extended eastward from 105◦ to 125◦E.

The low-level jet to the south of the front was intensi-

fied with its size increased (Fig.2b). At 500 hPa, the

West Pacific subtropical high began to extend west-

ward to 115◦E, with its ridge line near 16◦N. A high

pressure ridge started to develop in the north of Xin-

jiang Region and it was strengthened step by step and

moved eastward. The northwest flow in front of the

ridge steered the North China high to the sea (Fig.2c).

At 100 hPa, the distribution of the South Asian high

was not obviously changed. The upper-level westerly

jet stream at 200 hPa further propagated eastward,

with the core on the jet stream axis also propagating

to the east, and the influence of upper-level jet stream

on the north of Fujian Province was weakened.

2.3 The fast southward shifting of the Meiyu

front

At 0200 BT 7 June, the Meiyu frontal rain band

started to be in an NE-SW direction. At this time, un-

der the steering of the northwest flow in front of the

500-hPa high pressure ridge, the high pressure in the

east of North China at 850 hPa shifted to the sea. A

low trough (NE-SW oriented shear line) in the north-

west of North China began to push southward, with

northwest winds in the behind of the trough beginning

to confluence to the west of the Yangtze River. Under

this circulation, the quasi-WE oriented Meiyu frontal

shear line was changed, with its west part quickly

pushed to the south of Hunan Province and the north

of Guangxi Region under the northwest flows in the

rear of the low trough in the northwest of North China.

The Meiyu front started to be in an NE-SW direc-

tion, with a cold shear line between northwest and

southwest winds in the two sides of the Meiyu front

respectively. Due to the anti-cyclonic high pressure

circulation in the east of North China moving to the

sea, the east winds to the north of the Meiyu front

east part changed into southeast winds (or even south

winds). It was a weak warm shear between south-

west and southeast winds. But the east part of Meiyu

front was still maintained and influenced most parts

of Fujian Province, due to the anti-cyclonic high pres-

sure in the east of North China not obvious shifting

southward in the period of its moving to the sea. At

850 hPa, the positive vorticity band was the same as

Meiyu front and in an NE-SW direction. The 100-hPa

South Asian high was enhanced and its ridge line be-

gan to be in a W-E orientation, with its ridge line still

maintaining near 27◦–28◦N.
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Fig.2. As in Fig.1, but for 0800 BT 5 June 2006.

2.4 The disappearance of the Meiyu frontal

rain band in land

At 0800 BT 10 June, there was no obvious rainfall

in the south of the Yangtze River and South China,

i.e., the Meiyu frontal rain band in land disappeared.

It is found, in the analysis of 850-hPa stream field and

θse (figure omitted), that under the effect of the strong

northwest flow in rear of North China low trough, the

Meiyu front was pushed southward to south of 22◦N,

with the south of the Yangtze River and South China

under the control of northwest flows in the rear of the

Meiyu front. The dense area of θse and positive vor-

ticity band were in an NE-SW orientation, extending

northeastward from the north of the South China Sea

to the south of Japanese Sea, with SW low level jet

band in the south of the Meiyu front. At 500 hPa, a

deep low trough was established in the coast of East

Asia. Under its pushing, the West Pacific subtropical

high became in an NE-SW direction. At 100 hPa, the

east of South Asian high contracted and came down

to the south, with 200-hPa upper-level westerly jet

stream down to south of 30◦N.

3. PV and PV anomalies

The Ertel potential vorticity (EPV) of baroclinic

compressive fluids is

EPV =
1

ρ
η · ∇θ, (1)
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where ρ is the air density, η is the three-dimensional

absolute vorticity vector, and θ is the potential tem-

perature. The EPV is conservative in a three-

dimensional inviscid adiabatic atmosphere. Under p

coordination, the EPV can be written as

EPV = −g · [(f +
∂v

∂x
−
∂u

∂y
)
∂θ

∂p

+
∂u

∂p

∂θ

∂y
−
∂v

∂p

∂θ

∂x
]. (2)

In the following, every 6-h NCEP reanalysis data

are used to calculate the EPV , the average of 48

EPV s during 1–12 June 2006, and the perturbed

EPV (or EPV anomaly, EPV A) at different time.

Then, it is investigated the relationship of Meiyu front

with Meiyu frontal rainfall in its different stages.

In the stage of Meiyu front formation (2000 BT

3 June), a long positive vorticity band forms at 110◦–

140◦E, with a maximum PV of 0.6 PVU. The long PV

band is corresponding with the positive vorticity band,

and also with the Meiyu front location and orientation.

Therefore, the positive vorticity band, the PV band,

and dense θse band all can indicate the Meiyu front to

a certain degree. On the EPVA distribution, there are

two large positive EPVA centers in the south of the

Yangtze River, which are consistent with the rainfall

area on the Meiyu front, with a maximum EPVA of

0.3 PVU (Fig.3a). Therefore, the large-value center

of EPVA denotes well the heavy rainfall area. It is

conjectured that the diabatic heating by rainfall con-

densation release may generate PV in the low level.

In the stage of Meiyu front maintenance (0800 BT 5

June), a quasi-WE-oriented positive vorticity band is

Fig.3. Distributions of 850-hPa potential vorticity perturbation (PVU) at (a) 2000 BT 3, (b) 0800 BT 5, (c) 0200 BT

7, and (d) 0800 BT 10 June 2006 (1 PVU=10−6 K m2 s−1 kg−1, shaded area: >0.2 PVU).
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maintained from the south of the Yangtze River to

South China. The maximum PV is increased and the

PV in the east part of Meiyu front comes to 0.7 PVU,

with rainfall intensified correspondingly. At this time,

a quasi-WE-oriented positive EPVA band is consistent

with the rainfall band, with a maximum EPVA of 0.5

PVU (Fig.3b). When the Meiyu front comes down to

the south (0200 BT 7 June), the Meiyu front evolutes

into an NE-SW oriented band and the PV band also

becomes the same direction. Due to the intensified

NW winds in the rear of North China low trough dur-

ing the period of Meiyu front fast moving, the NE-SW

oriented PV band is slightly intensified, with a maxi-

mum PV of 0.7 PVU. The EPVA band on the Meiyu

front also evolves into an NE-SW band (Fig.3c), with

heavy rain center still matching with the large value

center of EPVA. When the Meiyu front coming down

to the south of 22◦N (0800 BT 10 June), the Meiyu

frontal rainfall disappears in the land and the positive

PV band comes to the south too. The NE-SW positive

EPVA band also moves to the south of 22◦N (Fig.3d).

The above analysis shows that, in the process of

Meiyu front formation, development, and fast south-

ward movement, a positive PV band always main-

tained and is in consistence with the direction of Meiyu

front, with the heavy rainfall center matching with the

large positive value center of EPVA. This implies that

there exists a close relationship between the Meiyu

front and the PV, and the heavy rainfall center on the

Meiyu front and the large value center of EPVA. The

Meiyu front can be represented by the PV. The EPVA

on the Meiyu front may be related to diabatic heat

feedback of Meiyu front rainfall condensation, i.e., the

released diabatic heating may maintain and intensify

the PV of the Meiyu front in the low level. In the fol-

lowing, PV inversion method is applied to research the

contribution of the PV perturbations associated with

different physics to the Meiyu front.

4. The PV inversion of Meiyu frontal heavy

rain systems

4.1 Simple instruction of the PV inversion

method

The PV is conservative and inversive under the

adiabatic and frictionless condition. The inversive

height and wind fields with PV inversion are balanced

dynamically. Due to the stability of balanced flow evo-

lution, the tracking and prognosis of the weather sys-

tem evolution are important. On the other side, the

unbalanced winds can be obtained with real winds mi-

nus balanced winds, which can be used to analyze the

origin and evolution of convergence. The most im-

portant points of PV inversion lie in the fact that it

can inverse separated PV perturbation relevant to dif-

ferent weather system or different physics, which is

conducive to the understanding the role of different

PV perturbation in synoptic systems and the develop-

ing mechanism of rainfall weather systems. Here, the

EPV inversion is carried out with nonlinear balanced

equation advanced by Charney (1962) as a balance

condition to consist of a closed equation group. Un-

der the hypothesis of non-rotational winds much less

than non-divergence winds, the terms relevant to di-

vergence and vertical velocity are neglected, and the

nonlinear balanced equation under the spherical coor-

dination can be written as

∇
2Φ = ∇ · f∇ψ +

2

a4cos2φ

[∂2ψ

∂λ2

∂2ψ

∂φ2
− (

∂2ψ

∂λ∂φ
)2

]

, (3)

and the Ertel PV can be written as

q =
gκπ

p

[

(f + ∇
2ψ)

∂2Φ

∂π2
−

1

a2cos2φ

∂2ψ

∂π∂λ

∂2Φ

∂π∂λ

−
1

a2

∂2ψ

∂π∂φ

∂2Φ

∂π∂φ

]

, (4)

where Φ is the geopotential height, f is the Coliolis

parameter, a is the earth’s radius, ψ is the stream

function of non-divergence winds, g is the gravity

accelerated velocity, and p is pressure. κ = R/cp,

π = cp(p/p0)
κ is the Exner function (p0 = 105 Pa).

Given q and specific lateral conditions, the two vari-

ables of Φ and ψ satisfying the nonlinear balanced

equation can be solved and the height, wind, and tem-

perature fields therefore can be deduced. With small

perturbation method, the above equation group is lin-

earized. Firstly, the EPV is separated into average and

perturbed field, q(λ, φ, π, t) = q(λ, φ, π)+ q′(λ, φ, π, t).

The same is treated to Φ and ψ. Then substitute

them into the equation group and neglect the nonlin-

ear small terms. The linearized perturbation equation



NO.2 ZHAO Yuchun, LI Zechun and XIAO Ziniu 209

is obtained. Davis (1992) linearized the above equa-

tions with [ ]∗ = [−] + 1/2
∑K

k−1[ ]. Any perturbed

PV field can be divided into different parts, with the

sum of their own solutions equal to the total disturbed

flows (e.g.,
∑

qk = q′,
∑

Φk = Φ′,
∑

ψk = ψ′). As to

any perturbed qk and its corresponding ψk and Φk ,

the closed PV inversion system is as follows:

∇
2Φk = ∇ · (f ∇ψk ) +

2

a4cos2φ
× (

∂2ψ∗

∂λ2

∂2ψk

∂φ2

+
∂2ψ∗

∂φ2

∂2ψk
∂λ2

− 2
∂2ψ∗

∂λ∂φ

∂2ψk
∂λ∂φ

), (5)

qk =
gκπ

p

[

(f + ∇
2ψ∗)

∂2Φk

∂π2
+
∂2Φ∗

∂π2
∇

2ψk

−
1

a2cos2φ
(
∂2ψ∗

∂λ∂π

∂2Φk

∂λ∂π
+
∂2Φ∗

∂λ∂π

∂2ψk
∂λ∂π

)

−
1

a2
(
∂2ψ∗

∂φ∂π

∂2Φk

∂φ∂π
+
∂2Φ∗

∂φ∂π

∂2ψk
∂φ∂π

)
]

. (6)

The equation is a linear system for flow perturba-

tion ψk and Φk related to any perturbed EPV. Under

the condition of π = π0 and π = πT , the upper and

lower boundary conditions can be simply set to the

Neumann boundary condition of ∂Φk/∂π, ∂ψk/∂π =

−θk . Specifically, as to the total field ∂Φ/∂π =

f0 , ∂ψ/∂π = −θ, the perturbed field can be set to

∂Φk/∂π = f0 , ∂ψk/∂π = −θk . The lateral condition

can be set to the Dirichlet condition. Since the con-

tribution of individual EPVA to the flow is unknown

in advance, it is hard to determine a suitable lateral

boundary condition. In calculation, a domain larger

than the interested area is selected. A uniform lateral

boundary condition is set as zero to every ψk and Φk .

The selection of the average has a great influence on

the calculation of perturbed PV. Usually, the mean is

computed in a synoptic period. But due to the quasi-

stationary feature of the Meiyu front, the average of

height, temperature, wind, and PV is calculated in

the period of 1–12 June 2006. Then the perturbation

of height, temperature, wind, and PV is computed.

Lastly, perturbed PV inversion is carried out to get

the balanced height and wind satisfying the nonlinear

balanced equation and deduce relevant temperature

field.

4.2 The verifications of inversive results

Figure 4 shows 850-hPa heights and relative vor-

ticity and corresponding inversive ones satisfying the

nonlinear equation at 2000 BT 4 June 2006. The pat-

tern of inversive height field is very similar to the an-

alyzed, and with systematically higher height. Chen

et al. (2003) pointed out that the heights are sys-

tematically higher after EPV inversion analysis, due

to the fact that the inversion is constrained by the

nonlinear balanced equation and only the rotational

part of the flow is reserved. Thus the results are ac-

ceptable. Besides, the inversive heights are smoother

and this is also an unavoidable default of EPV inver-

sion. The relative vorticity calculated from inversive

balanced winds is basically consistent with the ana-

lyzed. Though there is a negative vorticity area in the

north of Meiyu front, with its size larger than the ana-

lyzed, the vorticity field deduced from inversed winds

describes well the positive vorticity band associated

with the Meiyu front. Therefore, the inversion results

are suitable in the analysis of Meiyu front.

4.3 The evolution of the balanced flow

The flow deduced by EPV inversion is satisfying

the nonlinear balanced equation. It belongs to non-

linear balanced flow and is quasi-balanced. Therefore,

the analysis of the relationship between the balanced

flow’s evolution and Meiyu front and heavy rain is

of significant importance. Figure 5 is 850-hPa EPV-

inversed non-divergence winds and its relative vortic-

ity satisfying the nonlinear balanced equation in the

different stages of Meiyu front development. In Stage

I, there is a weak cyclonic circulation in the north of

Hunan Province, which leads to the rainfall generation

there and is of importance to the west part of Meiyu

front, with a corresponding positive vorticity. In the

south of the Yangtze River, a strong SW flow starts

to establish in the south side of Meiyu front. There

is a weak meso-α-scale anti-cyclonic circulation in the

Korean Peninsula, at the bottom of which no obvious

east winds form. Hence, it is a weak shear between

southwest and south flows in the east of Meiyu front,

where there is no obvious rainfall. In Stage II, a strong

anti-cyclonic circulation forms in Korea to the east of

North China. The east wind at the bottom of the

circulation and strong southwest flow in the south of

Meiyu front constitute the Meiyu front shear line.
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Fig.4. Distributions of (a) 850-hPa geopotential height (gpm), (c) relative vorticity (10−5 s−1), and corresponding

EPV-inversed (b) geopotential height and (d) relative vorticity satisfying the nonlinear balanced equation at 2000 BT 4

June 2006.

At the same time, the shear formed by balanced flow

in the east part is stronger than that in the west. The

heavy rainfall also mainly takes place in the east part.

Therefore, the balanced high pressure system in the

two sides of Meiyu front plays a significant role in the

formation, maintenance, and development of Meiyu

front, which is consistent with the analysis of Section

2. In Stage III, there exists an important steering

system−a strong North China low trough (cold shear

line), which pushes the Meiyu front quickly translating

southward. At this time, a high-pressure anti-cyclonic

circulation in the north of Meiyu front shifts east to

the south of Korean Peninsula, with the low-level jet

in the south of the Meiyu front also pushing south-

ward. At 0800 BT 10 June, a new low trough forms in

North China and the Meiyu front shifted to the south

of 22◦N.

The above analysis indicates that the EPV-

inversed balanced flow satisfying the nonlinear bal-

anced equation can represent the real flow to a large
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Fig.5. EPV-inversed balanced winds (vector; m s−1) and its relative vorticity (solid line; 10−5 s−1) at 850 hPa during

the periods of Meiyu front’s formation and development at (a) 2000 BT 3, (b) 0800 BT 5, (c) 1400 BT 7, and (d) 0800

BT 10 June 2006.

extent though it is non-divergence flow. Therefore, the

evolution of nonlinear balanced flow plays an impor-

tant role in the formation, development, and move-

ment of the Meiyu front.

4.4 The evolution of the unbalanced flow

Supposed that the real wind V can be sepa-

rated into two parts of rotational (Vψ , calculated from

stream function) and divergence winds (VΦ , calcu-

lated from potential function), i.e., V = Vψ + VΦ .

After the balanced winds (non-divergence wind) are

obtained from EPV inversion, the unbalanced winds

(non-rotational winds) can be calculated out after real

winds minus balanced winds.

Figure 6 presents the 850-hPa unbalanced winds

(non-rotational winds) and its divergence in the differ-

ent developing stages of Meiyu front. In Stage I, there

are two convergence centers on the Meiyu front, which

are consistent with its rainfall centers (Fig.6a). The

formation of the two convergence centers are related

to three unbalanced flows: an east flow in the bottom

of high pressure system located in the Korean Penin-

sula and the east of North China, a north flow from

the east of North China, and a south flow in the south
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Fig.6. EPV-inversed unbalanced winds (vector; m s−1) and its divergence (solid line; 10−5 s−1) at 850 hPa during the

periods of Meiyu front’s formation and development at (a) 2000 BT 3, (b) 0800 BT 5, (c) 1400 BT 7, and (d) 0800 BT

10 June 2006.

of Meiyu front. The former two come from the high

pressure band in the north of Meiyu front. In Stage II,

a quasi-WE oriented convergence band always main-

tains on the Meiyu front, whose formation is mainly

associated with the north divergence winds from the

east of North China high and the south divergence

winds in the south of Meiyu front, i.e., the two impor-

tant divergence flows are still related to the high pres-

sure system in the two sides of Meiyu front (Fig.6b).

In Stage III, the divergence flows forming the Meiyu

front convergence band are northwest winds from the

rear of deep North China low trough and west winds

in the bottom of the trough (Fig.6c). At 0800 BT 10

June, the Meiyu front totally propagated southward

to the sea along with the convergence band. At this

time, the main divergence flows forming the conver-

gence band were north flows from the mid-latitudes

(Fig.6d).
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Therefore, the unbalanced flows forming the

Meiyu front convergence band are still relevant to the

high pressure systems in the two sides of Meiyu front,

especially the high pressure system in its north side

and the activity of the low trough. In the forma-

tion and stably maintaining stage, the unbalanced flow

(north flow) from the North China high was the main

contributor to the Meiyu front convergence band. In

the fast southward shifting stage, the unbalanced flow

from the North China low trough is the main factor of

the convergence band. Nevertheless, compared with

the balanced flow, the evolution of unbalanced flow is

not continuous, and therefore hard to predict.

5. Piecewise PV inversion of Meiyu frontal

heavy rain system

5.1 The separation of the piecewise EPV

According to the studying, the PV perturba-

tion can be separated into different parts to explore

the effects of different PV perturbations. Davis and

Emanuel (1991) divided the PV perturbation of 1000–

100 hPa into the lower boundary potential temper-

ature (the interpolation of 1000 and 900 hPa), PV

perturbations in the mid-lower troposphere (850–500

hPa), and the upper level (400–100 hPa). Chen et

al. (2003) further separated the mid-lower PV per-

turbations into two parts associated or unassociated

with condensation release heating in his studying on

the Meiyu front with PV inversion method. The data

used in their study are taken at 10 levels, without

the boundary layer. Here, with every 6-h 21 levels

NCEP data, the boundary layer can be included in

the research. On the basis of the above researches,

the PV perturbations are divided into the following

parts: 1) the lower boundary potential temperature

perturbations (θ′, the interpolation of 1000 and 975

hPa), 2) the boundary layer (the lower troposphere)

PV perturbations (the PV perturbations at 975–900

hPa), 3) the PV perturbations associated with latent

heat release (LHR; the PV perturbations of relative

humidity greater than or equal to 70% at 850–500

hPa), 4) the PV perturbations not associated with

LHR (the PV perturbations of relative humidity less

than 70% at 850–500 hPa), and 5) the upper-level PV

perturbations (the PV perturbations at 450–150 hPa),

to analyze the different roles of lower boundary po-

tential temperature, the boundary layer physics, the

diabatic heating, dry air dynamics in the mid-lower

troposphere, and upper-level PV perturbations in the

Meiyu front. The separation of PV perturbations is

based on the assumption that, the lower boundary θ′

is related to surface physical like heating, the genera-

tion of boundary layer PV perturbations is associated

with the physical between surface and boundary layer

such as latent and sensible heat exchange and friction

etc., the diabatic heating resulting from LHR in the

mid-lower troposphere makes positive PV of moist at-

mosphere, and PV perturbation in the upper level has

a certain effect on the atmosphere in the lower tropo-

sphere.

5.2 The effects of lower boundary potential

temperature anomalies

Bretherton (1966) pointed out that, the positive

θ′ has an effect equivalent to positive PV anomaly

(perturbation), and vice versa. The negative θ′ (cold

air) is reflected as a trough on its above levels through

hydrostatic balance, which resists the effects of θ′.

Holopainen and Kaurola (1991) discussed that the re-

sistance of lower boundary θ′ and its above PV per-

turbations takes place in a shallow layer. What are

the effects of lower boundary θ′ on the Meiyu frontal

heavy rain system? Figure 7 gives the 850-hPa bal-

anced winds and its relative vorticity by the inversion

of lower boundary θ′ in different developing stages of

Meiyu front. In Stage I, the lower boundary θ′ is

not beneficial to the formation of Meiyu front, with

a strongest negative vorticity of −0.8×10−5 s−1. In

Stage II, the lower boundary θ′ is not conducive to

the maintaining of Meiyu front, with the vorticity

band of its balanced winds and Meiyu front both in

a WE orientation, and a strongest negative vorticity

of −1.2×10−5 s−1. In Stage III, the role of the lower

boundary θ′ is still negative and not favorable to the

development of Meiyu front, with a strongest negative

vorticity of −0.6×10−5 s−1. In Stage IV, the vorticity

band of its balanced winds and the Meiyu front are

also both in an NE-SW direction. It can be concluded

that the lower boundary θ′ seems to be always not
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Fig.7. EPV-inversed balanced winds (vector; m s−1) and its relative vorticity (solid line; 10−5 s−1) at 850 hPa induced

from lower boundary potential temperature perturbation during the periods of Meiyu front’s formation and development

at (a) 2000 BT 3, (b) 0800 BT 5, (c) 0200 BT 7, and (d) 0800 BT 10 June 2006.

advantageous to the formation, maintenance, and de-

velopment of the Meiyu front.

Why is the lower boundary θ′ not beneficial to

the formation, maintenance, and development of the

Meiyu front? After the analysis of surface θ′ in detail,

the temperature near the Meiyu front is lower than

that in the two sides of Meiyu front. This is mainly

due to the temperature decrease by the rainfall evapo-

ration on the Meiyu front and the barrier of the Meiyu

frontal clouds to solar short-wave radiation. There is

a negative θ′ band along the Meiyu front. There ex-

ist obvious diurnal variations because the surface θ′

is largely influenced by solar radiation. The variation

is more obvious especially in the sparse cloud area to

the north of Meiyu front, with the largest daily range

between 1400 and 0200 BT (as to every 6-h analy-

sis). The surface temperature perturbations are even

opposite, and therefore the induced balanced wind cir-

culation is opposite correspondingly. Figure 8 depicts

850-hPa balanced winds and relative vorticity induced
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Fig.8. As in Fig.7, but for (a) 1400 BT 5 and (b) 0200 BT 6 June 2006.

from the lower boundary θ′ at 1400 BT 5 and 0200

BT 6 June, respectively. The variable θ′ is positive

in North China at 1400 BT 5 June (afternoon), with

an induced cyclonic vortex and a positive vorticity of

4×10−5 s−1. It can be seen that the lower bound-

ary θ′ has an obvious effect on heavy rain system of

the Meiyu front. While the lower boundary θ′ on the

Meiyu front is negative and therefore has a negative

contribution to the Meiyu front. At 0200 BT 6 June

(midnight), an anti-cyclonic circulation is induced in

the negative θ′ area to the north of Meiyu front, with

a negative vorticity of −1.2×10−5 s−1. The vorticity

on the Meiyu front is also negative.

5.3 The effects of low level (boundary layer)

PV perturbations

Not neglected is the role of boundary layer physics

in the development of heavy rain systems. Sang(1997)

indicated that the atmospheric boundary layer physics

played a very important role in the momentum, heat,

and moisture vertical transportation. Zhai et al.

(2003) revealed that the small disturbances on the

mesoscale convergence line in the boundary layer had a

role in the triggering of the rainstorms. The boundary

layer physical processes are mainly the latent and sen-

sible heat exchange between the surface and boundary

layer atmosphere, and the effects of surface friction on

the boundary layer air. The generation of PV in the

boundary layer is mainly associated with the physics

in the boundary layer. What are the effects of PV

anomalies in the boundary layer? Figure 9 gives the

850-hPa balanced winds and relative vorticity induced

from lower-level PV anomalies in the different develop-

ing stages of Meiyu front. In Stage I, a weak cyclonic

circulation forms in the north of Hunan Province and

the south of Hubei Province, where there is a Meiyu

frontal rain band. A positive vorticity center is corre-

sponded with the weak circulation, with a vorticity of

0.6×10−5 s−1. In Stage II, the induced vorticity band

is in a quasi-WE orientation. The positive vorticity

center on the band moves eastward to the north of Fu-

jian Province and the south of Zhejiang Province, with

a positive vorticity of 0.3×10−5 s−1. And the heavy

rainfall also moves to this area. This indicates that the

PV perturbation in the boundary layer is closely re-

lated to the Meiyu frontal heavy rain system. In Stage

IV, the positive vorticity band moves to the south,

with a maximum vorticity of 1×10−5 s−1. The effects

of lower-level PV anomalies on the Meiyu front are the

strongest. At the same time, a strong NE-SW oriented

positive vorticity band is in the east of North China,

which is related to the North China low trough, with

a maximum vorticity of 2.5×10−5 s−1.

Viewed from the relative vorticity of balanced
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Fig.9. As in Fig.7, but inversed from potential vorticity perturbation in the lower troposphere (950–900 hPa) during

the periods of Meiyu front’s formation and development.

winds induced from low-level PV perturbation, it plays

an important role in the maintenance and develop-

ment of Meiyu front, varying with the evolution of

Meiyu frontal weather system. This indicates that

the generated PV perturbation by physical processes

in the boundary layer exerts an influence on the for-

mation, maintenance, and development of the Meiyu

front. Therefore, the effects of the boundary layer on

the Meiyu frontal heavy rain system are needed fur-

ther investigation.

5.4 The effects of mid-lower PV anomalies

5.4.1 The effects of positive mid-lower PV anomalies

associated with diabatic heating

There have been a lot of researches and documen-

tations about the effects of diabatic heating like LHR

on the heavy rain system and their interaction. Dur-

ran and Klemp (1982) thought that the LHR reduced

the hydrostatic instability of the atmosphere. Hoskins

et al. (1985) further pointed out that the penetration
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Fig.10. As in Fig.7, but inversed from potential vorticity perturbation related to diabatic heating in the middle-lower

troposphere (850–500 hPa).

capability of circulation related to lower and upper

boundary PV anomalies was enhanced and therefore

the interaction between the vortices after the hydro-

static instability of the atmosphere reduced. Chen

et al. (2003) claimed that the LHR of Meiyu front

rainfall had an important role in the intensification

and frontogenesis of the Meiyu front. The numerical

simulations (Michael and Lackmann, 2005; Wang and

Xiao, 1997) also proved the importance of LHR (cu-

mulus convection) in the LLJ formation. Hence, the

LHR is important to the development and formation

of rainfall synoptic systems. Here, the PV perturba-

tion relevant to the LHR is inversed to investigate the

role played by diabatic heating in the formation, main-

tenance, and development of Meiyu front.

Figure 10 depicts the 850-hPa balanced winds and

relative vorticity induced from the positive PV anoma-

lies related to the LHR in the different developing

stages of Meiyu front. In Stage I, a cyclonic circula-

tion induced from positive PV anomalies related to the

LHR forms in the west part of Meiyu front (from the

north of Hunan to the north of Jiangxi), with a posi-
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tive vorticity of 4×10−5 s−1, which is equivalent to the

vorticity calculated by real winds. The rainfall on the

Meiyu front also takes place there. When the Meiyu

frontal rainfall shifting to the east, the induced bal-

anced winds form a WE-oriented vorticity band and

the maximum vorticity center also moves to the east,

with a maximum vorticity of 4×10−5 s−1. The max-

imum positive vorticity on the band is in consistence

with the heavy rain area. This also implies that the

LHR has an important role in the generation of mid-

lower PV perturbation which will exert a feedback on

the Meiyu frontal heavy rain system. In Stage III, the

balanced winds induced from PV anomalies relevant

to LHR also form an NE-SW positive vorticity band,

with the maximum vorticity center matching with the

heavy rain center on the Meiyu front. In Stage IV, the

NE-SW oriented positive vorticity band induced by

balanced winds also move to the sea, with the positive

vorticity band corresponding with the Meiyu frontal

rain band.

It can be seen that the PV perturbation associ-

ated with LHR plays a significant role in the forma-

tion, maintenance, and development of Meiyu front.

Its positive vorticity band induced from balanced

winds is in accordance with the Meiyu front, with

the vorticity equivalent to that calculated from real

winds and the maximum positive vorticity band is in

accordance with the Meiyu frontal heavy rain center.

Therefore, the diabatic physical process of LHR is an

important mechanism for the development of heavy

rain system on the Meiyu front.

5.4.2 The effects of the rest mid-lower PV anomalies

Figure 11 shows the 850-hPa balanced winds and

relative vorticity induced from other PV anomalies un-

related to the LHR in the different developing stages

of Meiyu front. In Stage I, a cyclonic circulation is

in the north of Henan Province and to the north of

Meiyu front, with a maximum vorticity of 6×10−5 s−1

(Fig.11a). It is beneficial to the formation of Meiyu

front. In Stage II, a cyclonic circulation forms in the

east of Hubei Province, which is a little away from

and in the north of Meiyu front and favorable to the

Meiyu frontal maintenance, with a maximum vorticity

of 6×10−5 s−1 (Fig.11b). In Stage III, a cyclonic circu-

lation is in the east of Hubei Province and the north of

Henan Province, with a maximum vorticity of 5×10−5

s−1 (Fig.11c). The southwest flow at the bottom of

the circulation is conducive to the maintenance and

development of the Meiyu front. In Stage IV, a strong

anti-cyclonic circulation occurs in the north of Fujian

Province. It is found with detailed analysis that the

circulation forms at 0800 BT 8 June, when the rainfall

in the north of Fujian is over. After that, the anti-

cyclonic circulation moves southeastward and pushes

the Meiyu front to the sea. Hence, the anti-cyclonic

circulation plays an important role in the Meiyu front

shifting southeastward.

5.5 The effects of the upper-level PV anoma-

lies

Hoskins et al. (1985) pointed out that the posi-

tive PV disturbance in the stratosphere can penetrate

into the troposphere and induce a cyclonic circula-

tion in the mid-troposphere, which even can pene-

trate through the whole troposphere to the surface.

Young and Browning (1987) also found that the dry

intrusion from mid-latitudes has a high PV tongue,

which can extend from the stratosphere with copi-

ous PV to the lower latitudes. During its mature pe-

riod, it is observed that the PV tongue of the strato-

sphere can further develop and generate cyclonic cir-

culation and forms a large-scale vortex (1000–2000

km) near the surface. However, Chen et al. (2003)

pointed out that the PV in the upper troposphere con-

tributed negatively to the Meiyu front. Then, what is

the role played by the upper-level PV disturbance in

this Meiyu front? Figure 12 shows the 850-hPa bal-

anced winds and its relative vorticity induced from

the upper-level PV anomalies in the different develop-

ing stages of Meiyu front. In Stage I, the upper-level

PV perturbation exerts less effects on the Meiyu front.

The vorticity of balanced winds is negative in the north

of Fujian Province and northwest of Jiangxi Province,

with a strongest negative vorticity of −0.06×10−5 s−1,
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Fig.11. As in Fig.7, but inversed from the rest potential vorticity perturbation unrelated to diabatic heating in the

middle-lower troposphere (850–500 hPa).

and positive in the north of Hunan Province, with a

maximum vorticity of 0.02×10−5 s−1 (Fig.12a). In

Stage II, the vorticity of balanced winds is negative in

the heavy rain area of the Meiyu front (in the north of

Fujian Province and the south of Zhejiang Province),

with a strongest negative vorticty of −0.03×10−5 s−1.

In Stage III, the upper-level PV disturbance makes a

negative contribution to the Meiyu front, especially to

the heavy rain area in the north of Fujian Province,

with a strongest negative vorticity of −0.04×10−5 s−1.

But in the disappearing period of Meiyu frontal rain

band in land, the deep north trough develops and the

upper-level PV disturbance induces a cyclonic vortex

at 850 hPa, its center in the Changjiang-Huaihe River

basin, with a maximum vorticity of 1.5×10−5 s−1. At

this time, the vortex is in the north of Meiyu front and

the maximum vorticity on the Meiyu front is 0.2×10−5

s−1.

On the whole, the upper-level PV disturbance ex-

erts a negative effect on the Meiyu front, especially in
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the heavy rain area, in the formation, development,

maintenance, and fast southward shifting of the Meiyu

front. But the role is much weaker than other PV

perturbations. In Stage IV, due to the development,

eastward movement, and southward shifting of North

China low trough, the upper-level PV disturbance in-

duces a cyclonic votex in the north of Meiyu front and

makes a positive contribution to the development and

maintenance of Meiyu front. But it is not advanta-

geous to the Meiyu front maintaining locally. On the

contrary, the northwest winds in the rear of deep low

trough push the Meiyu front southward to the sea.

Therefore, the role played by the upper-level PV dis-

turbances in the Meiyu front is different in the different

stages of the Meiyu front.

Fig.12. As in Fig.7, but inversed from potential vorticity perturbation in the upper level (450–100 hPa) of the tropo-

sphere.
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6. Conclusions and discussions

In this study, a Meiyu front process inducing con-

tinuous heavy rain in the north of Fujian Province is

analyzed in detail to investigate the atmospheric char-

acteristics and the main synoptic system in the differ-

ent stages of the Meiyu front evolution. At the same

time, the PV perturbations associated with different

physics are separated with PV inversion method to

explore the role of different physics in the formation,

development, and maintenance of Meiyu front. The

results are as follows:

(1) The main weather pattern in the formation

and development of Meiyu front is that two main im-

portant high pressure systems are in the mid-lower

troposphere of 850 hPa, i.e., the West Pacific sub-

tropical high and North China high, with the Meiyu

front in the lower pressure band between the south

and north high pressure systems. The westerly flow is

flat in the mid-latitudes of 500 hPa and short waves

in the west flow form and move eastward to influence

Meiyu frontal rainfall. The upper-level jet stream at

200 hPa is located in the north of 30◦N and there are

several jet cores forming on the jet axis and moving

eastward, with heavy rain on the Meiyu front in the

right of the jet stream entrance. The South Asian high

is maintaining stably at 100 hPa, within 27◦–28◦N and

the Meiyu front in the divergence flow of upper-level

northwest and northeast winds.

(2) There is a close relationship between the

Meiyu front and the PV in the lower troposphere of

850 hPa. The PV can denote Meiyu front. The posi-

tive PV disturbance on the Meiyu front matches with

the heavy rain area. It may be related to the LHR

associated with Meiyu frontal rainfall condensation,

i.e., the diabatic heating may generate the PV on the

Meiyu front band in the lower troposphere.

(3) The EPV inversed balanced flow satisfying the

nonlinear balanced equation represents the real flow

to a large extent, and therefore it is the main compo-

nent of real winds. The variation of nonlinear balanced

flow is of importance to the formation, development,

and movement of the Meiyu front. The unbalanced

flow of Meiyu frontal convergence band is mainly re-

lated to the high pressure system in the two sides of

Meiyu front, especially to the activities of high pres-

sure system and low trough in its north side, i.e., the

unbalanced flow (north flow) from North China high

is the main confluent flow of the Meiyu frontal conver-

gence band in the period of Meiyu front maintaining

stage, while the unbalanced flow from North China low

trough is the main factor of the convergence band in

the period of the Meiyu front fast shifting southward.

(4) The diagnosis of the different PV perturba-

tions shows that, the low-level PV perturbation ex-

erts some influence on the formation, development,

and maintenance of the Meiyu front. But the role

may be different in the different stages of Meiyu front.

Hence it should be paid attention to the role of gener-

ated PV disturbance by the boundary layer physics in

the maintenance and development of the Meiyu front.

On the whole, the upper-level PV perturbation is not

beneficial to the formation, development, and mainte-

nance of Meiyu front. Especially in the heavy rain area

on the Meiyu front, its effect is relatively weak com-

pared with other PV disturbance. But in the stage

of North China low trough shifting southward, the ef-

fect of upper-level PV perturbation is enhanced obvi-

ously. The lower boundary θ′ is not advantageous to

the formation, maintenance, and development of the

Meiyu front. This is resulting from the relative lower

surface temperature due to the rainfall evaporation on

the Meiyu front and the barrier of Meiyu frontal clouds

to the solar radiation. The surface temperature is of

large daily range because it is influenced largely by

the solar radiation and therefore may exert different

effects on the Meiyu frontal heavy rain systems.

(5) The positive PV perturbation associated with

LHR is one of the main factors influencing the Meiyu

front formation, maintenance, and development. Its

vorticity of balanced winds is near to that calculated

from real winds on the Meiyu front, with the maximum

vorticity center in accordance with the heavy rain area

on the Meiyu front. Hence, the diabatic physics re-

lated to rainfall condensation heat is one of the main

mechanisms responsible for the formation, develop-

ment, and maintenance of the Meiyu front. The other

PV disturbance unrelevant to the LHR also has a
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certain effect on the Meiyu front. In the late stage of

the Meiyu front, the induced anti-cyclonic circulation

exerts some influence on the Meiyu front’s southeast-

ward movement.

Here performed is only a case study of continuous

heavy rain process with PV inversion. As to Meiyu

frontal heavy rain processes on different synoptic situ-

ations, the role played by different PV disturbances in

the formation, development, and maintenance of the

Meiyu frontal heavy rain systems may be different.

Therefore, typical continuous heavy rain processes on

the Meiyu front are needed to make further diagnostic

analysis with PV inversion method, conclude the phys-

ical image of PV distribution and evolution of Meiyu

frontal heavy rain processes, deepen the knowledge

of Meiyu frontal heavy rain, and provide a clue for

heavy rain forecast. Besides, the diagnostic study of

this case implies that the PV perturbations related to

boundary layer physics and LHR are the main factors

influencing the development of Meiyu frontal heavy

rain system. Hence, the analysis is needed to deepen

into the role of boundary layer physics, and diabatic

physics and numerical sensitivity experiment should

be carried out to further reveal the role of PV pertur-

bation in the Meiyu frontal development.
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