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ABSTRACT

A heavy rain process of the Changjiang-Huaihe Meiyu front (MYF) is diagnosed by the agency of
the traditional @ vector partitioning (QVP) method to decompose the wet @ vector (Q) in & natural
coordinate system that follows the isoentropes and by using the numerical simulation results of the revised
MM4 meso-scale model. The technigue shows that the partitioned wet @ vectors can lead to a significant
scale separation of vertical motion related to the torrential rain. The results not only verify the existing
conclusion that different scales interact throughout the rainstorm but alse indicate the largely different
roles of these scales during differing phases of the heavy rainfall on a quantitative basis. Specifically, during
the developing stage, the large-scale plays a predomivant role in forcing vertical motion, while frontal-scale
forcing is secondary; during the intense stage, the frontal-scale evolves into the primary factor of forcing
vertical motion, whereas the large-scale forcing is minor and plays a diminishing role and can even be
ignored; and during the decaying stage, the large-scale once again serves as the main forcing of vertical
motion in such a way that the forcing of the frontal-scale decays quickly and is of secondary importance.
Furthermore, the partitioned wet @ vectors are suggested to be more suitable than the total wet @ vector
for evaluating the potential physical mechanisin of rainstorm genesis. The first step is that the forcing
of large-scale 2V - @ gives rise to the genesis of meso-scale 2V - ), forcing; and then, accordingly as
2V . @ forcing increases, whereby the secondary circulation is reinforced, the intensity of the rainfall is
strengthened; and at last, the secondary circulation caused by 2V - @, forcing is directly responsible for
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generation of the MYF heavy rainfall.
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1. Introduction

The @ vector has been used widely in operational
jobs and studied theorctically since it was depicted by
Hoskins et al. (1978). In particular, in entering the
1990s, the fact that the concepts of semi-geostrophic
Q vector, C vector, ageostrophic @ vector, and wet @
veetor are proposed in turn shows that the theoretical
study of the Q vector has been considerably perfect
{Yue, 1999). In scientific documents, the @@ vector
approach is granted as an advanced method to eval-
uate vertical motion on an operational basis (Dunn,
1991), and appears {o provide onc of the best means
of calenlating vertical motions numerically (Durran
and Snellman. 1987). Actually, @ vector partitioning
(QVP) has more application value to diagnosis. Stud-
ies from outside China have delineated thai QVP is
a useful tool to investigate physical process of fronto-
genesis and vertical motion, insomuch ag partitioning
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call separate processes and structure of meteorological
intcrest which are difficult to display only by a “to-
tal” @ vector. The traditional decomposition of the
@ vector in a natural coordinate system that follows
isentrope was reported by loskins et al. (1978) and
Keyser et al. {1988). Davies-Jones (1991) obtained a
@) vector partitioning that has the notable property of
being “intrinsic” — that is, independent of any refer-
ence system - thereby examining the frontogenetical
forcing of sccondary circulations. Keyser et al. {1992)
not only arrived at a similar conelusion but alse found
that the decomposition of the @ vector into along-
and cross-isentrope components leads to an interest-
ing scale scparation of the vertical motion pattern as-
sociated with a baroclinic disturbance, suggesting an
interpretation of the characteristic comma structure
of vertical motion in middle latitude baroclinic distur-
banees when he diagnosed the output from an idealized
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synoptic model. QVP is widely used in the synoptic
literature, e.g., Kurz (1992) analyzed the frontogenesis
and cyclogenesis processes. Barnes and Colman (1993}
diagnosed a storm occurring in northeast Colorado on
Christmas in 1987 and gave a clear account of the ap-
pearance of the largest secondary vorticity developing
a main vortex in the synoptic process. In addition,
Schar and Wernli (1993) utilized & partitioning that is
essentially the same as that of Davies—Jones. Martin
(1999) also adopled a decomposition of the @ vector
along isentropes, which is different, from that employed
by Keyser et al. (1992), to diagnose the upward mo-
tion in an occluded cyclone. Morgan {1999) applicd
QVP to diagnose surface [rontogenesis and vertical
motion. Generally, the @ vector is decomposed inte a
natural coordinate system that follows isentropes , but
Jusern and Atlas (1998) proposed a new partitioning
that consists of splitting the @ vector into along- and
cross-isohypse components. In particular, the § vec-
lor is partitioned in the natural coordinate system that
follows the geostrophic wind, and an important con-
clusion can be drawn by applying the new QVP to a
gridding analysis of a real weather situation. The pre-
vious analyses show that studies from outside China
on QVP are abundant concerning its application to
diagnose different synoptic processes and reveal their
potential physical mechanisms, which are difficult to
exhibit by “total” @. In brief, the works primarily
point to quasi-geostrophic QVP and its application.
Till now, the partitioning of the wet @ vector and its
applications at home and abroad have not heen ex-
plored in such a manner, which is the point of this
paper.

In previons studies, QVP is only adopted to deal
with a quasi-geostrophic @ vector so that it only dis-
plays the forcing mechanism of vertical motion related
to large-scale and quasi-geostrophic synoplic processes
as usual. However, its limited application is due to its
partitioning. The latest results portray that the quasi-
geostrophic @ vector has far less diagnostic abilitics
in comparison to the wet € vector in the context of
the study of rainstorm generation from the meso-scale
Meiyu front (MYF) in the Changjiang-Huaihe basins
{Yue and Shou, 2002). Additionally, Tac (1980) sug-
gested that a rainstorm is a result of the interactions
of different scale synoptic systems, even though it is a
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meso-scale phenomenon, and a meso-scale system di-
rectly produces heavy rainfall genesis and plays a key
role in the interactions of differing scales. The study by
Yang ct al. {1987a, b) was devoted to the meso-o scale
rainband from MYT with its characteristics and gene-
sis mechanism and gave a dynamical analysis. Si et al.
(1995) addressed the relation of the change of large-
scale circulation to the change of the frontal features
and {rontal rainfall environment. Although multi-scale
interactions in hard rainfall process have been exam-
ined greatly and depicted and discussed in detail { Tao,
1980; Xue and Liu, 1996), no cne has done so with the
aid of wet @ vector partitioning (WQVP) on a quanti-
Lative basis in China or abroad till now. What roles do
the large- and meso-scales play in the MYT torrential
rain process respectively? This question will be inves-
tigated in the following discussion. The approach of
splitting the quasi-geostrophic @ vector is used to de-
compose the wet @ vector, which, in turn, s utilized to
diagnose vertical motion in relation to the MY} rain-
storm process, thereby disclosing how vertical motion
is excited and forced by different scales throughout the
heavy rainfall process.

2. Data and methods
2.1 Data

Owing to rare observations (therc are only 2000
Beijing Time (BT) 5 July, 0800 BT and 2000 BT 6
July 1991) , making diagnosis inconvenient, and the re-
vised MM4 model employing stroug simulation {Dong
et al., 2001a, b), we take 2000 BT 5 July and 0800 BT
6 July 1991 as original fields and integrate 12 hours re-
spectively with synchronous rcal data to exainine each
corresponding counterpart, of the simulation. In conse-
quence, we find that the ohservations and simulations
are roughly in agreement on a high field basis, which
shows that the simulations are so reliable that they
can be used as diagnostic data. In order to improve
the true effect of the analysis, we still make use of the
observations aud interpose three times simulations be-
tween each two observations, so there are nine times
used data. Fvidently, the diagnostic data are remark-
ably intensive, whereby it is favorable to study it in
full with related precipitation.

2.2.1 Wet Q vector and ageostrophic omega equation (Zhang, 1998)
The expression of the wet @@ vector in the P-coordinate system is
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where, h = (R/p)(p/1000)R/  subscripls & and y de-
note zonal and latitudinal components respectively,
and the other symbols are usual in meteorological
physics. Recently, Yao and Yu (2000; 2001) derived
a formula similar to Fq. (1) by another way.

The ageostrophic omega equation whose forcing
term is the wet @ vector divergence in the P-
coordinate system is

V{ow) + ﬂ%;‘;i =2V @ . (2

When the omega field employs & wave feature, Eq. (2}
grves:

V- Q* X, (3)
and Fq.(3) can be used to diagnose vertical motion.
Thus, f V- @* <0 (V- Q" >0), then w <0 (w>0),
namely, upward (downward) motion.

2.2.2 The partitioning of the wet € veclor

The specific partitioning is illustrated with the aid
of Fig. 1.

Based on the traditional QVP, we decompose the
wet Q vector in a natural coordinate system that fol-
lows the isentropes (Fig. 1), where % is the unit vector

Ve

Ve
is 90° counterclockwise from n, ie., 8 = k x n. For
convenience, the “tolal” wet @ vector is referred to as
Q.. (which is equal to @), so the component of Q°
in the direction of 7 will be denoted as @, and is equal
to

in the direction of V8, which is given by 7 8
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Fig. 1. Schematic describing the natural coor-
dinatle partitioning of the wet @Q vector used in
this study. Dashed lines are isentropes on an iso-

baric surface. Here @Q7(Q7) is the component of
Q" (rera) in the () direction.
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‘The component of @ in the direction of § will be

dencted as @ and is equal to
. Q- (kx V) [(k X VH)]
&%= {6 v

Obviously, @* = Q% + Q. The component €}, is in
the cross-isentrope direction with a quasi-geostrophic
deviation feature, related lo [rontogenesis and frontol-
ogy and reflecting the meso-scale information. The
component @) is in the along-isentrope direction
(namely, the thermal wind direction} with a quasi-
geostrophic feature and reflecting the large-scale in-
formation. Both @}, and @ have the same disgnos-
tic characteristics as @, and what is more, @ and
@ are associated with meso- and large-scale forcing
respectively (Keyser et al.,, 1988; Davies-Jones, 1991;
Keyser ct al., 1992; Kurz, 1992; Barnes and Colman,
1993; Schar and Wernli, 1993; Martin, 1999; Morgan,
1999). As the w ficld has a wave feature, there is
V- @ (V- Q) oc w, which can be utilized to diag-
nose vertical moticn. If V- Q% < 0 (V- Q; < 0), then
w < 0, which is ascent motion foreed by meso- (large-)
scale convergence, and vice versa.

3. Precipitation overview

There is 2 typical Changjiang-Huaihe MYF heavy
rainfall event beginning at 2000 BT 5 July 1991, last-
ing for 24 h. The MYF cyclone developing stage is
at about 2000 BT 5 July 1991 when the precipitation
just occurs. Subsequent to 2000 BT 5 July and prior
to 0800 BT 6 July 1991 the rainfall becomes strong
by degrees. An apparent turnabout shows up at 0800
BT 6 July when a noticeable cyclene appears in the
Changjiang-Huaihe basins with the rainfall growing
greatly. After 0800 BT and before 2000 BT 6 July the
precipitation is the strongest with intensive distribu-
tion on & spatial and temporal basis associated with
the strongest cyclone having typical meso-scale char-
acteristics. At about 2000 BT 6 July 1991, the cyclone
moves eastward to the sea, relating to the end of the
precipitation. Seeing that tho real rain area extends
from 29.25°N to 38.80°N and 109.717°E to 126.33°E,
the range is the predominant diagnostic region while
other belts are not considered in this paper.

4. Specific application of WQVP

Studies have shown that the 700 hPa convergence
field of the wet @ vector divergence is in good rela-
tion to the fallout band and intensity of the rainstorms
from MYF {Yue and Shou, 2002). As a consequence,
the problem can be solved by the analysis of the 700
hPa wet Q vector divergence pattern. The specific
diagnosis will be given in the following text.

4.1 From 2000 BT 5 July to 0800 BT 6 July

Based on the distribution of the 700 hPa @ vector
divergence felds at 2000 BT, 2300 BT 5 July and 0200
BT, 0500 BT 6 July (figures omitted), we can see that

e
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the distribution characteristics of the convergence re-
gion with its center of @ vector divergence correspond
well 10 the counterparts of @}, . in comparison to &,.
Moreover, some convergence cores of Q. vector di-
vergence can rarely be reflected by the counterparts of
Q% in the corresponding location. This suggests that
oV ¥, (2V - @) makes up the chief (secondary) com-
ponent of 2V - QF,,.;, namely the large- (frontal-) scale
plays a primary (minor) role in forcing vertical motion
during this stage, particularly at 2300 BT 5 July {Fig.
2).

: In Fig. 2a, two Q. vector divergence con-
vergcnee centers which are located at (111.3°E,
32.8°N) and (112°F, 33°N) with intensities of —3.62 x
10718 hPa~* §73 and —4.75 x 10718 hPa™' 572, re-
spectively, are reflected well by the corresponding
counterparts of the @ in Fig. 2c with intensities of
~271% 10715 hPa s~ and ~3.31 x 10~ hPa~' 573
in such a manner that are reflected poorly by the
associated counterparts of the ¢, in Fig. 2b with
an intensity of —2.31 x 10715 hPa~' 573, Notably,
the @, vector divergence convergence core, which
is located at (113.1°E, 30.8°N) with an intensity of
—4.38 x 10 " hPa ! s~ in Fig. 2a is reflected very
clearly by the counterpart of @ in Fig. 2¢ with an in-
tensity of —3.14 x 10715 hPa~! 5= while it is reflected
by the weak counterpart of @}, in Fig. 2b only with
~1.75% 107" hPa~" 53, In additioni the convergence
intensity of G (—5.26 x 10719 hPa™ s73) is stronger
than its counterpart of @, (-4.84 x 107’ hPa 's73)
within the context of the reflecting counterpart of
Q.1 Whose center 1s located at (111.1°E, 20.8°N).
All of these indicate that Fig. 2¢ is better than Fig. 2b
to reflect Fig. 2a, and 2V - €, is the main component
of 2V - @, i such a fashion thal 2V - @}, constitutes
little proportion.

The synchronous high pattern {figures omitted)
shows that the Changjiang 1luaihe MYF cyclone de-
velops gradually from 2000 BT 5 July to 0800 BT &
July 1991, ad interim, hourly precipitation (figures
not shown) becomes strong little by little only with
a small range of increase during this stage. By means
of WQVP and comparison of 700 hPa wet @ vector
divergence distribution, we can see that on this stage,
the large- {meso-) scale plays the chief (secondary) role
in forcing vertical motion, which, with the aid of the
wet ) vector partition, reveals that different scales
play different roles in the developing stage of MYF
cyclones whereas it is difficult for the “total” wet Q
vector to show this.

4.2 0800 BT 6 July

By comparing the 700 hPa £, vector divergence
convergence fiekl with the counterparts of @), and @
at OR0ORT 6 July 1991 respectively {figures omitted),
we find that in the vicinity of 32.5°N therc is a west-
cast convergence belt of @}, vector divergence with
three cores at (32.5°N, 114.5°E), (32.5°N, 116.5°E),
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and (32.5°N, 119°E), which are reflected well by the
counterpart of @, but only partly by the counterpart
of Q. Additionally, the distribution features of the
convergence of the @,, vector divergence near 30°N is
similar to the related counterpart of €. All of this
shows that the meso- (large-) scale explains the main
{ininor) component of 2V - (.1 and plays a primary
{secondary) forcing rolc in this stage.

In the meanwhile, a mature cyclone turns up in the
Changjiang-Huaihe basins and precipitation increascs
greatly with its intensily strouger than before (figures
omitted). In such a case, by virtue of WQVP and
the 700 hPa wet @ vector divergence field compari-
son, we conclude that the forcing ol the large- and
frontal-scales being responsible for vertical motion has
radically changed in this stage in comparison to the
previous stage, namely, the frontal-scale forcing in the
context of vertical motion associated with MYT heavy
rain is predominant and the counterpart of the large-
scalc is secondary. The grcat change can be revealed
clearly by WQVP whereas it is diffienit to find the
mechanism of its inner variation in terms of the “to-
tal” wet € vector.

4.3 Between 0800 BT and 2000 BT 6 July

The features of divergence and convergence of the
€ vector divergence on the east of 114°E are very
similar on the basis of comparing Fig. 3a to g,
3b. Specifically, the @, vector divergence conver-
gence band, which is composed of the two conver-
gence cores located at (116°L, 33°N} and (117.5°E,
32.5°N) with intensities of —3.02 x 1071 hPa™! 573
and —2.98 x 107'% wPa~! s~ respectively (Fig. 3a),
can be reflected well by the counterpart of €, whose
center i5 located at (116.5°E, 32.8°N) with an inten-
sity of —4.66 x 10 ' hPa~! s~ (Fig. 3b). Appar-
enlly. the intensity of the latter is strouger as com-
pared to that of the former, and to some cxtent the
features of the distribution of the € vector divergence
(Fig. 3¢) are poorly related to the counterparl of Q)
(Fig, 3a), and cven contrary. Besides, the Q). vee-
tor divergence convergeuce band, which is made up of
the centers located at (114.2°E, 31.7°N) and (116.1°E,
31.5°N) with intensities of —3.53 x 1074 hPa™'s 3
and —4.18 x 1071% hPa ™! s respectively, can be
reflected by the counterpart of @), which consisis
of cores located at (113.8°E, 32.5°N) and (115.9°E,
32,5°N) with intensities of —4.5% 1075 hPa~"s % and
—4.17 x 10='® hPa~' =%, while it can hardly be re-
flected by the counterpart of @j. All of this shows
thal 2V @, includes a larger component of 2V Q)
than of 2V @}, nanely the forcing of the frontal-scale
is much larger as opposed to the large-scale, and the
latter plays a background role in such a fashion that
the former plays the major role in forcing vertical mo-
tion. In addition, analyses of the 700 hPa wet Q
vector divergence distribution at 1400 BT and 1700

Sy
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Fig. 3. Asin Fig. 2 but for 1100 BT 6 July 1991.

BT 6 July 1991 (figures omitted) can both draw a sim-
ilar conclusion.

A synchronous high field (figures not shown) re-
veals that the period from 0800 BT to 2000 BT 6
July 1991 is a strong stage of a MYF cyclone, ad in-
terim, precipitation intensity (figures omitted) greatly
increases in the fallout region of concern. By the use
of the WQVP aunalysis, we find clearly that 2V - @
explaing the principal component of the “total” wet €
vector divergence field due to the fact that 2V- ), and
2V - Qa1 have a good correspondence within the con-
text of convergence center location and convergence
pattern distribution whereas there is great difference
between 2V - @ and 2V - @ .- Furthermore, we
also know that in the middle of the MYF strong stage
2V - 2, can almost take the place of 2V - (. in such
a way that 2V - § can almost be ignored. From the

foregoing, we see that during the strong stage of MYT,
the frontal-scale is leading, whereby vertical motiown is
forced dominantly, and the large-scale is secondary and
only plays a background role.

4.4 2000 BT 6 July

The convergence intensity of @, vector divergence
is stronger compared to that of @ over the rain area at
2000 BT 6 July 1991 (figures omitied), which indicates
that 2V increases while 2V- @, decrcases gradually
on the basis of the proportion in 2V - @, in contrast
to the previous stage. In other words, large-scale fore-
ing becomwes strong and [rontal-scale forcing becomes
weak by degrees ou the basis of vertical motion.

The analysis of the synchironous synoptic chart (fig-
ure uot shown) shows that a turning point in the life
of the cyclone ocenrs at 2000 BT 6 July 1991 when it
has moved eastward to the sea and weakened. Based
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on the inter-comparison of the partitioned wet § vec-
tor divergences, we find that in the context of verli-
cal motion, both large- and frontal-scale forcing have
smart changes, which are basically the same as their
respective counterparts during the developing stage of
the MYF cyclone, which, in turn, portrays that the
large- {frontal-) scale is getting strong (weak) with the
decline of the cyclone.

5. Analysis and discussion

Through the use of WQVP and analysis of a typical
C'hangjiang-Huaihe MYF rainstorin process beginning
at 2000 BT 5 July 1991, lasting for 24 h, we not only
verily the known result that MYF heavy rainfall is at-
tributed to the multi-scale interactions but obtain new
interesting findings as well. Through the developing,
maturing, and declining stages of the MYF cyclone,
based on the guantification of WQVP, we not only
show that the frontal- and synoptic-scales play differ-
ent roles in differing phases of the heavy rainfall, but
we also find clearly that the forcing of the frontal-scale
within the context of vertical motion goes from weak
1o strong and then to weak, and vice versa for the
large-scale forcing. Furthermore, WQVP helps us un-
derstand further the genesis mechanism of the MYF
rainstor. To be specific, at the beginning stage of
the MY'F heavy rainfall, the forcing of 2V - &5 om-
ploying a large-scale feature on the basis of vertical
motion is very important, which can excite large range
weak ascent motion which causes lower water vapor
to rise, and as a eonseguence, produces the release of
vapor condensalion latent heat. which, in turn, can
make the vertical motion stronger. This occurs under
an interactive feedback situation, which leads to sub-
synoptic scale secondary circulation genesis. In the
strong stage of MYT heavy rainfall, the meso-scale be-
comes the primary factor forcing the vertical motion,
and the meridional secondary circulation excited by
2V - @ with frontal-scale characteristic reaches a vig-
orous stage, which makes the intensity of rainfall reach
its maximum, but the large-scale plays a background
role at most. Therefore, we suggest that primarily it
is the forcing of large-scale 2V - @) that allows the
generation of meso-scale 2V - @, forcing. Then, as
the 2V . @, forcing gets strong, whereby the gener-
ated secondary circulation reinforces, the intensity of
the rainfall increases and, at last, the secondary circu-
lation cansed by 2V« @], forcing engenders the genesis
of MYF hard rainfall.

6. Summary and concluding remarks

The present study investigates the roles played by
large- and moso-scale forcings in a MYF lorrential
rain proucess by nsing the wet @ vector parlitioning
(WQVTP) meihod. The main conclusious are:
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(1) WQVP does a very meaningful job which can
disclose the potential mechanisms and physical
processes of MYF heavy rainfall genesis which
is difficult for the “total” wet @ vector to dis-
play.

(2) Splitiing the wet @ vector into along- and cross-
isentrope compouents is the cause of a interest-
ing scale separation of vertical motion associ-
ated with MYF hard rainfall.

{3) Through the agency of WQVP and comparison
of the 700 hPa wet  vector divergence distri-
bution, we can see clearly that the rainstorm
from MY} is generated by the interactious of
different scales, and these different scales play
different roles in the different stages of the MYF
rainstorm. More specificalty, during the devel-
oping stage, the large-scale plays the predom-
inant role in foreing vertical motion genesis in
such a way that the forcing of the frontal-scale is
secondary; during the strong stage, the frontal-
scale evolves into the primary factor of forcing
vertical motion whereas the forcing of the large
scale is minor and plays a decreasing role, which
can even be ignored during the center of the
stage; and during the decline stage, the large-
scale once again serves as the main strength of
forcing vertical motion while ihe forcing of the
frontal-scale decays quickly and is of secondary
Lnportarnce.
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FRAEHNQ RESHAZERQ RR(Q)T B AN IRANHALIAD, JFE T LAMMG
AMMMAOBEREH, R —RimkemERS M RLTEH S H. #EEY, SHEQ RRTARTAET N E
HiEHSHT P E R LORNESE, RSB TR R A ETRNERTFERN Cmeie, Gl
ArEMMERSUAEREASTERER SRPRERARENTER AR, GEROE. K20 TERNEENT
AR, KN AR s B AR LR ARH R, B VRO R TR R, LR R
RS R, SXNECSEEHEE AN L ERERAF, n ANEMARAERLSHREme, TEF
HEFRBNEMN, BETISKTLZEA . EERERFRET IR, KR EHEEA N E s
R EERIAG . AN R R, HOLAE TRE . fosh, RITAA S REQ KR
“ET IR EEREAAEN VRN I R AR R BALEIR T. RREARELY . @R T AR T
RE2Y - QA& WH2V QL IRAEHMMIA, TATE IR E IR IR R, BRI IR &
| B A, B L2 - Q SRIG PRI =/ LR R I L TR B R AT R

*k8E: WQ KBIE WQ KR, HWRRW, TRRAMLEMN, 21



