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Abstract: A rainfall that occurred during 0200-1400 Beijing Standard Time (BST) 25 August 2008 shows
the rapid development of a convective system, a short life span, and a record rate of 117.5 mm h™* for
Xujiahui station since 1872. To study this torrential rainfall process, the partitioning method of Q vector is

developed, in which a moist Q vector is first separated into a dry ageostrophic Q vector (QD) and a

diabatic-heating component. The dry ageostrophic Q vector is further partitioned along isothermal lines in
the natural coordinate to identify different scale forcing in adiabatic atmosphere, and the large-scale and
convective condensational heating in non-uniform saturated atmosphere, convective condensational heating,
and Laplace of diabatic heating that includes radiative heating and other heating and cooling processes, are
calculated to study the forcing from diabatic heating. The effects of the environmental conditions on the
development of the rainfall processes are diagnosed by performing the partitioning of Q vector based on
6-hourly NCEP/NCAR Final Analysis (FNL) data with the horizontal resolution of 1° X 1° . The results
include the following: (1) a low-pressure inverted trough associated with the landfall of Typhoon Nuri
(2008), a strong southwesterly jet along the western side of the subtropical high, and an
eastward-propagating westerly low-pressure trough provide favorable synoptic conditions for the

development of torrential rainfall; (2) the analysis of QD vector showed that the upward motions forced
by the convergence of QD vector in the lower troposphere (1000-600 hPa) favor the development of

torrential rainfall. When QD vector converges in the upper troposphere (500-100 hPa), upward motions
in the whole air column intensify significantly to accelerate the development of torrential rainfall; (3) the

partitioning analysis of QD vector reveals that large-scale forcing persistently favors the development of
torrential rainfall whereas the mesoscale forcing speeds up the torrential rainfall; (4) the calculations of
large-scale condensational heating in non-uniform saturated atmosphere, convective condensational heating,
and Laplace of diabatic heating showed that the forcing related to diabatic heating has the positive feedback
on the convective development, and such positive feedback decays and dissipates when the convective
system propagates eastward and weakens.
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1 INTRODUCTION forecast of torrential rainfall with rapid development
) ) ] ) of a convective system during a short life span has

The forecast of torrential rainfall is an important, been barely improved. With a rapid development of
difficult task of weather forecasting, in particular, the Chinese economy, the direct and indirect economic
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losses associated with torrential rainfall becomes more
and more problematic, especially, in the developed
and densely populated modern metropolitan areas. On
25 August 2008, a torrential rainfall event occurred
over Shanghai, China, which led to a significant flood
over a large area, a severe traffic jam, and a big
economic losstt. Thus, the improvement of rainfall
forecasting skill is one of the most urgent tasks
needed to be solved by operational weather
communities. Meanwhile, the improvement of rainfall
forecast relies on, with in-depth studies, better
understanding of development of torrential rainfall. It
is well known that torrential rainfall is always forced
by upward motions associated with favorable
large-scale synoptic conditions. The analysis of
upward motions, which cannot be directly measured,
relies on the improvement of diagnostic tools. As an
advanced tool for diagnosing upward motions
associated with rainfall, Q vector has been studied and
applied to the diagnosis of various weather systems>!
since it was introduced by Hoskins et al.®! The Q
vector can be categorized into dry and moist Q vectors.
The dry Q vector does not include atmospheric
diabatic heating, such as geostrophic Q vector?),
semi-geostrophic Q vector'®, generalized Q vector!”,
C vector®® generalized C vector™, dry ageostrophic

Q vector (Q” ) and modified dry ageostrophic Q

vector™ 2 The moist Q vector contains such
atmospheric  diabatic heating terms as moist
ageostrophic Q vector (moist Q vector)™*% modified
moist ageostrophic Q vector (modified moist Q
vector)Y%1 and moist Q vector in non-uniform
saturated atmosphere?® 2, Previous studies!t? 1 2244
revealed that the partitioning of Q vector, a very
useful diagnostic tool, can provide valuable diagnosis
of weather systems. The partitioning of dry Q vector
is mainly done along isothermal lines in the natural
coordinate?>% along iso-height lines in the natural
coordinate 123431 "narallel to isothermal lines into
geostrophic vorticity and deformation component(®],
and with partitioned wind field retrieved from
potential vorticity®. The partitioning of moist Q
vector is mainly accomplished along isothermal lines
in the natural coordinate!®®*?, and the addition of

components of condensational heating and Q"

vector at different scales!*®), with direct partition done
to the components of dry ageostrophic Q vector and
diabatic heating!*?l. The aforementioned partitioning
methods show that the Q vector and associated
partitioned components have similar diagnostic
features. Different partitioning methods can be
applied to the diagnosis of development of weather
systems associated with torrential rainfall. Among
them, the partitioning of Q vector along isothermal
lines in the natural coordinate is the most popular
technique. Yue et al.l®® 3% conducted the partitioning

232

of moist ageostrophic Q vector and modified moist
ageostrophic Q vector to study Meiyu torrential
rainfall events over the area between the middle and
lower reaches of the Yangtze and the Huaihe River in
1991 and found that the partitioning of Q vector
results in meaningful scale separation of vertical
velocity for better evaluation of potential physical
mechanisms associated with the development of
Meiyu torrential rainfall. Wang et al.l*y carried out
similar partitioning of moist ageostrophic Q vector
along isothermal lines in the natural coordinate and
revealed the mesoscale features of unusual torrential
rainfall events that occurred over Sichuan-Shanxi area
along the east side of Tibetan Plateau. Yang et al.*
also performed similar partitioning to analyze unusual
torrential rainfall that occurred in Shandong province
during the spring and fall and showed that the
convergence of moist Q vector vertical to the
isothermal lines is similar to the convergence of moist
Q vector in a spring torrential rainfall case during
17-18 April 2003, when mesoscale upward motions
were dominant. In contrast, the convergence of moist
Q vector component parallel to the isothermal lines is
similar to the convergence of moist Q vector in a fall
torrential rainfall case during 10-12 October 2003, in
which the large-scale upward motions of the torrential
rainfall is mainly of large scale mixed with embedded
meso- and fine-scale upward motions and
precipitation is of a mixed pattern. Liang et al.[*”
separated the moist Q vector into components vertical
and parallel to isothermal lines and found that
mesoscale upward motions and convective rainfall
dominated during torrential rainfall whereas the
convergence of Q vector component parallel to the
isothermal lines became larger after the torrential
rainfall. Unlike Yue et al.® and Liang™?, Yuel®! first
separated dry ageostrophic Q vector along isothermal

lines in the natural coordinate to derive Q” and

Qf and then combined them, respectively, with

large-scale and convective condensational heating in
the analysis of Typhoon Haitang (2005). Long et al.™*!
partitioned the moist Q vector into dynamic and
diabatic components and applied its analysis to three
heavy rainfall events. In fact, this research work is to
separate the moist Q vector into the forcing from dry
ageostrophic Q vector and diabatic heating. The
aforementioned studies demonstrated that the
partitioning of Q vector is an efficient tool for
studying torrential rainfall processes. The advantage
of analyzing moist Q vector is the inclusion of
diabatic heating. Recently, Yang et al.” and Gao!?!
proposed a method of separating condensational
heating from other diabatic heating (including
radiative heating and other heating/cooling) in the
analysis of moist Q vector in non-uniform saturated
atmosphere. In this study, a new technique of
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partitioning Q vector is suggested, which calculates
the dry ageostrophic Q wvector and associated
separation, the  forcing  from large-scale
condensational heating in non-uniform saturated
atmosphere, convective condensational heating, and
diabatic heating that includes radiative heating and
other heating/cooling. The backgrounds associated
with torrential rainfall over Shanghai, China on 25
August 2008 as calculated from  6-hourly
NCEP/NCAR Final Analysis (FNL) data with
horizontal resolution of 1° x1° are presented in the
next section. The partitioning of Q vector is
performed in section 3 and associated results are
analyzed and discussed in section 4. A conclusion is
given in section 5.

2 TORRENTIAL RAINFALL EVENT

2.1 Characteristics of precipitation

Figure la shows the torrential rainfall over the
southern areas of Jiangsu and Anhui Provinces and
moderate and heavy rainfall over the central and
northern areas of Zhejiang Province and heavy rainfall
in most parts of Shanghai area (referred to as “the
area” hereafter) during 2000 Beijing Standard time
(BST) 24 August to 2000 BST 25 August 2008.
Precipitation did not occur in the area from 2000 BST
24 August to 0000 BST 25 August. The weak rainfall
occurred during 0100-0500 BST 25 August. A
moderate rainfall with an area-mean rain rate of 1.8
mm h?' appeared over the western suburbs of
Shanghai. Then, the rainfall rapidly intensified and its
area-mean rain rate increased from 9.2 mm h™ at 0700
BST 25 August to 16.8 mm h* at 0800 BST 25
August. The rainfall significantly weakened at 0900
BST and dissipated at 1400 BST 25 August (Fig. 1b).
Seven automatic raingauge stations showed rain rates
of more than 100 mm over a 12-h period, and in
particular, Xujiahui station showed 117.5 mm h* (Fig.
1c), which sets a historical record since 1872. The
rainfall case features a short lifespan and large
area-mean rainfall.

2.2 Evolution of brightness temperature (TBB)

The analysis of horizontal distributions of TBB
using the IR1 data with a resolution of 0.05° x 0.05°,
measured by the geostationary satellite MT1R, shows
that the precipitating clouds with cloud-top
temperatures lower than -30° C occurred partially
over the area at 0200 BST 25 August (Fig. 2). The
clouds extended to western suburbs at 0600 BST,
merged over the central and northern parts of the area
and grew significantly at 0700 BST, with cloud-top
temperatures lower than -50° C. They then continued
to intensify while slowly propagating eastward. The
clouds completely moved into the East China Sea at

1100 BST. The cloud-top temperature over the area
warmed up to -30° C and continued to increase at
1400 BST while the precipitating cloud systems
further weakened and dissipated.
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Fig. 1. a: Observed 24-h cumulative rainfall amount during
2000 BST 24 August to 2000 BST 25 August 2008 (Shanghai
is marked by [1); b: hourly mean rain amount over automatic
raingauge stations over the area; c: hourly rain amount over
Xujiahui station. Unit: mm

2.3 Synoptic background

The development of the torrential rainfall is much
affected by three surrounding weather systems: a
low-pressure inverted trough associated with the
landfall of Typhoon Nuri (2008), a strong
southwesterly jet along the western side of the
subtropical high, and an eastward-propagating
westerly low-pressure trough. The three systems
worked together to provide favorable conditions for
the formation and development of the torrential
rainfall. An 850-hPa synoptic chart shows that
moisture converged over the area at 2000 BST 24
August (Fig. 3). The relative humidity was larger than
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80% before 1400 BST 25 August. A cut-off low
pressure, formed over the middle and lower ranches of
the Yangtze River, was located over southern Anhui
Province at 0200 BST 25 August, propagated
eastward to the area, and moved into the East China
Sea at 1400 BST. The synoptic patterns at 700 hPa
(not shown) are similar to those at 850 hPa. A
500-hPa synoptic chart reveals that a westerly
low-pressure trough formed upstream of the area west
of 1153°5NE at 2000 BST 24
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to 116° E at 0200 BST 25 August, and continued to
propagate eastward to the area. Finally, it moved into
the sea at 1400 BST 25 August. The moisture
increased around 0200 BST 25 August, and the
relative humidity was over 80%, with the water vapor,
associated with an eastward-propagating low-pressure
trough, merging with the moist regions at the northern
side of the subtropical high. Thus, large-scale
circulations provide favorable conditions for both
vgg;[er vapor and dynamic lifting.
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Fig. 2. Horizontal distributions of brightness temperature (°C) using IR1 data measured by the geostationary satellite MT1R at (a)
0200 BST, (b) 0600 BST, (c) 0700 BST, (d) 0800 BST, (e) 1100 BST, and (f) 1400 BST 25 August 2008. Shanghai is marked by I1.
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Fig. 3. 850-hPa synoptic charts at (a) 2000 BST 24 August, (b)
0200 BST 25 August, (c) 0800 BST, and (d) 1400 BST 25
August. The contours denote the geopotential height at
intervals of 10 gpm. The arrows are for the winds (m s™). The
relative humidity of more than 90% is shaded. Shanghai is
marked by .
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Fig. 4. As in Fig. 3 except at 500 hPa.

2.4 Data

NCEP/NCAR FNL data with a temporal
resolution of 6 hours and a horizontal resolution of 1°
x 1° are analyzed. The data contain 21 vertical levels
(of 1000 hPa, 975 hPa, 950 hPa, 925 hPa, 900 hPa,
850 hPa, 800 hPa, 750 hPa, 700 hPa, 650 hPa, 600
hPa, 550 hPa, 500 hPa, 450 hPa, 400 hPa, 350 hPa,
300 hPa, 250 hPa, 200 hPa, 150 hPa, and 100 hPa).
The entire air column is denoted by the average from
1000 to 100 hPa. The lower and upper atmosphere are
denoted by the averages from 1000 to 600 hPa and
from 500 to 100 hPa, respectively. The calculations
are mainly carried out from 2000 BST 24 August to
1400 BST 25 August 2008, and the horizontal
resolution of the calculated data is 1.11x10% km.

3 ANALYSIS OF PARTITIONING OF Q
VECTOR

236

3.1 Analysis of dry ageostrophic Q vector
3.1.1 WHOLE VECTOR ANALYSIS

To examine dynamic and thermodynamic forcing
associated with the development of the torrential
rainfall under adiabatic conditions, the dry
ageostrophic Q vector will be analyzed. Following
Zhang!®, the dry ageostrophic Q vector in static,
adiabatic, and frictionless atmosphere on the f-plane
in the p-coordinate can be expressed by

p 1.,.0vou Ouov oV
=—[f(—-——)-h—-Vd],
Q. 2[f ( pox op ax) o 1. @

QyD = i[f(@a_”_a_”@) _ha_v.vg] )
27 Opdy Opoy oy
R ke 1000, *
where h:—(L) %" , 0=T(—) %” ,
p 1000 p
V =ui+vj , and the others are conventional
meteorological variables and parameters.
An ageostrophic @ equation with the forcing of

divergence of Q” vector is
ow

Vi(ow)+ f?—=-2V-Q” ?3)

When @ has a wave-like solution, Eg. (3)
becomes

VQew. (4)
where® < 0 (upward motions) as V-Q” <0 and

@ >0 (downward motions)as V-Q” >0.

In the lower troposphere, the convergence of
Q" vector was located over the area at 2000 BST 24
August (Fig. 5). It intensified to
—0.5x10™ hPa-s® over western Shanghai at
0200 BST 25 August. At 0800 BST 25 August, the

center of convergence moved to the sea northeast of
Shanghai while the convergence covered most of the

area. The divergence of Q” vector occurred at 1400
BST 25 August. This indicates that the convergence
of Q” vector was located over the area from 2000
BST 24 August to 1400 BST 25 August.

In the upper troposphere, the divergence of Q”

vector was located over most of the area at 2000 BST
24 August (Fig. 6). Meanwhile, a band-shaped

convergence zone of Q” vector appeared over the

northern area next to Shanghai. The convergence
propagated eastward, extended southward and merged
into the convergence zone over the southern part of
middle- and lower-reaches of the Yangtze River while
it showed a distribution of northeast-southwest
orientation at 0200 BST 25 August. The convergence
covered the area. At 0800 BST 25 August, the
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convergence belt of Q” vector was broken and

propagated eastward to the sea. The divergence
completely occupied the area at 1400 BST.
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Fig. 5. 2v.Q” averaged in air column from 1000-600 hPa

at (a) 2000 BST 24 August, (b) 0200 BST 25 August, (c) 0800
BST 25 August, and (d) 1400 BST 25 August. The contour

interval is 0.5x10 7 hPa *.s™*, and the convergence of
2V - QP is shaded. Shanghai is marked by 1.
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Fig. 6. As in Fig. 5 except that 2V .Q” is averaged in air
column from 500-100 hPa

The analysis of both upper and lower troposphere
shows that the convergence of 2V -Q” occurred in

the lower troposphere whereas the divergence
appeared in the upper troposphere at 2000 BST 24
August. Both the lower and upper troposphere has the
convergence at 0200 BST 25 August while the
convergence in the lower troposphere significantly
intensified and the centers of convergence in the
lower and upper troposphere were collocated. At 0800
BST, while the convergence was maintained in the
lower troposphere over most of the area, the
corresponding upper troposphere became divergent.
The centers of convergence in the lower and upper
troposphere were not collocated, indicating the
weakening of the convergence. At 1400 BST, the
divergence occurred in both the lower and upper
troposphere. Figs. 1b, 5 and 6 reveal that the evolution

of divergence of Q” vector can be served as a

precursor for the development of the torrential rainfall.

The rapid intensification of the convergence of
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2V -Q” from 2000 BST 24 August to 0200 BST 25
August predicts the torrential rainfall. The rapid
weakening of the convergence of 2V -Q” from

0200 BST to 0800 BST 25 August indicates the
suppression of rainfall. Thus, the rainfall peak occurs

during this period. 2V -Q” turns to be divergent,

indicating the dissipation of rainfall at 1400 BST 25
August. It is also noted that the convergence of

2V -QP” is much stronger in the upper troposphere

than in the lower troposphere. With the strong
convergence appearing in the upper troposphere, the
convergence suddenly strengthened at 0200 BST 25
August.

3.1.2 VECTOR PARTITIONING ANALYSIS

The dry ageostrophic Q vector is partitioned
along isothermal lines in the natural coordinate to
obtain two components, QSD and Qf (Fig. 7).
Q?” is along the isothermal direction, i.e., the
direction of thermal winds, which are large-scale
geostrophic. QnD crosses the isothermal direction,
which is mesoscale ageostrophic!??-33 38-43],

I .
>

T+

Fig. 7. Schematic diagrams of the partitioning of Q” vector

and Cartesian and natural coordinates. n is a unit vector that
points to warm air from cold air, s is a unit vector derived from
n rotating 90° counterclockwise. /3 is an angle between s and

the x axis, and & is an angle between n and the x axis, and
L+a=90°.

In Fig. 7, n is a unit vector along the direction of

veé
Vo , —
Vel
counterclockwise, a unit vector s is obtained where
s=kxn. Qf denotes the component of dry

and n= When n rotates 90°
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ageostroph;c Q vector along the directiog of n, and 0" - Q" (kxV8) [(k xV@)].
QP = (w)v_@ or QP = (w)n _ ' 44 44
" v v " v

Q? and QP have similar diagnostic features
QP denotes the component of dry ageostrophic Q

o to QD , and can be expressed in the p-coordinate as
vector along the direction of s, and
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The derivations of Egs. (5) and (6) can be found
in the appendix. 2V-Q” and 2V-Q” will be

calculated to study the effect of different scale forcing
on the development of the torrential rainfall in the
following discussions.

In the upper troposphere, the divergence of

2V-QP and convergence of 2V-Q” occurred 30N
over the area at 2000 BST 24 August (Fig. 8). Both
2V-QP and 2V-Q” converged at 0200 BST 25
August while the latter was stronger than the former.
During 0800 BST-1400 BST 25 August, 2V -Q”
became divergent. These indicate that the forcing of
2V -QP favors the development of the torrential

115E 120E 125E

rainfall, in particular, 2V-Qf forced upward
motions at 0200 BST 25 August. The distributions of
2V-QP and 2V-Q” in the lower troposphere
(not shown) coincide with those in the upper
troposphere. This suggests that the large-scale forcing
plays an important role in developing torrential

rainfall whereas the mesoscale forcing accelerates and 30N -
intensifies the rainfall.
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Fig. 8. 2v.Q” (al-dl) and 2V-Q” (a2-d2) at (al) and
(a2) 2000 BST 24 August, (b1) and (b2) 0200 BST 25 August,
(cl) and (c2) 0800 BST, and (d1) and (d2) 1400 BST 25
August. The contour interval is0.5x107™° hPa™.s=, and the
convergence zone is shaded. Shanghai is markded by 1.

3.2 Analysis of diabatic heating

The aforementioned analysis indicates that plenty
of water vapor was available over the area during the
development of the torrential rainfall. Thus, the
effects of diabatic heating are discussed. From @
equation with the forcing of divergence of moist Q
vector, we have

C&V “(H) < oy W

P
where H is the diabatic heating rate, @, is the

vertical velocity forced by diabatic heating in the
p-coordinate, and the others are conventional
meteorological variables and parameters. Eqg. (7) has
similar diagnostic features to Eq. (4), which is
consistent with the results from Long et al.*4l The
Laplacian term of diabatic heating in the air column
from 1000-100 hPa is calculated to study the role
diabatic heating plays in producing vertical motions in
the following discussions.

3.2.1 CONDENSATIONAL HEATING H: IN NON-UNIFORM
SATURATED ATMOSPHERE
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It is not saturated everywhere in the atmosphere.
Usually, large relative humidity easily leads to
condensation. To solve discontinuation in the
transition between saturation and non-saturation areas,

H, =L 10, (D) = ~La, (1) [
4, qs

where u and v are zonal and meridional components
of winds, respectively; @ is the vertical velocity in
the p-coordinate, which is obtained with iterative

calculation of Eq. (3); ¢ and ¢, are specific

humidity —and saturation  specific  humidity,
respectively, L isthe vapor latent heat, and £=9.

In the saturated atmosphere, ¢ =gq,, (i)k =1,

N
Eqg. (8) is exactly the same as traditional calculation of
condensational heating in the saturated atmosphere. In

the non-saturated atmosphere, 0O<g<gq, |,

O<i<1, Eq. (8) is the function of ¢ and ¢, .

N
Thus, H. includes condensational heating and

relative humidity, which can be used to study the
effects of condensational heating over a transitional
zone between the saturated and non-saturated
atmosphere on the development of vertical velocity.

R, Vi(H)) was
.
negative over the central and northern areas of
Shanghai at 2000 BST 24 August. At 0200 BST 25
August, a negative zone was located in these areas.
The negative values covered most of Shanghai during
Rz )
C,-
is negative over parts of the area during the
development of the torrential rainfall. This implies
that the latent heat release is associated with its
formation and development, and its positive feedback
forces upward motions, which favors the development
of the torrential rainfall.

Figure 9 shows that

0800-1400 BST 25 August. Thus,

Yang et al.®® and Gao'?! derived a formulation for
calculating condensational heating in a non-uniformly
saturated atmosphere.

kg 1-kog,

)] ®)

gop q, Op
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25N -
115E 125E

Fig. 9. Ry V2(H) averaged in air column from
p’

1000-100 hPa at (a) 2000 BST 24 August, (b) 0200 BST 25

August, (c) 0800 BST, and (d) 1400 BST 25 August. The

contour interval is 0.2x107*° hPa™-s™, and negative values

are shaded. Shanghai is marked by 1.

3.2.2 CONVECTIVE CONDENSATIONAL HEATING H,

Although H: contains condensational heating

over the transitional zone between the saturated and
non-saturated atmosphere, it does not include the
convective condensational heating. The cumulus
parameterization scheme proposed by Kuo™! is used
to calculate the rate of convective condensational
heating in this study.

H, =C,AT. ©)
Here AT = gLIT, —T)x ,
C,(p,-p)<T,-T>t
R,/C
where ﬂzgz(ilooo) d/ P :
r p

1=l [ Vs pCN g -l

1 (B
<T,-T>=———["(T,-T)dp , p, and
s _p PT L T

p,
p, are the cloud-top (200 hPa) and cloud-bottom

(900 hPa) pressure, respectively, 7 is the time scale
(30 min.) for cumulus, T, is the cloud temperature,
T is the environmental temperature; p,., p,, V

N

are surface pressure, density, and wind vector,
respectively; ¢, is the saturated specific humidity

over the ocean surface, g is specific humidity near
the surface, C, =2.5x107° is the drag coefficient.
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R
Figure 10 reveals that —<—V(H,) was

p
negative over the area at 2000 BST 24 August. The
negative values only covered central and northern
Shanghai at 0200 BST 25 August. At 0800 BST 25
August, a negative center appeared over the Bay of
Hangzhou while the southern Shanghai area had

negative values. At 1400 BST 25 August,

Rd
C,-p
Shanghai area. Before 0800 BST 25 August,
convective condensational heating forced upward
motions over the area, which favored the development
of the torrential rainfall. After that, the positive
feedback vanished.

V2(H,) became positive over the entire

3.2.3 OTHER DIABATIC HEATING Qq

Diabatic heating includes condensational heating
(large-scale, convective components), radiative and
sensible heating. The scheme proposed by Gaof?Y is
used to calculate the diabatic heating Q, (excluding
condensational heating).

0 do”
Qy=r— - (10)
0 dt
. L
Here, 0" =0exp[—L (L)1 |, which s
C pT q,
generalized potential temperature®™, and @ s
potential temperature.
Rd

C,-p
area at 2000 BST 24 August (Fig. 10). A negative
center of —2x107° hPa'-s™ appeared at 0200
BST 25 August. At 0800 BST, only the northern and
southern parts of the area had negative values. Only
northern Shanghai had negative values at 1400 BST.

R
C “—Vi(Q,) was

V2(Q,) was negative over most of the

This suggests that the negative
p

associated with the development of the torrential

rainfall. The diabatic heating has positive feedback to

the development of convective systems.

4 DISCUSSIONS

4.1 Separation of Q vector

The Q vector denotes atmospheric dynamic and
thermodynamic forcing whereas its separation
describes forcing from different physical processes.
Both have been widely applied to meteorological
studies. Due to the inclusion of diabatic heating, the
moist Q vector is more advanced than the dry
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ageostrophic Q vector. The moist Q vector is not used
in this study. Instead, the components of the dry Q
vector and diabatic heating partitioned from the moist
Q vector are analyzed in this study. Similar to Long et
al.l™l such separation is to clearly identify the roles of
atmospheric dynamic and thermodynamic forcing and
diabatic-heating forcing play in the formation and
development of the torrential rainfall. The dry Q
vector is further partitioned along isothermal lines in
the natural coordinate to study the effects from
different scale forcing, and diabatic heating is further
partitioned to identify the effects of large-scale
condensational heating in the non-uniform saturated

25N +—= :
115E 120E 125E

Fig. 10. LV; (H)) averaged in air column from 1000-100 hPa at (a) 2000 BST 24 August, (b) 0200 BST
C c

P

25 August, (c) 0800 BST, and (d) 1400 BST 25 August. The contour interval is 5x107°* hPa™.s%, and negative
values are shaded. Shanghai is marked by .

4.2 Impacts of vertical velocity on calculations of
diabatic-heating forcing

The moist Q vector explicitly contains diabatic
effects. The vertical velocity is needed to calculate the
vertical advection term in diabatic effects. The forcing
of the @ equation includes vertical velocity, which

atmosphere, convective condensational heating, and
other diabatic heating (including radiative and
sensible heating) on rainfall development. Another
reason why the moist Q vector is not directly used for
diagnosis is that the forcing from diabatic heating
(Figs. 10 & 11) is usually 1-2 orders of magnitude
larger than the forcing from the dry Q vector (Figs. 5
and 6), which is consistent with the results from Yang
et al.?% Although the forcing from the dry Q vector is
relatively small, it is important in predicting the
development of the torrential rainfall. Thus, different
analysis of the Q vector can be applied to different
scientific issues.

30N~

25N
115E

30N

30N - -

25N
115E 120E 125E

is problematic as discussed by Yue et al.Bl. Recently,
this issue has been intensively addressed and various
schemes have been provided to solve this problem.
Yue et al.t" %839 and Yang et al.?% used outputs of
vertical velocity from numerical model simulations.
Yue and Shoul™ and Yuel®! used vertical velocity
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forced by the dry ageostrophic Q vector in the
calculations of the moist Q vector. The main idea in
previous studies is to assume that the vertical
velocities in two sides of the @ equation are
different. The vertical velocity included in the forcing
of the @ equation is calculated from other sources,
which was previously proposed by Ding™“® and Dong
and Tian*". Thus, different schemes to provide the
vertical velocity in the forcing of the @ equation
could lead to differences in diabatic effects and the
solution of the @ equation. Ding™® and Gao and

SON

30N

25N
115E 120E 125E

SON

30N 1-

25N
115E

Pedder.[*® proposed that the vertical velocities in both
sides of the @ equation are the same and moved the
forcing term that includes vertical velocity to the
left-hand side of the @ equation to solve it. The
derived vertical velocity can be used in calculations of
the moist Q vector, avoiding differences in diabatic
effects caused by the different schemes of computing
vertical velocity. Until now, the explicit calculation of
diabatic-heating forcing with vertical velocity has
been used in various previous studies. The implicit
schemes need further studies.

3ON

30N

25N <% Sl Q 4
115E 120E 125E

Fig. 11. R, Vi Q,) averaged in air column from 1000-100 hPa at (a) 2000 BST 24 August, (b) 0200 BST 25 August, (c) 0800

C-p

P

BST, and (d) 1400 BST 25 August. The contour interval is 2x107* hPa~*.s®, and negative values are shaded. I denotes

Shanghai’s position.

4.3 Role of backgrounds

Section 3.1.1 shows that the development of the
torrential rainfall is associated with the convergence
of the dry ageostrophic Q vector. The torrential
rainfall reaches its peak when the Q vector switches
from convergence to divergence. The rainfall
dissipates as the divergence of Q vector dominates.
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The convergence of Q vector is significantly stronger
in the upper troposphere than in the lower troposphere,
indicating the important roles the upper troposphere
plays in forcing vertical velocity. Section 2.3 shows
that the eastward propagation of a westerly
low-pressure trough at 500 hPa is closely associated
with a low vortex at 850 hPa. Based on the results
from Shou et al.®®, the formation of a low vortex in
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the lower troposphere at 0200 BST 25 August resulted
from downward propagation of high energy in the
upper troposphere. Section 3.1.2 reveals that
lower-tropospheric  dynamic and thermodynamic
forcing in the dry, adiabatic atmosphere and
large-scale forcing in the entire air column favor the
development of the torrential rainfall. Section 3.2
shows that the adiabatic heating has the positive
feedback to the development of convective systems.
Based on the findings above, environmental
conditions are conducive to the development of
rainfall ~ processes, specifically, dynamic and
thermodynamic forcing in lower-tropospheric dry and
adiabatic atmosphere and tropospheric large-scale
forcing are almost always favorable for the
development of the torrential rainfall. The energy in
the upper-tropospheric dry and adiabatic atmosphere
increases and propagates downward and tropospheric
mesoscale  forcing  occurs, accelerating the
development of rainfall. The positive feedback of
diabatic heating also sets favorable conditions for the
development of torrential rainfall. All of the active
roles of background above decay and dissipate along
with the convective system propagating eastward and
weakening.

5 CONCLUSIONS

The analysis of partitioning of the Q vector is
carried out in this study with NCEP/NCAR FNL data
to diagnose backgrounds associated with a torrential
rainfall event that occurred from 0200-1400 BST 25
August 2008. The results include the followings.

(1) A low-pressure inverted trough associated
with the landfall of Typhoon Nuri (2008), a strong
southwesterly jet along the western side of the
subtropical high, and an eastward-propagating
westerly low-pressure trough provide favorable
synoptic conditions for the development of the
torrential rainfall.

(2) The analysis of the dry ageostrophic Q vector
reveals that the lower-tropospheric forcing favors the
development of the torrential rainfall whereas the
downward propagation of high energy in the upper
troposphere accelerates the development of the
torrential rainfall. The evolution of convergence of the
dry ageostrophic Q vector in the entire air column is
an excellent precursor for the intensity of the
torrential rainfall. Large-scale forcing favors the
formation and development of the torrential rainfall
whereas  mesoscale  forcing  accelerates its
development.

(3) The calculations of Laplacian terms of various
diabatic effects show that the upward motions forced
by various diabatic effects have positive feedbacks on
the development of the torrential rainfall.

Note that only coarse resolution data are used to

diagnose the environmental conditions in this study,
which cannot meet the need of direct analysis of the
internal cause of the torrential rainfall. Finer temporal
and spatial resolution data are needed for further
studying physical mechanisms associated with the
formation and development of torrential rainfall.
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Appendix 1  Derivation of Qf and QSD in the

p-coordinate
In Fig. 7, V@ points to warm air from cold air, which is
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opposite to gradient of potential temperature (—V&). a is
an angle between n and the x axis, and n is a unit vector that
points to warm air from cold air along V. Thus, & is an

angle between V@ and xaxis. V@ can be expressed by
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VO=(VO-D)i+(VO-j)-])). (A0)
where i and j are, respectively, unit vectors along the x and y
axis, i.e., [iI=1, [j}=1, and the magnitude of V& is |VE]|.
(AO) becomes
VO=(|VO|cosa)i+(|VO|cos@d —a))j) (A1)
Since f+a=90°, a=90"—f . (AL) becomes
VO =V |cos(90° - B)i+(VE|cosp)(-j) (A2
And (A2) can be in turn written as
VO=(VO|sin Bi+(—|VE]|cosp)j (A3)
Arrangement of (A3) leads to
Ve =|Va|[(sin B)i+(-cosp)j] (A4)

Because

VO=—Ii+
ox Oy

From (A4) and (A5), we get

00,90 "5

%zwmsinﬂ, %=—|V9|cos,8,
X oy
20 el
or oj — ax , — ay
sin g Vo cos 7|V9|

Since nisalong V@, from (A0) - (A3), we get
n=(|n|sinB)i+(=|n|cosp)j.  (A6)

Because n is the unit vector, i.e., | N|=1, (A6) becomes

n=(sin B)i+(—cos f) j (A7)
00 _ a6
Substituting  sjn 3= _0% _ and __ % into
sin g v cos S Vo
(A7) yields
00 . 00 .
—i 671
S S (A8)
[VE| |V
(A8) can be written as
n:LQ, (Ag)
VO]

s is a unit vector derived from n rotating 90°
counterclockwise, i.e.,
s=kxn . (A10)

Substituting (A9) into (A10) leads to
_kxVve

S =
Vol

(A11)

Putting (A5) into (A11) generates
0. o0 .

——1 -7
so_ ¥, o (A12)
vol vo

Figure 7 shows that QP can be partitioned into Qf

and QSD in the natural coordinate, i.e.,
Q”=Q2+Q”=(n-Q”)n+(s-Q")s  (A13)

From (A13), we have

Q’ =(n-Q”)n (A14)

Q2 =(s-Q”)s (A15)
Also,

Q”=0i+0]] (A16)

Substituting (A8) and (A16) into (A14) produces
00. 00 . . . ,00. 00 .
(i) @7+ 07 ) i+ )

_ox Ox

QL = oy (A1)
" |V [V
Substitution of |V@|= (%)24-(%)2 into (A17)
ox oy

leads to

00 ., 00 ., 06 . 00 .
QD_(an +5Qy)' (a"“gl)
" a6, ,00., 20,, ,00,,

\/(6)6) +(5) \/(Gx) +(a)

00 ., 00 ., 00
J— +7 [
:[(6)6 2 oy Q}’)ax
Py (28

Ox oy
50 o 30
(6x 0, + & 0,)
00 06
)+ (==
ox Oy

(A18)

i
)2
20

A ARy

( )?
Putting (A12) and (A16) into (A15) yields
00. 00 . . . 00. 06 .
e R N RNl I CEA RRy)
_ oy Ox oy Ox (A19)

D
Q: |VEa| |Vea|

Substitution of |V @ |= (%)2 +(%)2 into (A19)
ox oy

generates
. (—Zy:j:’ +%ZQ§’> | (—ngi +‘;§€j>
\/(5)2 + (5)2 \/(87)2 + (5)2 (A20)
) (%Qf—%Qf)%i]i
@y &y

00 50,20 530
5 &5

+[
06,, ,00,,
(a) +(g)

(A18) and (A20) are, respectively, Eq. (5) and Eq. (6) in

the text.

247



