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ABSTRACT

The quasi-geostrophic Q vector is an important diagnostic tool for studying development of surface
rainfall associated with large-scale weather systems and is calculated using data at single vertical level.
When ageostrophic Q vector was introduced, it required data at two vertical levels. In this study, moist
ageostrophic Q vector is modified so that it can be calculated using data at a single vertical level. The
comparison study between the original and modified moist ageostrophic Q vectors is conducted using the
data from 5 to 6 July 1991 during the torrential rainfall event associated with the Changjiang-Huaihe mei-yu
front in China. The results reveal that divergences of original and modified moist ageostrophic Q vectors
have similar horizontal distributions and their centers are almost located in the precipitation centers. This
indicates that modified moist ageostrophic Q vector can be used to diagnose convective development with
reasonable accuracy.
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1. Introduction

The torrential rainfall and associated cloud devel-
opment are associated with an ascending motion. The
ascending motion is an important dynamic condition
for condensation and precipitation processes, verti-
cal heat and momentum transports, and conversion
from potential energy to kinetic energy. Thus, the
ascending motion is one of the most important pro-
cesses associated with formation and development of
severe weather. However, the ascending motion is not
a conventional quantity and cannot be directly ob-
tained from observations. Hoskins et al. (1978) intro-
duced quasi-geostrophic Q vector, which is a unique
forcing in the equation, and calculated this vector us-
ing single vertical level observational data. Once Q
vector is calculated, the vertical velocity can be de-
rived in a diagnostic way, which easily becomes oper-
ational (Dunn, 1991). Since then, the Q vector has
been studied intensively (Keyser et al., 1988, 1992;
Davies-Jones, 1991; Xu, 1992; Kurz, 1992; Barnes and

Colman, 1993, 1994; Schar and Wernli, 1993; Jusem
and Atlas, 1998; Martin, 1999a,b, 2006, 2007; Mor-
gan, 1999; Donnadille et al., 2001; Lynch et al., 2003;
Yue et al., 2003b; Jurewicz and Evans, 2004; Pyle
et al., 2004; Brennan and Lackmann, 2006; Atallah
et al., 2007; Thomas and Martin, 2007; Yue et al.,
2007a) in various forms including generalized Q vec-
tor (Davies-Jones, 1991), C vector (Xu, 1992), semi-
geostrophic Q vector (Li and Li, 1997), ageostrophic Q
vector (Zhang, 1999), and moist ageostrophic Q vec-
tor (Zhang, 1998; Yao and Yu, 2000, 2001; Yao et al.,
2004). The Q vector has successfully been applied to
study torrential rainfall, typhoons, heavy snow, and
dust storms.

The progress of Q vector studies were made af-
ter the concept of moist ageostrophic Q vector was
introduced (Zhang, 1998; Yao and Yu, 2000, 2001;
Yao et al., 2004) and was theoretically investigated
(Yue et al., 2003c; Liu et al., 2007; Gao, 2007;
Yang et al., 2007). Zhang (1998) first obtained the
moist ageostrophic Q vector from the primitive equa-
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tions that contain large-scale latent heating associated
with water vapor condensation. Yao and Yu (2000,
2001) and Yao et al. (2004) also derived similar moist
ageostrophic Q vector from scale analysis. Yue et al.
(2003c) modified the moist ageostrophic Q vector by
including both large-scale and convective condensa-
tional heating processes. Recently, Liu et al. (2007)
further modified the moist ageostrophic Q vector by
including all heating sources such as large-scale and
convective condensational heating, radiative heating,
and sensible heating. Meanwhile, Yang et al. (2007)
and Gao (2007) also derived the moist ageostrophic Q
vector in a non-uniformly saturated, frictionless, moist
adiabatic flow. The moist ageostrophic Q vector has
been widely used to diagnose typhoons (e.g., Yao and
Yu, 2000; Guo et al., 2005a; Yan and Cai, 2006) and
torrential rainfall (e.g., Li et al., 2002; Liu et al., 2003;
Guo et al., 2005b; Li et al., 2005; Liu, 2006). Yue et
al. (2003b, 2007a) and Yang et al. (2006) conducted
partitioning studies of moist ageostrophic Q vector.
Yue et al. (2007b) applied moist ageostrophic Q vec-
tor to Quantitative Precipitation Forecast (QPF) for
operational purposes.

The moist ageostrophic Q vector has similar ad-
vantages to the quasi-geostrophic Q vector, such as
a unique forcing term in the equation and inclusion
of diabatic heating, and the fact that it could be
calculated with observational wind data (Yue et al.,
2003a�Zhao et al., 2006), which is better than the
quasi-geostrophic Q vector. However, the calculation
of the moist ageostrophic Q vector needs multi-level
data as well as multi-time data, which make the cal-
culations complicated and inconvenient. The question
is whether the moist ageostrophic Q vector can be
modified so that it can be calculated using the single
vertical-level data while it keeps all of the aforemen-
tioned advantages.

In this study, the moist ageostrophic Q vector is
modified so that it can be calculated using data at a
single vertical level. In the next section, the data will
be briefly described. In section 3, the modified moist
ageostrophic Q vector is derived and is compared with
the original moist ageostrophic Q vector using the data
from 5 to 6 July 1991 during the torrential rainfall as-
sociated with the Changjiang-Huaihe mei-yu front in
China. A summary is given in section 4.

2. Data

A torrential rainfall event associated with the
Changjiang-Huaihe mei-yu front occurred from 2000
LST 5 to 2000 LST 6 July 1991. The rainfall reached
a peak at 0800 LST 6 July 1991 when a mei-yu front
cyclone formed (Fig. 1). The surface rainfall increases

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Geopotential height (contour, gpm) at 700 hPa,
0800 LST 6 July 1991 and 1-hour (from 0700 to 0800
LST 6 July 1991) surface accumulated rainfall amount
(shaded, mm).

dramatically with a banded structure and the rain rate
may be higher than 30 mm h−1. The detailed discus-
sions of this torrential rainfall event can be found in
Tao and Huang (1994), Shou and Li (1999), Shou et al.
(2001), Liu et al. (2003), and Yue et al. (2003b, 2007a).
The real data is conducted with the objective analysis,
specifically, the horizontal resolution of the data is 30
km×30 km, and the vertical resolution is 50 hPa be-
tween 500 hPa and 1000 hPa and 100 hPa between 100
hPa and 500 hPa. The analysis focuses on the rainfall
area of (29.25◦–34.80◦N, 109.72◦–120.33◦E).

3. The modification of moist ageostrophic Q
vector

Following Zhang (1998), Yao and Yu (2000, 2001)
and Yao et al. (2004), a moist ageostrophic Q vector
(Q∗ vector) can be expressed by
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Here, u and v are zonal and meridional components of
wind, T is the temperature, and p is the pressure; The
Coriolis parameter f is assumed to be constant;

H =
Rd

cp · pHs ,

Hs is large-scale latent heating and is calculated by
following Eq. (7), and Rd and cp are the gas constant
and specific heat at constant pressure for dry air, re-
spectively; subscripts x and y denote zonal and merid-
ional components, respectively. When large-scale la-
tent heating is not included, Q∗ vector is degraded to
a dry Q∗ vector, which can be written as

Q∗ = Q∗
xi + Q∗

yj , (2)
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Note that Eqs. (1) and (2) require data at two vertical
levels.

Dutton (1976) found that the replacement of verti-
cal wind shear with vertical shear of geostrophic wind
is better than the replacement of wind by geostrophic
wind, i.e.,

∂u

∂p
≈ ∂ug

∂p
, (3a)

∂v

∂p
≈ ∂vg

∂p
, (3b)

Thus, a modified moist ageostrophic Q vector (Q� vec-
tor) can be expressed by

Q� = Q�
xi + Q�

yj , (4)
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where relations that

fvg =
∂ϕ

∂x
, fug = −∂ϕ

∂y
,
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Fig. 2. (a) 2∇ · Q∗ calculated using Eq. (2) and (b)
2∇ · Q� calculated using Eq. (5) and (c) their difference
(10−15 hPa−1 s−3) calculated using the data averaged
from 850 to 500 hPa at 0800 LST 6 July 1991. The con-
tour interval is 0.3× 10−15 hPa−1 s−3 in (a) and (b) and
0.15 × 10−15 hPa−1 s−3 in (c). Surface rainfall amount
(mm) is shaded.
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and

∂ϕ

∂p
= −RdT

p

are used in the derivation of Eq. (4), meanwhile, large-
scale latent heating Hs is calculated by following Eq.
(8). Therefore, the calculation of Q� vector only needs
data at a single vertical level, which is a similar ad-
vantage to what the quais-geostrophic Q vector has
(Hoskins et al., 1978).

When large-scale latent heating is not included, Q�

vector is degraded to a dry Q� vector, which can be

written as
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yj , (5)
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The ω equation can be symbolically written as

∇2
h(σω) + f

∂2ω

∂p2
= −2∇h · Q . (6)

To Q∗, Eq. (6) can be expressed by
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To Q�, Eq. (6) can be expressed by
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4. Results

We first calculate divergences of dry Q∗ and Q�

(2∇·Q∗ and 2∇·Q�) using Eqs. (2) and (5). Both show
similarities as indicated by Fig. 2. The divergences of
dry Q∗ and Q� cover the rain area and their maxima
are located around (32.5◦N, 116.7◦E), which is 0.5◦

away from the rainfall center at (32.5◦N, 116.2◦E). The
difference between the divergences of dry Q∗ and Q�

is small over the major rain area to the north of 31◦N
(Fig. 2c). The large difference to the south of 31◦N is

due to that |2∇ · Q�| > |2∇ · Q∗|. Thus, the dry Q�

accurately account for the dry Q∗.
Before calculating Q� and Q∗ using Eqs. (1) and

(4), the latent heating term H is discussed. Since
the vertical advection of saturated water vapor is sig-
nificantly larger than the horizontal advection, latent
heating term Hs can be expressed by

Hs ≈ −Lω
∂qs

∂p
. (7)

Following Ding (1989) and Zhang (1998), Hs becomes

Hs = −Lω[a(273.16− b)RdT (1 +0.61qs) − cp(T − b)2]qs

[a(273.16 − b)Lqs + cp(T − b)2]p2
. (8)

Here, a = 17.1543, b = 36. Thus, the calculation of Hs

using Eq. (8) only requires data at a single vertical
level. The specific derivation of Eq. (8) can be seen in
the Appendix A.

Figure 3a shows similarity in the latent heating

terms using Eqs. (7) and (8). Calculations using
Eqs. (7) and (8) are nearly identical above 700 hPa
whereas the latent heating calculated with the simpli-
fied method of Eq. (8) is smaller than that calculated
with Eq. (7) below (Fig. 3b). Note that the latent
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Fig. 3. (a) Vertical profiles of Hs calculated using Eqs. (7) (solid) and
(8) (dashed) and (b) their difference at 0800 LST 6 July 1991. Units:
10−2 m2 s−3.
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Fig. 4. Vertical profile of specific humidity (10−2 g g−1)
at 0800 LST 6 July 1991.

heating at 1000 hPa calculated using Eqs. (7) and (8)
are zero because a vertical velocity of zero is assumed.
Since the horizontal distributions of the latent heating
term calculated using Eqs. (7) and (8) are similar (not
shown), and the latent heating comes from the satura-
tion of water vapor, the difference may be accounted
for by the vertical profile of specific humidity. The
specific humidity is much larger below 700 hPa than
that above 700 hPa (Fig. 4). Thus, a large specific
humidity could cause a difference in the latent heating
calculated by Eqs. (7) and (8). Calculations of the
Laplace term of latent heating

Rd

cp · p∇
2
h(Hs)

using Eqs. (7) and (8) and data at 700 hPa show sim-

ilar horizontal distribution, and major negative areas
are located over the areas with rain rates higher than
10 mm h−1 (Fig. 5). This suggests that the simpli-
fied method for the calculation of latent heating using
the data at a single vertical level produces as good of
a calculation of the Laplace term of latent heating as
the method using the data at two vertical levels.

The divergences of moist Q∗ and Q� (2∇ ·Q∗ and
2∇ · Q�) are calculated using Eqs. (1) and (4) (Fig.
6), and those of dry Q∗ and Q� are computed using
Eqs. (2) and (5) (Fig. 2). Figures 6 and 2 reveal sim-
ilar horizontal distributions but with different magni-
tudes. From the paper, the divergences of moist Q
vector should have two terms, the divergences of dry
Q vector (Fig. 2) and the Laplace term of latent heat-
ing (Fig. 5). So the similar horizontal distributions
of moist Q∗ and Q� to those of dry Q∗ and Q� sug-
gest the dominance of dynamic and thermodynamic
processes in the divergences of moist Q∗ and Q� asso-
ciated with the rainfall event during the front develop-
ment. Meanwhile, the divergences of moist Q∗ and Q�

calculated with Eqs. (1) and (4) are generally larger
than those of dry Q∗ and Q� computed using Eqs. (2)
and (5), which indicate that the effects of large-scale
latent heating can’t be avoided.

5. Summary

A modified moist ageostrophic Q vector is derived
and calculated using single vertical level data dur-
ing the torrential rainfall event associated with the
Changjiang-Huaihe mei-yu front system in China from
5 to 6 July 1991. The calculation of modified moist
ageostrophic Q vector is compared with the original
moist ageostrophic Q vector. The results show that
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(a) 

(b) 

(c) 

Fig. 5. (a) (Rd/cp · p)∇2
h(Hs) calculated using Eq. (7)

and (b) (Rd/cp · p)∇2
h(Hs) calculated using Eq. (8) and

(c) their difference (10−15 hPa−1 s−3) calculated using
the data at 700 hPa at 0800 LST 6 July 1991. The con-
tour interval is 0.1× 10−15 hPa−1 s−3 in (a) and (b) and
0.05 × 10−15 hPa−1 s−3 in (c). Surface rainfall amount
(mm) is shaded.
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Fig. 6. (a) 2∇ · Q∗ calculated using Eq. (1) and (b)
2∇ · Q� calculated using Eq. (4) and (c) their difference
(10−15 hPa−1 s−3) calculated using the data averaged
from 850 to 500 hPa at 0800 LST 6 July 1991. The con-
tour interval is 0.3× 10−15 hPa−1 s−3 in (a) and (b) and
0.15 × 10−15 hPa−1 s−3 in (c). Surface rainfall amount
(mm) is shaded.
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the divergences of the original and modified dry
ageostrophic Q vector show similar horizontal distri-
butions in which their maxima occur near the centers
of surface rainfall and that their maxima are collo-
cated. The vertical profiles of large-scale latent heat-
ing using the original and modified formulations are
identical above 700 hPa and their differences appear
below 700 hPa. The differences are caused by large
specific humidity. The Laplace of large-scale latent
heating calculated using original and modified formu-
lations also displays similarities. Therefore, the hor-
izontal distribution of the divergence of the modified
moist ageostrophic Q vector is similar to that of the
original moist ageostrophic Q vector. This indicates
that modified moist ageostrophic Q vector can be used
to study convective development without loss of accu-
racy.
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APPENDIX A

Calculation of large-scale condensational heating
rate (Ding, 1989; Zhang, 1998)

Large-scale condensational heating rate Hs can be
expressed by

Hs = −L
dqs

dt
≈ −Lω

dqs

dp
, (A1)

where

qs = 0.622
es

p
, (A1a)

es = 6.11 exp
[
a(T − 273.16)

T − b

]
, (A1b)

a = 17.1543, and b = 36.
∂(A1a)/∂p leads to

∂qs

∂p
= qs

(
−1

p
+ C · ∂T

∂p

)
. (A2)

In the derivation of (A2), the relation that

∂es

∂p
= es · C · ∂T

∂p
,

where

C =
a(273.16− b)

(T − b)2

is used. ∂qs/∂p is a vertical slope along a moist adia-
batic saturated specific humidity. Due to the conser-
vation of moist static energy along a moist adiabatic
curve, we have

Es = gzs + cpT + Lqs . (A3)

∂(A3)/∂p yields

∂T

∂p
=

RdTv

cpp
− L

cp

∂qs

∂p
, (A4)

where Tv = T (1 + 0.61qs).
Substituting (A4) into (A2) leads to

∂qs

∂p
=

(CRdTv − cp)qs

(CLqs + cp)p
. (A5)

With (A5), Hs becomes

Hs ≈ −Lω
(CRdTv − cp)qs

(CLqs + cp)p

=−Lω[a(273.16−b)RdT (1+0.61qs)−cp(T−b)2]qs

[a(273.16−b)Lqs+cp(T−b)2]p
.

(A6)
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