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[1] The relationships between cloud hydrometeors and convective/moist vorticity vectors
are investigated using hourly data from a three-dimensional, 5-day cloud-resolving model
(CRM) simulation during the Tropical Rainfall Measuring Mission (TRMM) Kwajalein
Experiment (KWAJEX). Vertical components of convective and moist vorticity vectors are
highly correlated with cloud hydrometeors. The vertical components represent the
interaction between horizontal vorticity and horizontal moist potential temperature/
specific humidity gradient. The vertical components of convective and moist vorticity
vectors can be used to study tropical oceanic convection in both two-dimensional and
three-dimensional frameworks.
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1. Introduction

[2] Clouds play an important role in regulating tropical
climate. Although cloud formation and development are
directly determined by cloud microphysical processes, the
dynamic and thermodynamic processes determine cloud
microphysical processes and play an indirect role in the
evolution of convective systems. To understand important
physical mechanisms that are responsible for convective
development, physical parameters closely associated with
convection are introduced so that physical laws can be
applied to establish the framework for studying convection.
Potential vorticity is one of such important physical quan-
tities. Since introduced by Ertel [1942], dry and moist

potential vorticity (PV) (PV =
~x � rq

r
, where ~x is the

absolute vorticity, q the potential temperature in dry air
and equivalent potential temperature in moist air, r the air
density, and r the three-dimensional gradient operator) has
enhanced the understanding of the dominant physical pro-
cesses responsible for convection formation and growth
for several decades [e.g., Bennetts and Hoskins, 1979;
Emanuel, 1979; Danielsen and Hipskind, 1980; Thorpe,
1985; Hoskins and Berrisford, 1988; Xu, 1992;Montgomery
and Farrell, 1993; Cao and Cho, 1995; Cho and Cao, 1998;

Gao et al., 2002] because of its conservation for frictionless
moist adiabatic processes. The potential vorticity is not
conserved when the diabatic heating occurs during the
development of convection. The potential vorticity cannot
be applied to the analysis of two-dimensional (2-D) model
simulated data in the tropics since it could be zero for a 2-D
equatorial circulation.
[3] To understand how the interaction between the circu-

lation and clouds helps the growth of tropical convection,
Gao et al. [2004] introduced a convective vorticity vector

(CVV =
~x �rqe

r
, where qe is equivalent potential temper-

ature in moist air) to analyze tropical convection using
results from 2-D cloud-resolving model (CRM) simulations.
They showed that the vertical component of the CVV is
closely associated with tropical convection and that its
tendency is determined by the interaction between the
vorticity and the zonal gradient of cloud heating. Since
the moisture gradient is much more important than the
temperature gradient in equivalent potential temperature
gradient in the tropical environment, Gao et al. [2005]

defined a moist vorticity vector (MVV =
~x �rqv

r
, where

qv is specific humidity) for studying 2-D tropical convection
and found that the vertical component of MVV and cloud
hydrometeors are highly correlated and that its tendency is
mainly determined by the interaction between the vorticity
and the zonal gradient of condensational/depositional heat-
ing. The findings by Gao et al. [2004, 2005] were mainly
based on 2-D data, then a question may be raised is how
good the relationship between the three-dimensional (3-D)
vorticity vectors (CVV and MVV) and convection could be.
[4] Since the horizontal rotational circulation is much

stronger than secondary vertical circulation, PV mainly
represents the covariance between vertical vorticity and
vertical potential temperature gradient. Vertical components
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of CVV and MVV mainly denote interactions between
horizontal vorticity and horizontal potential temperature/
specific humidity gradient [Gao et al., 2004, 2005]. The
question is which quantity has better correlation with
clouds.
[5] In this study, the data from a 3-D cloud-resolving

simulation during the Tropical Rainfall Measuring Mission
(TRMM) Kwajalein Experiment (KWAJEX) [e.g., Yuter et
al., 2005] are used to analyze CVV, MVV, and their
relations to tropical oceanic convection as well as PV. The
model and experiment are briefly described in the next
section. Section 3 discusses CVV and PV, and section 4
presents results of MVV and MV. The summary is given in
section 5.

2. Model and Experiment

[6] The model used in this study is the 3-D version of the
Goddard Cumulus Ensemble (GCE) model. The GCE
model was originally developed by Soong and Ogura
[1980], Soong and Tao [1980], Tao and Soong [1986],
and Tao and Simpson [1993]. The equations that govern
cloud-scale motion (wind) are anelastic by filtering out
sound waves. The subgrid-scale turbulence used in the
GCE model is based on work by Klemp and Wilhelmson
[1978]. In their approach, one prognostic equation is solved
for subgrid kinetic energy, which is then used to specify the
eddy coefficients. The effect of condensation on the gener-
ation of subgrid-scale kinetic energy is also incorporated in
the model (see Soong and Ogura [1980] for details). The
model also includes interactive solar [Chou et al., 1998] and
thermal infrared [Chou et al., 1991; Chou and Suarez, 1994]
radiation parameterization schemes. The model includes
five prognostic equations for mixing ratios of cloud water,
raindrop, cloud ice, snow, and graupel. The cloud micro-

physical parameterization schemes used in the model basi-
cally followed Rutledge and Hobbs [1983, 1984], Lin et al.
[1983], and Tao et al. [1989, 2003].
[7] All scalar variables use forward time differencing and

a positive definite advection scheme with a nonoscillatory
option [Smolarkiewicz and Grabowski, 1990]. The dynamic
variables use a second-order accurate advection scheme and
a leapfrog time integration (kinetic energy semiconserving
method). Details of the GCE model description are given by
Tao and Simpson [1993] and Tao et al. [2003].
[8] Cyclic lateral boundaries are used. At the top of the

model, a free-slip condition is used for horizontal winds,
temperature, and specific humidity, and zero vertical veloc-
ity is applied. The horizontal domain is 512 � 512 km2 with
a horizontal grid resolution of 2 km. For the present study, a
stretched vertical coordinate with 41 levels is used. The
model has finer resolution (about 80 m) in the boundary
layer and coarser resolution (about 1000 m) in the upper
levels. The time step is 10 s. Surface fluxes from the ocean
and cloud-radiation interactive processes are explicitly in-
cluded. The observed sea surface temperature (SST) was
used for latent and sensible heat flux calculations.
[9] The model is forced by zonally uniform vertical

velocity, zonal wind, and thermal and moisture advection
based on 6-hourly KWAJEX observations [Shie et al.,
2003]. Kwajalein Experiment field campaign was con-
ducted from 23 July to 15 September 1999. Kwajalein
island is located at 8.44�N, 167.43�E and has the area of
15 km2, which is the largest island in Kwajalein Atoll
(2200 km2). From July to September, Kwajalein island is
located around the northern edge of the western Pacific
Intertropical Convergence Zone (ITCZ). Monthly rainfall
increases from north to south around this region. Shie et al.
[2003] conducted 3-D simulations and compared them with
radar observations during three active periods in KWAJEX.

Figure 1. Temporal and vertical distribution of the vertical velocity during KWAJEX in the 5-day
period. Unit is cm s�1.
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The simulation and observation show reasonable agreement
in rainfall, apparent heat and moisture sources from 7 to
12 August 1999. Thus their hourly zonal-mean simulation
data from 0600 LST 7 August 1990 to 0600 LST 12 August
1999 (a total of 5 days) are analyzed in this study.
[10] Figure 1 shows the time evolution and vertical

distribution of vertical velocity, which is imposed during
5-day integration. The weak upward motions appear from

8 to 9 August 1999, and they strengthen gradually. They
reach their maximum of larger than 20 cm s�1 around
350 mbar at midnight of 11 August 1999.
[11] Figure 2 displays the time series of simulated and

observed domain-mean surface rain rates. Both are highly
correlated with a linear correlation coefficient of 0.92. The
root-mean-squared differences between the simulated and
observed surface rain rates are 0.36 mm h�1, which are

Figure 2. Time series of simulated (solid) and observed (dashed) domain-mean surface rain rates. Unit
is mm h�1.

Figure 3. Temporal and vertical distribution of the sum of mixing ratios of cloud hydrometeors
simulated during KWAJEX in the 5-day period. Unit is 10�2 g kg�1.
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smaller than the standard derivations of the simulated
(0.65 mm h�1) and observed (0.84 mm h�1) surface rain rates.
The time-mean simulated surface rain rate (0.57 mm h�1)
is also similar to the time-mean observed surface rain rate
(0.52 mm h�1). This suggests that the simulation agrees well
with the observation.
[12] Figure 3 shows the time evolution and vertical

distribution of the sum of mixing ratios of cloud hydro-
meteors. The simulated clouds appear after 1200 LST
7 August 1999, and they strengthen gradually. They reach
their maximum of larger than 0.6 g kg�1 around 450 mbar
at midnight of 11 August 1999. The time evolution and
vertical distribution of simulated clouds are similar to those
of imposed vertical velocity, indicating the convective
responses to imposed large-scale forcing.

3. Convective Vorticity Vector

[13] The 3-D CVV can be expressed by

CVV ¼
~x �rqe

r
¼ Cx

~iþ Cy
~jþ Cz

~k; ð1Þ

where Cx = zy
@qe
@z

� zz
@qe
@y

, Cy = zz
@qe
@x

� zx
@qe
@z

, Cz = zx
@qe
@y

�

zy
@qe
@x

; zx =
@w

@y
� @v

@z
, zy =

@u

@z
� @w

@x
, zz =

@v

@x
� @u

@y
+ f; u, v,

w are zonal, meridional, and vertical components of wind; f
is the Coriolis parameter.
[14] To compare CVV with PV, the PV is calculated. The

PV can be expressed by

PV ¼
~x � rqe

r
¼ PV1 þ PV2 þ PV3; ð2Þ

where PV1 = zx
@qe
@x

, PV2 = zy
@qe
@y

, PV3 = zz
@qe
@z

.

[15] Figure 4a shows the time series of IWP + LWP (the
sum of ice and liquid water paths, that is, the sum of mass-
integrated mixing ratios of cloud hydrometeors), [Cx], [Cy],
and [Cz] ([] is a mass integration). [PV] is included in
Figure 4a for comparison with CVV. [Cz] closely follows
evolution of IWP + LWP whereas [Cx] and [Cy] do not. The
linear correlation coefficient between [Cz] and IWP + LWP
is 0.97 whereas those between [Cx] and IWP + LWP, and
[Cy] and IWP + LWP are 0.29 and 0.48, respectively. A
Student’s t-test on the significance of the correlation coef-
ficients is further conducted using 118 degrees of freedom
and a critical correlation coefficient at the 1% significance
level is 0.24. Thus these relations are statically significant.
The variances between IWP + LWP and [Cz], IWP + LWP
and [Cx], and IWP + LWP and [Cy] (that are calculated by
the squares of the correlation coefficients) are 0.94, 0.08,
0.23, respectively. Thus the linear relation between IWP +
LWP and [Cz] is most robust. [PV] basically follows the
evolution of cloud hydrometeors with the linear correlation
coefficient of 0.73, which also exceeds the 1% significance
level. Its variance is 0.53. From equation (2), [PV] is
determined by three components. [PV3] have the similar
magnitude to [PV] (Figure 4b) whereas two other compo-
nents (not shown) are about one order of magnitudes
smaller than [PV3]. Thus [PV] is determined by the covari-
ance between vertical component of vorticity (horizontal
rotational circulations) and vertical gradient of moist poten-
tial gradient (stability parameter). Note that although the
magnitude of [PV1] is small, the correlation coefficient
between [PV1] and IWP + LWP is 0.54, which is slightly
smaller than that between [PV3] and IWP + LWP (0.62).
Since PV is a scalar, the role of horizontal component of
vorticity in convective development cannot be analyzed.
[16] [Cz] is determined by the covariance between hori-

zontal components of vorticity (the secondary circulation in
horizontal-vertical framework that is directly associated
with the dynamic aspect of convection and is described
by the zonal and meridional components of relative vortic-
ity) and horizontal gradients of moist potential temperature
(that is directly associated with the thermodynamic aspect of
the convection). The secondary circulation is directly asso-
ciated with vertical motion, which is a direct cloud producer.
This explains why vertical component of CVV is highly
correlated with cloud hydrometeors. The strong relationship
between CVV and cloud hydrometeors implies that CVV
can be a good physical vector for studying tropical convec-
tion. PV is associated with horizontal rotational circulation.

Figure 4. Time series of (a) IWP + LWP, [PV], [Cx], [Cy],
and [Cz] and (b) [Cz], [Cz1], [Cz2], [PV], and [PV3]. Units
are mm for IWP + LWP; 10�3 K s�1 for [PV], [PV3], [Cz],
[Cz1], and [Cz2]; and 10�1 K s�1 for [Cx] and [Cy]. The
plotting scales in Figure 4a are 3 to 5� 10�3 K s�1 for [PV],
�4 to 4� 10�3 K s�1 for [Cz], and�4 to 4� 10�1 K s�1 for
[Cx] and [Cy].
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Strong cyclonic circulation may not have a strong upward
motion. This explains why the correlation between PV and
cloud hydrometeors is weaker than that between CVV and
cloud hydrometeors. The comparison between the PV
and CVV shows that the vector analysis can be used to study
the roles of horizontal and vertical components of vorticity in
convective development separately.

[17] Figure 5a shows lag correlation coefficients between
IWP + LWP and CVV and between IWP + LWP and PV. A
positive (negative) lag hour denotes that maximum CVVor
PV leads (lags) maximum IWP + LWP. [Cz] and [PV] are in
phase with cloud hydrometeors. The in-phase relationship
indicates that the vertical component of CVV can represent
convection and a framework can be built from dynamic and

Figure 5. (a) Lag correlation coefficients between IWP + LWP and [PV], between IWP + LWP and [Cx],
between IWP+LWPand [Cy], and between IWP+LWPand [Cz]; (b) lag correlation coefficients between IWP+
LWP and [PV] and weighted lag correlation coefficients between IWP + LWP and [PV1], between IWP + LWP
and [PV2], and between IWP+LWPand [PV3]; and (c) lag correlation coefficients between IWP+LWPand [Cz]
and weighted lag correlation coefficients between IWP + LWP and [Cz1] and between IWP + LWP and [Cz2].
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thermodynamic relations to study the physical processes
that are responsible for the evolution of convection. [Cy]
leads IWP + LWP by 1–2 hours. This suggests that
meridional component of CVV can be served as a precursor
for the occurrence of convection, which has a potential for
the prediction of convection. [Cx] lags IWP + LWP by 3–
4 hours. This may implies that convection feedbacks the
dynamics and thermodynamics associated with clouds. To
examine the contribution of [PV1], [PV2], and [PV3] to the
correlation between IWP + LWP and [PV], the weighted
linear correlation coefficients between IWP + LWP and
components of [PV] are calculated.

[18] For a scalar F =
XN

i¼1

Fi, its correlation coefficient with

a scalar G can be expanded into

CG;F ¼
XN

i¼1

sFi

sF

CG;Fi
; ð3Þ

where s is a standard deviation;
sFi

sF

CG,Fi
is a weighted

linear correlation coefficient between G and Fi; CG,Fi
is a

linear correlation coefficient between G and Fi.

[19] Figure 5b shows lag correlation coefficients between
IWP + LWP and components of [PV]. The lag correlation
coefficient between IWP + LWP and [PV] is mainly
determined by the weighted lag correlation coefficient
between IWP + LWP and [PV3], although one third of the
lag correlation coefficient is contributed to by the weighted
lag correlation coefficients between IWP + LWP and [PV1]
and between IWP + LWP and [PV2].
[20] [Cz] can be broken down into [Cz1] and [Cz2], where

Cz1 = zx
@qe
@y

, and Cz2 = �zy
@qe
@x

. Only [Cz2] appears in the

2-D framework. Gao et al. [2004] in their 2-D study of
CVV during TOGA COARE showed the high linear corre-
lation coefficient between [Cz2] and IWP + LWP. Figure 4b
shows that [Cz1] and [Cz2] has similar evolution in both
amplitudes and phases. To examine the contribution of [Cz1]
and [Cz2] to the lag correlation between IWP + LWP and [Cz],
the weighted lag correlation coefficients between IWP +
LWP and [Cz1]/[Cz2] are calculated. The two correlation
coefficients at lag hour 0 show same values, which indicate
that [Cz1] and [Cz2] equally contribute to the correlation
coefficient between cloud hydrometeors and vertical com-
ponent of CVV. Thus the vertical component of CVV can be a
controlling parameter for studying tropical oceanic convec-
tion, regardless of the dimension of data (2-D or 3-D).

4. Moist Vorticity Vector

[21] The 3-D MVV can be expressed by

MVV ¼ x
!�rqv

r
¼ Mx i

!þMy j
!þMz k

!
; ð4Þ

where Mx = zy
@qv
@z

� zz
@qv
@y

, My = zz
@qv
@x

� zx
@qv
@z

, Mz =

zx
@qv
@y

� zy
@qv
@x

. Since moisture gradient is much more

important than temperature gradient in the tropics, it
determines the variation of moist potential temperature

gradient [e.g., Gao et al., 2005]. Thus
x
!� rqv

r
is defined

as the moist vorticity (MV). To compare MVV with MV, the
MV is calculated. The MV can be expressed by

MV ¼ x
!� rqv

r
¼ MV1 þMV2 þMV3; ð5Þ

where MV1 = zx
@qv
@x

, MV2 = zy
@qv
@y

, MV3 = zz
@qv
@z

.

[22] Figure 6a shows the time series of IWP + LWP, [Mx],
[My], and [Mz]. [MV] is included in Figure 6a for compar-
ison with MVV. Like CVV, vertical component of MVV
intimately follows the variation of IWP + LWP with the
correlation coefficient of 0.95. [MV] and IWP + LWP are
also highly correlated with the coefficient of 0.75. [MV3]
have the similar magnitude to [MV] (Figure 6b) whereas
two other components (not shown) are about one order of
magnitudes smaller than [MV3]. Unlike CVV, horizontal
components of MVV ([Mx] and [My]) are loosely correlated
with cloud hydrometeors for only �0.26 and 0.17, respec-
tively, which are marginally statistically significant and not
statistically significant (Figure 7a). The weighted lag cor-

Figure 6. Time series of (a) IWP + LWP, [MV], [Mx], [My],
and [Mz] and (b) [Mz], [Mz1], [Mz2], [MV], and [MV3]. Units
are mm for IWP + LWP; 10�7 s�1 for [MV], [MV3], [Mz],
[Mz1], and [Mz2]; and 10�5 s�1 for [Mx] and [My]. The
plotting scales in Figure 6a are �5 to �2 � 10�7 s�1 for
[MV], �8 to 8 � 10�7 s�1 for [Mz], and �8 to 8 � 10�5 s�1

for [Mx] and [My].
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relation coefficients between IWP + LWP and [MV3] and
between IWP + LWP and [MV1] have important contribu-
tion to the lag correlation coefficient between IWP + LWP
and [MV] (Figure 7b), although the magnitude of [MV1] is
much smaller than that of [MV3]. The maximum correlation
coefficient between IWP + LWP and [Mz] is 0.96 at lag hour

�1, which is mainly contributed to by the lag correlation
between IWP and LWP and [Mz1] (Figure 7c). This indi-
cates that [Mz] lags IWP + LWP by 1 hour. [Mz] can be

broken down into [Mz1] and [Mz2], where Mz1 = zx
@qv
@y

, and

Figure 7. (a) Lag correlation coefficients between IWP + LWP and [MV], between IWP + LWP and
[Mx], between IWP + LWP and [My], and between IWP + LWP and [Mz]; (b) lag correlation coefficients
between IWP + LWP and [MV] and weighted lag correlation coefficients between IWP + LWP and
[MV1], between IWP + LWP and [MV2], and between IWP + LWP and [MV3]; and (c) lag correlation
coefficients between IWP + LWP and [Mz] and weighted lag correlation coefficients between IWP +
LWP and [Mz1] and between IWP + LWP and [Mz2].

D01105 GAO ET AL.: CONVECTIVE AND MOIST VORTICITY VECTOR

7 of 9

D01105



Mz2 = �zy
@qv
@x

. Only [Mz2] appears in the 2-D framework.

Gao et al. [2005] showed the high linear correlation
coefficient between [Mz2] and IWP + LWP. [Mz1] is slightly
larger than [Mz2] when the convection is moderate or strong
(e.g., from 0000 LST 10 August 1999 to 0600 LST
12 August 1999), whereas [Mz1] is significantly larger when
the convection is weak (e.g., from 1200 LST 7 August 1999
to 0000 LST 10 August 1999) (Figure 6b). Thus the vertical
component of MVV can be a controlling parameter for
studying tropical oceanic convection, in particular strong
convection, regardless of the dimension of data (2-D or
3-D). The weighted lag correlation coefficient between
IWP + LWP and [Mz2] is larger than that between IWP +
LWP and [Mz1] at negative lag hour (Figure 7c), suggesting
that it contributes to the vertical component of MVV
lagging cloud hydrometeors by 1 hour.

5. Summary

[23] Convective and moist vorticity vectors and their
relationships to cloud hydrometeors are investigated
using data from a three-dimensional cloud-resolving simu-
lation. The model is integrated for selected 5 days during
KWAJEX. The linear correlation coefficients between cloud
hydrometeors and vertical components of convective and
moist vorticity vectors are significantly larger than those
between cloud hydrometeors and corresponding horizontal
(zonal and meridional) components. The linear correlation
coefficients between cloud hydrometeors and vertical com-
ponents of convective and moist vorticity vectors are larger
than the correlation coefficient between cloud hydrometeors
and moist potential vorticity, a classic physical parameter
for studying convective activity. These indicate that the
interaction between horizontal vorticity and horizontal
moist potential temperature/specific humidity gradient is
intimately associated with tropical oceanic convection.
The vertical components of convective and moist vorticity
vectors have two contributors: interactions between zonal
vorticity and meridional moist potential temperature/specific
humidity gradient (that vanishes in 2-D x-z framework), and
meridional vorticity and zonal moist potential temperature/
specific humidity gradient. Both have similar time evolu-
tions and magnitudes, in particular, when convection is
strong. Thus the vertical components of convective and
moist vorticity vectors can be used to study evolution of
tropical oceanic convection, regardless of dimension of
simulation data.
[24] Different dynamic and thermodynamic characteris-

tics between PV and CVV and between MV and MVV can
be used to identify convective systems such as stratiform
rainfall system associated with a strong horizontal rotational
circulation and a weak upward motion, and heavy rainfall
system associated with a strong upward motion. The com-
parison between PV and MV and between CVV and MVV
can be used to study the roles of temperature gradients and
water vapor gradients in frontal development in midlatitude
and convective development in tropics. Since the analysis of
CVVand MVV is limited to numerical data, further analysis
should apply to observational data.
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