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Three new vorticity vectors have been proposed by Gao et al to study the two-dimensional tropical convection. In

the present paper, phase relations between surface rain rate and the vorticity vectors are analysed with the calculations

of lag correlation coefficients based on hourly zonally-averaged mass-integrated cloud-resolving simulation data. The

cloud-resolving model is integrated with the vertical velocity, zonal wind, horizontal thermal and moisture advections,

and sea surface temperature observed and derived from tropical ocean global atmosphere – coupled ocean atmosphere

response experiment (TOGA-COARE) for 10 days. Maximum local increase of the vertical component of the convective

vorticity vector leads maximum surface rain rate by 2 hours mainly due to the interaction between vorticity and zonal

gradient of ice heating. While maximum local increase of the vertical component of the moist vorticity vector leads

maximum surface rain rate by 2 hours mainly because of the interaction between zonal specific humidity gradient and

zonal buoyancy gradient. And the maximum local decrease of the zonal component of the dynamic vorticity vector leads

maximum surface rain rate by 2 hours mainly due to the interactions between vorticity and vertical pressure gradient

as well as vorticity and buoyancy.
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1. Introduction

Dry and moist potential vorticity has been an im-
portant parameter in meteorology for decades, and
the analysis of it has led to a better understand-
ing of dynamic and thermodynamic processes as-
sociated with weather systems such as midlatitude
frontal systems and tropical squall lines.[1−15] How-
ever, the potential vorticity could be zero for a two-
dimensional (2D) equatorial flow. To solve this prob-
lem, Gao et al [16] introduced a convective vorticity

vector (
ξ ×∇θe

ρ
, CVV) to analyse the 2D tropical

convection. Their analysis of zonally-averaged and
mass-integrated quantities showed that the correla-
tion coefficient between the vertical component of the
CVV and the sum of the cloud hydrometeor mixing ra-
tios (0.81) is much larger than that between the zonal
component and the sum (0.18). This indicates that
the vertical component of the CVV is closely associ-
ated with the tropical convection. Since the vertical
component of the CVV is determined by the covari-

ance between the zonal component of vorticity and
the zonal gradient of equivalent potential tempera-
ture (the zonal component of vorticity represents the
secondary circulation in horizontal–vertical framework
that is directly associated with vertical motion in trop-
ical convections), the above higher coefficient is easy
to understand. So the vertical component of the CVV
could be regarded as an indicator of cloud (hydrome-
teor) development. They further derived a tendency
equation for the vertical component of the CVV, anal-
ysed the zonally-averaged and mass-integrated ten-
dency budget. They found that the tendency is mainly
determined by the interaction between vorticity and
zonal gradient of cloud heating. Considering the im-
portant role of water vapour in tropical convective
development, Gao et al [17] defined a moist vorticity

vector (
ξ ×∇qv

ρ
, MVV). The MVV is similar to the

CVV except that the equivalent potential temperature
is replaced by specific humidity in the MVV, since the
contrast of water vapour is much important than that
of temperature in the tropics. Their study showed
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that the vertical component of the MVV has a larger
correlation coefficient (0.78) with the sum of the cloud
hydrometeor mixing ratios than the zonal component
has (0.32), which is similar to the result of the CVV.
The tendency of the vertical component of the MVV is
mainly determined by the interaction between vortic-
ity and zonal gradient of condensational/depositional
heating. They also constructed a dynamic vorticity

vector[17] (
ξ × V

ρ
, DVV). The vertical component of

the DVV is in phase with the sum of the mixing ratios
(0.52) whereas the zonal component is out of phase
with the sum of the mixing ratios (–0.62). The varia-
tion tendency of the zonal component of the DVV is
mainly controlled by the interactions among vorticity,

buoyancy, and vertical pressure gradient. Whereas the
tendency of the vertical component is mainly deter-
mined by the interaction between vorticity and zonal
pressure gradient. Ping et al [18] analysed the hori-
zontal distributions of surface rain rate and vertical
component of the DVV and found that their corre-
lation is not statistically significant, while the zonal
component of the DVV is associated with the covari-
ance between the zonal component of vorticity and
vertical velocity. Since the zonal component of vor-
ticity is associated with the secondary circulation, the
zonal component of the DVV represents the secondary
circulation of the tropical convection, which is a direct
cloud and rainfall producer as discussed above.

Fig.1. Temporal and vertical distributions of vertical velocity (a), zonal wind (b), and time series of

sea surface temperature (c), observed and derived from TOGA COARE for the 10-day period. Upward

motion in (a) and westerly wind in (b) are shaded. Units of vertical velocity, zonal wind, and sea surface

temperature are cm s−1, m s−1, and ◦C, respectively.

To detect the physical processes that control the
convective development and produce surface rainfall,
the phase relations between the vorticity vectors and

surface rain rate are investigated in this study based
on hourly zonal-mean data from a 2D cloud-resolving
simulation. The central questions to be answered are:
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Are there phase differences between the vorticity vec-
tors and surface rain rate? What physical processes
determine these phase differences? In the next sec-
tion the model, forcing, and experiment are briefly
described. The results are presented in section 3, and
the summary is given in section 4.

2. Model

The cloud-resolving model used in this study has
been originally developed by Soong and Ogura,[19]

Soong and Tao,[20] and Tao and Simpson.[21] The
2D version of the model used by Sui et al [22,23]

and further modified by Li et al [24] is what is used
in this study. The governing equations and the
model in details can be found in Li et al [24,25] Sev-
eral 2D cloud-resolving models have successfully sim-
ulated atmospheric thermodynamic profiles, cloud
properties, and precipitation in the tropics during
the global atmospheric research programme Atlantic
tropical experiment[26,27] and tropical ocean global at-
mosphere coupled ocean-atmosphere response experi-
ment (TOGA COARE).[16,17,24,25,28−34]

The model is forced by zonally-uniform vertical
velocity, zonal wind, and thermal and moisture ad-
vection, based on TOGA COARE observations within
the intensive flux array (IFA) region. Calculations are
based on a constrained, variational method applied
to column-integrated budgets of mass, heat, moisture
and momentum as proposed by Zhang and Lin.[35]

Hourly sea surface temperature (SST) at the improved
meteorological (IMET) surface mooring buoy (1.75◦S,
156◦E)[36] is also imposed in the model. The model
is integrated from 0400 LST 19 December 1992 to
0400 LST 29 December 1992 (10 days total). Figure
1 shows the time evolution of the vertical distribution
of large-scale forcing (vertical velocity, zonal wind and
time series of SST during the 10-day period) used in
the simulation. In this model, the horizontal bound-
ary is periodic, and the horizontal domain is 768 km
with a horizontal grid resolution of 1.5 km. The verti-
cal grid resolution ranges from about 200 m near the
surface to about 1 km near 100 hPa. The time step is
12 s.

3. Results

Since the vertical components of the CVV, the
MVV and the zonal component of the DVV have close

relation with tropical convection as mentioned above,
only these three components will be discussed below.
Vertical components of the CVV (Cz),[16] the MVV
(Mz)[17] and the zonal component of the DVV (Dx)[17]

can be expressed, respectively, as

Cz = −ζ

ρ

∂θe

∂x
, (1a)

Mz = −ζ

ρ

∂qv

∂x
, (1b)

Dx = −wζ

ρ
, (1c)

where ζ =
∂u

∂z
−∂w

∂x
, u and w are the zonal and vertical

wind components, respectively, x and z the zonal and
vertical coordinates, respectively; θe is the equivalent
potential temperature; qv is the specific humidity of
water vapour; ρ is the air density; overbar is a zonal-
mean.

Figure 2 shows the lag correlation coefficients be-

tween zonal-mean surface rain rate [Ps] and
∂[Cz]

∂t
,

[Ps] and
∂[Mz]

∂t
, as well as [Ps] and

∂[Dx]
∂t

([F ] =
512∑

i=1

1
512

∫ zT

0

ρFidz, zt is the height of top atmo-

sphere). Positive lag hour denotes that maximum
∂[Cz]

∂t
and

∂[Mz]
∂t

lead maximum [Ps], whereas neg-

ative lag hour denotes that maximum
∂[Dx]

∂t
lags be-

hind the maximum [Ps]. Lag correlation coefficients

between [Ps] and
∂[Cz]

∂t
, and [Ps] and

∂[Mz]
∂t

are simi-
lar since the water vapour plays a dominant role in the
development of tropical convection.[29,30] Their max-
imum positive lag correlation coefficients (0.32) oc-
cur at lag hour 2 whereas their maximum negative
lag correlation coefficients (–0.33) appear at about
lag hour –1– –2, which exceed 99% confidence level
(0.18). This indicates that maximum local increases
of [Cz] and [Mz] occur 2 h before [Ps] reaches maxi-
mum, whereas maximum local decreases of [Cz] and
[Mz] appear 1–2 h after [Ps] reaches maximum. Since
the vertical components of the CVV and MVV could
be regarded as an indicator of the development of
cloud (hydrometeors),[16,17] the above phase relations
mean that the development of cloud (hydrometeors)
will reach its maximum just about 2 h before the sur-
face rain rate reaches its maximum, and the decay of
the cloud will reach its maximum just about 1–2 h af-
ter the maximum surface rain rate. This is identical
to the results in Ref.[33]. The maximum negative lag
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correlation coefficient between [Ps] and
∂[Dx]

∂t
(−0.23)

appears at lag hour 2 whereas the maximum positive
lag correlation coefficient (0.30) occurs at lag hour –
1. This suggests that the maximum local decrease
of [Dx] occurs 2 h ahead of maximum [Ps], whereas
the maximum local increase of [Dx] appears 1 hour
behind the maximum [Ps]. It is interesting to no-
tice that the lag correlation coefficients between [Ps]

and
∂[Dx]

∂t
, and [Ps] and

∂[Cz]
∂t

(or between [Ps] and

∂[Mz]
∂t

) are roughly symmetric about zero (Fig.2), im-
plying that the zonal component of the DVV and ver-
tical components of CVV/MVV may set a dynamic-
thermodynamic coupling for the tropical convective
development. The definition of the zonal component
of the DVV (refer to Eq(1c)) shows that the Dx is
associated with the covariance of the vertical velocity
(w) and the zonal component of vorticity (It should be
noticed that there is a negative signal in the definition
of the Dx). Since the zonal component of vorticity is
associated with the secondary circulation,[17] the zonal
component of the DVV represents the secondary cir-
culation of the tropical convection, which is a direct
cloud and rainfall producer. Thus the maximum lo-
cal decrease of [Dx], occurring 2 h ahead of maximum
[Ps], means that the covariance of the vertical velocity
and secondary circulation will reach its maximum 2 h
before the maximum surface rain rate. And the maxi-

mum local increase of [Dx] means that the covariance
of the vertical velocity and secondary circulation will
reach its minimum 1 hour after the maximum surface

rain rate. Thus, maximum
∂[Cz]

∂t
and

∂[Mz]
∂t

and min-

imum
∂[Dx]

∂t
lead maximum [Ps] by 2 h. The maxi-

mum to maximum or minimum to minimum lag corre-
lation coefficients are about 9 h apart. This indicates
that the life span of simulated tropical convection is 9
h, which is consistent with the results in Ref.[30].

Fig.2. Lag correlation coefficients between zonal-mean

surface rain rate [Ps] and
∂[Cz ]

∂t
(dark solid line), [Ps] and

∂[Mz ]

∂t
(dotted line), [Ps] and

∂[Dx]

∂t
(light solid line).

The tendency equations of the vorticity vectors
are derived by Gao et al [16,17] and can be expressed
as

∂[Cz]
∂t

=
[
ζ

ρ

(
∂u

∂x

∂θe

∂x
+

∂w

∂x

∂θe

∂z

)]
+

[
1
ρ

∂θe

∂x

∂B

∂x

]
− Lf

cp

[
ζ

ρ

∂

∂x

(
P18θe

T

)]
− 1

cp

[
ζ

ρ

∂

∂x

(
QRθe

T

)]
, (2a)

CZ1 CZ2 CZ3 CZ4

∂[Mz]
∂t

=
[
ζ

ρ

(
∂u

∂x

∂qv

∂x
+

∂w

∂x

∂qv

∂z

)]
+

[
1
ρ

∂qv

∂x

∂B

∂x

]
+

[
ζ

ρ

∂

∂x
(Sqv)

]
, (2b)

MZ1 MZ2 MZ3

∂[Dx]
∂t

= −
[
w

ρ

∂B

∂x

]
+

[
ζB

ρ

]
− cp

[
ζ

ρ

∂

∂z
(θπ)

]
. (2c)

DX1 DX2 DX3

The detailed derivations and symbols of Eqs.(2) can
be found in Refs.[16] and [17].

To elucidate the physical processes responsible for
the phase differences between the surface rain rate and
the vorticity vectors, the lag correlation coefficients

between the surface rain rate and the budgets of the
vorticity vectors are calculated. For example, the lin-
ear correlation coefficient (CCZT,Ps) between the ten-
dency ([CZT ] = [CZ1]+ [CZ2]+ [CZ3]+ [CZ4]) and
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[Ps] can be expanded into

CCZT,P s
=

4∑

i=1

σCZi

σCZT
CCZi,Ps , (3)

where σ is a standard deviation;
σCZi

σCZT
CCZi,Ps is a

weighted linear correlation coefficient between [CZi]
and [Ps].

Figure 3 shows weighted lag correlation coeffi-
cients between [Ps] and the budget of [Cz]. [CZ1]
is in phase with [Ps] whereas [CZ2] is out of phase
with [Ps], whose lag correlation coefficients reach max-
imum and minimum at lag hour 0, respectively. The
weighted lag correlation coefficient between [Ps] and
[CZ4] is negligibly small. The weighted lag correla-
tion coefficient between [Ps] and [CZ3] reach maxi-
mum (0.17) at lag hour 2, which coincides with the
maximum lag correlation coefficient between [Ps] and
∂[Cz]

∂t
. Note that the lag correlation coefficient be-

tween [Ps] and [CZ3] is marginally about 99% con-
fidence level. The lag correlation coefficient between
[Ps] and [CZ3]+[CZ1] reaches maximum (0.35) at lag
hour 2. It suggests that the interactions among zonal
velocity (u) gradient and zonal equivalent potential
temperature gradient and vorticity or the interactions
among zonal velocity (w) gradient and vertical equiva-
lent potential temperature gradient and vorticity (the
term CZ1 in Eq.(2a)) also play a role in determining
the phase difference at lag hour 2. The maximum neg-
ative weighted lag correlation coefficient between [Ps]
and [CZ3] (–0.44) occurs at lag hour –1, which fully
account for the maximum negative lag correlation co-

efficient between [Ps] and
∂[Cz]

∂t
. Thus, the

Fig.3. Lag correlation coefficient between [Ps] and
∂[Cz ]

∂t
(dark solid line), and weighted lag correlation coefficients

between [Ps] and [CZ1] (dotted line), [Ps] and [CZ2] (light

solid line), [Ps] and [CZ3] (light dashed line), and [Ps] and

[CZ4] (dark dashed line).

maximum positive
∂[Cz]

∂t
leads maximum [Ps] by 2

h and the maximum negative
∂[Cz]

∂t
lags behind the

maximum [Ps] by 1 hour, mainly due to the interac-
tion between vorticity and the zonal gradient of ice
heating, and [CZ1] provides an important modifica-
tion.

Figure 4 shows the weighted lag correlation coef-
ficients between [Ps] and the budget of [Mz]. Since
the maximum positive weighted lag correlation coeffi-
cient between [Ps] and [MZ2] (0.54) occurs at lag hour
0, the maximum negative weighted lag correlation co-
efficient between [Ps] and [MZ3] (–0.75) appears at
lag hour –1, and the weighted lag correlation coeffi-
cient between [MZ1] and [Ps] is negligibly small, the
weighted lag correlation coefficient between [Ps] and
[MZ2] can account for the maximum positive lag cor-

relation coefficient between [Ps] and
∂[Mz]

∂t
, whereas

the negative weighted lag correlation coefficient be-
tween [Ps] and [MZ3] can explain the maximum nega-

tive lag correlation coefficient between [Ps] and
∂[Mz]

∂t
.

Thus, the maximum positive
∂[Mz]

∂t
leads maximum

[Ps] by 2 h mainly due to the interactions between the
zonal specific humidity gradient and zonal buoyancy

gradient; and the maximum negative
∂[Mz]

∂t
lags be-

hind the maximum [Ps] by 1 hour mainly due to the
interaction between the vorticity and the zonal con-
densation/deposition gradient.

Fig.4. Lag correlation coefficient between [Ps] and
∂[Mz ]

∂t
(dark solid line), and weighted lag correlation coefficients

between [Ps] and [MZ1] (dotted line), [Ps] and [MZ2]

(light solid line), and [Ps] and [MZ3] (dashed line).

It should be pointed out that although the ver-
tical components of the CVV and MVV have similar
variations in both phases and magnitudes due to the
dominant role of water vapour in tropical convection,
they may be different from each other in the following
aspect. The interaction between the vorticity and the
zonal gradient of ice heating primarily determines the
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local change of the vertical component of the CVV,[16]

and the maximum positive and negative lag correla-
tion coefficients with the surface rain rate. The inter-
action between the vorticity and the zonal gradient of
cloud (water/ice) heating controls the local change of
the vertical component of the MVV[17] and the maxi-
mum negative lag correlation coefficient with the sur-
face rain rate. And the interaction between the zonal
specific humidity gradient and the zonal buoyancy gra-
dient is mainly responsible for the maximum positive
lag correlation between the surface rain rate and the
local increase of the vertical component of the MVV.

Fig.5. Lag correlation coefficient between [Ps] and
∂[Dx]

∂t
(dark solid line), and weighted lag correlation coefficients

between [Ps] and [DX1] (dotted line), [Ps] and [DX2]

(light solid line), and [Ps] and [DX3] (dashed line).

Figure 5 shows the weighted lag correlation co-
efficients between [Ps] and the budget of [Dx]. The
weighted lag correlation coefficients between [Ps] and
[DX2] as well as [Ps] and [DX3] show large varia-
tions with a magnitude more than 2. They are nearly
out of phase and largely cancel each other out. We
can see that the weighted lag correlation coefficient
between [Ps] and [DX1] is relatively small. Also the
maximum positive weighted lag correlation coefficient
between [Ps] and [DX2]+[DX3] occurs at lag hour –1,
whereas the maximum negative lag correlation coeffi-
cient appears at lag hour 2. This indicates that the
maximum local decrease of [Dx] occurs 2 h ahead of
the maximum [Ps], and the maximum local increase
of [Dx] appears 1 h behind the maximum [Ps] mainly
due to the interactions between vorticity and vertical

pressure gradient as well as vorticity and buoyancy.

4. Summary

Gao et al [16,17] proposed three new vorticity vec-
tors and found that they are highly correlated with
two-dimensional tropical convection. In this paper,
we have calculated lag correlation coefficients to study
the phase relations between the vorticity vectors and
the surface rain rate in the tropical deep convection by
using hourly zonally-averaged mass-integrated cloud-
resolving simulation data. The model is integrated
with the vertical velocity, zonal wind, horizontal ther-
mal and moisture advections, and sea surface temper-
ature observed and derived from TOGA-COARE for
10 days.

Maximum local increase of the vertical compo-
nent of the CVV[16] leads maximum surface rain rate
by 2 h due to the interaction between vorticity and
zonal gradient of ice heating, as well as the interaction
among zonal velocity (u) gradient and zonal equiva-
lent potential temperature gradient and vorticity, or
the interaction among zonal velocity (w) gradient and
vertical equivalent potential temperature gradient and
vorticity. Whereas the maximum local decrease of the
vertical component of the CVV lags behind the max-
imum surface rain rate by 1 hour mainly due to the
interaction between vorticity and zonal gradient of ice
heating. The maximum local increase of the verti-
cal component of the MVV[17] leads maximum sur-
face rain rate by 2 h mainly due to the interaction
between zonal specific humidity gradient and zonal
buoyancy gradient, whereas the maximum local de-
crease lags behind the maximum surface rain rate by
1 hour mainly due to the interaction between vorticity
and zonal condensation/deposition gradient.

Maximum local decrease of the zonal component
of the DVV[17] leads maximum surface rain rate by
2 h, and the maximum local increase lags behind the
maximum surface rain rate by 1 hour mainly due to
the interaction between vorticity and vertical pressure
gradient, as well as that between vorticity and buoy-
ancy.
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