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ABSTRACT

Effects of vertical wind shear, radiation, and ice clouds on cloud microphysical budget associated with
torrential rainfall during landfall of severe tropical storm Bilis (2006) are investigated by using a series of
analysis of two-day grid-scale sensitivity experiment data. When upper-tropospheric upward motions and
lower-tropospheric downward motions occur on 15 July 2006, the removal of vertical wind shear and ice
clouds increases rainfall contributions from the rainfall type (CM) associated with positive net condensation
and hydrometeor loss/convergence, whereas the exclusion of cloud radiative effects and cloud-radiation in-
teraction reduces rainfall contribution from CM. The elimination of vertical wind shear and cloud-radiation
interaction increases rainfall contribution from the rainfall type (Cm) associated with positive net conden-
sation and hydrometeor gain/divergence, but the removal of cloud radiative effects and ice clouds decreases
rainfall contribution from Cm. The enhancements in rainfall contribution from the rainfall type (cM) as-
sociated with negative net condensation and hydrometeor loss/convergence are caused by the exclusion of
cloud radiative effects, cloud-radiation interaction and ice clouds, whereas the reduction in rainfall contri-
bution from cM results from the removal of vertical wind shear. When upward motions appear throughout
the troposphere on 16 July, the exclusion of all these effects increases rainfall contribution from CM, but
generally decreases rainfall contributions from Cm and cM.
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1. Introduction

A precipitation system may contain rainfall cells

resulting from different processes. A typical example

is convective-stratiform rainfall. Convective rainfall

usually shows higher rain rate than stratiform rainfall

does because convective rainfall is associated with up-

ward motions throughout the troposphere, and strat-

iform rainfall is related to upward motions in the mid

and upper troposphere and downward motions in the

lower troposphere. The dynamic effects reveal a trans-

port of hydrometeor concentration from convective re-

gions to raining stratiform regions, which is a major

source for stratiform rainfall in many precipitation sys-

tems (e.g., Gao and Li, 2008b; Wang et al., 2009a;

Shen et al., 2011). The net condensation rate is signi-
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ficantly larger over convective regions than over rain-

ing stratiform regions (e.g., Cui et al., 2007). The net

condensation and transport of hydrometeor conden-

sation between convective regions and raining strat-

iform regions are explicitly included in cloud micro-

physical budget. Li et al. (2011) proposed a rainfall

partitioning scheme based on cloud budget, in which

three rainfall types are separated. They found that

all three rainfall types have significant contributions

to total rainfall in the calculation of tropical rainfall

during a selected period of Tropical Ocean Global At-

mosphere Coupled Ocean Atmosphere Response Ex-

periment (TOGA COARE).

Severe tropical storm Bilis (2006) caused signifi-

cant economic losses and fatalities during its course

from Philippines, Taiwan Region, to southeastern

China in July 2006. When it landed over southern

China, the torrential rainfall is associated with two

very different vertical profiles of vertical velocity, i.e.,

strong upward motions in the mid and upper tropo-

sphere and weak downward motions in the lower tro-

posphere on 15 July and upward motions throughout

the troposphere on 16 July. The torrential rainfall

case has been well simulated using a two-dimensional

(2-D) cloud-resolving model experiment that is vali-

dated against available observational data (Wang et

al., 2009a, 2010a), and associated sensitivity experi-

ments have been conducted and analyzed to study the

effects of vertical wind shear, radiation, and ice clouds

on torrential rainfall (Wang et al., 2009b, 2010b, c).

Wang et al. (2009a) validated the model simulations

with available observations in terms of rain rate and

reflectivity and showed a fair agreement between the

simulations and observations. Wang et al. (2010a)

found that dominant stratiform clouds respond to im-

posed weak downward motions on 15 July 2006. Con-

vective rainfall significantly increases when imposed

upward motions extend to the surface a day later.

Wang et al. (2009b) revealed that the inclusion of

vertical wind shear produces strong convective rain-

fall through the kinetic-energy conversion from im-

posed large-scale circulations to perturbation circu-

lations. Wang et al. (2010b) showed that increased

mean rainfall caused by the exclusion of cloud radia-

tive effects is associated with the enhanced mean la-

tent heat resulting from the strengthened mean radia-

tive cooling on 15 July and that the decreased mean

rainfall responds to the slowdown in the mean net con-

densation on 16 July. Wang et al. (2010c) found that

the reduced mean rainfall caused by the removal of

ice clouds is mainly associated with the suppressed

mean latent heat as a result of the exclusion of depo-

sition processes. Note that convective-stratiform rain-

fall separation scheme developed by Tao et al. (1993)

and modified by Sui et al. (1994) has been used for

rainfall analysis in Wang et al. (2009a, b, 2010b, c), in

which rainfall is partitioned primarily based on the in-

tensity of rain rate. The effects of vertical wind shear,

cloud radiation, cloud-radiation interaction, and ice

clouds on cloud microphysical budget in this torren-

tial rainfall case have not been studied, although the

cloud microphysical processes are directly responsible

for production of precipitation.

In this study, effects of vertical wind shear, cloud

radiation, cloud-radiation interaction, and ice clouds

on cloud microphysical budget associated with torren-

tial rainfall during the landfall of severe tropical storm

Bilis (2006) are investigated by using a series of analy-

sis of 2-D sensitivity cloud-resolving model experiment

data. Instead of using convective-stratiform rainfall

partitioning scheme, this study uses cloud microphys-

ical budget to separate rainfall. The model and sen-

sitivity experiments are briefly described in Section 2.

The results are presented in Section 3. A summary is

given in Section 4.

2. Model and sensitivity experiments

The data from 2-D sensitivity cloud-resolving

model experiments conducted by Wang et al. (2009a,

b, 2010b, c) are used in this study. The basic model

setups are summarized in Table 1 and sensitivity ex-

periment designs are summarized in Table 2. Other

model setup details can be found in Wang et al.

(2009a, b, 2010b, c), Gao and Li (2008a), and Li

and Gao (2011). The experiments that exclude ver-

tical wind shear (CNVWS), cloud radiative effects

(CNCR), cloud-radiation interaction (CNCRI), and

ice clouds (CNIM) are identical to the control experi-

ment (C) except that vertical wind shear is removed
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Table 1. A summary for model setups and basic experiment information

Model history Originally developed by Soong and Ogura (1980), Soong and Tao (1980), and Tao and

Simpson (1993), and modified by Li et al. (1999) and Sui et al. (1994, 1998)

Prognostic equations Potential temperature, specific humidity, five hydrometeor species, and perturbation

zonal wind and vertical velocity

Cloud microphysical schemes Lin et al. (1983), Rutledge and Hobbs (1983, 1984), Tao et al. (1989),

and Krueger et al. (1995)

Radiation schemes Chou et al. (1991, 1998), and Chou and Suarez (1994)

Basic model parameters Model domain of 768 km, grid mash of 1.5 km, time step of 12 s, and 33 vertical layers

Lateral boundary conditions Cyclic

Modeling region 23◦–24◦N, 108◦–116◦E

Model integration 0800 BT 14 July–0800 BT 20 July 2006

Large-scale forcing Vertical velocity and zonal wind (Fig. 1), and horizontal advection (figure omitted)

from NCEP/GDAS (GDAS: global data assimilation system)

Table 2. Sensitivity experimental design

Difference from control experiment (C)

CNVWS Vertically varying large-scale zonal winds in C are replaced with mass-weighted mean large-scale zonal winds

CNCR Total hydrometeor mixing ratio (sum of mixing ratios of five cloud species) is set to zero in the calculations of

optical thickness and radiation

CNCRI Cloud-radiation interaction is not allowed and vertical radiation profiles at each grid are imposed with same

vertical radiation profiles averaged over model domain mean from C

CNIM The ice hydrometeor mixing ratio is set to zero

by using height-independent mass-weighted mean

large-scale zonal wind in CNVWS, cloud radiative ef-

fects are excluded by setting total hydrometeor mixing

ratio to zero in the radiative calculations in CNCR,

cloud-radiation interaction is suppressed by using C-

derived mean radiative profile in CNCRI, and the ice

clouds are removed by setting ice hydrometeor mixing

ratio to zero in CNIM.

Mass-integrated cloud budget can be symbolically

expressed by

PS = QNC +QCM, (1)

where

PS = ρwTrqr|z=0, (1a)

QNC = ([PCND] + [PDEP] + [PSDEP]

+[PGDEP])− ([PREVP] + [PMLTG]

+[PMLTS]), (1b)

QCM = −
∂[q5]

∂t
−

[ ∂

∂x
(uoq5)

]

−
[ ∂

∂x
(u′q5)

]

, (1c)

where PS is surface rain rate at z=0; ρ is height-

dependent mean air density; wTr is terminal veloc-

ity for raindrop; q5 is sum of mixing ratios of cloud

water (qc), raindrop (qr), cloud ice (qi), snow (qs),

and graupel (qg); u is zonal wind; QNC is the net

condensation, ([PCND] + [PDEP] + [PSDEP] + [PGDEP])

represents the cloud source term that consists of va-

por condensation rate for the growth of cloud wa-

ter ([PCND]), vapor deposition rates for the growth

of cloud ice ([PDEP]), snow ([PSDEP]), and graupel

([PGDEP]), and −([PREVP] + [PMLTG] + [PMLTS]) de-

notes the cloud sink term that includes growth of va-

por by evaporation of raindrop ([PREVP]), evaporation

of liquid from graupel surface ([PMLTG]), and evapo-

ration of melting snow ([PMLTS]); QCM is hydrome-

teor change/convergence; overbar denotes a model do-

main mean; prime is a perturbation from model do-

main mean; [( )](=

∫

zt

zb

ρ( )dz) is mass integration, zt

and zb are the heights of the top and bottom of the

model atmosphere respectively; and superscript ◦ is an

imposed GDAS data. Following Li et al. (2011), sur-

face rainfall can be partitioned into three types based

on cloud budget Eq. (1). CM is the rainfall type as-

sociated with positive net condensation and hydrom-

eteor loss/convergence, Cm is the rainfall type assoc-

iated with positive net condensation and hydrometeor

gain/divergence, and cM is the rainfall type associated
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with negative net condensation and hydrometeor

loss/convergence. Thus, the rainfall of CM is associ-

ated with positive net condensation and hydrometeor

loss/convergence, whereas the rainfalls of Cm and cM

correspond to positive net condensation and hydrom-

eteor loss/convergence, respectively.

3. Results

The contribution of each rainfall type is calculated

by percentage of rainfall amount for each type over to-

tal rainfall amount (PRA) in this study. In the control

experiment C, contributions to total rainfall from CM

(Fig. 2b) and Cm (Fig. 3b) (∼40%) are similar, which

are more than twice larger than that from cM (∼18%)

(Fig. 4b) as the imposed large-scale vertical velocity

shows weak descending motions in the lower tropo-

sphere and strong ascending motions in the mid and

upper troposphere (see Fig. 1a) on 15 July 2006. CM

and Cm have similar contributions to total rainfall in

this study and Li et al. (2011), although the contri-

butions in this study are slightly larger than those in

Li et al. (2011). The result of cM shows much smaller

contribution to total rainfall in rainfall case over mid-

latitude continent in this study than in rainfall case

over open equatorial ocean (Li et al., 2011). Frac-

tional coverage of cM (Fig. 4a) is larger than that of

CM (Fig. 3a) but is smaller than that of Cm (Fig. 4a).

The positive net condensation rate of Cm (Fig. 3d) is

about four times higher than that of CM (Fig. 2d), but

is consumed by hydrometeor divergence for the rain-

fall enhancement in Cm (Fig. 3e) and only rainfall

source in cM (Fig. 4d). When the ascending motions

imposed in the model extend to the lower troposphere

on 16 July 2006, contribution from each rainfall type is

barely changed (Figs. 2c, 3c, and 4c). Fractional cov-

erage of cM (Fig. 4a) is unchanged, whereas those of

CM (Fig. 2a) and Cm (Fig. 3a) are reduced. Positive

net condensation rate is increased in Cm (Fig. 3d) to

intensify the advection of hydrometeor concentration

from Cm to CM and cM for the rainfall intensification

(Figs. 2e, 3e, and 4e).

The exclusion of vertical wind shear increases

rainfall contributions from two rainfall types associ-

ated with positive net condensation (Figs. 2b and 3b)

but decreases rainfall contribution from cM in both

days (Fig. 4b). The increases in rainfall contribution

are related to the enhanced positive net condensation

in CM (Fig. 2d) and the decrease in hydrometeor

gain/divergence in Cm (Fig. 3e). The reduction in

rainfall contribution of cM corresponds to the decrease

in hydrometeor loss/convergence (Fig. 4e). The simi-

larity in effects of vertical wind shear on rainfall pro-

cesses shown in cloud budget in the two days reveals a

control of upward motions in the upward troposphere

on the positive net condensation and a switch of up-

ward motions on 16 July from downward motions on

15 July in the lower troposphere barely alters effects

of vertical wind shear on three rainfall types. The re-

moval of vertical wind shear decreases fractional cover-

age of cM on 15 July but increases fractional coverage

of cM one day later (Fig. 4a). The increase in frac-

Fig. 1. Time-height distributions of (a) vertical velocity (cm s−1) and (b) zonal wind (m s−1) from 0800 BT 14 to 0800

BT 17 July 2006.
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Fig. 2. (a) Fractional coverage (FC; %), (b) percentage of rain amount (PRA; %) over total rainfall amount, and model

domain mean cloud budgets (mm h−1) of (c) PS, (d) QNC, and (e) QCM for CM daily averaged on 15 (black) and 16

(grey) July 2006.

tional coverage of cM caused by the elimination of ver-

tical wind shear on 16 July may be associated with the

reduction in perturbation kinetic energy through the

removal of barotropic conversion from mean kinetic

energy to perturbation kinetic energy.

The exclusion of cloud radiative effects increases

positive net condensation through the enhanced la-

tent heat caused by the increased radiative cooling in

model domain mean heat and cloud budget on 15 July

(Wang et al., 2010b). The increase in mean positive

net condensation results from the increase in positive

net condensation in Cm (Fig. 3d), which leads to the

enhanced advection of hydrometeor concentration to

cM (Fig. 4e) and to increase rain rate (Fig. 4c) and

rainfall contribution in cM (Fig. 4b). Although the

elimination of cloud radiative effects increases posi-

tive net condensation in Cm, it increases hydrometeor

divergence rate of Cm (Fig. 3e). They are largely can-
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Fig. 3. As in Fig. 2, but for Cm.

celled out each other. As a result, the removal of cloud

radiative effects barely changes rain rate of Cm (Fig.

3c) and slightly reduces rainfall contribution from Cm

(Fig. 3b). The reduction in rainfall contribution

from CM (Fig. 2b) is primarily associated with the

suppressed hydrometeor loss/convergence (Fig. 2e).

One day later, the exclusion of cloud radiative ef-

fects increases mean radiative cooling while it weakens

mean heat divergence, which leads to the reductions

of mean latent heat and associated mean net conden-

sation (Wang et al., 2010b). The decrease in mean net

condensation comes from the reduced positive net con-

densation in Cm (Fig. 3d) and the enhanced negative

net condensation in cM (Fig. 4d). The decrease in pos-

itive net condensation causes the reduction in rainfall

in Cm (Fig. 3c) while hydrometeor gain/divergence is

barely changed (Fig. 3e). The enhanced negative net

condensation reduces the rainfall in cM (Figs. 4c and

4d). The increase in rainfall of CM is primarily asso-

ciated with the increase in positive net condensation
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Fig. 4. As in Fig. 2, but for cM.

(Figs. 2c and 2d).

The removal of cloud-radiation interaction re-

duces the rain rate of CM (Fig. 2c) and its rain-

fall contribution (Fig. 2b) through the decreases in

both positive net condensation (Fig. 2d) and hy-

drometeor loss/convergence (Fig. 2e), whereas it in-

creases the rain rates of Cm and cM (Figs. 3c and

4c) and associated rainfall contributions (Figs. 3b

and 4b) through the enhanced positive net conden-

sation in Cm (Fig. 3d) and strengthened hydrometeor

loss/convergence in cM (Fig. 4e) on 15 July. The ex-

clusion of cloud-radiation interaction decreases rain-

fall areas of the rainfall types associated with posi-

tive net condensation (Figs. 2a and 3a), but increases

rainfall area of cM (Fig. 4a). The exclusion of cloud-

radiation interaction switches model domain mean hy-

drometeor change from loss in C to weak gain in CN-

CRI (Wang et al., 2010b) through the reduced hy-

drometeor loss/convergence of Cm (Fig. 3e). On 16

July, the elimination of cloud-radiation interaction in-
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creases the rainfall of CM (Fig. 2c) primarily through

the increased hydrometeor loss/convergence (Fig. 2e)

while it reduces the rainfall area of CM (Fig. 2a).

The exclusion of cloud-radiation interaction reduces

the rainfall and rainfall area of Cm (Figs. 3a and 3c)

through the enhanced hydrometeor gain/divergence

(Fig. 3e). The removal of cloud-radiation interaction

decreases the rainfall of cM (Fig. 4c) through the en-

hanced negative net condensation (Fig. 4d) while it in-

creases rainfall area of cM (Fig. 4a). The elimination

of cloud-radiation interaction reduces model domain

mean net condensation through the enhanced nega-

tive net condensation of cM (Fig. 4d) and suppresses

mean hydrometeor loss through the enhanced hydrom-

eteor gain/divergence of Cm (Wang et al., 2010b).

The exclusion of ice clouds reduces the rainfall

(Figs. 2c, 3c, and 4c) and rainfall areas (Figs. 2a,

3a, and 4a) of all three rainfall types on 15 July. The

reduced rainfall in CM (Fig. 2c) is primarily asso-

ciated with the suppressed positive net condensation

(Fig. 2d). The decrease in rainfall of Cm (Fig. 3c) is

related to the enhanced hydrometeor gain/divergence

(Fig. 3e). The slight reduction in rainfall of cM

(Fig. 4c) corresponds to the enhanced negative net

condensation (Fig. 4d), which is largely offset by

the enhanced hydrometeor loss/convergence (Fig. 4e).

Thus, the exclusion of ice clouds reduces model do-

main mean net condensation through the decrease in

positive net condensation of CM (Fig. 2d) and the

increase in negative net condensation of cM (Fig. 4d)

and changes mean hydrometeor tendency from loss in

C to gain in CNIM through the reduced hydrometeor

loss/convergence of CM (Fig. 2e) and the enhanced

hydrometeor gain/divergence of Cm (Fig. 3e) (Wang

et al., 2010c). One day later, the removal of ice clouds

reduces the rain rainfall (Figs. 3c and 4c) and rainfall

areas (Figs. 3a and 4a) of Cm and cM, whereas it in-

creases the rainfall and rainfall area of CM (Figs. 2a

and 2c). The increase in rain rate of CM (Fig. 2c) is

associated with the increases in positive net condensa-

tion (Fig. 2d) and hydrometeor loss/convergence (Fig.

2e) as the rainfall area in CM expands from C to CNIM

(Fig. 2a). Although the rainfall area of Cm expands

from C to CNIM (Fig. 3a), the decrease in rain rate of

Cm (Fig. 3c) is related to the reduction in positive net

condensation (Fig. 3d). The reduction in rain rate of

cM (Fig. 4c) corresponds to the suppressed hydrome-

teor loss/convergence (Fig. 4e) as the rainfall area of

cM shrinks from C to CNIM (Fig. 4a). Thus, the re-

moval of ice clouds decreases model domain mean net

condensation through the suppressed positive net con-

densation of Cm (Fig. 3d) and switches mean hydrom-

eteor change from loss in C to gain in CNIM through

the suppressed hydrometeor loss/convergence of cM

(Fig. 4e) (Wang et al., 2010c).

4. Summary

A rainfall partitioning analysis based on cloud

budget is conducted to study the effects of vertical

wind shear, cloud radiation, cloud-radiation interac-

tion, and ice clouds on torrential rainfall associated

with the landfall of severe tropical storm Bilis (2006).

The grid-scale data from a series of two-dimensional

cloud-resolving sensitivity experiments from Wang et

al. (2009a, b, 2010b, c) are used in this study. Two

days of 15 and 16 July were chosen for analysis because

of different vertical profiles of imposed large-scale ver-

tical velocity: strong upward motions in the upper

troposphere and weak downward motions in the lower

troposphere on 15 July, and downward movement of

upward motions to the mid troposphere in the morn-

ing of 16 July. The major results are drawn as follows.

(1) The rainfall type associated with positive net

condensation and hydrometeor loss/convergence (CM)

and the rainfall type associated with positive net

condensation and hydrometeor gain/divergence (Cm)

show similar contributions to total rainfall, which

are larger than the contributions from the rainfall

type with negative net condensation and hydrometeor

loss/convergence (cM) on 15 July. The rainfall contri-

butions from CM and Cm become smaller while that

from cM becomes larger one day later.

(2) The exclusion of vertical wind shear increases

rainfall contributions from CM and Cm but reduces

rainfall contribution from cM on both days. This sug-

gests that the change in rainfall contributions for all

three rainfall types caused by the removal of vertical

wind shear is not sensitive to vertical profile of im-

posed large-scale vertical velocity.
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(3) The elimination of cloud radiative effects and

cloud-radiation interaction decreases rainfall contribu-

tion from CM but increases rainfall contribution from

cM on 15 July. The removal of cloud radiative effects

and cloud-radiation interaction enhances rainfall con-

tribution from CM but suppresses rainfall contribution

from Cm and cM on 16 July. This indicates that the

change in rainfall contributions from the two rainfall

types associated with hydrometeor loss/convergence

(Cm and cM) are sensitive to vertical profiles of im-

posed large-scale vertical velocity.

(4) The exclusion of ice clouds increases rainfall

contribution from CM but reduce rainfall contribu-

tion from Cm on both days. The removal of ice

clouds enhances rainfall contribution from cM on 15

July but suppresses rainfall contribution from cM on

16 July. This implies that change in rainfall contri-

butions from the two rainfall types associated with

positive net condensation (CM and Cm) is insensitive

to vertical profiles of large-scale vertical velocity, but

that from cM is sensitive to vertical profile of vertical

velocity.
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