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Effects of water and ice clouds on cloud microphysical budget:
An equilibrium modeling study∗
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The effects of water and ice clouds on the cloud microphysical budget associated with rainfall are investigated through
the analysis of grid-scale data from a series of two-dimensional cloud-resolving model equilibrium sensitivity simulations.
The model is imposed without large-scale vertical velocity. In the control experiment, the contribution from rainfall (cM)
associated with net evaporation and hydrometeor loss/convergence is about 29% of that from the rainfall (Cm) associated
with net condensation and hydrometeor gain/divergence and about 39% of that from the rainfall (CM) associated with
net condensation and hydrometeor loss/convergence. The exclusion of ice clouds enhances rainfall contribution of CM,
whereas it reduces rainfall contributions of Cm and cM. The removal of radiative effects of water clouds increases rainfall
contribution of CM, barely changes rainfall contribution of Cm and reduces the rainfall contribution of cM in the presence
of the radiative effects of ice clouds. Elimination of the radiative effects of water clouds reduces the rainfall contributions
of CM and Cm, whereas it increases the rainfall contribution of cM in the absence of the radiative effects of ice clouds.
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1. Introduction
Precipitation systems have strong upward motions

throughout the troposphere, which produce both water and ice
clouds (convective clouds) during the development period.[1]

Water clouds gradually dissipate and ice clouds (stratiform
clouds) play a major role in producing the precipitation dur-
ing the decay phase. Thus, the precipitation is generally par-
titioned into convective and stratiform components. Convec-
tive rainfall is associated with a higher rain rate, stronger up-
ward motions and horizontal reflectivity gradients than strati-
form rainfall; convective and stratiform rainfalls are primar-
ily generated by the accretion of cloud water by raindrops
via collisions in strong updraft cores and the vapor deposi-
tion on ice particles, respectively.[2] The separation between
convective and stratiform rainfall is based on the amplitude
and spatial variations of radar reflectivity or surface rainfall
data.[3–7] Cui and Li[8] applied the surface rainfall budget pro-
posed by Gao et al.[9] to the analysis of a two-dimensional
(2D) cloud-resolving model simulation during a select period
of the tropical ocean global atmosphere coupled ocean atmo-
sphere response experiment (TOGA COARE); they found that
convective rainfall has water vapor convergence whereas strat-
iform rainfall has local atmospheric drying and the transport
of hydrometeor concentration from convective regions to rain-
ing stratiform regions. Shen et al.[10] further used the surface
rainfall budget to separate rainfall in the same COARE exper-

iment and revealed that about 68% of convective rainfall has
water vapor convergence. About 57% of stratiform rainfall
has local atmospheric drying and 77% of stratiform rainfall
is associated with the transport of hydrometeor concentration
from convective regions to raining stratiform regions, but only
44% of stratiform rainfall has both local atmospheric drying
and the transport of hydrometeor concentration from convec-
tive regions to raining stratiform regions. Li and Gao[11] used
cloud budget to partition rainfall in the same COARE simu-
lation and showed that the convective rainfall is primarily as-
sociated with net condensation, whereas the stratiform rain-
fall is primarily related to net evaporation and the transport of
hydrometeor concentration from convective regions to raining
stratiform regions.

As ingredients of precipitation producers, water and ice
clouds affect rainfall through cloud microphysical processes
and hydrometeor advections, which are major terms in a cloud
microphysical budget. Thus, effects of water and ice clouds on
cloud microphysical budget associated with equilibrium pre-
cipitation are investigated through the analysis of rainfall sim-
ulation data in this study. Since large-scale vertical velocity
imposed in a cloud-resolving model includes effects from wa-
ter and ice clouds, the cloud-resolving model simulation data
from Gao et al.,[12] Ping et al.[13] and Gao[14] from equilib-
rium simulations imposed without large-scale vertical velocity
are analyzed to identify the effects of water and ice clouds on
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precipitation.
The rest of this paper is organized as follows. The model

and experiment are briefly described in Section 2. The results
are presented in Section 3. Comparison between the analy-
ses using rainfall partitioning schemes of Sui et al.,[7] Shen et
al.[10] and Li and Gao[11] is discussed in Section 4. A sum-
mary is given in Section 4.

2. Model and experiment
The cloud-resolving model simulation data from Gao et

al.,[12] Ping et al.,[13] and Gao[14] are analyzed in this study.
The model setup and general experiment information are sum-
marized in Table 1; detailed model physics can be found in
Ref. [15] by Gao and Li and Ref. [11] by Li and Gao. The con-
trol experiment is SST29, which is imposed by time-invariant
SST of 29 ◦C. Other sensitivity experiments are summarized
in Table 2. The comparison between SST29NIR and SST29
shows the radiative effects of ice clouds on a cloud budget.
The comparisons between SST29NWR and SST29 and be-
tween SST29NCR and SST29NIR reveal the radiative effects
of water clouds on a cloud budget, respectively, in the presence
and absence of the radiative effects of ice clouds. The compar-
ison between SST29NIM and SST29 reveals the effects of ice
microphysics on a cloud budget.

The calculations of quasi-equilibrium data from the last
10 days of model integration (day 31–day 40) in Table 3 re-

veal that the exclusion of the radiative effects of ice clouds
increases the model domain mean rain rate from SST29 to
SST29NIR through the enhanced mean infrared radiative cool-
ing below 8 km,[16] whereas the removal of the microphys-
ical effect of ice clouds reduces the mean rain rate from
SST29NIR to SST29NIM through the reduction in the mean
net condensation.[13] The exclusion of the radiative effects
of water clouds increases the mean rain rate from SST29 to
SST29NWR through the increase in the mean infrared radia-
tive cooling and the mean hydrometeor change from gain in
SST29 to loss in SST29NWR, in the presence of the radiative
effects of ice clouds, which increases the mean rain rate from
SST29NIR to SST29NCR through the hydrometeor change
from gain in SST29NIR to loss in SST29NCR in the absence
of the radiative effects of ice clouds.[16] The hourly grid-scale
data from the equilibrium model simulations in the last 20 days
are analyzed in the following discussion.

Following Li et al.,[17] a cloud budget can be written as

PS = QNC +QCM, (1)

where

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

− ([PREVP]+ [PMLTG]+ [PMLTS]), (1a)

QCM = −∂ [q5]

∂ t
−
[

∂

∂x
(uq5)

]
. (1b)

Table 1. A summary for model setups and basic experiment information.

Model history The model was originally developed by Soong and Ogura,[18] Soong and Tao,[19] Tao and Simpson[20], and modified
by Li et al.[1,21] and Sui et al.[7,22]

Prognostic equations Potential temperature, specific humidity, five hydrometeor species, perturbation zonal wind and vertical velocity

Cloud microphysical schemes Lin et al.,[23] Rutledge and Hobbs,[24,25] Tao et al.,[26] and Krueger et al.[27]

Radiation schemes Chou et al.,[28] Chou et al.,[29] Chou and Suarez[30]

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

Initial conditions The vertical profiles of initial temperature and specific humidity from the observations at 156 ◦E and 1.75 ◦S during
TOGA COARE at 0400 LST 19 December 1992[31]

Model integration 0400 LST 22 December 1992–0400 LST 08 January 1993 (a selected period of TOGA COARE)

Large-scale forcing Zero large-scale vertical velocity, vertically uniform zonal wind of 4 m·s−1

Table 2. Sensitivity experiment designs. The control experiment (SST29) and four sensitivity experiments
are imposed by time-invariant SST of 29 ◦C.

Experiment Difference from SST29

SST29NWR Water hydrometeor mixing ratios are set to zero in the calculation of radiation.

SST29NIR Ice hydrometeor mixing ratios are set to zero in the calculation of radiation.

SST29NCR Total hydrometeor mixing ratios are set to zero in the calculation of radiation.

SST29NIM Ice hydrometeor mixing ratios are set to zero.

Table 3. Rain rates (mm·h−1) averaged from day 31 to day 40 over model domain.

Experiment SST29 SST29NWR SST29NIR SST29NCR SST29NIM

Rain rate 0.130 0.146 0.186 0.198 0.124
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Here, PS is the surface rain rate; QNC is the net condensa-
tion, where ([PCND] + [PDEP] + [PSDEP] + [PGDEP]) represents
the cloud source term that consists of the vapor condensation
rate for the growth of cloud water ([PCND]), vapor deposition
rates for the growth of cloud ice ([PDEP]), snow ([PSDEP]) and
graupel ([PGDEP]); −([PREVP]+[PMLTG]+[PMLTS]) denotes the
cloud sink term that includes the growth of vapor by evap-
oration of raindrop ([PREVP]), evaporation of liquid from the
graupel surface ([PMLTG]) and evaporation of melting snow
([PMLTS]); qv is the specific humidity; u is the zonal wind;
q5 = qc+qr+qi+qs+qg, qc, qr, qi, qs, qg are the mixing ratios
of cloud water, raindrops, cloud ice, snow and graupel, respec-
tively; [()](=

∫ zt
zb

ρ̄()dz) is mass integration; zt and zb are the
heights of the top and bottom of the model atmosphere respec-
tively. Net condensation (QNC > 0) occurs when condensa-
tion and deposition rates are both higher than the evaporation
rate of precipitation hydrometeors, whereas net evaporation
(QNC < 0) appears when condensation and deposition rates are
both lower than the evaporation rate of precipitation hydrome-
teors. Hydrometeor may have loss/convergence (QCM > 0) or
gain/divergence (QCM < 0). Thus, surface rainfall can be sep-
arated into three types. Rainfall type CM has net condensation
and hydrometeor loss/convergence, Cm has net condensation
and hydrometeor gain/divergence and cM has net evaporation
and hydrometeor loss/convergence.

3. Results
3.1. Control experiment

The contribution to the total rainfall from each rainfall
type is denoted by the percentage of the rainfall amount of
each rainfall type over the total rainfall amount (PRA). The
calculation of PRA shows 14.2% for the rainfall (cM) associ-
ated with net evaporation and hydrometeor loss/convergence
in SST29 (Fig. 1(a)), which is about half of PRA found in the
COARE case with the large-scale forcing.[17] The COARE ex-
periment was integrated from 0400 LST 22 December 1992 to
0400 LST 08 January 1993 during the westerly wind burst over
an equatorial tropical area. The model used in the experiment
was imposed by large-scale forcing derived from COARE ob-
servations. This implies that large-scale forcing enhances hy-
drometeor loss/convergence and associated rainfall. cM in
SST29 has downward motions below 6 km and above 10 km
whereas it has upward motions between 6 km and 10 km
(Fig. 2(c)), which is different from upward motion above 6 km
shown in the COARE case. The SST29 has the weaker down-
ward water vapor and hydrometeor mass fluxes (Figs. 3(c) and
4(c)) in cM than the COARE case. The SST29 shows a pos-
itive specific-humidity perturbation in cM throughout the tro-
posphere (Fig. 5(c)), whereas the COARE case reveals a weak
negative specific-humidity perturbation near the surface. The

positive specific-humidity perturbation associated with cM is
at least one order of magnitude smaller in the SST29 case than
in the COARE case. The SST29 and COARE cases have simi-
lar vertical profiles of a positive hydrometeor mixing ratio with
a maximum around 6 km (Fig. 6(c)) but the former is about
half of the latter.

SST29 SST29NWR SST29NIR SST29CR SST29NIM 

(a)

(b)

(c)

(d)

(e)

40

20

0

4

2

0

0.2

0

-0.2

0.2

0

-0.2

0.2

0

-0.2

Q
C

M
Q

N
C

P
S

F
C

P
R

A

Fig. 1. (a) Percentage of rain amount over the total rainfall amount
(PRA), (b) fractional coverage (FC) and model domain mean cloud bud-
gets [(c) PS, (d) QNC, (e) QCM] for CM (black bar), Cm (grey bar) and
cM (open bar) in the SST29, SST29NWR, SST29NIR, SST29NCR, and
SST29NIM cases. Units are % for FC and PRA and mm·h−1 for cloud
budget.
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Fig. 2. Vertical profiles of time and model domain mean vertical ve-
locity (cm·s−1) in (a) CM, (b) Cm and (c) cM. Solid, short dash, long
dash, dot dash and dot lines denote SST29, SST29NWR, SST29NIR,
SST29NCR, and SST29NIM, respectively.
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The rainfall (Cm) associated with net condensation and
hydrometeor gain/divergence has larger PRA in the SST29
case than in the COARE case (Fig. 1(a)). Upward motions
associated with Cm reach their maxima around 1 km in the
SST29 case (Fig. 2(b)) and around 4.5 km in the COARE
case. The SST29 case shows downward motions above 11 km,
which is different from the upward motions in the COARE
case. Cm has similar vertical profiles of upward water va-
por mass flux with the maximum around 2 km in the SST29
and COARE case, although upward water vapor mass flux is
smaller in the SST29 case than in the COARE case (Fig. 3(b)).
The upward hydrometeor mass flux reaches its maximum
around 2 km in the SST29 case (Fig. 4(b)), whereas it has
its maximum around 3 km in the COARE case. The maxi-
mum is about three times smaller in the SST29 than in the
COARE case. Cm has positive specific-humidity perturbations
through the troposphere in the SST29 case (Fig. 5(b)), whereas
it shows a large negative specific-humidity perturbation near
the surface in the COARE case. Cm has maximum hydrom-
eteor mixing ratios around 2 km and 6 km in the SST29 case
(Fig. 6(b)), but it has a maximum hydrometeor mixing ratio
around 5.5 km in the COARE case.
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Fig. 3. The same as in Fig. 2 except for water vapor mass flux
(10−4 kg·m−2·s−1).

The rainfall (CM) associated with net condensation and
hydrometeor loss/convergence has similar PRAs in the SST29
and COARE cases. Both cases also show similar vertical pro-
files of vertical velocity and associated water vapor and hy-
drometeor mass fluxes (Figs. 2(a)–4(a)). The SST29 case has
positive specific-humidity perturbations throughout the tropo-
sphere (Fig. 5(a)), but the COARE case has a negative specific-

humidity perturbation near the surface. Both cases show simi-
lar vertical profiles of the hydrometeor mixing ratio (Fig. 6(a)).
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Fig. 4. The same as in Fig. 2 except for hydrometeor mass flux
(10−5 kg·m−2·s−1).
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Fig. 5. The same as in Fig. 2 except for perturbation specific humidity
(g·kg−1).

The PRA in the SST29 case is larger in Cm than in CM
because Cm occupies a larger rainfall area than CM (Fig. 1(b)).
Although cM covers a larger rainfall area than the other rain-
fall types, its rain rate is lower than those of CM and Cm
(Fig. 1(c)). The small rain rate of cM is caused by a large offset
between net evaporation and hydrometeor loss/convergence
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(Figs. 1(d) and 1(e)). The breakdown of CM into CM1 and
CM2 reveals that although CM1 and CM2 cover equal rain-
fall areas, CM1 has a larger PRA than CM2 in the SST29
case (Fig. 7), which is different from equal PRAs of CM1
and CM2 in the COARE case. The rain rate of CM1 is 50%
higher than that of CM2 because the net condensation rate is
about three times higher in CM1 than in CM2, but hydrome-
teor loss/convergence rate in CM1 is about half of that in CM2.
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Fig. 6. The same as in Fig. 2 except for hydrometeor mixing ratio
(10−2 g·kg−1).

SST29 SST29NWR SST29NIR SST29CR SST29NIM 

20

0

0.4

0.2

0
0.04

0.02

0
0.04

0.02

0
0.04

0.02

0

Q
C

M
Q

N
C

P
S

F
C

P
R

A

(a)

(b)

(c)

(d)

(e)

Fig. 7. Breakdown of CM into CM1 (black bar) and CM2 (grey bar)
for (a) percentage of rain amount over total rainfall amount (PRA), (b)
fractional coverage (FC) and model domain mean cloud budgets [(c) PS,
(f) QNC, (e) QCM] in the SST29, SST29NWR, SST29NIR, SST29NCR,
and SST29NIM cases. Units are % for FC and PRA and mm·h−1 for
cloud budget.

3.2. Effects of ice clouds

The comparison between SST29 and SST29NIM shows
that the exclusion of ice clouds increases the PRA of CM
whereas it reduces the PRAs of Cm and cM (Fig. 1). The in-
crease in the rainfall contribution of CM is associated with the
increase in rain rate caused by the increase in net condensa-
tion although the removal of ice clouds reduces rainfall area of
CM. The increase in rainfall contribution of CM comes from
both CM1 and CM2 due to the increases in their rain rates
caused by the increase in net condensation in CM1 and the en-
hancement in hydrometeor loss/convergence in CM2 (Fig. 7).
The decreases in rainfall contributions of Cm and cM are re-
lated to the shrinking of rainfall areas. The exclusion of ice
clouds significantly reduces the net condensation of Cm and
hydrometeor loss/convergence of cM (Fig. 1).

The upward motions of CM above 10 km increase from
SST29 to SST29NIM while they are suppressed in the mid tro-
posphere (Fig. 2). The vertical velocities of Cm and cM above
11 km switch from downward motions in the SST29 case to
upward motions in the SST29NIM case. The upward motions
of Cm between 6 km and 11 km increase from the SST29 case
to the SST29NIM case, whereas those below 6 km decrease.
The vertical velocity of cM between 6 km and 10 km switches
from upward motions in the SST29 case to downward motions
in the SST29NIM case. The downward motions of cM below
6 km are slightly weaker in the SST29NIM than in the SST29
case. The exclusion of ice clouds increases upward water va-
por mass flux of CM below 4 km whereas it reduces upward
water vapor mass flux of CM above 4 km (Fig. 3). The re-
moval of ice clouds reduces upward water vapor mass flux of
Cm and downward water vapor mass flux of cM. Weak hy-
drometeor mass fluxes of CM and cM are similar in the case
SST29 to those in the SST29NIM case (Fig. 4). The exclusion
of ice clouds suppresses upward hydrometeor mass flux of Cm
below 6 km whereas it enhances upward hydrometeor mass
flux of Cm above 6 km. The elimination of ice clouds reduces
positive specific humidity perturbation from the SST29 case to
the SST29NIM case (Fig. 5). Without considering the action
of ice clouds, the positive hydrometeor mixing ratio between
Cm and cM above 6 km is decreasing, and so is the hydrome-
teor mixing ratio of CM throughout the troposphere. Without
considering the action of ice clouds, the positive hydrometeor
mixing ratio between Cm and cM above 6 km is decreasing,
and so is the hydrometeor mixing ratio of CM throughout the
troposphere.

The effects of ice clouds include radiative and microphys-
ical effects of ice clouds. Exclusion of the radiative effects
of ice clouds significantly increases the rainfall contribution
of cM from the SST29 case to the SST29NIR case through
the increase in rain rate, whereas it reduces rainfall contribu-
tions of CM and Cm through the shrinking of rainfall areas
(Fig. 1). The reduction in rainfall contribution of CM comes
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from the increase in rainfall contribution of CM1 due to the
shrinking of rainfall area (Fig. 7). Exclusion of the radiative
effects of ice clouds increases net condensation of CM and Cm
through the increase in the mean infrared radiative cooling[16]

and enhances associated hydrometeor loss/convergence of cM
(Fig. 1). Exclusion of the radiative effects of ice clouds in-
creases the upward motions and water vapor mass flux of CM
above 2 km, upward motions and water vapor mass flux of Cm
throughout the troposphere, and downward motions and water
vapor mass flux of cM below 6 km (Figs. 2 and 3). Removal
of the radiative effects of ice clouds enhances downward mo-
tions and water vapor mass flux of CM near the surface. Up-
ward hydrometeor mass fluxes of CM and Cm are larger in
the SST29NIR case than in the SST29 case (Fig. 4). Down-
ward hydrometeor mass fluxes of cM are small in both SST
and SST29NIR. The positive specific humidity perturbations
are smaller in the SST29NIR case than in the SST29 case for
all rainfall types (Fig. 5), implying more consumption of water
vapor in the production of rainfall in the SST29NIR case than
in the SST29 case. This can be demonstrated by the general
increases in hydrometeor mixing ratios from the SST29 case
to the SST29NIR case for all rainfall types (Fig. 6).

The exclusion of microphysical effects of ice clouds re-
duces the rainfall contribution of cM from the SST29NIR case
to the SST29NIM case, whereas it increases the rainfall contri-
bution of CM (Fig. 1). The rainfall contribution of Cm is less
sensitive to microphysical effects of ice clouds than those of
the two other rainfall types. The reduction in rainfall contribu-
tion of cM is associated with the reduction in both rainfall and
its area when hydrometeor loss/convergence is significantly re-
duced by the exclusion of microphysical effects of ice clouds.
The increase in rainfall contribution of CM results primarily
from the increase in rainfall contribution of CM1 through the
expansion of the rainfall area (Fig. 7). Removal of the micro-
physical effects of ice clouds significantly reduces net conden-
sation of cM and associated hydrometeor loss/convergence of
cM (Fig. 1).

In CM, removal of the microphysical effects of ice clouds
reduces downward motions near the surface and upward mo-
tions between 4 km and 11 km, whereas it increases upward
motions between 1 km and 4 km and above 11 km (Fig. 2).
In Cm, removal of the microphysical effects of ice clouds sup-
presses upward motions below 12 km, whereas it enhances
upward motions above 12 km. In cM, elimination of the mi-
crophysical effects of ice clouds reduces downward motions
below 6 km, switches upward motions in SST29NIR to down-
ward motions in the SST29NIM case and increases upward
motions above 12 km. Removal of the microphysical effects
of ice clouds weakens upward water vapor mass flux of Cm
and downward water vapor mass flux in cM, whereas it re-
duces downward water vapor mass flux near the surface and
increases upward water vapor mass flux between 1 km and

4 km (Fig. 3). Elimination of the microphysical effects of ice
clouds reduces upward hydrometeor mass fluxes of Cm and
CM, and weakens downward hydrometeor mass flux of cM
(Fig. 4). Exclusion of the microphysical effects of ice clouds
enhances positive specific humidity perturbation of CM and
Cm, whereas it reduces positive specific humidity perturba-
tion of cM (Fig. 5). Exclusion of the microphysical effects of
ice clouds generally reduces hydrometeor mixing ratios for all
rainfall types except that it enhances the hydrometeor mixing
ratio of Cm at 6 km to that at 9 km (Fig. 6).

3.3. Effects of water clouds

Exclusion of the radiative effects of water clouds in-
creases the rainfall contribution of CM from the SST29 case to
the SST29NWR case through the expansion of the rainfall area
in the presence of the radiative effects of ice clouds, whereas
it reduces the rainfall contribution of CM from the SST29NIR
case to the SST29NCR case through the shrinking of the rain-
fall area in the absence of the radiative effects of ice clouds
(Fig. 1). The increase in the rainfall contribution of CM from
the SST29 case to the SST29NWR case and the reduction in
the rainfall contribution of CM from the SST29NIR case to the
SST29NCR case result, respectively, from the increase and re-
duction in the rainfall contribution of CM1 (Fig. 7) caused by
the expansion and shrinking of the rainfall area. Removal of
the radiative effects of water clouds reduces the rainfall con-
tribution of Cm through the reduction in the rain rate in the
presence of the radiative effects of ice clouds and the shrink-
ing of the rainfall area in the absence of the radiative effects
of ice clouds. The rainfall reduction of Cm is associated with
the increase in hydrometeor gain/divergence from the SST29
case to the SST29NWR case. Removal of the radiative effects
of water clouds increases the net condensation of CM and Cm
through the increase in infrared radiative cooling[16] and as-
sociated hydrometeor loss/convergence of cM in the presence
of the radiative effects of ice clouds (Fig. 1). Elimination of
the radiative effects of water clouds reduces the rainfall con-
tribution of cM through the reduction in the rain rate in the
presence of the radiative effects of ice clouds, but it increases
the rainfall contribution of cM through the increases in rain-
fall and its area in the absence of the radiative effects of ice
clouds. Exclusion of the radiative effects of ice clouds in-
creases the net condensation of Cm and associated with hy-
drometeor loss/convergence of cM in the absence of the radia-
tive effects of ice clouds (Fig. 1).

Exclusion of the radiative effects of water clouds
strengthens upward motions of CM and Cm between 1 km
and 6 km in the presence of the radiative effects of ice clouds
and throughout the troposphere in the absence of the radia-
tive effects of ice clouds (Fig. 2). Removal of the radiative
effects of water clouds intensifies downward motions of cM
between 1 km and 6 km regardless of the radiative effects of

024204-6



Chin. Phys. B Vol. 23, No. 2 (2014) 024204

ice clouds. The vertical velocity is more sensitive to the ra-
diative effects of water clouds in the absence of the radiative
effects of ice clouds than in the presence of the radiative ef-
fects of ice clouds. Exclusion of the radiative effects of water
clouds increases upward water vapor and hydrometeor mass
fluxes of CM and Cm and downward water vapor and hy-
drometeor mass fluxes of cM (Figs. 3 and 4). Elimination of
the radiative effects of water clouds slightly increases positive
specific humidity perturbations in the presence of the radia-
tive effects of ice clouds, but it significantly reduces positive
specific humidity perturbations in the absence of the radiative
effects of ice clouds (Fig. 5). Removal of the radiative effects
of water clouds increases more hydrometeor mixing ratios for
all rainfall types in the absence of the radiative effects of ice
clouds than in the presence of the radiative effects of ice clouds
(Fig. 6).

4. Comparison discussion
The rainfall can be partitioned into convective and strat-

iform components using the scheme originally developed by
Tao et al.[6] and modified by Sui et al.[7] In the control exper-
iment, while convective and stratiform rainfalls are equal con-
tributors to CM, Cm and cM primarily convective and strati-
form rainfalls, respectively (Table 4). Exclusion of the radia-
tive effects of ice clouds increases the contributions of con-
vective rainfall to all three rainfall types, whereas the removal
of the microphysical effects of ice clouds increases the con-

tribution of convective rainfall to CM and the contribution of
stratiform rainfall to Cm. All three rainfall types show large
contributions from convective rainfall because exclusion of the
microphysical effects of ice clouds severely weakens the de-
velopment of stratiform clouds and associated rainfall. Ex-
clusion of the radiative effects of water clouds enhances the
contribution of convective rainfall to all three rainfall types,
regardless of the radiative effects of ice clouds.

Shen et al.[10] partitioned rainfall into eight types based
on surface rainfall budget (see Table 5). In the control experi-
ment, CM and Cm are primarily attributable to TFM and TFm,
respectively (Fig. 8), which are different from those found in
Li et al.[17] cM is primarily associated with TfM, which is sim-
ilar to that found in Li et al.[17] Exclusion of the radiative ef-
fects of ice clouds reduces the contributions of TFM and TFm
to CM and Cm, respectively, whereas it increases the contribu-
tion of TfM to cM. Removal of the microphysical effects of ice
clouds increases the contributions of TFM and TfM to CM and
cM, respectively, whereas it reduces the contribution of TFm
to Cm. In the presence of the radiative effects of ice clouds,
exclusion of the radiative effects of water clouds increases the
contributions of TFM and TfM to CM and cM, respectively,
whereas it does not affect the contribution of TFm to Cm. In
the absence of the radiative effects of ice clouds, removal of
the radiative effect of water clouds reduces the contribution of
TFM to CM, whereas it increases the contributions of TFm
and TfM to Cm and cM, respectively.

Table 4. Percentage (%) of (a) convective and (b) stratiform rainfall over rainfall amount from CM, Cm, and cM in
the SST29, SST29NWR, SST29NIR, SST29NCR, and SST29NIM cases.

(a) SST29 SST29NWR SST29NIR SST29NCR SST29NIM

CM 53.7 60.5 70.3 76.3 75.0

Cm 75.7 77.1 86.7 88.1 77.1

cM 36.1 39.3 40.5 44.2 63.2

(b) SST29 SST29NWR SST29NIR SST29NCR SST29NIM

CM 46.3 39.5 29.7 23.7 25.0

Cm 24.3 22.9 13.3 11.9 22.9

cM 63.9 60.7 59.5 55.8 36.8

Table 5. Summary of rainfall types partitioned based on surface rainfall budget. T and t represent local atmospheric
drying and moistening, respectively. F and f denote water vapor convergence and divergence, respectively. M and m
refer to hydrometeor loss/convergence and gain/divergence, respectively.

Type Description

TFM Water vapor convergence, local atmospheric drying, and hydrometeor loss/convergence

TFm Water vapor convergence, local atmospheric drying, and hydrometeor gain/divergence

tFM Water vapor convergence, local atmospheric moistening, and hydrometeor loss/convergence

tFm Water vapor convergence, local atmospheric moistening, and hydrometeor gain/divergence

TfM Water vapor divergence, local atmospheric drying, and hydrometeor loss/convergence

Tfm Water vapor divergence, local atmospheric drying, and hydrometeor gain/divergence

tfM Water vapor divergence, local atmospheric moistening, and hydrometeor loss/convergence

tfm Water vapor divergence, local atmospheric moistening, and hydrometeor gain/divergence
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Fig. 8. Percentage (%) of seven rainfall types [(a) TFM, (b) TFm, (c)
tFM, (d) tFm, (e) TfM, (f) Tfm and (g) tfM] partitioned based on the
surface rainfall budget (Shen et al. 2010b) over the rainfall amount
from CM (black bar), Cm (grey bar), nd cM (open bar) in the SST29,
SST29NWR, SST29NIR, SST29NCR, and SST29NIM cases.

5. Summary

The effects of water and ice clouds on the cloud micro-
physical budget of equilibrium precipitation are investigated
through an analysis of the grid-scale equilibrium simulation
data from a series of sensitivity experiments imposed without
large-scale vertical velocity. The major results are shown as
follows.

(I) In the control experiment, the rainfall (Cm) with
net condensation and hydrometeor gain/divergence makes the
largest contribution to the total rainfall in the three rainfall
types. The contribution from rainfall (cM) with net evapo-
ration and hydrometeor loss/convergence is about one third of
that from Cm and about half that from the rainfall (CM) with
net condensation and hydrometeor loss/convergence.

(II) Exclusion of ice clouds reduces the rainfall contri-
bution from cM and Cm, respectively, but elimination of the
microphysical and radiative effects of ice clouds increases the
rainfall contribution from CM through the removal of the mi-
crophysical effects of ice clouds. The reduction in the rainfall
contribution of cM caused by the removal of the microphysical
effects of ice clouds is associated with the reduction in rainfall
and its area. The reduced rainfall contribution of Cm result-
ing from the exclusion of the radiative effects of ice clouds is
related to the shrinking of the rainfall area.

(III) Radiative effects of water clouds on rainfall contribu-
tion of each rainfall type depend on the radiative effects of ice

clouds. In the presence of the radiative effects of ice clouds,
the exclusion of radiative effects of water clouds increases the
rainfall contribution of CM through the expansion of the rain-
fall area but it reduces the rainfall contribution of cM through
the reduction in rainfall and its area. The rainfall contribution
of Cm is insensitive to the radiative effects of water clouds. In
the absence of the radiative effects of ice clouds, removal of
the radiative effects of water clouds enhances the rainfall con-
tribution of cM through the increase in rainfall and its area,
whereas it reduces the rainfall contributions of CM and Cm
through the shrinking of rainfall areas.
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