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ABSTRACT
The microphysical and radiative effects of ice clouds on tropical equilibrium states are investigated based
on three two-dimensional cloud-resolving simulations imposed by zero vertical velocity and time-invariant
zonal wind and sea surface temperature. An experiment without ice microphysics (ice microphysical and
radiative effects; C00), another experiment without ice radiative effects (CI0), and the control experiment
(CIR) are carried out. The model with cyclic lateral boundaries is integrated for 40 days to reach equilibrium states in all experiments. CI0 produces a colder and drier equilibrium state than CIR and C00 do
through generating a larger IR cooling, a larger vapor condensation rate, and consuming a larger amount
of water vapor. A larger surface rain rate occurs in CI0 than in CIR and C00. The ice radiative effects on
thermodynamic equilibrium states are stronger than the ice microphysical effects so that the exclusion of ice
microphysics yields a colder and drier equilibrium state in C00 than in CIR. The ice radiative effects and
the ice microphysical effects on surface rainfall processes are largely offset, which leads to similar zonalmean surface rain rates in C00 and CIR.

1. Introduction
The interaction between convection and environmental dynamics affects tropical climate through thermodynamic, radiative, and cloud microphysical processes. The studies of climate equilibrium states with
equilibrium cloud-resolving model simulations enhance
the understanding of associated controlling physical
processes. Tropical climate could be a cold and dry
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equilibrium state (e.g., Sui et al. 1994) or a warm and
humid equilibrium state (e.g., Grabowski et al. 1996),
largely depending on surface processes (e.g., Xu and
Randall 1999; Tao et al. 1999), sea surface temperature
(e.g., Wu and Moncrieff 1999; Gao et al. 2007), vertical
wind shear (e.g., Shie et al. 2003), and radiative processes (e.g., Robe and Emanuel 1996; Gao et al. 2007).
Ice clouds have important impacts on tropical climate
by changing atmospheric moisture and heat through ice
microphysical processes and associated heat release as
well as through radiative processes. The cloudresolving simulations of squall lines (e.g., Yoshizaki
1986; Nicholls 1987; Fovell and Ogura 1988; Tao and
Simpson 1989; McCumber et al. 1991; Tao et al. 1991;
Liu et al. 1997; Grabowski et al. 1999; Wu et al. 1999; Li
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et al. 1999; Grabowski and Moncrieff 2001; Grabowski
2003) have demonstrated the importance of ice microphysics in the development of tropical convection.
Grabowski (2000) showed that the cloud microphysics
has a minor effect on the equilibrium states of atmosphere in the cloud-resolving simulations with timeinvariant sea surface temperature gradient and prescribed radiative cooling. On the other hand, Wu (2002)
found that the coupled cloud–ocean model simulation
with a larger ice fall speed produces a colder and drier
equilibrium state than the simulation with a smaller ice
fall speed does.
Recently, Gao et al. (2006) examined the effects of
ice microphysics on the tropical atmosphere using the
two-dimensional cloud-resolving model (the same
model used in this study) and found that the experiment without ice microphysics produces a colder and
more humid atmosphere, a larger amount of cloud water, and a lower surface rain rate than does the experiment with ice microphysics. However, the main limitation of Gao et al.’s (2006) study is that the zonally
uniform vertical velocity calculated by using the observation data from Tropical Ocean Global Atmosphere
Coupled Ocean–Atmosphere Response Experiment
(TOGA COARE) includes the ice effects, while it is
imposed in both simulations that include and exclude
ice microphysics. In this study, a zero zonal-mean vertical velocity is imposed in both simulations with and
without ice microphysics to explore the ice effects on
tropical thermodynamic, cloud, and surface rainfall
processes, and the results are also compared with Gao
et al. (2006) to examine the sensitivity of the ice effects
to imposed vertical velocity.
Gao et al. (2006) did not distinguish the microphysical and radiative effects of ice clouds because they simply excluded ice microphysics from their simulation.
The ice microphysical effects here include thermal effects associated with the latent heat release and moist
effects associated with the exchange between vapor and
cloud hydrometeors. In this study, the simulation without ice microphysics (ice microphysical and radiative
effects), the simulation without ice radiative effects,
and the control simulation are conducted and compared to analyze the ice microphysical and radiative
effects on tropical equilibrium states. In the next section, the model and experiments will be briefly described. The results are presented in section 3. A summary is given in section 4.

2. Model and experiment design
The cloud-resolving model used in this study was
originally developed by Soong and Ogura (1980),
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Soong and Tao (1980), and Tao and Simpson (1993).
The two-dimensional version of the model used by Sui
et al. (1994, 1998) and further modified by Li et al.
(1999) is used in this study. The governing equations
and model setup can be found in Li et al. (1999, 2002a).
The model includes prognostic equations for perturbation zonal wind and vertical velocity, potential temperature, specific humidity, and mixing ratios of cloud
water (qc), raindrops (qr), cloud ice (qi), snow (qs), and
graupel (qg). The cloud microphysical processes in the
model are determined by the microphysical parameterization schemes from Rutledge and Hobbs (1983, 1984),
Lin et al. (1983), Tao et al. (1989), and Krueger et al.
(1995). The major water microphysical processes are
vapor condensation (PCND), collection of cloud water
by rain (PRACW), autoconversion of cloud water to rain
(PRAUT), and evaporation of rain (PREVP), whereas the
major ice microphysical processes are vapor deposition
to ice (PDEP), snow (PSDEP), and graupel (PGDEP),
depositional growth of snow from cloud ice (PSFI), conversion of cloud ice to snow (PSAUT), and accretion of
snow by graupel (PGACS). The exchanges between water and ice hydrometeors are described by accretion of
cloud water by snow (PSACW) and graupel (PGACW),
and melting of snow (PSMLT) and graupel (PGMLT) to
rain.
The model also includes interactive solar (Chou et al.
1998) and thermal infrared (Chou et al. 1991; Chou and
Suarez 1994) radiation parameterization schemes that
are performed every 3 min. The water and ice clouds
affect radiation budgets through parameterized cloud
optical properties in parameterized solar and infrared
radiation calculations (Sui et al. 1998), where the parameterized cloud optical thickness is a function of
cloud content.
The cloud-resolving model cannot simulate largescale circulations because of the small horizontal domain. Thus, the observed large-scale variables such as
vertical velocity and zonal wind are imposed in the
model to examine the responses of the model to the
imposed large-scale forcing (Soong and Ogura 1980;
also see the detailed discussion in Li et al. 1999). As a
special case, the model is forced by a zonally uniform
zero vertical velocity, a time-invariant zonal wind of 4
m s⫺1, and a constant sea surface temperature of 29°C
in this study. The model uses cyclic lateral boundaries.
The vertical velocity, vertical gradients of potential
temperature, specific humidity, and mixing ratios of
cloud hydrometeors in the model are set to zero at both
the upper and lower boundaries (Soong and Ogura
1980). The surface momentum, heat, and evaporation
fluxes are calculated from bulk formulations using predicted wind, temperature, and specific humidity (Soong
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FIG. 1. Time series of (a) mass-weighted mean temperature (°C) and (b) precipitable water
(mm) in CIR (solid), C00 (dashed), and CI0 (dotted).

and Ogura 1980). The vertical profiles of temperature
and specific humidity observed at 1.75°S, 156°E during
TOGA COARE at 0400 LST 19 December 1992 (Sui et
al. 1997) are used as the initial conditions. The initial
mass-weighted temperature and precipitable water are
⫺5.8°C and 53.8 mm, respectively. The initial convective available potential energy for a reversible moist
process calculated using the formation from Li et al.
(2002b) is 107.5 J kg⫺1. The horizontal domain is 768
km with a horizontal grid resolution of 1.5 km. The top
model level is 42 mb. The vertical grid resolution ranges
from about 200 m near the surface to about 1 km near
100 mb. The time step is 12 s.
Three experiments are carried out. The control experiment (CIR) includes ice microphysics. Experiment
CI0 is identical to CIR except that CI0 excludes the
radiative effects of ice clouds by setting mixing ratios of
ice hydrometeors to zero in the calculation of radiation.
The comparison between CI0 and CIR shows the radiative effects of ice clouds on tropical equilibrium
states. Experiment C00 excludes ice cloud variables and
associated ice microphysical and radiative processes by
turning off the ice microphysics scheme during the
model integration. The comparison between C00 and
CI0 shows the microphysical effects of ice clouds on the
tropical equilibrium states. The comparison between
C00 and CIR reveals both microphysical and radiative
effects of ice clouds on tropical equilibrium states,
which are used to evaluate the results in Gao et al.

(2006), where TOGA COARE–derived vertical velocity is imposed during the model integrations. The
model is integrated for 40.5 days to reach a quasiequilibrium state.

3. Results
a. Thermodynamic equilibrium states
The time series of zonal and mass-weighted mean
temperatures and precipitable water (PW) is shown in
Fig. 1. Mean temperature and PW reach quasiequilibrium states in the 3 experiments during the 40day integrations. Zonal and mass-weighted mean temperatures averaged from 31 to 40 days are ⫺3.0°C in
CIR, ⫺7.4°C in CI0, and ⫺5.9°C in C00. Zonal-mean
precipitable waters averaged from day 31 to day 40 are
44.9 mm in CIR, 35.7 mm in CI0, and 41.4 mm in C00.
The negative temperature difference between C00 and
CIR (i.e., C00 ⫺ CIR) reveals that the exclusion of ice
microphysics produces a cold equilibrium state, which
is consistent with the result found by Gao et al. (2006).
The negative PW difference for C00 ⫺ CIR shows that
the exclusion of ice microphysical and radiative effects
generates a dry equilibrium state, which is different
from the moist state found in Gao et al. (2006). Gao et
al. (2006) analyzed the mass-weighted mean heat and
PW budgets and found that the simulation excluding ice
microphysics produces a colder and more humid state
than the simulation including ice microphysics does
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TABLE 1. Differences in (a) zonal-mean mass-weighted mean temperature budget (°C day⫺1) and (b) PW budget (mm day⫺1) for
C00 ⫺ CIR, CI0 ⫺ CIR, and C00 ⫺ CI0 averaged from the first 30-day simulation data.
C00 ⫺ CIR
Temperature tendency
Condensational heating
Radiative heating
Surface sensible heat flux

CI0 ⫺ CIR

(a) Zonal-mean mass-weighted mean temperature budget
⫺0.091
⫺0.146
0.032
0.223
⫺0.113
⫺0.382
⫺0.009
0.013

PW tendency
Condensation
Surface evaporation flux

(b) PW budget
⫺0.098
⫺0.283
0.186

simply because the exclusion of ice hydrometeors
causes a smaller cloud heating and consumes a smaller
amount of water vapor. To understand the physical
processes that are responsible for temperature and PW
differences in this study, zonal-mean heat and moisture
budgets are analyzed next.
Following Li et al. (1999), zonal-mean heat and vapor
budgets can be expressed by
⭸具T 典 具Qcn典 具QR典
⫽
⫹
⫹ Hs and
⭸t
cp
cp
⭸关 q 兴
⫽ ⫺关 Sqv 兴 ⫹ Es .
⭸t

共1a兲
共1b兲

Here, 具( )典 ⫽ [( )]/[1], where [( )] ⫽ 兰 z0t ( ) dz and zt is the
model top, is a mass integration; T and q are air temperature and specific humidity, respectively; [ q ] is PW;
cp is the specific heat of dry air at constant pressure p;
 is a mean air density, which is a function of height
only; Qcn denotes the net latent heat release; QR is the
radiative heating rate due to the convergence of net
flux of solar and infrared radiative fluxes; Hs is surface
sensible heat flux; Sqv is the sum of vapor condensation,
deposition to cloud ice, snow, and graupel, and evaporation of rain and melting precipitation ice; Es is surface
evaporation flux; and the overbar indicates the zonal
mean over the cyclic model domain. The temperature

⫺0.212
⫺0.709
0.437

C00 ⫺ CI0
0.055
⫺0.191
0.269
⫺0.022
0.114
0.426
⫺0.251

tendency is determined by condensational heating, radiative heating, and surface sensible heat flux, whereas
the PW tendency is determined by condensation and
surface evaporation flux. The data in the first 30 days
are used to calculate the heat and moisture budgets.
The negative radiation difference is responsible for
the negative temperature tendency difference for
CI0 ⫺ CIR whereas the negative condensation difference accounts for the negative PW tendency difference
(Table 1). This indicates that the simulation that excludes the ice radiative effects yields a larger IR cooling
rate through allowing more outgoing IR radiation from
the atmosphere than the simulation that includes the
ice radiative effects does. The negative radiation difference for CI0 ⫺ CIR is mainly determined by the negative difference in zonal-mean infrared cooling, which is
in turn controlled by the negative IR difference in
clear-sky regions (Table 2). The negative difference in
clear-sky IR cooling for CI0 ⫺ CIR may be because the
clear sky covers much larger areas in CI0 than in CIR
(Table 3).
The positive radiation difference is responsible for
the positive temperature tendency difference for C00 ⫺
CI0 whereas the positive condensation difference accounts for the positive PW tendency difference (Table
1). The positive difference in IR cooling in cloudy regions explains the positive temperature tendency difference (Table 2). The positive difference in cloudy IR

TABLE 2. Temperature tendency differences (°C day⫺1) caused by solar heating and IR cooling from zonal means, clear-sky regions,
and cloudy regions for C00 ⫺ CIR, CI0 ⫺ CIR, and C00 ⫺ CI0 averaged from the first 30-day simulation data.

Zonal-mean solar heating
Zonal-mean IR cooling
Solar heating in clear-sky regions
IR cooling in clear-sky regions
Solar heating in cloudy regions
IR cooling in cloudy regions

C00 ⫺ CIR

CI0 ⫺ CIR

C00 ⫺ CI0

⫺0.011
⫺0.103
0.169
⫺0.345
⫺0.180
0.243

0.002
⫺0.384
0.101
⫺0.300
⫺0.099
⫺0.084

⫺0.013
0.281
0.068
⫺0.045
⫺0.081
0.327
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TABLE 3. Fractional cloud coverage (%), IWP, LWP (mm), Ps , QWVT, QWVF, QWVE, and QCM (mm h⫺1) over clear-sky regions,
raining stratiform regions, convective regions, and nonraining stratiform regions averaged from days 31 to 40 in (a) CIR, (b) CI0, and
(c) C00.

(a)

Clear-sky regions

Raining stratiform
regions

Nonraining stratiform
regions

Zonal mean

4.2
0.005
0.040
0.074
⫺0.011
0.116
0.002
⫺0.033

50.1
0.036
0.005
0.000
⫺0.021
⫺0.034
0.053
0.002

100
0.06
0.086
0.130
0.000
0.000
0.134
⫺0.005

3.2
0.011
0.048
0.121
⫺0.024
0.197
0.005
⫺0.056

28.0
0.029
0.005
0.000
0.003
⫺0.053
0.044
0.006

100
0.069
0.085
0.186
0.010
0.000
0.178
⫺0.003

3.4
0.000
0.052
0.086
⫺0.008
0.111
0.003
⫺0.021

21.5
0.000
0.026
0.000
⫺0.006
⫺0.005
0.024
⫺0.012

100
0.000
0.117
0.124
0.002
0.000
0.147
⫺0.023

Convective regions

(a) CIR
Fractional coverage
IWP
LWP
Ps
QWVT
QWVF
QWVE
QCM

40.7
0.000
0.000
0.000
0.013
⫺0.088
0.074
0.000

5.8
0.018
0.041
0.056
0.019
0.007
0.004
0.025

Fractional coverage
IWP
LWP
Ps
QWVT
QWVF
QWVE
QCM

64.3
0.000
0.000
0.000
0.001
⫺0.125
0.122
0.002

4.5
0.028
0.032
0.065
0.030
⫺0.018
0.007
0.046

Fractional coverage
IWP
LWP
Ps
QWVT
QWVF
QWVE
QCM

72.6
0.000
0.000
0.000
0.007
0.126
0.117
0.002

2.3
0.000
0.039
0.038
0.009
0.018
0.003
0.008

(b) CI0

(c) C00

cooling for C00 ⫺ CI0 may be because the clouds cover
smaller areas in C00 (sum of fractional coverage of
raining stratiform regions, convective regions, and nonraining stratiform regions is 27.4%) than in CI0
(35.7%) (Table 3). Note that the ice microphysical effects on thermodynamic equilibrium states are taken by
the radiative change associated with water hydrometeors since the radiative effects associated with ice clouds
are excluded in both experiments C00 and CI0.
Tables 1 and 2 show that the differences in heat and
moisture budgets for C00 ⫺ CIR are similar to those for
CI0 ⫺ CIR although the former magnitudes are smaller
than the latter magnitudes. This indicates that the radiative effects of ice clouds on thermodynamic equilibrium states are dominant and the microphysical effects
of ice clouds are secondary.
It should be noticed that the different tropical equilibrium states between CI0 and CIR are mainly contributed to by the different zonally averaged radiative
heating profiles. Thus, the zonally averaged radiative
heating profile constructed from CIR should be included in CI0 to examine the role of ice cloud–radiation

interaction on tropical equilibrium states. However,
there are two technical issues with the experiment of ice
cloud–radiation interaction. First, because the ice
clouds (above 650 mb) and water clouds (below 250
mb) coexist in the midatmosphere, it is difficult to construct the ice radiative heating profile from the control
experiment. Second, the experiment with the prescribed ice radiative heating profile allows the water
cloud–radiation interaction, which leads to an incorrect
radiation calculation in the layers where ice and water
clouds coexist.

b. Surface rainfall and cloud processes
To analyze the ice microphysical and radiative effects
on surface rainfall processes, the zonal-mean surface
rainfall equation is analyzed using the equilibrium data
from days 31 to 40 for the 3 experiments. Following a
similar derivation in Gao et al. (2005), surface rain rate
(Ps) can be expressed as
Ps ⫽ QWVT ⫹ QWVF ⫹ QWVE ⫹ QCM,

共2兲
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where QWVT (⫽⫺[q] /t) is the local vapor change;
QWVF

再 冉

⫽⫺ u o

冊 冋 册 冉

冊 冉

⭸q
⭸q
⭸共uq⬘兲
⭸q⬘
⫺
⫺ uo
⫺ w⬘
⭸x
⭸x
⭸x
⭸z

冊冎

is vapor convergence; QWVE is the surface evaporation
rate; QCM

冋

⫽⫺

冉 冊 冉 冊册

⭸关q5兴
⭸q5
⭸q5
⫺ u
⫺ w
⭸t
⭸x
⭸z

is the sum of local hydrometeor change and hydrometeor convergence; u and w are zonal and vertical air
wind components, respectively; q5 ⫽ qc ⫹ qr ⫹ qi ⫹
qs ⫹ qg, where qc, qr, qi, qs, and qg are the mixing ratios
of cloud water (small cloud droplets), raindrops, cloud
ice (small ice crystals), snow (density 0.1 g cm⫺3), and
graupel (density 0.4 g cm⫺3), respectively; a prime denotes a perturbation from the zonal mean; and the superscript o indicates an imposed forcing.
Table 3 shows the fractional cloud coverage, ice water path (IWP), liquid water path (LWP), Ps, QWVT,
QWVF, QWVE, and QCM over clear-sky regions, raining
stratiform regions, convective regions, and nonraining
stratiform regions averaged from days 31 to 40 in the 3
experiments. Note that the partitioning method proposed by Sui et al. (1994) is applied to each grid point
to determine the area type (clear sky, raining stratiform, convective, or nonraining stratiform) and the
summations of grid points, and other quantities (e.g.,
IWP, LWP, and the others) are taken and divided by
the total zonal grid points (512) and the length of the
hourly data (240) so that the sums of the values in
columns 2–5 in Table 3 are the zonal mean in column 6.
The exclusion of ice radiative effects increases IWP
in raining stratiform and convective regions and thus
zonal-mean IWP (Tables 3a, b) because the exclusion
of ice radiative effects produces a larger deposition rate
(PDEP ⫹ PSDEP ⫹ PGDEP ⫽ 0.053 mm h⫺1) than the
inclusion of ice radiative effects does (PDEP ⫹ PSDEP ⫹
PGDEP ⫽ 0.042 mm h⫺1) (Figs. 2a,b). The exclusion of
ice microphysical effects mainly enhances LWP in nonraining stratiform regions and thus zonal-mean LWP
(Tables 3b, c). The exclusion of ice microphysical and
radiative effects enhances LWP in nonraining stratiform and convective regions and thus zonal-mean LWP
(Tables 3a, c). The analysis of the cloud microphysics
budget (Fig. 2c) reveals that the larger zonal-mean
LWP in C00 comes from the larger amount of cloud
water that is accounted for by the cloud water source
Sqc (0.024 mm h⫺1), where Sqc is the sum of microphysical processes in the cloud water budget (Li et al. 1999).
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This is consistent with the result found in Gao et al.
(2006).
The exclusion of ice radiative effects leads to a larger
zonal-mean surface rain rate in CI0 than in CIR (Tables
3a, b). CI0 produces a larger convective rain rate than
CIR does because CI0 has a larger vapor convergence
than CIR does. Because of the cyclic lateral boundary
conditions, the larger vapor convergence in convective
regions is caused by the larger vapor divergence in
clear-sky regions in CI0 that is balanced by the larger
surface evaporation in CI0, compared with that of CIR.
The larger surface evaporation in clear-sky regions is
caused by drier air and larger clear-sky coverage in CI0
since sea surface temperature is fixed during the integration. The analysis of cloud microphysics budgets
(Figs. 2a,b) shows that the exclusion of ice radiative
effects produces colder temperatures that lead to larger
vapor condensation rates and thus larger surface rain
rates than the inclusion of ice radiative effects does.
The exclusion of ice microphysical effects yields a
smaller zonal-mean surface rain rate in C00 than in CI0
(Tables 3b, c). C00 produces both smaller convective
and stratiform rain rates than CI0 does because it has a
smaller vapor convergence in convective regions and
smaller positive values of QWVT and QCM in raining
stratiform regions. In clear-sky regions, vapor divergences in the two experiments are similar. In nonraining stratiform regions, the vapor divergence in C00 is
one order of magnitude smaller than that in CI0 because the surface evaporation rate is smaller in C00.
Compared with CI0, the smaller surface evaporation
rate in C00 is caused by more humid air and smaller
coverage of nonraining stratiform regions. The analysis
of cloud microphysics budgets (Figs. 2b,c) reveals that
the exclusion of ice microphysical effects generates a
smaller vapor condensation rate (PCND) in C00 than in
CI0 because C00 produces warmer atmosphere than
CI0 does (Fig. 1a). Thus, the smaller vapor condensation rate leads to the smaller surface rain rate in C00
than in CI0.
The exclusion of ice microphysical and radiative effects in simulation produces a slightly smaller zonalmean surface rain rate in C00 than in CIR (Tables 3a,
c), indicating that the ice microphysical effects and ice
radiative effects on surface rainfall processes are cancelled out. The difference (⬃5%) here is less significant
than the difference (⬃20%) shown in Gao et al. (2007).
The equilibrium zonal-mean surface rain rate is less
sensitive to ice microphysics in the simulation imposed
by zero vertical velocity than in the simulation imposed
by nonzero vertical velocity. The cloud microphysical
budget in the simulation with ice microphysics and imposed nonzero vertical velocity (Gao et al. 2006, Fig.
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FIG. 2. Cloud microphysics budgets averaged from days 35 to 40 in (a) CIR, (b) CI0, and (c)
C00. Here T is air temperature (°C); Sqc and Sqr are sums of microphysical rates in cloud water
and raindrop budgets, respectively. Units for cloud hydrometeors and conversions are mm and
mm h⫺1, respectively.
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3a) shows that the melting of precipitation ice (PSMLT ⫹
PGMLT ⫽ 0.23 mm h⫺1) accounts for about 40% of the
total rain source (PRACW ⫹ PRAUT ⫹ PSMLT ⫹ PGMLT ⫽
0.58 mm h⫺1). The cloud microphysical budget in the
simulation with ice microphysics and imposed zero vertical velocity (Fig. 2a) reveals that the melting of precipitation ice (PSMLT ⫹ PGMLT ⫽ 0.061 mm h⫺1) accounts for about 3% of the total rain source (PRACW ⫹
PRAUT ⫹ PSMLT ⫹ PGMLT ⫽ 0.200 mm h⫺1). This indicates that ice microphysics plays a minor role in producing rainfall when the model is imposed by zero vertical velocity.

4. Summary
The microphysical and radiative effects of ice clouds
on tropical equilibrium states are analyzed based on a
series of two-dimensional cloud-resolving simulations
that are imposed by zero vertical velocity and constant
zonal wind and sea surface temperature. Experiment
CI0 excludes radiative effects associated with ice clouds
whereas experiment C00 excludes ice cloud variables
and associated microphysical and radiative effects.
These experiments are compared with CIR in this
study. The model is integrated for 40 days to reach
quasi-equilibrium states in all experiments.
The exclusion of ice radiative effects produces a
colder and drier equilibrium state in CI0 than in CIR
through more IR cooling and more consumption of water vapor in CI0. The exclusion of ice microphysical
effects generates a warmer and more humid equilibrium state in C00 than in CI0 through less IR cooling
associated with water clouds and less consumption of
water vapor in C00. The ice radiative effects on thermodynamic equilibrium states are stronger than the ice
microphysical effects. Thus, the exclusion of ice microphysics yields the colder and drier equilibrium state in
C00 than in CIR.
The exclusion of ice radiative effects produces the
colder temperature, larger vapor condensation rate,
and thus larger zonal-mean rain rate in CI0 than in
CIR, whereas the exclusion of ice microphysical effects
generates the warm temperature, smaller vapor condensation rate, and thus smaller surface rain rate in C00
than in CI0. The ice radiative effects and the ice microphysical effects on surface rainfall processes are largely
cancelled out. Thus, the exclusion of ice microphysical
and radiative effects yields a slightly smaller zonalmean surface rain rate in C00 than in CIR.
The effects of ice microphysics on tropical equilibrium states are analyzed in the simulations imposed by
zero vertical velocity in this study in comparison with
those in the simulations imposed by TOGA COARE–

derived vertical velocity in Gao et al. (2006). The results here and in Gao et al. (2006) show similarities. The
similarities include the fact that the exclusion of ice
microphysics yields a cold temperature bias and enhances the cloud water amount. The difference between this study and Gao et al. (2006) is that the exclusion of ice microphysics in the simulation with the
zero vertical velocity in this study produces a dry bias
whereas the exclusion of ice microphysics in the simulation with the nonzero vertical velocity in Gao et al.
(2006) generates a weak moist bias.
It should be noted that the microphysical and radiative effects of ice clouds on tropical equilibrium states
are investigated with a set of cloud microphysics parameterization schemes (Rutledge and Hobbs 1983,
1984; Lin et al. 1983; Tao et al. 1989; Krueger et al.
1995). Li et al. (1999) showed that different ice microphysics parameterization schemes may produce different amounts of ice hydrometeors that may lead to different latent heat and radiative effects. Thus, different
sets of cloud microphysics parameterization schemes
may be used to study the microphysical and radiative
effects of ice clouds on tropical equilibrium states.
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