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The effects of sea surface temperature (SST), cloud radiative and microphysical processes, and diurnal variations on
rainfall statistics are documented with grid data from the two-dimensional equilibrium cloud-resolving model simulations.
For a rain rate of higher than 3 mm-h—!, water vapor convergence prevails. The rainfall amount decreases with the
decrease of SST from 29 °C to 27 °C, the inclusion of diurnal variation of SST, or the exclusion of microphysical effects
of ice clouds and radiative effects of water clouds, which are primarily associated with the decreases in water vapor
convergence. However, the amount of rainfall increases with the increase of SST from 29 °C to 31 °C, the exclusion of
diurnal variation of solar zenith angle, and the exclusion of the radiative effects of ice clouds, which are primarily related
to increases in water vapor convergence. For a rain rate of less than 3 mm-h~!, water vapor divergence prevails. Unlike
rainfall statistics for rain rates of higher than 3 mm-h~!, the decrease of SST from 29 °C to 27 °C and the exclusion
of radiative effects of water clouds in the presence of radiative effects of ice clouds increase the rainfall amount, which
corresponds to the suppression in water vapor divergence. The exclusion of microphysical effects of ice clouds decreases
the amount of rainfall, which corresponds to the enhancement in water vapor divergence. The amount of rainfall is less
sensitive to the increase of SST from 29 °C to 31 °C and to the radiative effects of water clouds in the absence of the
radiative effects of ice clouds.
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1. Introduction

vapor from rainfall-free regions into rainfall regions.
Ping et al.' revealed that the exclusion of the radia-

Precipitation is a result of the strong development  tive effects of ice clouds enhances rainfall by increasing

of convective systems associated with the release of
unstable energy. Precipitation comes directly from
cloud microphysical processes as a result of convec-
tive development, which is affected by environmental
thermodynamic conditions such as sea surface tem-
perature (SST) and diurnal variation of solar zenith
angle.' =1 Cui and Li['? analyzed the surface rain-
fall budgets proposed by Gao et al.l'3] over rainfall and
rainfall-free regions and found that the enhancement
of surface evaporation by the increase in SST over

rainfall-free regions supports the transport of water

the surface evaporation flux whereas the exclusion of
ice microphysical effects reduces the amount of rainfall
by suppressing the surface evaporation flux. Zhou and
Lil'® showed that the increase in surface evaporation
flux over rainfall-free regions caused by an increase in
SST from 29 °C to 31 °C leads to an increase in the wa-
ter vapor transport to rainfall regions. Previous rain-
fall studies mainly focus on convective and stratiform
regions, which are from grids where the rain rate is as-
sociated with different rainfall processes. The analysis
of rainfall statistics from an accumulation of each grid
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will enhance the understanding of rainfall processes
and their responses to changes of environmental condi-
tions and cloud-radiation interaction processes. Thus,
the effects of SST, cloud radiative and microphysical
processes, and diurnal variations on rainfall statistics
are documented in this study through the analysis of
grid-scale data from a series of two-dimensional equi-
librium cloud-resolving model simulations. Precipita-
tion intensity, which is denoted by the surface rain
rate, will be analyzed, in this study. The questions
asked in this study are: how different are the rain-
fall processes between weak and strong precipitation?
What are the responses of cumulative rainfall from
each grid to SST, cloud radiative and microphysical
processes, and diurnal variations? How do these fac-
tors and processes impact rainfall statistics? The rest
of the paper is organized as follows: in Section 2, the
model and the experiments will be briefly described.
The results are presented in Section 3. A summary is
given in Section 4.

2. Model and experiments

The data analyzed in this study are from an equi-
librium cloud-resolving model simulation conducted
by Gao et al.'®'") The cloud-resolving model used
in these equilibrium model simulations is a two-
dimensional version of the model used by Sui et
al.18:19] and further modified by Li et al.2°) The model
was originally developed by Soong and Ogura,?"
Soong and Tao,?? and Tao and Simpson.?*! The
model has cyclic lateral boundaries and includes prog-
nostic equations for the mixing ratios of cloud species
(cloud water, raindrops, cloud ice, snow, and graupel),
and prognostic equations for potential temperature,
specific humidity, and perturbation momentum. The
model also has cloud microphysical parameterization
schemes,[24=28] and solar and thermal infrared radia-
tion parameterization schemes.[?3% The model uses
a horizontal domain of 768 km, a horizontal grid res-
olution of 1.5 km, 33 vertical levels, and a time step
of 12 s. Detailed model descriptions can be found in
Gao and Li.l3U

All equilibrium model simulations are integrated
for 40 days with the model imposed with a time- and
height-invariant large-scale zonal wind of —4 m-s~!
and zero large-scale vertical velocity. The vertical pro-
files of temperature and specific humidity observed at
156°E and 1.75°S during the Tropical Ocean Global
Atmosphere Coupled Ocean Atmosphere Response
Experiment at 0400 LST 19 December 1992532 are

used as the initial conditions. The increase in SST in-
creases the mass-weighted mean air temperature and
precipitable water whereas the diurnal variations of
SST cause cooling.'®) The diurnal variation of so-
lar zenith angle produces atmospheric warming and
moistening. The exclusion of radiative and micro-
physical effects of ice clouds™ and cloud radiative
effects!!'”) generates atmospheric cooling and drying.

The simulations are summarized in Table 1. Ex-
periments SST29, SST31 and SST27 use the same
model setup except that different time-invariant SST's
of 29, 31 and 27 °C are used, respectively. These ex-
periments are used to study the effects of SST. Exper-
iment SST29M has a time-invariant solar zenith an-
gle whereas SST29 has a diurnally varied solar zenith
angle. The comparison between SST29 and SST29M
shows the effects of diurnally varied solar radiative
heating. Experiments SST29D1 and SST29D2 have
diurnally varied SSTs with a mean of 29 °C and
diurnal differences (maximum SST minus minimum
SST) of 1 and 2 °C, respectively. The comparison of
SST29D1 and SST29D2 with SST29 shows the effects
of diurnal variation of SSTs. Experiments SST29NIR
and SST29NWR are identical to SST29 except that
SST29NIR and SST29NWR exclude the radiative ef-
fects of ice and water clouds, respectively, by setting
the mixing ratios of ice and water hydrometeors to
be zero in the calculations of optical depth and radia-
tion. The comparison between SST29NIR and SST29
shows the radiative effects of ice clouds, whereas the
comparison between SST29NWR and SST29 reveals
the radiative effects of water clouds when the ra-
diative effects of ice clouds are turned on. Exper-
iment SST29NCR is identical to SST29NIR except
that SST29NCR excludes the radiative effects of wa-
ter clouds by setting the mixing ratios of water hy-
drometeors (cloud water and raindrops) to be zero in
the calculations of optical depth and radiation. The
comparison between SST29NCR and SST29NIR re-
veals the radiative effects of water clouds when the
radiative effects of ice clouds are turned off. Ex-
periment SST29NIM excludes ice—cloud variables and
the associated ice microphysical and radiative pro-
cesses by turning off the ice microphysics scheme dur-
ing the model integration. The comparison between
SST29NIM and SST29NIR shows the microphysical
effects of ice clouds when the radiative effects of ice
clouds are excluded. The rainfall statistics are doc-
umented using the grid data from equilibrium model
simulations over 10 days.
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Table 1. Summary of the equilibrium experiments.

Experiment SST Solar zenith angle Radiation Ice microphysics
SST29 time-invariant (29 °C) diurnally-varied yes yes
SST27 time-invariant (27 °C) diurnally-varied yes yes
SST31 time-invariant (31 °C) diurnally-varied yes yes

. - . o
SST29D1 diurnally-varied with mean of 29 °C diurnally varied ves ves
and maximum diurnal difference of 1 °C
. R . °
SST29D2 diurnally-varied with mean of 29 °C diurnally varied ves ves
and maximum diurnal difference of 2 °C
SST29M time-invariant (29 °C) time-invariant yes yes

SST29NCR time-invariant (29 °C) diurnally-varied no for both water yes

and ice clouds

SST29NIR time-invariant (29 °C) diurnally varied no for ice clouds yes

SST29NWR time-invariant (29 °C) diurnally-varied no for water clouds yes

SST29NIM time-invariant (29 °C) diurnally-varied no for ice clouds no

To examine the roles of water vapor and clouds
in surface rainfall processes, the surface rainfall equa-
tion was derived by combining water vapor and cloud
equations.['¥] The surface rain rate (Ps) can be writ-
ten as

Ps = Qwvt + Qwvr + Qwve + Qou, (1)

where
T (12)
Quve = [ 5] - [ 52] - [ 5]
][ od].
Qwve = Es, (1c)
Qo =200 [0 aog)] - [ L ign)]. (1)

Here, ¢, is the specific humidity; v and w are the zonal
and vertical components of wind, respectively; E is
the surface evaporation rate; g5 = ¢c + ¢ + ¢ + s + Gq»
ey Grs Gis @s, ¢z are the mixing ratios of cloud water,
raindrops, cloud ice, snow, and graupel, respectively;
overbar denotes a spatial mean; prime is a perturba-
tion from spatial mean; [()] = f: p()dz, with z and
zp being the heights of the top and bottom of the
model atmosphere respectively; and superscript © is
an imposed COARE - observed value. Equation (1)
states that the surface rain rate is contributed by lo-
cal vapor change (QwvyT), vapor convergence (Qwvr),
surface evaporation (Qwvg), and cloud source/sink
(Qom)- Positive values of Qwvr, Qwvr, and Qcm
denote local atmospheric drying, water vapor con-
vergence, and local hydrometeor loss/ hydrometeor
convergence, respectively; whereas negative Qwvr,

Qwvr, and Qcm denote local atmospheric moisten-
ing, water vapor divergence, and local hydrometeor
gain/hydrometeor divergence, respectively.

The comparison studies between two-dimensional
(2D) and three-dimensional (3D) model simulations
Moncrieff and Miller®3] re-

vealed that the 3D cross-over flow patterns of tropical

show some differences.

squall lines can only be simulated in the 3D model
framework. Rotunno et al®¥ found that the basic
dynamics associated with long-lived squall lines in a
strong low-level shear can be reasonably simulated in
a 2D model framework. Xu et al.3® Gao et al.,[3%
and Gaol3"! found differences between 2D and 3D dy-
namics. The 2D and 3D model simulations reveal
a lot of similarities in terms of collective thermody-
namic feedback effects, vertical transport of mass, sen-
sible heat, and moisture, thermodynamic fields, sur-
face heat fluxes, surface precipitation, precipitation ef-
ficiency, and vorticity vectors.[33=4% Thus, 2D model
simulations can be used to explore the effects of SST,
cloud radiation and microphysical processes, and di-
urnal variations on rainfall statistics in this study.

3. Results

The amount of cumulative surface rainfall is cal-
culated by accumulating surface rainfall at each bin
of the surface rain rate every 3 mm-h™! (e.g., 0-
3 mm-h™!, 3-6 mm-h~!). Similar calculations are
also applied to data of Qwvrt, Qwvr, Qwve, and
QcmM to obtain cumulative Qwvr, Qwvr, Qwve, and
Qcm amount. In the control experiment SST29, the
amount of cumulative surface rainfall generally de-
creases as the surface rain rate increases (Fig. 1(a)).
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The amount of cumulative rainfall is mainly attributed
to water vapor convergence, except for the surface rain
rate of 3 mm-h~! where water vapor divergence oc-
curs (Fig. 1(c)) and an amount of cumulative rainfall
is from surface evaporation (Fig. 1(d)), hydrome-
teor convergence/local hydrometeor loss (Fig. 1(e)),
and local atmospheric drying (Fig. 1(b)). The de-
crease of cumulative rainfall for the surface rain
rate of 3-21 mm-h™! is significantly larger than

that for a surface rain rate of 21-39 mm-h~!. The
amount of cumulative rainfall is small for strong
surface rain rates of higher than 39 mm-h~!. The

amounts of cumulative rainfall for surface rain rates
of 0-3 mm-h™', 3-21 mm-h~!, 21-39 mm-h~' and
higher than 39 mm-h~!, are 12.5%, 55.1%, 22.7%, and
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Fig. 1. Amount of cumulative surface rainfall (Ps) and
contributions from minus local vapor storage (QwvT),
water vapor convergence (Qwvr), surface evaporation
(Qwvr), and hydrometeor convergence minus storage
(Qom) as a function of surface rain rate (mm-h~1!) in
SST29.

9.7% of the total cumulative rainfall amount respec-
tively. Thus, effects of SST, cloud radiation and mi-
crophysical processes, and diurnal variations on rain-
fall statistics will be separately examined with surface
rain rates lower than 3 mm-h—!, 3-21 mm-h~!, 21—
39 mm-h~!, and higher than 3 mm-h~1.

3.1. Rainfall statistics for a surface rain
rate of lower than 3 mm-h—?!

The cumulative rainfall amounts are 4.4 % larger
in SST31 and 20.1% larger in SST27 than in SST29

(Fig. 2(a)).
sociated with the decrease in water vapor divergence,

The increase of rainfall in SST27 is as-

whereas the rainfall increase in SST31 is primarily re-
lated to the increase in local atmospheric drying. The
inclusion of diurnal variations of SST decreases the
amount of rainfall by 3.0% in SST29D1 (Fig. 2(a))
and 12.0% in SST29D2 (Fig. 2(b)). The rainfall de-
creases correspond primarily to the increase in water
vapor divergence. The exclusion of solar zenith angle
in SST29M increases the amount of rainfall by 16.0%,
which is primarily associated with the increase in local
atmospheric drying (Fig. 2(b)).

The decrease in the amount of rainfall caused by
the exclusion of microphysical effects of ice clouds
(14.2%) is twice as large as that by the exclusion
of radiative effects of ice clouds (6.8%) (Figs. 2(b)
and 2(c)).
caused by the exclusion of microphysical effects of

The decrease in the amount of rainfall

ice clouds is from the increase in local hydrometeor
gain/hydrometeor divergence, the decrease in surface
evaporation, and local atmospheric change from dry-
ing in SST29NIR to moistening in SST29NIM, which
is largely offset by the increase in water vapor conver-
gence. The decrease in the amount of rainfall caused
by the exclusion of radiative effects of ice clouds is
from the decrease in water vapor convergence. The
rainfall amount is less sensitive to radiative effects of
water clouds when radiative effects of ice clouds are
absent because the increase in water vapor conver-
gence is nearly balanced by the decrease in local at-
mospheric drying (Fig. 2(c)). When radiative effects
of ice clouds are present, the exclusion of radiative ef-
fects of water clouds increases the rainfall amount by
6.7% in SST29NWR (Fig. 2(c)), which is primarily as-
sociated with the increase in water vapor convergence
(Fig. 2(c)).

054215-4



Chin. Phys. B Vol. 21, No. 5 (2012) 054215

40001 (a)
2000
0 _:l__-_:l- —
—2000
—4000

PS QVVVT QVVVF QVVVE QCM

40001 (b)
2000
0 .‘=__:h_D—.—4=_l
—2000
—4000

PS QVVVT QVVVF QVVVE QCM

40004(c)
2000

Difference in surface rainfall budget/mm-h~!

am—
—2000
—4000

i

PS Q\’VVT QVVVF QVVVE QCM

Fig. 2. Difference in cumulative surface rainfall (Pg) and
contributions from minus local vapor storage (QwvT),
water vapor convergence (Qwvr), surface evaporation
(Qwver), and hydrometeor convergence minus storage
(Qom) for surface rain rate of 0-3 mm-h™! for (a)
SST27-SST29 (open bar), SST31-SST29 (black bar),
SST29D1-SST29 (grey bar), (b) SSTD2-SST29 (open
bar), SST29M-SST29 (black bar), SST29NIR-SST29
(grey bar), and (c¢) SST29NIM-SST29NIR (open bar),
SST29NCR-SST29NIR (black bar), SST29NWR-SST29
(grey bar).

3.2. Rainfall statistics for a surface rain
rate of 3-21 mm-h—?

The change of SST causes the decrease of cumula-
tive rainfall regardless of whether SST increases or de-
creases (Fig. 3(a)). The cumulative rainfall amounts
are 10.3% smaller in SST27 and 7.3% smaller in SST31
than that in SST29. The decrease of rainfall amount
from SST29 to SST31 is associated with the increase
in local hydrometeor gain/hydrometeor divergence.
The 59.1% decrease in rainfall amount from SST29
to SST27 is from the increase of local hydrometeor
concentration/hydrometeor divergence and the 37.3%
decrease is from the decreases in local atmospheric
drying and water vapor convergence.

The inclusion of diurnal variation of SST de-
creases rainfall by 8.7% in SST29D1 (Fig. 3(a))
and 13.1% in SST29D2 (Fig. 3(b)).
tion of diurnal variation of SST accelerates the de-

The amplifica-

crease of rainfall. The decreases of rainfall amount

are associated with the decreases in water vapor

convergence and the increase in local hydrometeor
gain/hydrometeor divergence when the diurnal varia-
tions of SST are included in the two experiments. The
decrease in water vapor convergence and the increase
in local hydrometeor gain /hydrometeor divergence
are primarily responsible for the decreases of rainfall
amount in SST29D1 and SST29D2, respectively. The
exclusion of diurnal variation of solar zenith angle in
SST29M increases rainfall amount by 3.3%, which cor-
responds to the increases in local atmospheric drying

and water vapor convergence (Fig. 3(b)).
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Fig. 3. Same as in Fig. 2, except for surface rain rate of
3-21 mm-h~1.

The exclusion of radiative effects of ice clouds
increases rainfall in SST29NIR, by 3.5% (Fig. 3(b)),
whereas the exclusion of microphysical effects of
ice clouds decreases rainfall amount in SST29NIM
by 20.2% (Fig. 3(c)).
for SST29NIR-SST29

crease in local atmospheric drying and local hy-

The increase in rainfall

is associated with the in-

drometeor gain/hydrometeor divergence in SST29 and
local hydrometeor loss/hydrometeor convergence in
SST29NIR, while the exclusion of radiative effects
of ice clouds decreases water vapor convergence by
25.2%. The large decrease in rainfall for SST29NIM-
SST29NIR is related to the dramatic decrease in lo-
cal atmospheric drying and large local atmospheric
gain/hydrometeor divergence in SST29NIM.
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The exclusion of radiative effects of water clouds
similarly decreases the amount of rainfall, which is in-
sensitive to radiative effects of ice clouds (Fig. 3(c)).
The decrease in rainfall for SST29NIM-SST29NIR
corresponds mainly to the decrease in water vapor
convergence by the exclusion of radiative effects of
water clouds when radiative effects of ice clouds are
turned off in the two experiments. The decrease in
rainfall for SST29NWR-SST29 is from the decrease
in water vapor convergence and increase in local hy-

drometeor gain/hydrometeor divergence.

3.3. Rainfall statistics for surface rain
rate of 21-39 mm-h!

The 2 °C decrease of SST decreases the amount of
rainfall by 36.9% whereas the 2 °C increase of SST in-
creases rainfall by 32.2% (Fig. 4(a)). The decrease and
increase of rainfall are, respectively, associated with
the decrease and increase in water vapor convergence
in SST27 and SST31. Cumulative rainfall amounts are
less sensitive to diurnal variations of SST (Figs. 4(a)
and 4(b)). These are due to the fact that the increase
in water vapor convergence is nearly offset by the in-
crease in local hydrometeor gain/hydrometeor diver-
gence. The exclusion of solar zenith angle in SST29M
leads to the 19.1 % increase of rainfall, which primar-
ily corresponds to the increase in water vapor conver-
gence (Fig. 4(b)).

The exclusion of radiative effects of ice clouds in-
creases the amount of rainfall by 42.1% (Fig. 4(b)),
whereas the exclusion of microphysical effects of ice
clouds decreases rainfall by 43.8% (Fig. 4(c)). The
rainfall increase for SST29NIR-SST29 and rainfall de-
crease for SST29NIM-SST29NIR are, respectively, as-
sociated with the increase and decrease in water va-
por convergence. The exclusion of radiative effects of
water clouds decreases rainfall amount by 8.6% when
radiative effects of ice clouds are turned off, whereas
it increases rainfall by 4.1% when radiative effects of
ice clouds are turned on (Fig. 4(c)). The rainfall de-
crease for SST29NCR-SST29NIR is associated with
the decrease in water vapor convergence. The small
rainfall amount increase for SST29NWR-SST29 is re-
lated to the enhancement of local atmospheric dry-
ing while the decrease in water vapor convergence is
nearly cancelled by the decrease in local hydrometeor

gain/hydrometeor divergence.
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Fig. 4. Same as in Fig. 2, except for surface rain rate of
21-39 mm-h—1.

3.4. Rainfall statistics for a surface rain
rate higher than 39 mm-h—!

The 61.7% decrease of rainfall by the decrease of
SST from 29 °C to 27 °C is associated with the de-
crease in water vapor convergence, whereas the 48.3%
increase of rainfall amount by the increase of SST from
29 °C to 31 °C is primarily related to the increase
The inclu-

sion of diurnal variation of SST in SST29D1 increases

in water vapor convergence (Fig. 5(a)).

the rainfall amount by 19.8%, which primarily cor-
responds to the increase in water vapor convergence
(Fig. 5(a)). The increase of diurnal difference of SST
from 1 °Cin SST29D1 to 2 °C in SST29D2 leads to the
7.5% decrease of rainfall amount, which corresponds
to the decrease in water vapor convergence (Fig. 5(b)).
The exclusion of diurnal variation of solar zenith angle
in SST29M increases rainfall amount by 6.3% due to
the decrease in local hydrometeor gain/hydrometeor
divergence (Fig. 5(b)).

The exclusion of radiative effects of ice clouds in-
creases the amount of rainfall by 80.8%, which corre-
sponds primarily to the increase in water vapor con-
vergence (Fig. 5(b)). The exclusion of microphysical
effects of ice clouds decreases rainfall by 89.9%, which
is primarily from the decrease in water vapor conver-
gence (Fig. 5(c)). The exclusion of radiative effects of

water clouds increases rainfall amount by 20.4% when
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radiative effects of ice clouds are turned off, whereas
it decreases rainfall amount by 10.5% when radiative
effects of ice clouds are turned on (Fig. 5(c)). The
increase and decrease of rainfall amount are, respec-
tively, associated with the increase in water vapor con-
vergence in SST29NCR and the decrease in water va-
por convergence in SST29NWR.
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Fig. 5. Same as in Fig. 2, except for surface rain rate of
higher than 39 mm-h—!.

4. Summary and discussion

Effects of sea surface temperature (SST), cloud
radiative and microphysical processes, and diurnal
variations on rainfall statistics are investigated by an-
alyzing two-dimensional equilibrium cloud-resolving

model simulation data from Gao et al.'®

Ping et
al.," and Gao.'l The equilibrium model simula-
tions are conducted using the two-dimensional cloud-
resolving model imposed with zero large-scale vertical
velocity and a time- and height-invariant large-scale
zonal wind. The rainfall statistics are categorized by
the rain rate and calculated with grid model simula-
tion data based on surface rainfall budgets that are
linked to water vapor and cloud processes. The main
results include:

1) In the control experiment, the cumulative rain-
fall amount for light rain (the rain rate is less than
3 mm-h~1), which is about 12.5% of the total amount

of rainfall, is primarily associated with the local hy-
drometeor loss/hydrometeor convergence and local at-
mospheric drying while water vapor divergence pre-
vails. The rainfall amount for rain rate of higher than
3 mm-h~! corresponds to water vapor convergence.

2) In general (for rain rate of higher than
3 mm-h~1), the decrease of SST from 29 °C to 27 °C,
the inclusion of diurnal variation of SST, and the ex-
clusion of microphysical effects of ice clouds and ra-
diative effects of water clouds decrease rainfall amount
primarily through suppressing water vapor conver-
gence. The increase of SST from 29 °C to 31 °C, the
exclusion of diurnal variation of solar zenith angle, and
the exclusion of radiative effects of ice clouds increase
rainfall amount primarily via enhancing water vapor
convergence. The water vapor convergence over rain-
fall regions are balanced by the water vapor divergence
over rainfall-free regions due to imposed zero large-
scale vertical velocity in the model with cyclic bound-
aries; the water divergence is largely balanced by sur-
face evaporation over rainfall-free regions.!'?! Thus,
SST, cloud radiation and microphysical processes, and
diurnal variations affect rainfall amount by changing
surface evaporation over rainfall-free regions.

3) For light rain, the 2 °C decrease of SST and the
exclusion of radiative effects of water clouds with the
presence of radiative effects of ice clouds increase rain-
fall amount, respectively by 20.1% and 6.7% through
suppressing water vapor divergence. The exclusion of
diurnal variation of solar zenith angle and the 2 °C in-
crease of SST increase rainfall amounts, respectively,
by 16.0% and 4.4% via enhancing local atmospheric
drying. The inclusion of diurnal variations of SST
with diurnal difference of 2 °C and the exclusion of
radiative effects of ice clouds decrease rainfall amount,
respectively, by 12% and 6.8% through enhancing wa-
ter vapor divergence. The exclusion of microphys-
ical effects of ice clouds decreases rainfall amount
by 14.2% primarily via enhancing local hydrometeor
gain/hydrometeor divergence. The rainfall amount is
less sensitive to diurnal variations of SST with diurnal
difference of 1 °C and radiative effects of water clouds

with the absence of radiative effects of ice clouds.
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