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Abstract: The radiative and microphysical effects of ice clouds on a torrential rainfall event over Hunan,
China in June 2004 are investigated by analyzing the sensitivity of cloud-resolving model simulations. The
model is initialized by zonally-uniform vertical velocity, zonal wind, horizontal temperature and vapor
advection from National Centers for Environmental Prediction (NCEP) / National Center for Atmospheric
Research (NCAR) reanalysis data. The exclusion of radiative effects of ice clouds increases model domain
mean surface rain rates through the increase in the mean net condensation associated with the increase in the
mean radiative cooling during the onset phase and the increases in the mean net condensation and the mean
hydrometeor loss during the mature phase. The decrease in the mean rain rate corresponds to the decreased
mean net condensation and associated mean latent heat release as the enhanced mean radiative cooling by
the removal of radiative effects of ice clouds cools the mean local atmosphere during the decay phase. The
removal of microphysical effects of ice clouds decreases the mean rain rates through the decrease in the
mean net condensation during the onset phase, while the evolution of mean net condensation and the mean
hydrometeor changes from decrease to increase during the mature phase. The reduction in the mean rain rate
is primarily associated with the mean hydrometeor change in the absence of microphysical effects of ice
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clouds during the decay phase.
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1 INTRODUCTION

Torrential rainfall has profound socio-economic
impacts on China and its accurate prediction relies on
the improvement of understanding of rainfall
processestl. There are many physical factors and
processes affecting the development of precipitation.
Among them, the development of convection and
associated rainfall could be affected by the surface
fluxes®, wind shear®, saturated environment,
lower-tropospheric  convergence®!, and ice
microphysical processes*®. The impacts of ice clouds
on the development of convective systems have been
intensively studied for decades using cloud-resolving
model simulations”?®!, Recently, Ping et al.?
conducted a series of two-dimensional (2D)
equilibrium cloud-resolving simulations imposed by
zero large-scale vertical velocity and analyzed the
simulation data with the diagnostic surface rainfall
equation derived by Gao et al.!?!, They found that the
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exclusion of radiative effects of ice clouds increases
the model domain mean surface rainfall by enhancing
convective rainfall through the intensified water vapor
convergence over convective regions. The exclusion
of microphysical effects of ice clouds decreases the
mean surface rainfall by reducing both convective and
stratiform rainfall through weakening water vapor
convergence over convective regions, and dries the air
over stratiform rainfall regions and slows down the
transport of hydrometeor concentration  from
convective to stratiform rainfall regions. Wang et al.[%*!
(hereafter ~ W23)  examined  radiative  and
microphysical effects of ice clouds on a heavy rainfall
event in the south of China in June 2008 and revealed
that the exclusion of radiative effects of ice clouds
decreases model domain mean rain rates during the
onset and development phases whereas it increases
them during the mature and decay phases. The
exclusion of microphysical effects of ice clouds
reduces the mean rain rates during the life span of the
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rainfall event. The change in the mean rain rate, which
results from the exclusion of radiative effects of ice
clouds, and magnitude of the decrease in the mean
rain rate, which results from the exclusion
microphysical effects of ice clouds, depend on the
large-scale forcing.

Xu et al.”? carried out a 2D cloud-resolving
simulation of a torrential rainfall event that occurred
in Hunan, China in June 2004 and their analysis of the
time- and domain-mean surface rainfall budget
showed that water vapor convergence mainly supports
local atmospheric moistening during the onset phase
and surface rainfall during the mature stage. As a
result, the surface rain rate is significantly smaller
during the onset phase than during the mature phase.
The weakened water vapor convergence finally
reduces the surface rainfall during the decay phase.
The comparison in imposed large-scale vertical
velocity in Figure 1 shows similar vertical profiles of
upward motions in this study and W23 during the
onset phase, and weaker upward motions in this study
than in W23 during the mature and decay phases. The
vertical wind shears in this study are significantly
larger during the onset and mature phases and are
smaller during the decay phase than those in W23
(Figure 2). The different large-scale forcing may
cause different radiative and microphysical effects of
ice clouds on rainfall during the life of precipitation
systems.
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Figure 1. Vertical profiles of imposed large-scale vertical
velocity (cm s) averaged over (a) the onset phase, (b) the
mature phase, and (c) the decay phase. The solid and dash lines
denote the profiles in this study and Wang et al.”®,
respectively.

In this study, the radiative and microphysical
effects of ice clouds on a torrential rainfall event over
Hunan, China in 2004 are examined by analyzing
cloud-resolving model experiments. The model
simulations are compared with the simulations
conducted by W23 to examine the dependence of
rainfall responses to radiative and microphysical
effects of ice clouds on imposed large-scale upward
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motions. Since radiative processes of ice clouds
directly affect the radiation term in heat budget and
microphysical processes of ice clouds directly affect
net latent heat in heat budget and net condensation
and hydrometeor processes in cloud budget, heat and
cloud budgets are first analyzed to highlight dominant
physical processes that are responsible for radiative
and microphysical effects of ice clouds on rainfall.
Thus, the analysis is much more straightforward than
the analysis in W23 in which the surface rainfall
budget was first examined and followed by the
analysis of heat budget. The model and experiments
are briefly described in the next section. The results
from the analysis of heat and cloud budgets are
presented in section 3 and the results from the
partitioning analysis of convective and stratiform
rainfall based on surface rainfall budget are discussed
in section 4. A summary is given in section 5.
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Figure 2. As in Figure 1 except for large-scale zonal wind (m
-1
s7).

2 MODEL AND EXPERIMENTS

The control experiment (CTRL) is designed based
on the 2D version?* %! of cloud-resolving model?5-2!
from Xu et al.?®], which was modified by Li et al.[*8],
In Li et al.'® the natural ice nucleus during the
growth of cloud ice produced from sublimation in the
scheme of Hsie et al.® is replaced with mean mass of
ice crystal in Krueger et al.BY. The mixing ratio, as
shown in the calculation, is significantly increased.
Moreover, the radius of the 50-um ice crystal, based
on in situ aircraft observations, increases from 50
(Hsie et al.® to 100 pm (Krueger et al.*), as
determined from calculation of the growth of snow
due to the deposition and riming of cloud ice. The
model includes prognostic equations for potential
temperature, specific humidity, and perturbation
momentum, and mixing ratios of cloud water,
raindrops, cloud ice, snow, and graupel. The cloud
microphysical parameterization schemes used in the
model are developed by Rutledge and Hobbs[? %1,
Lin et al.B¥, Tao et al.*¥), and Krueger et al.BY. The
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model also includes solar® and thermal infrared®" 3!
radiation parameterization schemes that are performed
every 3 minutes. The model uses cyclic lateral
boundaries, a horizontal domain of 768 km, a
horizontal grid resolution of 1.5 km, 33 vertical levels,
and a time step of 12 s. A detailed model description
can be found in Gao and Li®*. The model is
initialized by the zonally-uniform vertical velocity,
zonal wind, and horizontal temperature and vapor

Pressure (hPa)

Pressure (hPa)

advection from NCEP/NCAR reanalysis data (Figure
3) and is integrated from 0200 LST 23 June to 0200
LST 29 June 2004 (6 days in all). Xu et al.l?¥
conducted a comparison study between the
observations and model simulations in terms of
surface rain rate and radar reflectivity and showed that
the simulated rain rate basically follows the evolution
of observed rain rates.

0

40

Figure 3. Time-height distribution of (a) vertical velocity (cm s) and (b) zonal wind (m s) from NCEP/NCAR reanalysis data.

Upward motion in (a) and westerly wind in (b) are shaded.

Two additional sensitivity experiments are
conducted in this study (Table 1). Experiments CNIR
and CNIM are identical to CTRL except that the
mixing ratios of ice hydrometeors are set to zero in the
calculation of radiation in CNIR and the mixing ratios
and associated microphysical rates of ice
hydrometeors are set to zero in CNIM. The
comparison between CNIR and CTRL (i.e,
CNIR-CTRL) shows the responses of surface rainfall
to the exclusion of radiative effects of ice clouds,
whereas the comparison between CNIM and CNIR
(i.e., CNIM-CNIR) reveals the responses of surface
rainfall to the exclusion of microphysical effects of
ice clouds in the absence of radiative effects of ice
clouds. As shown in Xu et al.*, the major rainfall
process occurred during the 37-hour period from 0800
LST 23 June to 2000 LST 24 June 2004. Thus, the
analysis is conducted in this study from 0800 LST to
1000 LST 23 June during the onset phase, from 1100
LST to 2100 LST 23 June during the mature phase,
and from 2200 LST 23 June to 2000 LST 24 June
2004 during the decay phase.

Table 1. Experiment design.

Experiments Radiation Ice microphysics
CTRL Yes Yes

CNIR No Yes

CNIM Yes No

3 ANALYSIS OF MODEL DOMAIN MEAN
BUDGETS

The radiative and microphysical effects of ice
clouds affect radiation and latent heat in heat budget
and net condensation in cloud budget. Thus, radiative
and microphysical effects of ice clouds on model
domain mean budget and clouds budgets are analyzed.
Following Gao and Li*!, model domain mean heat
budget can be expressed as:

St *+Spe *+ Sps + S + Spap =0, )
where
o<T >
Spr=— a (1a)
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Syr=—-<10° >—<7rv_v°%>, (1b)
OX 0z

S,s=Hs, (1c)

1 —
Siy=—<Q, >, (1d)

CP

1 —

SRAD:C_<QR >, (1e)

p
Here, St, Sue. Sus. Sy, and Sg,p are
local heat change, heat convergence, surface sensible
heat, latent heat, and radiative heating, respectively; T
and @ are air temperature and potential temperature,
respectively, u and w are the zonal and vertical
components of wind, respectively; Cis the specific

heat of dry air at constant pressure, H is surface

sensible heat flux, Q,, is the net latent heat through

phase changes among water vapor, water
hydrometeors, and ice hydrometeors [see (1.8a) in

Gao and LiB*, Qg is the net radiative heating due

to solar heating and infrared cooling, overbar is model
domain mean, superscript “0” represents the
NCEP/NCAR data, and

<(0)>(= J:,B()dz/f:ﬁdz) is  mass-weighted

mean, z;and z, are the heights of the top and bottom
of the model atmosphere respectively.

To examine rainfall processes, the surface rainfall
equation derived by Gao et al.?? and Cui and Lil* is
adopted in this study, which can be written as:

P = Quvr * Quve + Quve + Qen (2)

where
a[q,]
=— , 2
QWVT ot (23)
- _ —OE _ Tw© aqv _ a(uq\/)
Quve = -0 ox 1-[w az] [ ox 1
0 aq ‘ 70 aq ‘ ' aq
—fu” —~]-[w" —~]-[w —4], 2b
[0° -0 ] - [w (@)
Quve = Es., (2c)
a[qs] 8(“%)
=— — . 2d
Quu=-—_>-[=_*1. @)
Here, q, is specific humidity, and E, is
surface evaporation rate.

q5:qc+qr+qi+qs+qg1 q(:!quqi’qs’qg are
the mixing ratios of cloud water, raindrops, cloud ice,

snow, and graupel, respectively. [()] = r‘ﬁ()dZ,
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which is a mass integration. Prime represents the
perturbation from domain mean. Note that the surface
rainfall equation was derived from the mass-integrated
cloud budget,

P, =Qcum * Ques » (©)
and mass-integrated water vapor budget,
Quvr + Quve + Quve = Qs - 4

Here
Ques (= [Peno 1+ [Poer 14 [Psper 1+ [Poper ]

~[Preve = [Puirc 1= [Puirs 1) represents the net

cloud condensation between vapor condensation
([Pcnp]) and vapor deposition for the growth of cloud
ice ([Poep]) and snow ([Pspep]) and graupel ([Peper])
minus growth of vapor by evaporation of raindrop
([Preve]) and evaporation of liquid from graupel
surface ([PmLtc]), and evaporation of melting snow
([PmLTs])-

Model domain mean heat budgets show that the
exclusion of radiative effects of ice clouds enhances
radiative cooling (Sgap) from 0.029 °C h'tin CTRL to
-0.006 °C h in CNIR during the onset period, from
-0.007 °C h™ in CTRL to -0.038 °C h™ in CNIR
during the mature period, and from -0.033 °C h™ in
CTRL to —0.051 °C h™ in CNIR during the decay
period (Table 2). During the onset period, the
increases in the mean latent heat release (S 4>0) and
the associated mean net condensation (Qncs>0; Table
3) primarily correspond to the increase in the mean
radiative cooling, while it is also related to the
decrease in the mean local atmospheric cooling
(Sut>0). The mean cloud budget (Eg. 3) reveals that
the increase in the mean net condensation is a primary
contributor to the increase in the mean rain rate,
whereas the decrease in the mean hydrometeor gain
(Qcm<0) also contributes to the increase in the mean
rain rate. During the mature period, the enhanced
mean latent heat and associated mean net
condensation are mainly associated with the increase
in the mean radiative cooling. The increase in the
mean rain rate corresponds to the increases in the
mean net condensation and mean hydrometeor loss
(Qcv>0). During the decay period, the increase in the
mean radiative cooling is used to cool the mean local
atmosphere while the mean latent heat and associated
mean net condensation are decreased. As a result, the
decrease in the mean rain rate is related to the
decrease in the mean net condensation.
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Table 2. Model domain means of heat budget [radiative heating (SRAD), local heat change (SHT), heat convergence (SHF), surface
sensible flux (SHS), and latent heat (SLH)] in the control experiment (CTRL), the experiment with the exclusion of ice radiative
effects (CNIR), and the experiment with the total exclusion of ice microphysics (CNIM) and their differences for CNIR-CTRL and
CNIM-CNIR averaged from 0800 LST to 1000 LST 23 June during the onset period in (a), from 1100 LST to 2100 LST 23 June
during the mature period in (b), and from 2200 LST 23 June to 2000 LST 24 June 2004 during the decay period in (c). Units: °C h™.

(@) CTRL CNIR CNIM CNIR-CTRL CNIM-CNIR
SraD 0.029 -0.006 0.007 -0.035 0.013
Sur 0.116 0.076 0.123 -0.040 0.047
Shr -0.280 -0.277 -0.267 0.003 0.010
Shs 0.000 0.001 0.000 0.001 -0.001
Sin 0.134 0.206 0.137 0.072 -0.069
(b) CTRL CNIR CNIM CNIR-CTRL CNIM-CNIR
Srap -0.007 -0.038 -0.023 -0.031 0.015
Sur 0.004 —-0.009 0.024 -0.013 0.033
SuE -0.449 —0.442 -0.428 0.007 0.014
Shs 0.004 0.004 0.004 0.000 0.000
Sty 0.448 0.485 0.423 0.037 —-0.062
(c) CTRL CNIR CNIM CNIR-CTRL CNIM-CNIR
SRAD -0.033 -0.051 -0.036 -0.018 0.015
SHT 0.029 0.052 0.037 0.023 -0.015
SHF -0.144 -0.140 -0.138 0.004 0.002
SHS 0.006 0.006 0.005 0.000 -0.001
SLH 0.142 0.132 0.132 -0.010 0.000

Table 3. Model domain means of cloud budget [surface rain rate (Ps), hydrometeor change/convergence (Qcw), and net cloud source
Qncs] in the control experiment (CTRL), the experiment with the exclusion of ice radiative effects (CNIR), and the experiment with
the total exclusion of ice microphysics (CNIM) and their differences for CNIR-CTRL and CNIM-CNIR averaged from 0800 LST to
1000 LST 23 June during the onset period in (a), from 1100 LST to 2100 LST 23 June during the mature period in (b), and from
2200 LST 23 June to 2000 LST 24 June 2004 during the decay period in (c). Units: mm h™.

@) CTRL CNIR CNIM CNIR-CTRL CNIM-CNIR
Ps 0.417 0.765 0.300 0.348 —~0.465

Qcm -0.286 -0.195 ~0.302 0.091 -0.107

Qnes 0.703 0.960 0.602 0.257 ~0.358

(b) CTRL CNIR CNIM CNIR-CTRL CNIM-CNIR
Ps 1.739 1.896 1571 0.157 ~0.325

Qcm 0.031 0.101 ~0.053 0.070 -0.154

Qnes 1.708 1.795 1.624 0.087 -0.171

©) CTRL CNIR CNIM CNIR-CTRL CNIM-CNIR
Ps 0.570 0.535 0.460 -0.035 ~0.075

Qcm 0.040 0.040 -0.021 0.000 ~0.061

Qnes 0.530 0.495 0.481 -0.035 -0.014

The exclusion of ice clouds reduces the mean net
condensation through the removal of vapor deposition
to ice hydrometeors during the life span of a
precipitation system, as indicated in Table 3, in which
the mean net condensation rates are lower in CNIM
than in CTRL. The mean cloud budgets (Table 4)
show that the decrease in the mean rain rate is
associated with the decrease in the mean net
condensation during the life span of a precipitation
system, while it is also related to the mean
hydrometeor change from “loss” in CTRL to “gain” in
CNIM during the mature and decay periods. Thus, the
exclusion of radiative effects of ice clouds

(CNIR-CTRL) increases the mean rain rate through
the enhanced mean latent heat release associated with
the enhanced mean radiative cooling and the
exclusion of microphysical effects of ice clouds
(CNIM-CNIR) reduces the mean rain rate through the
decrease in the mean net condensation associated with
the removal of vapor deposition.

During the onset phases, the exclusion of
radiative effects of ice clouds increases the mean
latent heating rate in this study, whereas it barely
changes the mean latent heating rate in W23 (see their
Table 3a). In this study, the removal of radiative
effects of ice clouds change the mean radiation to
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cooling in CNIR from heating in CTRL, while it
enhances the mean radiative cooling from CTRL to
CNIR. As a result, the difference in the mean radiative
cooling rate is much lower in W23 than in this study.
The increase in the mean latent heating corresponds to
the change in the mean radiation from heating in
CTRL to cooling in CNIR, which leads to the
decrease in the mean local atmospheric cooling in this
study. In contrast, the increase in the mean local
atmospheric cooling corresponds to the increase in the
mean radiative cooling in W23. The increase in the
mean rain rate resulting from the exclusion of

radiative effects of ice clouds is primarily related to
the increase in the mean net condensation associated
with the increase in the mean latent heat in this study,
but the decrease in the mean rain rate is primarily
associated with the slowdown in the mean
hydrometeor loss in W23 (see their Table 2a). The
decrease in the mean rain rate resulting from the
exclusion of microphysical effects of ice clouds is
primarily related to the decrease in the net
condensation in this study, but the decrease in the
mean rain rate is associated with the mean
hydrometeor change from decrease to increase in W23.

Table 4. Fractional coverage (%) of (a) convective and (b) stratiform rainfall in the control experiment (CTRL), the experiment with
the exclusion of ice radiative effects (CNIR), and the experiment with the total exclusion of ice microphysics (CNIM) and their
differences for CNIR-CTRL and CNIM-CNIR averaged from 0800 LST to 1000 LST 23 June during the onset period, from 1100
LST to 2100 LST 23 June during the mature period, and from 2200 LST 23 June to 2000 LST 24 June 2004 during the decay period.

(a) CTRL CNIR CNIM CNIR-CTRL CNIM-CNIR
Onset 23.6 16.7 44.7 —6.9 28.0
Mature 17.0 17.0 35.3 0.0 18.3
Decay 30.1 23.3 37.1 —6.8 13.8
(b) CTRL CNIR CNIM CNIR-CTRL CNIM-CNIR
Onset 73.8 77.9 26.9 4.1 -51.0
Mature 75.3 63.8 32.2 -11.5 -31.6
Decay 57.6 54.6 40.8 -3.0 -13.8

During the mature phase, the exclusion of
radiative (microphysical) effects of ice clouds
increases (decreases) the mean latent heating rates and
the mean surface rain rate. Further analysis of cloud
budgets reveals that the increase in the mean rain rate
resulting from the exclusion of radiative effects of ice
clouds is related to the increase in the mean latent heat
and the hydrometeor loss in this study, but it is
primarily associated with the increase in the mean
hydrometeor loss in W23 (see their Table 2c). The
decrease in the mean rain rate is related to the
decrease in the mean net condensation and the mean
hydrometeor change from decrease to increase
through the growth of cloud water in this study, Ping
et al.l’ and W23.

During the decay phase, the removal of radiative
effects of ice clouds slightly decreases the mean latent
heating rate and the removal of microphysical effects
of ice clouds barely changes the mean latent heating
rate and slightly decreases the mean net condensation
in this study. Moreover, the decrease in the mean rain
rate resulting from the exclusion of radiative effects of
ice clouds is related to the decrease in the mean net
condensation associated with the decrease in the mean
latent heat. However, the decrease in the mean rain
rate resulting from the exclusion of microphysical
effects of ice clouds is primarily associated with the
mean hydrometeor change from decrease to increase.
The elimination of radiative and microphysical effects
of ice clouds increases the mean latent heating rate in
W23) (see their Table 3d). The increase in the mean
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rain rate resulting from the removal of radiative
effects of ice clouds is primarily related to the
increase in the mean net condensation associated with
the increase in the mean latent heat. In comparison,
the decrease in the mean rain rate resulting from the
exclusion of microphysical effects of ice clouds is
associated with the mean hydrometeor change from
decrease to increase.

4  ANALYSIS OF CONVECTIVE AND
STRATIFORM RAINFALL

Surface rainfall includes convective and
stratiform rainfall types. The major differences
between convective and stratiform rainfall are: (1) the
convective rain rate is usually higher than the
stratiform rain rate; (2) horizontal reflectivity
gradients and upward motions associated with
convective rainfall are much stronger than those
associated with stratiform rainfall; (3) the accretion of
cloud water by raindrops via collisions in strong
updraft cores and the vapor deposition on ice particles
are primary microphysical processes associated with
convective and stratiform rainfall, respectively!*?. To
study convective and stratiform rainfall separately, the
grid data are partitioned for the two categories. Many
previous studies have performed convective/stratiform
cloud partitioning based on the amplitude and spatial
variations of radar reflectivity or surface rainfall
ratel*>*%!, Additional information like cloud contents,
vertical motion, and the fall speed of precipitation
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particles is also used in partitioning methods!*® 2" 2&
46-48] The partitioning method proposed by Sui et al.[?®l
is used in this study. Sui et al.[®! identified model grid
point as convective if the rain rate at this grid point is
twice as large as the average taken over the
surrounding four grid points (two grid points on either
side of this grid point in a two-dimensional framework)
or the rain rate at this grid point is greater than 20 mm
h™. All non-convective cloudy grid points are
considered as stratiform. The grid points in the
stratiform regions are further checked and classified
as convective if they are in the precipitating stratiform
regions and cloud water mixing ratio below the
melting level is larger than 0.5 g kg™ or the maximum
updraft above 600 hPa exceeds 5 m s, or, if they are
in the non-precipitating stratiform regions where
cloud water mixing ratio is larger than 0.025 g kg™ or
the maximum updraft exceeds 5 m s below the
melting level.

During the onset phase, the exclusion of radiative
effects of ice clouds decreases the fractional coverage
of convective rainfall whereas it increases the
fractional coverage of stratiform rainfall (Table 4).
Both convective and stratiform rain rates are increased.
The increase in convective rainfall is associated with
the decreases in local atmospheric moistening and
hydrometeor gain/divergence (Figure 4) and the
increase in stratiform rainfall is related to the
intensification in water vapor convergence over
stratiform rainfall regions (Figure 5). The removal of
microphysical effects of ice clouds significantly
increases the fractional coverage of convective
rainfall but it severely destroys stratiform clouds and
shrinks the fractional coverage of stratiform rainfall.
Both convective and stratiform rainfall are decreased
due to the accelerations in local atmospheric drying
and hydrometeor gain/divergence over convective
regions and the slowdown in water vapor convergence
over stratiform rainfall regions.

During the mature phase, the elimination of
radiative effects of ice clouds barely changes the
fractional coverage of convective rainfall but it
decreases the fractional coverage of stratiform rainfall
(Table 4). The exclusion of both radiative and
microphysical effects of ice clouds increases
convective rainfall (Figure 4) whereas it decreases
stratiform rainfall (Figure 5). The increases in
convective rainfall caused by the exclusion of
radiative and microphysical effects of ice clouds have
similar magnitudes whereas the decrease in stratiform
rainfall caused by the exclusion of microphysical
effects of ice clouds is much larger than that caused
by the exclusion of radiative effects of ice clouds. The
increases in convective rainfall are primarily
associated with the enhancement in water vapor
convergence over convective regions. In comparison,
the decreases in stratiform rainfall are primarily
related to the slowdowns in water vapor convergence

over stratiform rainfall regions. The decrease in
hydrometeor loss/convergence also contributes to the
decrease in stratiform rainfall due to the exclusion of
microphysical effects of ice clouds.
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Figure 4. Surface rain rate (Ps), local water vapor change
(Qwv), water vapor convergence (Qwve), surface evaporation
(Qwve), and local hydrometeor change/hydrometeor
convergence (Qcwm) Over convective regions in the (a) control
experiment (CTRL), and their difference fields for (b)
CNIR-CTRL and (c) CNIM-CNIR averaged from 0800 LST to
1000 LST 23 June during the onset period (open bar), from
1100 LST to 2100 LST 23 June during the mature period
(black bar), and from 2200 LST 23 June to 2000 LST 24 June
2004 during the decay period (grey bar). Units: mm h™.

During the decay phase, the exclusion of radiative
effects of ice clouds decreases the fractional coverage
of convective and stratiform rainfall (Table 4). The
exclusion of microphysical effects of ice clouds
increases the fractional coverage of convective
rainfall while it decreases the fractional coverage of
stratiform rainfall. The convective rainfall is
insensitive to the radiative effects of ice clouds
because of the large offset between the decrease in
water vapor convergence and the local atmospheric
change from moistening in CTRL to drying in CNIR
(Figure 4). The stratiform rainfall is decreased by the
exclusion of radiative effects of ice clouds through the
slowdown in local atmospheric drying over raining
stratiform regions (Figure 5). The removal of
microphysical effects of ice clouds enhances
convective rainfall though the intensification in water
vapor convergence over convective regions, whereas
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it decreases stratiform rainfall by cutting water vapor
convergence and suppressing hydrometeor
loss/convergence over stratiform raining regions.
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Figure 5. As in Figure 4, except for stratiform rainfall regions.

5 SUMMARY

The radiative and microphysical effects of ice
clouds on the torrential rainfall event that occurred in
Hunan, China in June 2004 are investigated using
two-dimensional cloud-resolving model simulations.
All experiments are initialized with zonally-uniform
vertical velocity, zonal wind, horizontal temperature
and vapor advection from NCEP/NCAR reanalysis
data. The analysis of model domain mean budgets
shows that the exclusion of radiative effects of ice
clouds leads to the change from radiative heating to
radiative cooling during the onset phase and the
intensification in radiative cooling during the mature
phase, which are mainly balanced by the increase in
latent heat. The enhancement in the mean net
condensation is associated with the increase in the
mean latent heat, which causes the increase in the
mean surface rainfall during the onset and mature
phases. The exclusion of microphysical effects of ice
clouds directly reduces the mean rainfall through the
decreases in the mean net condensation and mean
latent heat during the onset and mature phases. During
the decay phase, the increase in the mean radiative
cooling, which is caused by the exclusion of radiative
effects of ice clouds, and the reduction in the mean
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latent heat and net condensation, which is caused by
the exclusion of microphysical effects of ice clouds,
are not directly responsible for the decreased mean
rainfall. Instead, the reduction in the mean surface
rainfall is related to the decrease in the mean net
condensation and associated mean latent heat release,
as the increase in the mean radiative cooling is used to
cool the mean local atmosphere, which also results in
the mean hydrometeor change from loss to gain, as the
removal of microphysical effects of ice clouds slightly
decreases the mean net condensation.

The partitioning analysis reveals that decreases in
the mean surface rainfall caused by the exclusion of
the microphysical effects of ice clouds is associated
with the decreases in stratiform rainfall through the
slowdowns in water vapor convergence over
stratiform rainfall regions during the life cycle of a
rainfall event. The increases in the mean surface
rainfall caused by the exclusion of radiative effects of
ice clouds are related to the stratiform rainfall
strengthened by the enhanced water vapor
convergence over stratiform rainfall regions during
the onset phase, and to the convective rainfall
intensified through the increased water vapor
convergence over convective regions during the
mature phase. In comparison, the decrease in the mean
surface rainfall by the exclusion of radiative effects of
ice clouds during the decay phase comes from the
slowdown in stratiform rainfall through the weakened
local atmospheric drying effect.

Further examination of three dimensional
cloud-resolving model simulations is necessary in our
next study to validate radiative and microphysical
effects of ice clouds on rainfall from the
two-dimensional model simulations in this study
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