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ABSTRACT

Cloud microphysical and rainfall responses to radiative processes are examined through analysis of cloud-resolving model
sensitivity experiments of Typhoon Fitow (2013) during landfall. The budget analysis shows that the increase in the mean
rainfall caused by the exclusion of radiative effects of water clouds corresponds to the decrease in accretion of raindrops by
cloud ice in the presence of radiative effects of ice clouds,but the rainfall is insensitive to radiative effects of water clouds
in the absence of radiative effects of ice clouds. The increases in the mean rainfall resulting from the removal of radiative
effects of ice clouds correspond to the enhanced net condensation. The increases (decreases) in maximum rainfall caused by
the exclusion of radiative effects of water clouds in the presence (absence) of radiative effects of ice clouds, or the removal
of radiative effects of ice clouds in the presence (absence)of radiative effects of water clouds, correspond mainly to the
enhancements (reductions) in net condensation.

The mean rain rate is a product of rain intensity and fractional rainfall coverage. The radiation-induced difference in
the mean rain rate is related to the difference in rain intensity. The radiation-induced difference in the maximum rain rate is
associated with the difference in the fractional coverage of maximum rainfall.
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1. Introduction

During summer in the Northern Hemisphere, landfalling
typhoons can cause severe floods along the coastal areas of
eastern and southern China, resulting in regular economic
loss. The rainfall during typhoon landfall is affected by var-
ious physical processes and factors. Among them, cloud ra-
diative processes play an important role in the development
and maintenance of typhoon rainfall. The clouds impact ther-
mal stratification through the reflection of solar radiationat
the top of clouds and prevention of infrared radiation escap-
ing into space. Such a change in temperature affects the net
condensation through the change in saturation specific hu-
midity and cloud microphysical processes. The rainfall can
be influenced by cloud radiative processes through the devel-
opment of the secondary circulation induced by the difference
in radiative heating between cloudy and clear-sky areas (Gray
and Jacobson, 1977), destabilization of thermal stratification
(Lilly, 1988; Dudhia, 1989), and the increase in relative hu-
midity (Tao et al., 1993) or decrease in saturation mixing ratio
(Sui et al., 1997, 1998; Gao et al., 2009; Gao and Li, 2010)

∗ Corresponding author: Xiaofan LI
Email: xiaofanli@zju.edu.cn

in response to infrared radiative cooling.
Deep convection and torrential rainfall are often associ-

ated with the development of typhoons. The torrential rainfall
during the landfall of typhoons usually leads to natural disas-
ters such as floods and mudslides, which can cause tremen-
dous economic and human losses. Deep convection consists
of water and ice clouds, depending on the air temperature.
Ice clouds are semi-transparent to solar radiation but opaque
to infrared radiation, and therefore have a strong greenhouse
effect. On the contrary, water clouds reflect most solar radi-
ation back to space due to their large optical thickness, and
have a dominant cooling effect. Radiative processes of water
and ice clouds may impact upon the development of typhoon
rainfall through the change in cloud microphysical processes.
Thus, studying the radiative effects of water and ice cloudson
typhoon rainfall can enhance understanding of the dominant
physical processes involved, and help determine the cloud ra-
diative effects on typhoon rainfall intensity.

The objective of this study is to separately examine the
radiative effects of water and ice clouds on the cloud micro-
physics and rainfall associated with a typhoon, through anal-
ysis of cloud microphysical budgets with sensitivity experi-
ments. Typhoon Fitow (2013) is selected for this purpose.
Fitow (2013) strengthened to a typhoon in the early morning
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of 3 October 2013 and made landfall with a maximum wind
of 42 m s−1 and minimum pressure of 955 hPa at Fuding,
Fujian, at around 0115 LST (local standard time) 7 October.
It weakened to a tropical storm at around 0500 LST 7 Oc-
tober. Fitow caused economic losses of over 10 billion US
Dollars, mainly through significant floods in several citiesin
Zhejiang Province after its landfall in Fujian Province. Liet
al. (2015) defined the model domain mean rain rate as the
product of rain intensity (RI) and fractional rainfall coverage
(FRC). They analyzed the diurnal variation of tropical rain-
fall using equilibrium cloud-resolving model simulation data
and found that the diurnal variation of the mean rain rate is
associated with that of FRC because the diurnal variation of
RI is significantly weakened through the decrease in rainfall
in the early morning hours. RI and FRC may respond to ra-
diative processes differently. Thus, radiative effects onRI
and FRC will be examined. The model, large-scale forcing,
and sensitivity experiments are briefly described in section 2.
The control experiment is discussed in section 3. Cloud mi-
crophysical and rainfall responses to radiative processesare
examined in section 4. A summary is provided in section 5.

2. Model, experiments and analysis method-
ologies

A 2D cloud-resolving model (Soong and Ogura, 1980;
Soong and Tao, 1980; Tao and Simpson, 1993; Sui et al.,
1994, 1998; Li et al., 1999, 2002) is used to simulate Typhoon
Fitow (2013). The model (Gao and Li, 2008; Li and Gao,
2011), with periodic boundary conditions, contains prognos-
tic equations for perturbation momentum, potential tempera-
ture, specific humidity and five cloud species (cloud water,
raindrops, cloud ice, snow and graupel). The source/sink
terms in the specific humidity and cloud equations include
cloud microphysical parameterization schemes (Lin et al.,
1983; Rutledge and Hobbs, 1983, 1984; Tao et al., 1989;
Krueger et al., 1995; also see Table 1). The source/sink terms
in the thermodynamic equation include solar and infrared
radiative parameterization schemes (Chou, 1992; Chou and
Suarez, 1994; Chou et al., 1991, 1998).

The control experiment (CTL) is simulated with imposed
large-scale forcing (Fig. 1) from 0800 LST 5 October to 0800
LST 9 October 2013. The six-hourly large-scale forcing is
interpolated and imposed in the model every 12 s. The forc-
ing is averaged in a rectangular box covering (26◦–34◦N,
118◦–122◦E) (Fig. 1) using NCEP/GDAS (National Centers
for Environmental Prediction/Global Data Assimilation Sys-
tem) data. Figure 1 shows that the maximum rain amount
during 5–9 October 2013 was over 500 mm. The forcing in-
cludes zonally uniform vertical velocity, zonal wind (Fig.2)
and horizontal temperature and vapor advection (not shown).
The maximum upward motion was over 16 cm s−1 at 6 km
around midnight of 6 October 2013 (Fig. 2a), while westerly
winds developed in the mid and upper troposphere and ex-
tended to the lower troposphere (Fig. 2b).

Table 1. List of microphysical processes and their parameterization
schemes. The schemes are Lin et al. (1983) (LFO), Rutledge and
Hobbs (1983, 1984) (RH83, RH84), Tao et al. (1989) (TSM), and
Krueger et al. (1995) (KFLC).

Notation Description Scheme

PMLTG Growth of vapor by evaporation of liquid from
graupel surface

RH84

PMLTS Growth of vapor by evaporation of melting snow RH83

PREVP Growth of vapor by evaporation of raindrops RH83

PIMLT Growth of cloud water by melting of cloud ice RH83

PCND Growth of cloud water by condensation of super-
saturated vapor

TSM

PGMLT Growth of raindrops by melting of graupel RH84

PSMLT Growth of raindrops by melting of snow RH83

PRACI Growth of raindrops by the accretion of cloud ice RH84

PRACW Growth of raindrops by the collection of cloud
water

RH83

PRACS Growth of raindrops by the accretion of snow RH84

PRAUT Growth of raindrops by the autoconversion of
cloud water

LFO

PIDW Depositional growth of cloud ice from cloud
water

KFLC

PIACR Growth of cloud ice by the accretion of rain RH84

PIHOM Growth of cloud ice by the homogeneous freez-
ing of cloud water

PDEP Growth of cloud ice by the deposition of super-
saturated vapor

TSM

PSAUT Growth of snow by the conversion of cloud ice RH83

PSACI Growth of snow by the collection of cloud ice RH83

PSACW Growth of snow by the accretion of cloud water RH83

PSFW Growth of snow by the deposition of cloud water KFLC

PSFI Depositional growth of snow from cloud ice KFLC

PSACR Growth of snow by the accretion of raindrops LFO

PSDEP Growth of snow by the deposition of vapor RH83

PGACI Growth of graupel by the collection of cloud ice RH84

PGACR Growth of graupel by the accretion of raindrops RH84

PGACS Growth of graupel by the accretion of snow RH84

PGACW Growth of graupel by the accretion of cloud
water

RH84

PWACS Growth of graupel by the riming of snow RH84

PGDEP Growth of graupel by the deposition of vapor RH84

PGFR Growth of graupel by the freezing of raindrops LFO

A 2D framework is used in this study because of the
similarities between 2D and 3D model simulations in terms
of thermodynamics, surface heat fluxes, rainfall, precipita-
tion efficiency, and vertical transports of mass, sensible heat,
and moisture (e.g., Tao and Soong, 1986; Tao et al., 1987;
Grabowski et al., 1998; Tompkins, 2000; Khairoutdinov and
Randall, 2003; Sui et al., 2005). In addition to the CTL, three
sensitivity experiments (NWR, NIR and NCR) are conducted
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and compared to study the typhoon rainfall responses to radi-
ation (see Table 2).
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Fig. 1. Horizontal distribution of observed rain amount from 5
October to 9 October 2013.
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Fig. 2. Temporal and vertical distribution of (a) vertical veloc-
ity (units: cm s−1) and (b) meridional wind (units: m s−1) from
0800 LST 5 October to 0800 LST 9 October 2013. Ascending
motion in (a) and westerly wind in (b) are shaded. The data
are averaged in a rectangular box covering (26◦–34◦N, 118◦–
122◦E).

Table 2. Summary of the (a) experiment designs and (b) differences
between experiments.

(a)

Exp. Design

CTL Control experiment in which both water and ice
hydrometeor mixing ratios are set to non-zero
in the calculations of radiation

NWR Water hydrometeor mixing ratios are set to zero in
the calculations of radiation

NIR Ice hydrometeor mixing ratios are set to zero in
the calculations of radiation

NCR Both water and ice hydrometeor mixing ratios are
set to zero in the calculations of radiation

(b)

Exp. Effects to be studied

NWR−CTL Radiative effects of water clouds on rainfall in the
presence of radiative effects of ice clouds

NCR−NIR Radiative effects of water clouds on rainfall in the
absence of radiative effects of ice clouds

NIR−CTL Radiative effects of ice clouds on rainfall in the
presence of radiative effects of water clouds

NCR−NWR Radiative effects of ice clouds on rainfall in the
absence of radiative effects of water clouds

3. The control experiment

The evolution of the simulated rain rate averaged over the
model domain in CTL is generally similar to that of the ob-
served rain rate averaged over the rectangular box covering
(26◦–34◦N, 118◦–122◦E) (Fig. 1). The root-mean squared
difference (RMSD) between the observed and simulated rain
rate in CTL (1.14 mm h−1) is significantly smaller than the
standard deviation of the observed rain rate (1.84 mm h−1).
Compared to the observed rain rate, the simulated rain rate
shows significant short-term variability (Fig. 3). Li et al.
(2002) also revealed a short-term life span (nine hours) of
convection in their 2D cloud-resolving model simulation of
tropical rainfall. They argued that the short-term life span
is attributable to the model physics. The mean simulated rain
rate can be analyzed based on the surface rainfall budget (Gao
et al., 2005; Cui and Li, 2006):

PS = QWVT + QWVF + QWVE + QCM . (1)

Here, the mean rain rate is associated with drying (QWVT > 0)
or moistening (QWVT < 0) of the local atmosphere, water
vapor convergence (QWVF > 0) or divergence (QWVF < 0),
surface evaporation (QWVE), and cloud hydrometeor loss and
convergence (QCM > 0) or gain and divergence (QCM < 0).

The short-term variability of the mean simulated mean
rain rate is related to those of the local change in water
vapor (QWVT) and clouds (QCM), while water vapor conver-
gence associated with the imposed large-scale vertical veloc-
ity largely determines the evolution of the mean rain rate (Fig.
4). The time scale of the variability ofQCM is smaller than
that ofQWVT . The time scale of the mean rain rate variability
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Fig. 3. Surface rain rate (units: mm h−1) simulated in CTL
(solid) and from rain gauge observation (dashed).
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Fig. 4. Time series of model domain means of the surface rain-
fall budget in CTL:PS (black); QWVT (orange);QWVF (blue);
QWVE (green);QCM (red). Units: mm h−1.

corresponds mainly to that ofQWVT . Before the occurrence
of strong rainfall on 5 October and in the early morning of
6 October, the mean water vapor convergence fails to pro-
duce the rainfall because it moistens the local atmosphere,
which sets favorable moisture conditions for the development
of torrential rainfall later. In the latter part of the day on8
October and the early part of 9 October, the water vapor con-
vergence decreases rapidly, which leads to the dissipationof
strong convection.

The model domain can be categorized into clear-sky,
raining stratiform, convective, and non-raining stratiform re-
gions. The area with a total hydrometeor mixing ratio of
over 10−5 g kg−1 is considered cloudy. The convective and
stratiform rainfall is partitioned using the scheme developed
by Tao et al. (1993) and modified by Sui et al. (1994). Over
clear-sky regions, water vapor convergence is used to moisten
the local atmosphere before the beginning of the rainfall (Fig.
5a). Water vapor divergence generally occurs before the tor-
rential rainfall reaches a maximum at around midnight of 6
October, which leads to drying of the local atmosphere. Wa-
ter vapor convergence generally occurs after the maximum
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Fig. 5. Time series of surface rainfall budget [PS (black),QWVT
(orange), QWVF (blue), QWVE (green) andQCM (red)] in
(a) clear-sky, (b) raining stratiform, (c) convective and (d)
non-raining stratiform regions, calculated from CTL. Units:
mm h−1.

rainfall, which moistens the local atmosphere. Over rain-
ing stratiform regions, water vapor convergence, atmospheric
drying and hydrometeor convergence are sources of strati-
form rainfall (Fig. 5b). Over convective regions, convective
rainfall is largely associated with water vapor convergence
(Fig. 5c). Over non-raining stratiform regions, water vapor
convergence is generally used to increase water vapor in the
local atmosphere (Fig. 5d).

4. Cloud microphysical and rainfall responses
to radiative processes

The RMSDs between the observed and simulated rain
rates in NWR (0.87 mm h−1), NIR (0.90 mm h−1) and NCR
(0.94 mm h−1) are about 18%–24% smaller than that in CTL
(1.14 mm h−1). This indicates that the removal of cloud ra-
diative effects leads to better rainfall simulations compared to
the observation. The RMSDs may be attributable to the errors
from rain gauge observations, the large-scale vertical velocity
from the NCEP/GDAS data, and the initial conditions. The
reduction in RMSD caused by the exclusion of cloud radia-
tive effects implies that the errors from other model physics,
such as the release of latent heat associated with cloud micro-
physical parameterization schemes and heat divergence, may
compensate for the errors from the radiative tendency due to
the removal of cloud radiative effects in the thermal balance.
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The impacts of radiative processes on cloud microphysics
and rainfall are investigated through analysis of four-day
and model domain average data. The exclusion of radia-
tive effects of water clouds increases the rain rate from CTL
to NWR in the presence of radiative effects of ice clouds,
whereas it barely changes the rain rate from NIR to NCR in
the absence of radiative effects of ice clouds (Table 3).

To examine the change in cloud processes that are re-
sponsible for the change in rainfall, the mean mass-integrated
cloud budget is analyzed. The cloud budget is expressed by

PS = QNC + QCM , (2a)

QNC = PCND + PDEP+ PSDEP+ PGDEP−

(PREVP+ PMLTS + PMLTG) , (2b)

QCM = QCMC + QCMR + QCMI + QCMS+ QCMG. (2c)

Here,QNC is the net condensation, and the cloud microphys-
ical terms on the right-hand side of Eq. (2b) can be found in
Table 1. The mean hydrometeor change (QCM) can be bro-
ken down into the mean hydrometeor change in cloud water
(QCMC), raindrops (QCMR), cloud ice (QCMI), snow (QCMS),
and graupel (QCMG).

The increase in the rain rate from CTL to NWR is associ-
ated with the enhancement in hydrometeor loss, while the net
condensation rates are similar in the two experiments. The
similar rain rate in NIR and NCR corresponds to similar net
condensation and hydrometeor loss.

The similar net condensation rates in CTL and NWR,
and in NIR and NCR, are related to the offset between the
increases in the vapor condensation (PCND) and evaporation
of rain (PREVP) (Table 4). The increase in hydrometeor loss
from CTL to NWR corresponds to the change in graupel from
a gain in CTL to a loss in NWR (Table 5), which corresponds
mainly to the decrease in accretion of raindrops by cloud ice

Table 3. Cloud microphysical budgets (PS, QNC, and QCM) av-
eraged for four days over the model domain and their RI and
FRC (a) in CTL, NWR, NIR and NCR, and (b) their differences
(NWR−CTL, NCR−NIR, NIR−CTL and NCR−NWR). Units
are mm d−1 for the cloud microphysical budget and RI, and % for
FRC.

(a)

CTL NWR NIR NCR

PS 38.28 39.67 40.68 40.66
QNC 37.80 37.68 39.23 39.06
QCM 0.48 1.99 1.45 1.60
RI 184.80 199.12 231.01 207.45

FRC 20.71 19.92 17.61 19.60

(b)

NWR−CTL NCR−NIR NIR−CTL NCR−NWR

PS 1.39 −0.02 2.40 0.99
QNC −0.12 −0.17 1.43 1.38
QCM 1.51 0.15 0.97 −0.39
RI 14.32 −23.56 46.21 8.33

FRC −0.79 1.99 −3.10 −0.32

Table 4. Breakdown of QNC into PCND, PDEP, PSDEP, PGDEP,
−PREVP,−PMLTS and−PMLTG averaged over the model domain and
four days (a) in CTL, NWR, NIR and NCR, and (b) their differences
(NWR−CTL, NCR−NIR, NIR−CTL and NCR−NWR). Units:
mm d−1.

(a)

CTL NWR NIR NCR

QNC 37.80 37.68 39.23 39.06
PCND 48.71 50.02 49.94 52.20
PDEP 4.51 4.40 4.49 4.40
PSDEP 0.64 0.71 0.62 0.67
PGDEP 0.73 0.75 0.76 0.75
−PREVP −15.80 −17.07 −15.52 −17.66
−PMLTS −0.03 −0.02 −0.03 −0.03
−PMLTG −0.96 −1.11 −1.03 −1.27

(b)

NWR−CTL NCR−NIR NIR−CTL NCR−NWR

QNC −0.12 −0.17 1.43 1.38
PCND 1.31 2.26 1.23 2.18
PDEP −0.11 −0.09 −0.02 0.00
PSDEP 0.07 0.05 −0.02 −0.04
PGDEP 0.02 −0.01 0.03 0.00
−PREVP −1.27 −2.14 −0.28 −0.59
−PMLTS 0.01 0.00 0.00 −0.01
−PMLTG −0.15 −0.24 0.07 −0.16

Table 5. (a) Breakdown ofQCM into QCMC, QCMR, QCMI , QCMS
andQCMG in CTL, NWR, NIR and NCR, and (b) their difference
for NWR−CTL and NCR−NIR. Units: mm d−1.

(a)

CTL NWR NIR NCR

QCM 0.48 1.99 1.45 1.60
QCMC 0.17 −0.30 −0.14 0.51
QCMR 1.38 0.34 2.00 0.73
QCMI 0.04 0.14 0.10 −0.04
QCMS −0.59 0.06 −0.04 0.94
QCMG −0.54 1.76 −0.46 −0.53

(b)

NWR−CTL NCR−NIR NIR−CTL NCR−NWR

QCM 1.51 0.15 0.97 −0.39
QCMC −0.47 0.65 −0.31 0.81
QCMR −1.04 −1.27 0.62 0.39
QCMI 0.10 −0.14 0.06 −0.18
QCMS 0.65 0.98 0.55 0.88
QCMG 2.3 −0.07 0.08 −2.29

(PIACR) (Table 6). The reduction inPIACR may be related to
the decrease in cloud ice, which corresponds to the weak-
ened vapor deposition (PDEP) as a result of the increase in
saturation specific humidity associated with suppressed in-
frared radiative cooling at around 6–10 km (Fig. 6). Note
that the difference in radiative tendency is determined by the
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Table 6. Four-day meanQCMG (units: mm d−1) in CTL and NWR
and their difference for NWR−CTL. QCMG = −PGACI(T < To)−
PGACW(T < To) − PGACS− PLACR(T < To) − PGACR(T < To) −
PWACS(T < To)+ PGMLT(T > To)−PGDEP(T < To)+ PMLTG(T >
To).(To=0◦C)

CTL NWR NWR−CTL

QCMG −0.54 1.76 2.30
−PGACI −0.26 −0.22 0.02
−PGACW −8.77 −8.28 0.49
−PGACS −4.97 −5.18 −0.21
−PIACR −1.47 −0.40 1.07
−PGACR −0.53 −0.29 0.24
−PWACS −1.35 −1.16 0.19
PGMLT 16.72 17.03 0.31
−PGDEP −0.73 −0.75 −0.02
PMLTG 0.96 1.11 0.15
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Fig. 6. Vertical profiles of difference in radiation tendency for
NWR−CTL (black), NCR−NIR (red), NIR−CTL (green), and
NCR−NWR (blue), averaged over four days. Units:◦C d−1.

difference in infrared radiative cooling because the difference
in solar radiative heating is generally much smaller than the
difference in infrared radiative cooling (not shown). Com-
pared to CTL, The removal of radiative effects of water cloud
in NWR allows radiation emitted from the lower troposphere
to reach the bottom of ice clouds, and the radiative effects
of ice clouds trap radiation to suppress the infrared radiative
cooling in the mid and upper troposphere from CTL to NWR.

The similar hydrometeor loss in NIR and NCR is due to
the fact that the changes in cloud water and snow from a gain
in NIR to a loss in NCR are mainly balanced by the decrease
in raindrop loss. The changes in cloud water and snow from
a gain in NIR to a loss in NCR are mainly associated with
the increase in the collection of cloud water by rain (PRACW)
and accretion of snow by graupel (PGACS), respectively (Ta-
bles 7 and 8). The decrease in raindrop loss from NIR to
NCR is related to the reduction in rain source through the
increase inPRACW (Table 9). The increase inPRACW corre-
sponds to enhanced vapor condensation (PCND) through the
reduction in saturation specific humidity associated with the
enhanced infrared radiative cooling from NIR to NCR in the
lower troposphere (Fig. 6). The increase inPGACS is related
to the increase in snow, while graupel decreases from NIR to
NCR. The increase in snow is related to the increased snow
source from the accretion of cloud water (PSACW) and rain-
drops (PSACR) by snow through the increases in cloud wa-
ter and raindrops associated with the increase inPCND. Al-
though radiative effects of ice clouds are excluded in both
NIR and NCR, water vapor traps the radiation emitted from
the lower troposphere in NCR to slightly weaken infrared ra-
diative cooling in the upper troposphere from NIR to NCR.

Table 7. Four-day meanQCMC (units: mm d−1) in NIR and NCR
and their difference for NCR−NIR. QCMC = PSACW + PRAUT +
PRACW+PGACW−PCND +PIHOM(T < Too). (Too=−35◦C).

NIR NCR NCR−NIR

QCMC −0.14 0.51 0.65
PSACW 1.37 1.47 0.10
PRAUT 0.63 0.69 0.06
PRACW 37.07 39.92 2.85
PGACW 10.50 10.38 −0.12
−PCND −49.94 −52.20 −2.26
PIHOM 0.05 0.09 0.04

Table 8. Four-day meanQCMS (units: mm d−1) in NIR and NCR
and their difference for NCR−NIR. QCMS = −PSAUT(T < To)−
PSACI(T < To) − PSACW(T < To) − PSFI(T < To) + PRACS(T >
To)+PGACS+PSMLT(T > To)−PSACR(T < To)−PSDEP(T < To)+
PWACS(T < To).

NIR NCR NCR−NIR

QCMS −0.04 0.94 0.98
−PSAUT −3.42 −3.35 0.07
−PSACI −0.12 −0.11 0.01
−PSACW −1.37 −1.47 −0.10
−PSFI −0.80 −0.77 0.03
PRACS 0.17 0.17 0.00
PGACS 5.22 6.41 1.19
PSMLT 0.30 0.44 0.14
PSACR −0.59 −0.68 −0.09
−PSDEP −0.62 −0.67 −0.05
PWACS 1.30 1.07 −0.23
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Table 9. Four-day meanQCMR (units: mm d−1) in NIR and NCR
and their difference for NCR−NIR. QCMR = −PRAUT −PRACW−

PGACW(T > To) + PREVP− PRACS(T > To) + PLACR(T < To) +
PGACR(T < To)−PSMLT(T > To)−PGMLT(T > To)+PS.

NIR NCR NCR−NIR

QCMR 2.00 0.73 −1.27
−PRAUT −0.63 −0.69 −0.06
−PRACW −37.07 −39.92 −2.85
−PGACW −1.32 −1.36 −0.04

PREVP 15.52 17.66 2.14
−PRACS −0.17 −0.17 0.00
PIACR 0.90 1.15 0.25
PGACR 0.90 0.46 −0.44
−PSMLT −0.30 −0.44 −0.14
−PGMLT −17.20 −17.38 −0.18

PS 40.68 40.66 −0.02

The removal of radiative effects of ice clouds strength-
ens the rain rate primarily through the increases in net con-
densation from CTL to NIR and NWR to NCR (Table 3).
The enhancement in net condensation corresponds to the in-
crease inPCND (Table 4) through the decrease in saturation
specific humidity associated with the enhanced infrared ra-
diative cooling from CTL to NIR and NWR to NCR (Fig.
6) caused primarily by the exclusion of radiative effects of
ice clouds. Compared to NWR, the removal of the effects of
water clouds in NCR makes atmospheric layers more trans-
parent to the radiation emitted from the lower troposphere
and leads to more radiation escaping. As a result, the en-
hancement in infrared radiative cooling from NWR to NCR
is stronger than that from NIR to CTL.

The enhancement in rainfall decreases from NIR−CTL
to NCR−NWR through the change from the increase in hy-
drometeor loss for NIR−CTL to the decrease in hydrome-
teor loss for NCR−NWR (Table 3). The increase in rainfall
dramatically reduces from NWR−CTL to NCR−NIR via
the slowdown in the enhanced hydrometeor loss. These re-
sults correspond primarily to the decrease inPIACR from CTL
to NWR, while the decrease inPIACR from NIR to NCR is
relatively small (Table 5). The reduction inPIACR from CTL
to NWR is associated with the suppressed infrared radiative
cooling (Fig. 6).

Ping et al. (2011) conducted a similar set of sensitivity ex-
periments to those performed in this study but, in their exper-
iments, zero large-scale vertical velocity and height-invariant
zonal wind and time-invariant sea surface temperature were
imposed in the model during the equilibrium integrations.
The similarity between the two studies is that rainfall in-
creases when radiative effects of water clouds are excluded
in the presence of radiative effects of ice clouds, or when ra-
diative effects of ice clouds are removed [see Table 3 in this
study and Table 2 in Ping et al. (2011)]. The difference be-
tween the two studies is that in the absence of radiative ef-
fects of ice clouds, rainfall is insensitive to radiative effects
of water clouds in this study, whereas rainfall increases when
radiative effects of water clouds are eliminated in Ping et al.

(2011).
Following Li et al. (2015), the model domain mean rain

rate is a product of RI (rain rate average over the rainfall area)
and FRC (the ratio of rain grids to total model domain grids),
i.e.,

PS = RI×FRC. (3)

Like the aforementioned model domain rainfall responses to
radiative processes, the exclusion of radiative effects ofwater
clouds increases the RI from CTL to NWR (Table 3). The re-
moval of radiative effects of ice clouds increases the RI from
CTL to NIR and from NWR to NCR. Unlike the radiative ef-
fects of water clouds on rainfall from NIR to NCR, the elim-
ination of radiative effects of water clouds decreases the RI
from NIR to NCR. The FRC reduces from CTL to NWR, and
from CTL to NIR and NWR to NCR, whereas it increases
from NIR to NCR.

Li et al. (2014) defined the maximum rain rate as the sum
of (1) local atmospheric drying and (2) water and hydrome-
teor convergence, based on rainfall separation via the surface
rainfall budget. We calculated the mean cloud microphys-
ical budget and RI and FRC associated with the maximum
rainfall, and their responses to radiative processes (Table 10).
The mean rainfall increases from CTL to NWR, and from
CTL to NIR, mainly through the enhanced net condensation;
whereas, it reduces from NIR to NCR, and from NWR to
NCR, via the suppressed net condensation. In contrast, the
exclusion of radiative effects decreases the maximum RI re-
gardless of water or ice clouds.

Based on Eq. (3), the difference inPS(y) andPS(x) can be
written as

PS(y)−PS(x) = RI(y)FRC(y)−RI(x)FRC(x)

= [RI(y)−RI(x)][FRC(y)−FRC(x)]+

RI(x)[FRC(y)−FRC(x)]+

FRC(x)[RI(y)−RI(x)]. (4)

Here,(y,x)= (NWR,CTL),(NCR,NIR),(NIR,CTL),(NCR,
NWR). Table 11a shows thatPS(y) − PS(x) is controlled

Table 10. As in Table 3 but for those associated with maximum rain-
fall.

(a)

CTL NWR NIR NCR

PS 3.46 4.18 4.41 3.93
QNC 2.03 2.54 2.74 2.31
QCM 1.43 1.64 1.67 1.61
RI 1718.41 1632.54 1669.11 1621.24

FRC 0.201 0.256 0.264 0.242

(b)

NWR−CTL NCR−NIR NIR−CTL NCR−NWR

PS 0.72 −0.48 0.95 −0.25
QNC 0.51 −0.43 0.71 −0.23
QCM 0.21 −0.06 0.24 −0.003
RI −85.87 −47.87 −49.30 −11.30

FRC 0.055 −0.022 0.053 −0.014
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Table 11. Differences in (a) domain mean rain rate and (b) max-
imum rain rate for NWR−CTL, NCR−NIR, NIR−CTL and
NCR−NWR, and their relationships to differences in RI and FRC.
PS1 = [RI(y) − RI(x)][FRC(y)− FRC(x)], PS2 = RI(x)[FRC(y) −
FRC(x)], PS3= FRC(x)[RI(y)−RI(x)]. Units: mm d−1.

(a)

NWR−CTL NCR−NIR NIR−CTL NCR−NWR

PS 1.39 −0.02 2.40 0.99
PS1 −0.11 −0.47 −1.44 −0.08
PS2 −1.46 4.60 −5.97 −0.64
PS3 2.96 −4.15 9.81 1.71

(b)

NWR−CTL NCR−NIR NIR−CTL NCR−NWR

PS 0.72 −0.48 0.95 −0.25
PS1 −0.05 0.01 −0.03 0.00
PS2 0.95 −0.37 0.91 −0.23
PS3 −0.18 −0.12 0.07 −0.02

by FRC(x)[RI(y)−RI(x)]. This suggests that cloud radia-
tive effects on model domain mean rainfall is interrelated
with cloud radiative effects on RI. For maximum rainfall,
PS(y)−PS(x) is determined by RI(x)[FRC(y)−FRC(x)] (Ta-
ble 11b). This indicates that cloud radiative effects on model
domain mean maximum rainfall correspond to cloud radia-
tive effects on the fractional coverage of maximum rainfall.

5. Summary

Cloud-resolving model sensitivity experiments of Ty-
phoon Fitow (2013) were conducted to study the cloud mi-
crophysical and rainfall responses to radiative processesdur-
ing the typhoon’s landfall. The rain rate simulated in CTL
was compared with observed rain gauge data. The analysis
of the RMSD between simulation and observation, and the
standard deviation, showed fair agreement between the simu-
lation and observation. The comparison of the model domain
mean cloud budget between the sensitivity experiments re-
vealed that the exclusion of radiative effects of water clouds
increases the mean rainfall through the enhanced hydrome-
teor loss caused by the decrease in accretion of raindrops by
cloud ice in the presence of radiative effects of ice clouds;
whereas, it barely changes rainfall in the absence of radia-
tive effects of ice clouds. The removal of radiative effectsof
ice clouds increases the mean rainfall through the strength-
ened net condensation regardless of the radiative effects of
water clouds. The difference in model domain mean rain rate
caused by cloud radiative effects is related to the difference
in RI.

The increases in maximum rainfall are associated with the
exclusion of radiative effects of water clouds in the presence
of radiative effects of ice clouds, or the removal of radiative
effects of ice clouds in the presence of radiative effects ofwa-
ter clouds, mainly through the enhancements in net conden-
sation. The decreases in maximum rainfall correspond to the

elimination of radiative effects of water clouds in the absence
of radiative effects of ice clouds, or the removal of radiative
effects of ice clouds in the absence of radiative effects of wa-
ter clouds, through the reductions in net condensation. The
difference in the maximum rain rate caused by cloud radiative
effects is related to the difference in the fractional coverage
of maximum rainfall.
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