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ABSTRACT

Cloud microphysical and rainfall responses to radiativepsses are examined through analysis of cloud-resolvigim
sensitivity experiments of Typhoon Fitow (2013) duringdéail. The budget analysis shows that the increase in thexmea
rainfall caused by the exclusion of radiative effects ofavalouds corresponds to the decrease in accretion of cgiadry
cloud ice in the presence of radiative effects of ice clots,the rainfall is insensitive to radiative effects of wattouds
in the absence of radiative effects of ice clouds. The irs@ean the mean rainfall resulting from the removal of radat
effects of ice clouds correspond to the enhanced net coatiens The increases (decreases) in maximum rainfall cbloge
the exclusion of radiative effects of water clouds in thespreee (absence) of radiative effects of ice clouds, or tmeval
of radiative effects of ice clouds in the presence (abseateadiative effects of water clouds, correspond mainlyhe t
enhancements (reductions) in net condensation.

The mean rain rate is a product of rain intensity and fraetioainfall coverage. The radiation-induced difference in
the mean rain rate is related to the difference in rain intgnhe radiation-induced difference in the maximum raiteris
associated with the difference in the fractional coverdgaaximum rainfall.
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1. Introduction in response to infrared radiative cooling.

During summer in the Northern Hemisphere, landfallin De(_ep convection and torrential rainfall are oftep associ-

typhoons can cause severe floods along the cc;astal areagt%? with the developmentof typhoons. The torrential aalllnf
) S gurmg the landfall of typhoons usually leads to naturahdis

eastern and southern China, resuilting in regular ECONOTALS such as floods and mudslides, which can cause tremen-

!OSS' The_rainfall during typhoon landfall is affected by'Vadous economic and human Iosses.’ Deep convection consists

lous physical processes and factors. Among them, cloud Of water and ice clouds, depending on the air temperature.

diative processes play an important role in the developmt?&te clouds are semi-transparent to solar radiation butwpaq
and maintenance of typhoon rainfall. The clouds impactth% infrared radiation, and therefore have a strong greesdou

mal stratification through the reflection of solar radiatain effect. On the contrary, water clouds reflect most solar-radi

the top of clouds and prevention of infrared radiation escagti?n back to space due to their large optical thickness, and

ing into space. Such a change in temperature affects the ne . . .
. : . .. _have a dominant cooling effect. Radiative processes ofrwate
condensation through the change in saturation specific hu- " ;
L . : . and ice clouds may impact upon the development of typhoon
midity and cloud microphysical processes. The rainfall can

be influenced by cloud radiative processes through the de ra]mfall through the change in cloud microphysical proesss

) v . us, studying the radiative effects of water and ice clards
opmentofthe secondary circulation induced by the dlffeeent hoon rainfall can enhance understanding of the dominant
in radiative heating between cloudy and clear-sky areaa;(Gryp 9

and Jacobson, 1977), destabilization of thermal stratiifina p_hy_5|cal PrOCesses mvolved,_ and help d_etermme the cloud r
. i . . . . diative effects on typhoon rainfall intensity.
(Lilly, 1988; Dudhia, 1989), and the increase in relative hu S . . :
The obijective of this study is to separately examine the

midity (Tao et al., 1993) or decrease in saturation mixingra diative effects of water and ice clouds on the cloud micro-
(Sui et al., 1997, 1998; Gao et al., 2009; Gao and Li, 201 . . . .
physics and rainfall associated with a typhoon, througltana
ysis of cloud microphysical budgets with sensitivity exper
* Corresponding author: Xiaofan LI ments. Typhoon Fitow (2013) is selected for this purpose.
Email: xiaofanli@zju.edu.cn 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@lable 1. List of microphysical processes and their parameterinatio

of 42 m s and minimum pressure of 955 hPa at Fudingchemes. The schemes are Lin et al. (1983) (LFO), Rutledge an
Fujian, at around 0115 LST (local standard time) 7 Octob&tobbs (1983, 1984) (RH83, RH84), Tao et al. (1989) (TSM), and
It weakened to a tropical storm at around 0500 LST 7 Offueger etal. (1995) (KFLC).

tober. Fitow caused economic losses of over 10 billion Uﬁotation
Dollars, mainly through significant floods in several cities

Description Scheme

Zhejiang Province after its landfall in Fujian Province.dti

al. (2015) defined the model domain mean rain rate as the
product of rain intensity (RI) and fractional rainfall coage
(FRC). They analyzed the diurnal variation of tropical rain Py
fall using equilibrium cloud-resolving model simulatioatd EVP
and found that the diurnal variation of the mean rain rate i MLT
associated with that of FRC because the diurnal variation ofcND
RI is significantly weakened through the decrease in rdinfal

in the early morning hours. Rl and FRC may respond to raFemLt
diative processes differently. Thus, radiative effectsRin  Psmit
and FRC will be examined. The model, large-scale forcingPrac
and sensitivity experiments are briefly described in sacio g,y
The control experiment is discussed in section 3. Cloud mi-
crophysical and rainfall responses to radiative proceases

examined in section 4. A summary is provided in section 5. PRiS:
2. Modd, experiments and analysis method- P
ologies PiAck
.Prom

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

The control experiment (CTL) is simulated with imposedPsacw
large-scale forcing (Fig. 1) from 0800 LST 5 October to 0800
LST 9 October 2013. The six-hourly large-scale forcing iSRyacs
interpolated and imposed in the model every 12 s. The forcpp
ing is averaged in a rectangular box covering°(ZBFN, P
118-122E) (Fig. 1) using NCEP/GDAS (National Centers.

6 Growth of vapor by evaporation of liquid fronRH84

graupel surface

s Growth of vapor by evaporation of melting snow RH83

Growth of vapor by evaporation of raindrops RH83
Growth of cloud water by melting of cloud ice  RH83

Growth of cloud water by condensation of supel-SM
saturated vapor

Growth of raindrops by melting of graupel RH84
Growth of raindrops by melting of snow RH83
Growth of raindrops by the accretion of cloud ice  RH84

Growth of raindrops by the collection of cloudRH83
water

Growth of raindrops by the accretion of snow RH84
Growth of raindrops by the autoconversion dfFO
cloud water

Depositional growth of cloud ice from cloudkKFLC

water
Growth of cloud ice by the accretion of rain RH84

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

Growth of cloud ice by the deposition of supefSM
saturated vapor

Growth of snow by the conversion of cloud ice  RH83
Growth of snow by the collection of cloud ice RH83
Growth of snow by the accretion of cloud water RH83

Growth of snow by the deposition of cloud water KFLC

Depositional growth of snow from cloud ice KFLC
Growth of snow by the accretion of raindrops LFO
Growth of snow by the deposition of vapor RH83

Growth of graupel by the collection of cloud ice  RH84
Growth of graupel by the accretion of raindrops RH84
Growth of graupel by the accretion of snow RH84

Growth of graupel by the accretion of clouBH84
water

Growth of graupel by the riming of snow RH84
Growth of graupel by the deposition of vapor RH84
Growth of graupel by the freezing of raindrops  LFO

for Environmental Prediction/Global Data AssimilationsSy

tem) data. Figure 1 shows that the maximum rain amount A 2D framework is used in this study because of the
during 5-9 October 2013 was over 500 mm. The forcing isimilarities between 2D and 3D model simulations in terms
cludes zonally uniform vertical velocity, zonal wind (FR). of thermodynamics, surface heat fluxes, rainfall, preaipit
and horizontal temperature and vapor advection (not showtign efficiency, and vertical transports of mass, sensibhth
The maximum upward motion was over 16 cmtst 6 km and moisture (e.g., Tao and Soong, 1986; Tao et al., 1987;
around midnight of 6 October 2013 (Fig. 2a), while westerlgrabowski et al., 1998; Tompkins, 2000; Khairoutdinov and
winds developed in the mid and upper troposphere and &andall, 2003; Sui et al., 2005). In addition to the CTL, &re
tended to the lower troposphere (Fig. 2b). sensitivity experiments (NWR, NIR and NCR) are conducted
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and compared to study the typhoon rainfall responses te rathble 2. Summary of the (a) experiment designs and (b) differences
ation (see Table 2). between experiments.

a
35N @ .
Exp. Design
34N CTL Control experiment in which both water and ice
33N hydrometeor mixing ratios are set to non-zero
} in the calculations of radiation
32N ~ 600 NWR Water hydrometeor mixing ratios are set to zero in
* N 500 the calculations of radiation
31N & Ny R 400 NIR Ice hydrometeor mixing ratios are set to zero in
S N the calculations of radiation

30N QA 300 NCR Both water and ice hydrometeor mixing ratios are

-7 200 set to zero in the calculations of radiation
29N 6 i

1
28N R & 0 ©) ,
4 Exp. Effects to be studied
2INE A NWR—CTL Radiative effects of water clouds on rainfall in the
26N presence of radiative effects of ice clouds
| NCR—NIR  Radiative effects of water clouds on rainfall in the
25N y absence of radiative effects of ice clouds
116E 118E 120E 122E 124E NIR—CTL Radiative effects of ice clouds on rainfall in the

Fig. 1. Horizontal distribution of observed rain amount from 5 NCR—NWR

October to 9 October 2013.

presence of radiative effects of water clouds
Radiative effects of ice clouds on rainfall in the
absence of radiative effects of water clouds

3. Thecontrol experiment

=~ 12} The evolution of the simulated rain rate averaged over the
_g -------- model domain in CTL is generally similar to that of the ob-
= served rain rate averaged over the rectangular box covering
=) /AN NS (26°-34N, 118-122E) (Fig. 1). The root-mean squared
L6l UM | difference (RMSD) between the observed and simulated rain

Fig. 2. Temporal and vertical distribution of (a) vertical veloc-

70CT  80CT

90CT

ity (units: cm s'1) and (b) meridional wind (units: ni$) from
0800 LST 5 October to 0800 LST 9 October 2013. Ascendinggence associated with the imposed large-scale verticatvel
motion in (a) and westerly wind in (b) are shaded. The dataity largely determines the evolution of the mean rain ratg.(F
are averaged in a rectangular box covering®3FN, 118—
122°E).

rate in CTL (1.14 mm h?) is significantly smaller than the
standard deviation of the observed rain rate (1.84 mi).h
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 spa

is attributable to the model physics. The mean simulated rai
rate can be analyzed based on the surface rainfall budget (Ga
et al., 2005; Cui and Li, 2006):

Ps = Qwvt + Qwvr + Qwve +Qcwm - 1)

Here, the mean rain rate is associated with dry@g\t > 0)
or moistening Qwyt < 0) of the local atmosphere, water
vapor convergenceyve > 0) or divergenceQuwyvr < 0),
surface evaporatioryve), and cloud hydrometeor loss and
convergenceQcym > 0) or gain and divergenc€gm < 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 Qcn), while water vapor conver-

4). The time scale of the variability @cy is smaller than
that of Qwvt. The time scale of the mean rain rate variability
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- non-raining stratiform regions, calculated from CTL. Wnit
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rainfall, which moistens the local atmosphere. Over rain-
ing stratiform regions, water vapor convergence, atmasphe
Fig. 4. Timg series of model domain means of the surface rai”'drying and hydrometeor convergence are sources of strati-
fall budget in CTL:Ps (black); Quvr (orange).Quvr (blu€); form rainfall (Fig. 5b). Over convective regions, conveeti
Qwve (green);Qcwm (red). Units: mm h'. rainfall is largely associated with water vapor convergenc
(Fig. 5¢). Over non-raining stratiform regions, water vapo

corresponds mainly to that @wyr. Before the occurrence conyergence is generally used to increase water vapor in the
of strong rainfall on 5 October and in the early morning gfca| atmosphere (Fig. 5d).

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 developmed4,  Cloud microphysical and rainfall responses
of torrential rainfall later. In the latter part of the day 8n to radiative processes
October and the early part of 9 October, the water vapor con-
vergence decreases rapidly, which leads to the dissipafion ~The RMSDs between the observed and simulated rain
strong convection. rates in NWR (0.87 mmht), NIR (0.90 mm 1) and NCR
The model domain can be categorized into clear-sk@-94 mm h'') are about 18%—-24% smaller than that in CTL
raining stratiform, convective, and non-raining stratifore- (1.14 mm h%). This indicates that the removal of cloud ra-
gions. The area with a total hydrometeor mixing ratio dfiative effects leads to better rainfall simulations conegeto
over 10° g kg~ is considered cloudy. The convective anée observation. The RMSDs may be attributable to the errors
stratiform rainfall is partitioned using the scheme depely from rain gauge observations, the large-scale verticalit
by Tao et al. (1993) and modified by Sui et al. (1994). ovdiom the NCEP/GDAS data, and the initial conditions. The
clear-sky regions, water vapor convergence is used to emisteduction in RMSD caused by the exclusion of cloud radia-
the local atmosphere before the beginning of the rainfag. (F tive effects implies that the errors from other model physic
5a)_ Water vapor divergence genera”y occurs before the tgHCh as the release of latent heat associated with cloudmicr
rential rainfall reaches a maximum at around midnight of Bhysical parameterization schemes and heat divergenge, ma
October, which leads to drying of the local atmosphere. Wgompensate for the errors from the radiative tendency due to
ter vapor convergence genera”y occurs after the maximlﬁh? removal of cloud radiative effects in the thermal baganc



JANUARY 2016 LOU AND LI

105

The impacts of radiative processes on cloud microphysitable 4. Breakdown of Qnc into Penp, Poep, Psper Pepep
and rainfall are investigated through analysis of four-dayPreve, —PuLts and—PRyitc averaged over the model domain and
and model domain average data. The exclusion of radfgur days (a)in CTL, NWR, NIR and NCR, and (b) their differesc

tive effects of water clouds increases the rain rate from C phl
to NWR in the presence of radiative effects of ice clougd™m? ™

-ﬂlIWRfCTL, NCR—NIR, NIR—CTL and NCR- NWR). Units:
1

whereas it barely changes the rain rate from NIR to NCR ify)

the absence of radiative effects of ice clouds (Table 3).

. . CTL NWR NIR NCR
To examine the change in cloud processes that are re-
sponsible for the change in rainfall, the mean mass-integra Qnc 37.80 37.68 39.23 39.06
cloud budget is analyzed. The cloud budget is expressed byFPenp 48.71 50.02 49.94 52.20
Poep 451 4.40 4.49 4.40
_ Pspep 0.73 0.75 0.76 0.75
Qne = Penp + Poep + Pspep+ Peper— —Prevp ~15380 ~1707  —1552 ~17.66
(Prevep+Puits + Pute) (2b)  —PyTs -0.03 -0.02 -0.03 -0.03
Qcm = Qeme + Qemr + Qemi + Qems+ Qeme. (2¢)  —Pwute —0.96 -111 —1.03 -1.27
Here,Qnc is the net condensation, and the cloud microphygb)
ical terms on the right-hand side of Eq. (2b) can be found in NWR—_CTL NCR—NIR NIR—CTL NCR-NWR
Table 1. The mean hydrometeor chan@gey;) can be bro-
ken down into the mean hydrometeor change in cloud watelr?NC _cl)ézl _02'1276 11'423’3 12'3188
(Qcmc), raindrops Qewmr), cloud ice Qemi), snow Qcwms), PEND o1l 0,00 002 0.00
and graupel@cmgc). EP ' ' ' '
. ? . . . Pspep 0.07 0.05 -0.02 —-0.04
The increase in the rain rate from CTL to NWR is associ- _
- r > Pspep 0.02 0.01 0.03 0.00
ated with the enhancemept in hydrometeor loss, _vvhlle theneq._ _127 _214 028 059
condensation rates are similar in the two experiments. Thep, 1o 0.01 0.00 0.00 —001
similar rain rate in NIR and NCR corresponds to similar net By rg —-0.15 —0.24 0.07 -0.16

condensation and hydrometeor loss.
The similar net condensation rates in CTL and NWR,

and in NIR and NCR, are related to the offset between ttrable 5. (a) Breakdown ofQcy into Qemc, Qemr, Qemis Qems
increases in the vapor condensati®a\p) and evaporation andQcyg in CTL, NWR, NIR and NCR, and (b) their difference
of rain (Freve) (Table 4). The increase in hydrometeor los®r NWR — CTL and NCR- NIR. Units: mm d1.

from CTL to NWR corresponds to the change in graupel from

&

againin CTL to aloss in NWR (Table 5), which corresponds

mainly to the decrease in accretion of raindrops by cloud ice CTL NWR NIR NCR
Table3. Cloud microphysical budgetsP{, Quc, and Qcu) av- Qcm 0.48 1.99 1.45 1.60
eraged for four days over the model domain and their RI angc'\"C 0.17 -0.30 -0.14 0.51
FRC (a) in CTL, NWR, NIR and NCR, and (b) their differences <CMR 1.38 034 2.00 0.73
(NWRfC'lI'L, NCR—NIR, NIR—CTL and NCR— NWR). Units ;“/’I'; 8'23 g'ég oodio ’%’%‘L
iscnlwm d -+ for the cloud microphysical budget and RI, and % forQCNIG 054 176 046 053
@) (b)
CTL NWR NIR NCR NWR—-CTL NCR—-NIR NIR—CTL NCR—NWR
Ps 38.28 39.67 40.68 40.66 Qcm 151 0.15 0.97 —0.39
Qne 37.80 37.68 39.23 39.06 Qcmc -0.47 0.65 -0.31 0.81
Qcm 0.48 1.99 1.45 1.60 Qcmr —-104 -127 0.62 0.39
RI 184.80 199.12 231.01 207.45 Qcwmi 0.10 —0.14 0.06 —-0.18
FRC 20.71 19.92 17.61 19.60 Qcwms 0.65 0.98 0.55 0.88
Qcme 2.3 —-0.07 0.08 —2.29
(b)
NWR-CTL NCR-NIR NIR-CTL NCR-NWR (Pacr) (Table 6). The reduction iRacr may be related to
Ps 1.39 —-0.02 2.40 0.99 the decrease in cloud ice, which corresponds to the weak-
Qne -0.12 -0.17 1.43 1.38 ened vapor depositiorPfer) as a result of the increase in
Qem 151 0.15 0.97 —0.39  gaturation specific humidity associated with suppressed in
RI 14.32 —2356 46.21 833 frared radiative cooling at around 6-10 km (Fig. 6). Note
FRC -0.79 1.99 -3.10 —-0.32

that the difference in radiative tendency is determinechiay t
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Table 6. Four-day meaQcmg (units: mm d1) in CTL and NWR
and their difference for NWR CTL. Qcme = —Peaci(T < To) —
Peacw(T < To) — Peacs — RFLacr(T < To) — Peacr(T < To) —
Rwvacs(T < To) +Pamt (T > To) — Peper(T < To) + PuLta (T >
To)-(TOZOOC)

CTL NWR NWR— CTL

Qeme —0.54 1.76 2.30
—Paac ~0.26 ~0.22 0.02
—Poacw -8.77 -8.28 0.49
—Paacs —4.97 ~5.18 -0.21
—Piacr ~1.47 ~0.40 1.07
—PoacRr ~0.53 ~0.29 0.24
—PRwacs -1.35 ~1.16 0.19

PomLT 16.72 17.03 0.31
—Popep ~0.73 ~0.75 -0.02

PuLTG 0.96 1.11 0.15

e

141

124

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 rdhAcw)
and accretion of snow by graupéldacs), 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 iBracw corre-
sponds to enhanced vapor condensatig) through the
reduction in saturation specific humidity associated whd t
enhanced infrared radiative cooling from NIR to NCR in the
lower troposphere (Fig. 6). The increasdPncs 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 wat€kfcw) and rain-
drops sacr) by snow through the increases in cloud wa-
ter and raindrops associated with the increasEcip. 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 meaQcpc (units: mm d1) in NIR and NCR
and their difference for NCR NIR. Qcmc = Psacw + PrauTt +
Pracw + Peacw — Penp +PHom (T < Too)- (Too=—35°C).

g NIR NCR NCR- NIR
-
w 8 Qeme —014 0.51 0.65
@ Psacw 1.37 1.47 0.10
Praut 0.63 0.69 0.06
6 Pracw 37.07 39.92 2.85
Psacw 10.50 10.38 -0.12
—Penp —4994 —-5220 —2.26
44 Prowm 0.05 0.09 0.04
2] Table 8. Four-day mearQcms (units: mm d1) in NIR and NCR
9 and their difference for NCR NIR. Qcms = —Psaut(T < To) —
Psaci(T < To) — Psacw(T < To) — Pspi(T < To) + Pracs(T >
0k h To) +Psacs+Psmit(T > To) — Psacr(T < To) — Psper(T < To) +
Difference in Radiation Tendency (°C d7!) Ruacs(T < To)-
, , , . . o NIR NCR NCR—NIR
Fig. 6. Vertical profiles of difference in radiation tendency for
NWR — CTL (black), NCR— NIR (red), NIR— CTL (green), and Qcms —0.04 0.94 0.98
NCR— NWR (blue), averaged over four days. Unit€ d-1. —Psaut —3.42 —-3.35 0.07
—Psaci -0.12 -0.11 0.01
difference in infrared radiative cooling because the diffee —Psacw —-137 —147 —0.10
in solar radiative heating is generally much smaller than th —Psri —0.80 —0.77 0.03
difference in infrared radiative cooling (not shown). Com- Pracs 0.17 0.17 0.00
pared to CTL, The removal of radiative effects of water cloud™eAcs 5.22 6.41 119
in NWR allows radiation emitted from the lower troposphere
) o Psacr ~0.59 —0.68 —0.09
to reach the bottom of ice clouds, and the radiative effects
of ice clouds trap radiation to suppress the infrared raiat _ ~°c" -062 —067 —005
P bp Rwacs 1.30 1.07 —0.23

cooling in the mid and upper troposphere from CTL to NWR
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Table 9. Four-day mearQcpr (units: mm d1) in NIR and NCR (2011).

and their difference for NCR NIR. Qcmr = —PrauT — PrRacw — Following Li et al. (2015), the model domain mean rain
Peacw(T > To) 4+ Preve — Pracs(T > To) + Placr(T < To) + rate is a product of RI (rain rate average over the rainfathjr
Peacr(T < To) = PsmLt(T > To) — Pemit (T > To) +Ps. and FRC (the ratio of rain grids to total model domain grids),
ie.,
NIR NCR NCR—NIR Ps = RI x FRC. ©)
Qcmr 2.00 0.73 —127 | jke the aforementioned model domain rainfall responses to
—Praut —063 —069 —006  radiative processes, the exclusion of radiative effectgadér
~Pracw —8r07 —39.92 ~285  tlouds increases the RI from CTL to NWR (Table 3). The re-
—Psacw -1.32 ~1.36 —0.04 > . ;
Paye 1552 17 66 214 moval of radiative effects of ice clouds increases the.R‘nfro
Pracs _017 017 0.00 CTLtoNIRand from NWR to NCR. Unlike the radiative ef-
RAAcR 0.90 1.15 0.25 fects of water clouds on rainfall from NIR to NCR, the elim-
PGACR 0.90 0.46 _0.44 ination of radiative effects of water clouds decreases the R
—PsmLt —-0.30 —0.44 —0.14 from NIR to NCR. The FRC reduces from CTL to NWR, and
—PomLt —17.20 —17.38 —0.18 from CTL to NIR and NWR to NCR, whereas it increases
Ps 40.68 40.66 —0.02 from NIR to NCR.

Li etal. (2014) defined the maximum rain rate as the sum

The removal of radiative effects of ice clouds strengt of (1) local atmospheric drying and (2) water and hydrome-

ens the rain rate primarily through the increases in net cofor convergence, based on rainfall separation via thaseif

densation from CTL to NIR and NWR to NCR (Table 3)_raunfall budget. We calculated the mean cloud microphys-

The enhancement in net condensation corresponds to the'cl:%! budget and RI and FRC associated with the maximum

crease inPenp (Table 4) through the decrease in saturat rainfall, and their responses to radiative processes € THb).

specific humidity associated with the enhanced infrared rér-_;_i $el\?lr|]:er&rlrlwrgﬁlllyl?ﬁrrgssgihferoe?hgr:tetcci)n'\elz\t/\::?)hgggsggg:r
diative cooling from CTL to NIR and NWR to NCR (Fig. ' '

6) caused primarily by the exclusion of radiative effects v¥hereas, it reduces from NIR to NCR, and from NWR to

ice clouds. Compared to NWR, the removal of the eﬁects%‘fCR’ via the suppressed net condensation. In contrast, the

water clouds in NCR makes atmospheric layers more rag&clusion of radiative effects decreases the maximum RI re-

L ; rdless of water or ice clouds.
parent to the radiation emitted from the lower troposphegg Based on Eq. (3), the differencef(y) andPs(x) can be

and leads to more radiation escaping. As a result, the en-

hancement in infrared radiative cooling from NWR to chvntten as
is stronger than that from NIR to CTL. Ps(y) — Ps(x) = RI(y)FRC(y) — RI(x)FRC(x)
The enhancement in rainfall decreases from NIRTL = [RI(y) — RI(x)][FRC(y) — FRC(X)] +
to NCR— NWR through the change from the increase in hy- RIX)[FRClY) — FROX)] +
drometeor loss for NIR- CTL to the decrease in hydrome-
teor loss for NCR- NWR (Table 3). The increase in rainfall FRC(X)[RI(y) — RI(x)]. (4)

dramatically reduces from NWRCTL to NCR—NIR via  Here (y,x) = (NWR,CTL), (NCR,NIR), (NIR,CTL), (NCR,

the slowdown in the enhanced hydrometeor loss. These fRyR). Table 11a shows tha®s(y) — Ps(X) is controlled
sults correspond primarily to the decreas@jgr from CTL

to NWR, while the decrease iRacr from NIR to NCR is Table 10. As in Table 3 but for those associated with maximum rain-
relatively small (Table 5). The reduction Bucg from CTL  fall.
to NWR is associated with the suppressed infrared radianvgzd)
cooling (Fig. 6).

Ping et al. (2011) conducted a similar set of sensitivity ex- CTL NWR NIR NCR
periments to those performed in this study but, in their expe Ps 3.46 4.18 4.41 3.93
iments, zero large-scale vertical velocity and heigh&itant Qnc 2.03 2.54 2.74 231
zonal wind and time-invariant sea surface temperature weikem 1.43 1.64 1.67 161
imposed in the model during the equilibrium integrations.R! 1718.41 1632.54 1669.11 1621.24
The similarity between the two studies is that rainfall inF 0.201 0.256 0.264 0.242

creases when radiative effects of water clouds are exclud?g)
in the presence of radiative effects of ice clouds, or when r&
diative effects of ice clouds are removed [see Table 3 in this

NWR—-CTL NCR-NIR NIR—-CTL NCR—-NWR

study and Table 2 in Ping et al. (2011)]. The difference befg 0.72 —0.48 0.95 -0.25
tween the two studies is that in the absence of radiative eébnc 0.51 -0.43 0.71 —0.23
fects of ice clouds, rainfall is insensitive to radiativéeets Qcwm 0.21 —-0.06 0.24 —0.003
of water clouds in this study, whereas rainfall increasesrwh R! —8587 —47.87 —49.30 —1130

radiative effects of water clouds are eliminated in Pinglet arRC 0.055 —0.022 0.053 —0.014




108 RADIATIVE EFFECTS ON FITOW RAINFALL VOLUME 33

Table 11. Differences in (a) domain mean rain rate and (b) maelimination of radiative effects of water clouds in the alse
imum rain rate for NWR-CTL, NCR—-NIR, NIR-CTL and of radiative effects of ice clouds, or the removal of radiati
NCR—NWR, and their relationships to differences in Rl and FRGaffects of ice clouds in the absence of radiative effectsaf w
Ps1 = [RI(y) —RIX)][FRCl) — FRCX)], Ps2 = R'(’l‘)[Fqu) ~ ter clouds, through the reductions in net condensation. The
FROX)], Pss= FRAX)[RI(y) — RI(x)]. Units: mm d"*. difference in the maximum rain rate caused by cloud radiativ
@) effects is related to the difference in the fractional cager

of maximum rainfall.

NWR—-CTL NCR—-NIR NIR-CTL NCR-NWR
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