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ABSTRACT

The precipitation responses to the radiative effects of ice clouds are investigated through analysis of five-day and hori-
zontally averaged data from 2D cumulus ensemble model experiments of a pre-summer torrential precipitation event. The
exclusion of the radiative effects of ice clouds lowered the precipitation rate through a substantial reduction in the decrease of
hydrometeors when the radiative effects of water clouds were switched on, whereas it increased the precipitation rate through
hydrometeor change from an increase to a decrease when the radiative effects of ice clouds were turned off. The weakened
hydrometeor decrease was associated with the enhanced longwave radiative cooling mainly through the decreases in the melt-
ing of non-precipitating ice to non-precipitating water. The hydrometeor change from an increase to a decrease corresponded
to the strengthened longwave radiative cooling in the upper troposphere through the weakened collection of non-precipitating
water by precipitation water.
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1. Introduction

Solar shortwave radiative heating and infrared longwave
radiative cooling are crucial to the thermal balance and verti-
cal stratification during the development of precipitation sys-
tems. The radiative difference between cloudy and cloud-
free areas leads to a nocturnal precipitation peak through the
enhancement of secondary circulation (Gray and Jacobson,
1977). Cloud radiative processes affect the unstable verti-
cal temperature structure associated with upper-tropospheric
stratiform clouds (Lilly, 1988) and the destabilization of the
environment (Dudhia, 1989). Tao et al. (1993) conducted
cloud-resolving model experiments and found that the long-
wave radiative cooling enhanced precipitation in both the
tropics and midlatitudes. Sui et al. (1997, 1998), Gao et
al. (2009) and Gao and Li (2010) showed that the nocturnal
temperature decrease induced by the infrared radiative cool-
ing lowers the saturation mixing ratio and increases conden-
sation, which produces the nocturnal precipitation peak.
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Recently, Shen et al. (2011b) showed that the exclusion of
radiation enhances the daily and horizontally averaged pre-
cipitation rate during the onset and dissipation phases, but it
weakens the average precipitation rate during the peak phase.
Wang et al. (2010b) found that the removal of the radiative
effects of ice clouds lowers the average precipitation rate dur-
ing the onset and development phases, whereas it increases
the average precipitation rate during the peak and dissipation
phases. Shen et al. (2011a) revealed that the elimination of
the radiative effects of water clouds lowers the average pre-
cipitation rate during the peak phase but increases it during
the dissipation phase. Liu et al. (2014) further studied the
responses of five-day and horizontally averaged heat, cloud
microphysical and surface precipitation budgets to the radia-
tive effects of water clouds. When the radiative effects of ice
clouds were switched on, the exclusion of the radiative ef-
fects of water clouds lowered the horizontally averaged pre-
cipitation rate through decreases in the melting of ice crystals
caused by enhanced local atmospheric cooling. When the ra-
diative effects of ice clouds were switched off, the removal
of the radiative effects of water clouds increased the average
precipitation rate through the strengthened net condensation
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and the reduction in the melting of ice crystals related to en-
hanced lower-tropospheric longwave radiative cooling.

Wang et al. (2010b) studied the precipitation responses
to the radiative effects of ice clouds only when the radiative
effects of water clouds were turned on. But what would the
precipitation responses be to the radiative effects of ice clouds
when the radiative effects of water clouds are switched on and
off, respectively? How do the radiative effects of ice clouds
affect cloud microphysics and the precipitation rate? The ob-
jective of this study is to examine the cloud microphysical
and thermal responses to the radiative effects of ice clouds,
and this is approached by analyzing model-simulated data
averaged over five days and the model domain. The differ-
ence in the average precipitation rate caused by the exclusion
of the radiative effects of ice clouds is explained by the dif-
ference in the vertical profiles of the averaged heat through
analysis of the difference in the averaged cloud microphysi-
cal budget. The model and experiments are briefly described
in section 2. The results are presented in section 3, and sum-
marized in section 4.

2. Model and experiments

Before convection started in this torrential rainfall event,
the western Pacific subtropical high extended westward and
southwesterly winds were intensified. Warm and humid air
transported by the southwesterly winds converged with cold
air from the north over southern China. A trough moved into
southern China to trigger squall-line convection, which led to
torrential rainfall with a maximum rain amount of 482.2 mm
in Yangjiang, Guangdong, on 6 June 2008. The model was
integrated from 0200 LST 3 June to 0200 LST 8 June 2008 in
the control experiment (P). The control simulation was vali-
dated with available observational data, including rain gauge
(Wang et al., 2010b) and temperature and specific humidity
data from GDAS (Shen et al., 2011b). The control experi-
ment and associated sensitivity experiments have been used
to study various physical processes associated with the de-
velopment of precipitation systems. For example, the precip-
itation responses to vertical wind shear and cloud radiative
processes (Shen et al., 2011b) and ice (Wang et al., 2010b,
Shen et al., 2011c) and water (Shen et al., 2011a, 2012; Liu
et al., 2014) clouds, and the improvement of the simulated
depositional growth of ice crystals (Shen et al., 2014; Li et
al., 2016).

The model used in this study is the modified 2D cumu-
lus ensemble model (Soong and Ogura, 1980; Soong and
Tao, 1980; Tao and Simpson, 1993; Sui et al., 1994, 1998;
Li et al.,, 1999, 2002). The prognostic equations of spe-
cific humidity and five cloud species (cloud water, raindrops,
cloud ice, snow and graupel) have their source/sink terms
from cloud microphysical schemes (Lin et al., 1983; Rut-
ledge and Hobbs, 1983, 1984; Tao et al., 1989; Krueger et
al., 1995). The prognostic equation of potential temperature
has its source/sink terms from radiation schemes (Chou et al.,
1991, 1998; Chou and Suarez, 1994), and the release of la-
tent heat from cloud microphysical schemes. Details on the
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model, physical package and parameters can be found in Gao
and Li (2008) and Li et al. (2011). A description of the large-
scale forcing, including vertical velocity and zonal wind, can
be found in Shen et al. (2011b, Fig. 1). Such a model setup
has been used to successfully simulate and study the tropical
precipitation rate during TOGA COARE (Gao et al., 2004,
2005; Shen et al., 2010; Li et al., 2011, 2013, 2014) and for
severe tropical storm Bilis in 2006 (Wang et al., 2009a, b,
2010a).

Three sensitivity experiments (PNWR, PNIR and PNCR)
were conducted, identical to P except that water, ice and total
(both water and ice) hydrometeor mixing ratios were set to
zero when radiation was computed. The difference between
PNIR and P (i.e., PNIR-P) is analyzed to study the precip-
itation responses to the radiative effects of ice clouds when
the radiative effects of water clouds are switched on. The dif-
ference between PNCR and PNWR (i.e., PNCR-PNWR) is
analyzed to study the precipitation responses to the radiative
effects of ice clouds when the radiative effects of water clouds
are turned off.

3. Results

The exclusion of the radiative effects of ice clouds low-
ered the five-day and horizontally averaged pre-summer pre-
cipitation rate from P to PNIR when the radiative effects of
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Fig. 1. Vertical profiles of the differences between (a) PNIR and
P (PNIR-P) and (b) PNCR and PNWR (PNCR-PNWR) for
local temperature change (black), condensational heating (red),
convergence of vertical heat flux (green), vertical temperature
advection (blue), and radiation (orange), averaged over 5 days
and the model domain. Units: °C d~L.
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water clouds were switched on, but it increased the average
precipitation rate from PNWR to PNCR when the radiative
effects of water clouds were turned off (Table 1). To examine
the cloud processes responsible for the surface precipitation
rate (Ps), the cloud budget is analyzed. The cloud budget is
expressed by

Ps=0Onc+0Ocw™m » (D

where Onc is the net condensation and Qcy is hydrometeor
change due to cyclic lateral boundaries in the model.

When the radiative effects of water clouds were switched
on, the reduction in the average precipitation rate from P
to PNIR caused by the exclusion of the radiative effects of
ice clouds was associated with the slowdown in the aver-
aged decrease of hydrometeors from P to PNIR (Table 1).
When the radiative effects of water clouds were switched off,
the increase in the average precipitation rate from PNWR to
PNCR resulting from the removal of the radiative effects of
ice clouds corresponded to the average hydrometeor change
from an increase in PNWR to a decrease in PNCR. The
averaged hydrometeor change (Qcwm) can be further broken
down into the averaged hydrometeor change in cloud water
(Qcmc), raindrops (Qcmr), cloud ice (Qcemr), snow (Qcwms)
and graupel (Qcmag):

@)

When the radiative effects of water clouds were switched
on, the reduction in the averaged decrease of hydrometeors
from P to PNIR caused by the elimination of the radiative
effects of ice clouds resulted from the increase in the aver-
aged cloud-water gain, the averaged cloud-ice change from
a loss in P to a gain in PNIR, and the reduction in the av-
eraged graupel loss (Fig. 1). The increase in the averaged
cloud-water gain from P to PNIR was associated with the
slowdown in the collection of cloud water by rain (Pracw)
from P to PNIR (Table 2a). The averaged cloud-ice change
from a loss in P to a gain in PNIR was related to the decrease
in the averaged melting of cloud ice to cloud water (Ppvrr)
(Table 2b). The reduction in the averaged graupel loss cor-
responded to the enhancement in the averaged accretion of
cloud water by graupel (Pgacw) from P to PNIR (Table 2c¢).

OcMm = Ocmc + Ocmr + Ocmr + Ocms + MG -

Table 1. Cloud microphysical budgets (Ps, Onc and Qcm) and the
breakdown of Qcn averaged over five days and the model domain
in P, PNIR, PNWR, PNCR, and their differences (PNIR-P and
PNCR-PNWR). Units: mm d~".

P PNIR PNWR PNCR PNIR-P PNCR-PNWR
Ps 3274 3183 3173 3258 —091 0.85
Onc 3199 31.84 3233 3225 -0.15 -0.08
Ocm 075 -0.01 -0.60 034 -0.76 0.94
Ocmc -0.03 —031 -043 -025 -0.28 0.18
Ocvr -0.12 024 —0.13 057  0.36 0.70
Ocwi 050 —0.05 -0.07 -0.13 -0.55 ~0.06
Ocms -0.10 —0.14 —0.07 001 —0.04 0.08
Ocmg 050 026 009 0.4 —0.24 0.05
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Table 2. Breakdown of (a) Qcmc, (b) Qcmr and (¢) Qcmg in P and
PNIR and their differences (PNIR-P). Units: mm d~!. Cloud mi-
crophysical processes listed in this table can be found in Table 1.2
in Gao and Li (2008).

(a) P PNIR PNIR-P
OcMmce -0.03 -0.31 -0.28
Psacw 2.16 2.10 -0.06
Praut 0.36 0.40 0.04
PrACW 23.46 22.31 -1.15
—Pir -0.84 0.00 0.84
PGACW(T > T()) 10.62 11.09 0.47
—Pcnp -35.89 -36.31 -0.42

(b) P PNIR PNIR-P
Ocmi 0.50 -0.05 -0.55
Psaut 4.66 4.42 —-0.24
Psaci 0.20 0.29 0.09
Pspr 1.42 1.91 0.49
Pgact 0.26 0.30 0.04
Pt 0.84 0.00 -0.84
—PpEp -6.81 —-6.90 -0.09

(©) P PNIR PNIR-P
Ocmec 0.50 0.26 —0.24
—Pgact -0.26 -0.30 -0.04
—Pgact -0.37 -0.33 0.04
—Pgacw -9.21 -9.84 -0.63
-Pgacs -8.03 -8.26 -0.23
—Pwacs -1.00 -0.93 0.07
PomiT 20.30 20.77 0.47
—PGpEp -1.20 -1.24 —-0.04
Pyt 0.71 0.80 0.09

Thus, the decrease in averaged hydrometeors from P to PNIR
was associated with the slowdown in the averaged collection
of cloud water by rain and the averaged Pyvrr, as well as the
enhancement in the averaged Pgacw, which may be related
to the decrease in air temperature.

To demonstrate the relationship between the reduced hy-
drometeor decrease and falling temperature, the averaged
heat budget is analyzed. Following Li et al. (1999), the hori-
zontally averaged heat budget can be expressed by

O _Qun , Or
oo ¢, ¢ p Oz

_ 00
Wo 7z

7 d(pw'6’)

_ T,
_MOE .

3

where T and 6 are the air temperature and potential temper-
ature, respectively; u and w are the zonal wind and vertical
velocity, respectively; p is air density that is the function of
height only; 7 = (p/po)* with k = R/c,; R is the gas constant;
p is pressure and po = 1000 hPa; ¢, is the specific heat of
dry air at constant pressure; Q¢ is the net latent heat release
through phase changes among different cloud species; QR is
the radiative heating rate due to the convergence of net flux
of solar and infrared radiative fluxes; over bar is area mean;
subscript “o” denotes imposed large-scale forcing.

The strengthened averaged local atmospheric cooling
from P to PNIR (Fig. 1a) was mainly associated with the
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enhanced averaged longwave radiative coolingcaused by the
exclusion of the radiative effects of ice clouds (Fig. 2a). The
weakened averaged heat divergence corresponded to the en-
hanced averaged longwave radiative cooling. The release in
the averaged latent heat was weakened above 7 km, whereas
it was generally enhanced below 7 km.

When the radiative effects of water clouds were turned
off, the averaged hydrometeors changed from an increase in
PNWR to a decrease in PNCR, caused by the removal of
the radiative effects of ice clouds, was associated with the
averaged raindrop change from an increase in PNWR to a
decrease in PNCR (Table 1). The averaged raindrop change
from an increase in PNWR to a decrease in PNCR corre-
sponded to the reduction in the averaged Pracw (Table 3),
which may have been caused by the decrease in air tempera-
ture. This can be demonstrated by the vertical profiles of the
differences in the averaged heat budgets between PNCR and
PNWR in Fig. 1b, where the enhanced averaged local atmo-
spheric cooling occurs mainly in the upper troposphere. The
intensified averaged local atmospheric cooling from PNWR
to PNCR corresponded to the strengthened averaged long-
wave radiative cooling (Fig. 2b). The enhanced averaged
local atmospheric cooling was stronger in the upper tro-
posphere than in the mid and lower troposphere, though the
averaged longwave radiative cooling was weaker in the upper
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Fig. 2. Vertical profiles of the differences between (a) PNIR and
P (PNIR-P) and (b) PNCR and PNWR (PNCR-PNWR) for ra-
diation (orange) and its components of solar radiative heating
(red) and infrared radiative cooling (blue), averaged over five
days and the model domain. Units: °C d~!.
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Table 3. Breakdown of Qcyr in PNWR and PNCR and their dif-
ferences (PNCR—PNWR). Units: mm d~!. Cloud microphysical
processes listed in this table can be found in Table 1.2 in Gao and Li
(2008).

PNWR PNCR PNCR-PNWR
OcMr -0.13 0.57 0.70
—Praut -0.40 -0.38 0.02
—PRACW -22.95 -22.20 0.75
—Pgacw(T > Tp) -1.40 -1.25 0.15
Piacr 0.33 0.40 0.07
PGacr 0.24 0.23 -0.01
PRrEvP 12.45 12.30 -0.15
—PsmrT -0.64 -0.62 0.02
—PgmLT —-19.43 -20.56 -1.13
Ps 31.73 32.58 0.85

troposphere than in the mid and lower troposphere. In the mid
and lower troposphere, the enhanced averaged longwave ra-
diative cooling was largely cancelled out by the increases in
the release of the averaged latent heat and the convergence of
vertical heat flux.

4. Summary

The responses of pre-summer precipitation to the radia-
tive effects of ice clouds were examined using a 2D cumulus
ensemble model in this study. The cloud budgets and vertical
profiles of heat budgets were analyzed to study the linkage
between the precipitation rate and radiation using the model
simulation data averaged over five days and the model do-
main. The major results can be summarized as follows:

When the radiative effects of water clouds were switched
on, the removal of the radiative effects of ice clouds lowered
the precipitation rate through a suppression of the hydrome-
teor decrease. The weakened hydrometeor decrease was as-
sociated with the decreases in the averaged Pracw and the
averaged Ppvrr, as well as the enhancement in the averaged
Pgacw, which corresponded to the strengthened averaged lo-
cal atmospheric cooling associated with the enhanced aver-
aged longwave radiative cooling.

When the radiative effects of water clouds were turned
off, the exclusion of the radiative effects of water clouds in-
creased the precipitation rate through hydrometeor change
from an increase to a decrease. The hydrometeor change was
associated with the reduction in the averaged Pracw caused
by the strengthened averaged longwave radiative cooling in
the upper troposphere.
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