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Abstract

This study uses a cloud-resolving model to examine the impact of sedimentation of cloud ice on the cloud-top
height and the precipitation intensity of typical precipitation systems in East Asia, including a typhoon, snow
clouds over the Sea of Japan, and the Baiu front. The fall velocity of cloud ice is assumed to be 0.1 m s™'. When
the sedimentation process of cloud ice is included in the model, the horizontal distribution and frequency of the
cloud-top height show significantly better agreement with satellite observations. Furthermore, cloud ice with
sedimentation concentrates at a lower level than that without sedimentation, and converts to snow and graupel
by microphysical growth processes. More solid water substances located in the thin layer above the 0°C level
contribute to intensification of precipitation at the surface by several percent, especially in the convective area.

1. Introduction

Bulk cold rain parameterization is widely used
in many cloud-resolving models (CRMs) for repre-
senting clouds and precipitation. It is comprised of
two categories of water substances. The first includes
precipitation particles, such as rain water, snow, and
graupel/hail. The other includes cloud particles, such
as cloud water and cloud ice.
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The fall velocity of water substances is one of the
important factors in the precipitation process. The fall
velocity of cloud particles was set to zero in the model
of Lin et al. (1983) because the size of cloud particles
was sufficiently small to ignore the sedimentation
compared to the size of the precipitation particles.
When the fall velocity is ignored, the model accumu-
lates excessive cloud ice in the upper troposphere. As
a result, the cloud radiation calculation is expected to
be inaccurate. Besides sedimentation, only the subli-
mation process reduces the amount of cloud ice in the
upper troposphere. However, this process is ineffective
under usual conditions because the upper troposphere
is easily saturated with ice with a small amount of
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water vapor.

To recognize the sedimentation of cloud ice,
the particle size distribution (PSD) of cloud ice is
important for calculating the average terminal velocity.
Previous studies have observed the PSD of cloud ice
using aircraft (e.g., Heymsfield et al. 2004; Heymsfield
et al. 2007a), the hydrometeor videosonde (HY VIS:
Murakami and Matsuo 1990), and other means. Heyms-
field et al. (2007a and 2007b) investigated cloud ice
particle mass dimension and terminal velocity relation-
ships. They determined the coefficients for the mass
dimensional and fall velocity relationships as well as
the mean effective density for the ice particle popula-
tion. Heymsfield et al. (2007b) also showed that the fall
velocity of small ice particles with an average diam-
eter < 0.1 mm was approximately 0.5 m s~!. Murakami
et al. (1994b) examined the distribution of cloud ice
and supercooled cloud droplets including the micro-
physical structure of convective snow clouds over the
Sea of Japan using the HY VIS, the hydrometer video
dropsondes (HYDROS), multiple Doppler radars, and
a microwave radiometer. However, they did not show
the relationship between the PSD and the fall velocity
of cloud ice.

In the microphysical parameterization, the fall
velocity of water substances has been formulated using
observed and experimental data. The equation of the
fall velocity in most microphysical parameterizations
is

U.(D,)=a,D’ (1)

where o, and f, are the constants in the empirical
formula for U(D,). D, is the diameter of the water
substance, and x is the water substance categories. For
the calculation of D,, Murakami (1990) and Ikawa and
Saito (1991) assumed that the PSD of cloud ice was
monodisperse. In recent CRM development, Ferrier
(1994), Milbrandt and Yau (2005), and Straka and
Mansell (2005) introduced the fall velocity of cloud
ice using the assumption of the Marshall-Palmer or
gamma distributions. However, the effect of the fall
velocity of cloud ice was not sufficiently discussed
in these studies. In particular, little attention has been
given to the impact of the sedimentation of cloud ice
on the precipitation intensity within various precipita-
tion phenomena.

Hong et al. (2004) studied the impact of cloud ice
sedimentation by performing numerical experiments in
an ideal and a real heavy rainfall case. They showed
that the impact of cloud ice sedimentation was large
on the ice cloud-radiation feedback and the precipita-
tion amount in the long—term experiment. Heymsfield
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et al. (2007b) introduced the PSD function, the ice
water content shown in Heymsfield et al. (2007a), and
the radar reflectivity to the model of Lin et al. (1983).
They reported an improvement in the fall velocity esti-
mate by introducing their parameters and functions.
However, these studies did not discuss in detail the
impact of the sedimentation of cloud ice on the precip-
itation intensity and processes within various precipi-
tation phenomena.

In the present study, we introduce the sedimenta-
tion process of cloud ice into a CRM known as the
Cloud Resolving Storm Simulator (CReSS: Tsuboki
and Sakakibara 2002), which was previously applied
to reproduce precipitation system structures (Liu et al.
2004; Wang et al. 2005; Yamada et al. 2007; Shimizu
et al. 2008). In these studies, the CReSS results showed
good qualitative agreement with the observed results.
However, the quantitative validation of the simulation
results was inadequate. Therefore, this study introduces
a proper parameterization of the sedimentation process
of cloud ice, and examines the impact of this process
on typical precipitation systems in East Asia, including
a typhoon, snow clouds over the Sea of Japan, and the
Baiu front. To explain the impact of the sedimenta-
tion of cloud ice on cloud—top height and precipitation
intensity, we simplify the complicated formulation of
the fall velocity of cloud ice and assume a constant fall
velocity

2. Model and experimental design

2.1 Model description

The numerical model used in the present study is
CReSS. This is formulated on the basis of the non—
hydrostatic and compressible equation systems with
terrain—following coordinates. No convective param-
eterization is included. A 1.5—order turbulent kinetic
energy (TKE) closure scheme is applied for subgrid—
scale parameterization. The prognostic variables
include 3-D velocity components, perturbations of
pressure and potential temperature, subgrid—scale TKE,
mixing ratios of water vapor (g,), cloud water (g.), rain
water (g,), cloud ice (g;), snow (g), and graupel (g,),
and number concentrations of solid water substances
including cloud ice, snow, and graupel. Mixing ratio of
precipitation (g,) is the sum of g, g, and g,.

The cloud microphysical processes in CReSS are a
bulk cold rain parameterization based on Murakami
(1990) and Murakami et al. (1994a) with additions and
modifications of the processes. The cloud microphys-
ical processes in this model are illustrated in Fig. 1.
The prognostic equations for the mixing ratio of the
water substances are
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Cloud microphysical processes included in CReSS. Term notation is described in the appendix. Sedimenta-

tion process of cloud ice. Fall.qi and Fall.(Ni/p), are introduced in the FL case.

62% = Adv.g, +Tub.q, + ESrc.qV 2)

8/6)% = Adv.q, +Tub.q, + pSrc.q, + pFall.q, (3)
where x in (3) is the water substance category, including
cloud water (c), rain water (1), cloud ice (i), snow (s),
and graupel (g). p represents air density. Furthermore,
Adv.q,, Tub.q,, Src.qy, are the advection, turbulent
diffusion, and source terms of the water substances,
respectively. Fall.q, is the fall-out term of precipi-
tation. The source terms of the water substances are
formulated as follows

Sre.q, = —NUAy; —VDyp —VDy; —VDy¢ —VDye (4)
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Fig. 2. Experimental domains of T-5 km (gray
solid rectangle), T case (black solid rectangle), B
case (dotted rectangle), and S case (dashed rect-
angle).
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Table 1.
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Numerical experiment design of T, S, and B cases.

case T case

S case B case

grid numbers 743 x 743 x 48

top height 24 km

initial data T-5 km

initial time 03Z 4 Sep. 2002
integrated time 21 hours

651 x 661 x 30 723 x 703 x 43

14 km 21.5 km
IMA-GSM JIMA-GSM
127 31 Dec. 2007 187 11 Jun. 2008
15 hours 24 hours

Src.qy =—SPg +VDyg + PG+ CLg; +CLjg ©
+(CLgg + CLgg)(1 = 0tpg)

where the detailed cloud microphysical term notation
is described in the appendix. Here, ags represents the
production of graupel due to collisions between rain-
drops and snow. For the evaporation or deposition
between water vapor and cloud water (VDyc) in Fig. 1,
the moist saturation adjustment method of Soong and
Ogura (1973) is adopted. SPs; and SPg; in terms (7),
(8), and (9) are the added processes in CReSS.

The fall velocity of cloud ice in the present study
is assumed to be constant at 0.1 m s defined by
the formula shown in Murakami et al. (1994a) with
an average ice particles diameter of 0.1 mm. This is
equivalent to the fall velocity of cloud ice in the Japan
Meteorological Agency (JMA) Meso—Scale Model
(MSM) without the parameter adjustment (Hayashi
et al. 2008). To simply understand the impact of the
cloud ice sedimentation on the precipitation system,
we introduce the constant fall velocity of cloud ice
without the improvement in parameters in the formula.

2.2 Experimental design

We performed numerical experiments with a hori-
zontal resolution of 2 km for three cases: Typhoon
SINLAKU (T0216: T), snow clouds over the Sea of
Japan (S), and the Baiu front (B). Sensitivity experi-
ments with (FL) and without (NF) the cloud ice sedi-
mentation process were performed for each case. In the
following section, the sensitivity experiment nomen-
clature reflects the case and the sensitivity (e.g., T-FL
and T-NF for T case).

The experimental domains of the three cases are
shown in Fig. 2. To set the initial data for T case, we
conducted a numerical simulation with a horizontal
resolution of 5 km (T-5km) for 24 hours using the
output of the Regional Spectrum Model (RSM) with
a horizontal grid spacing of 20 km provided by JMA.
The initial time of IMA-RSM was 00Z 4 September
2002. The simulation domain of T-5km is also shown

in Fig. 2. We used the data of the Global Spectral Model
(GSM) with a horizontal resolution of 20 km provided
by JMA as the initial and boundary conditions for S
and B case. The vertical resolution is stretched from
100 m in T case and 150 m in S and B cases at the
lowest level to 500 m at the top level. An additional
configuration of these simulations is shown in Table. 1.

To analyze of the precipitation amount, the precipita-
tion area was separated into convective and stratiform
areas by the method developed in Steiner et al. (1995)
using horizontal distributions of radar reflectivity and
the sharpness of the reflectivity peaks. In this study,
the horizontal distributions of the radar reflectivity
were calculated with the precipitation mixing ratio (g,,
qs, and ¢q,) at a height of 2 km in T and B cases and 1
km in S case using the conversion method shown in
Murakami (1990). In addition, Steiner’s separation
was applied to these data. The analysis was restricted
to a radius of 300 km from the typhoon center in T
case, over the Sea of Japan in S case, and to 150 km on
both sides of the Baiu front in B case.

3. Impact of sedimentation of cloud ice

3.1 Distribution of cloud and precipitation
a. Tcase

We examine the impact of sedimentation of cloud
ice in T case at 20 hours. The difference between FL
and NF is most notable at that time. Figure 3 shows the
horizontal distribution of the brightness temperature
(Tpp) in the infrared band (IR-1: 10.8 xm) and the rain-
fall intensity. T}, corresponds to the cloud—top height.
The observational distributions of 73, and rainfall
intensity were obtained by the Geostationary Meteo-
rological Satellite (GMS) and the JMA radar at 23Z
4 September 2002. The simulated distribution of Tpp
was calculated using the Satellite Data Simulator Unit
(SDSU: Masunaga et al. 2010). The cloud-top height
of T-FL is clearly lower than that of T-NF.

The cumulative probability densities of 7}, obtained
by the GMS observation, T-FL, and T-NF within the
analysis area are shown in Fig. 4. The frequencies
of the upper clouds, where Tp; is less than —60°C, in
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(a) Horizontal distribution of 7»» from the GMS observation and the rainfall intensity from the JMA radar at

23Z. The SDSU Ty image and the rainfall intensity were simulated by CReSS for (b) T-FL and (c) T-NF at 20
hours (23Z). Shadings are 7. Contours are rainfall intensities at 4 (blue), 16 (orange), and 32 (red) mm h'.
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Fig. 4. Cumulative probability densities of the T
from the GMS (solid line), T-FL (dashed line),
and T-NF (chain line) within a radius of 300 km
from the typhoon center at 23 Z.

both T-FL and T-NF are larger than that of the GMS
data. The frequencies of the cloud—top below —70°C
are 58% in T-NF and 10% in T-FL. The reproduced
distribution of the cloud—top height in T-FL is in better
agreement with that observed by GMS—IR than that in
T—NF. Thus, the introduction of sedimentation of cloud
ice has led to an improvement in the estimated cloud—
top height.

Several spiral bands defined rainfall intensity larger
than 4 mm h™' and several tens of kilometers in length
are well simulated in both T-FL and T-NF at 20 hours
(Fig. 3). The observational data shows strong rainfall

regions with rainfall intensity larger than 16 mm h™! in
the region south of the typhoon center. In both simula-
tions, however, these regions were located in the region
north of the typhoon center. Although the simulated
location of the spiral bands with strong rainfall differs
from that of the observation, their vertical structures
were analyzed. Figure 5 shows the vertical cross-sec-
tions of g, ¢;, and g, crossing the typhoon center and
the strongest precipitation point at the surface. Spiral
bands defined by areas with g, larger than 0.5 g kg™!
and 10-20 km in width are simulated at horizontal
distances of 120 and 200 km from the typhoon center
in both T-FL and T-NF. The characteristic structures
of simulated spiral bands, such as the band—width
and the distribution of precipitation above the height
of 0°C, are in accordance with previous studies (e.g.,
Black and Hallett 1986; Powell 1990). g, in the spiral
band of T-FL is larger than that of T-NF. The differ-
ence in g, was particularly noticeable above the 0°C
level. The top of g;, which is larger than 0.05 g kg™,
is present at an approximate height of 15 km in T-FL.
In contrast, that in T-NF reaches a height of 17 km,
which is the bottom of the sponge layer. The maximum
values of g; in T-FL and T-NF are located at heights of
approximately 11.5 and 13 km, respectively. Thus, ¢; in
T-FL is 1.5 km lower than that in T-NF. These results
indicate that the sedimentation of cloud ice contributes
to lower in the cloud-top height.

b. B case
Figure 6 shows the horizontal distribution of Ty
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Fig. 6. Same as in Fig. 3, but for (a) MTSAT and JMA radar at 01Z 12 June, (b) B-FL at 9 hours (03Z 12), and (c)
B-NF at 9 hours (03Z 12). Contours are rainfall intensity at 1 (blue), 4 (orange), and 16 (red) mm h™'.

and rainfall intensity at 9 hours (03Z 12 June) when
the precipitation intensities averaged in the analysis
domains obtained the maximum precipitation intensity
in B-FL case. Data from the Multi—functional Trans-
port Satellite (MTSAT) and the JMA radar data at 01 Z
were used because the observed Baiu front was located
in the same place as B-FL and B-NF at 9 hours. The
characteristic structure of the Baiu front, such as the
south—north gradient of ¢, and the potential tempera-
ture in the low level and the low level jet (Matsumoto
et. al. 1971), were represented in B-FL and B-NF (not
shown). The peak of the cloud—top height in both simu-
lations is higher than in the observation. Comparing
the cloud—top height in B-FL with that in B-NF, the
area below —40°C above the rainfall region northwest

of the central area in B-FL is smaller than that in B-NF
(Figs. 6b, c).

The distribution of strong rainfall (more than 16 mm
s7") in B-FL and B-NF is similar to that in the obser-
vation. The rainfall region north of the strong rainfall
region (X in Fig. 6a) is not represented in either of the
simulations. In the northeast quadrant, the area of the
strong rainfall in B-FL is greater than that in B-NF. In
other regions, the difference in the rainfall distribution
between B-FL and B-NF is small.

The cumulative probability densities of 7}, obtained
from the MTSAT observation, B-FL, and B-NF within
the analysis area are shown in Fig. 7. The frequencies
of the upper clouds, where T}, is less than —60°C, are
3.2% in B-NF and 1.9% in B-FL, although that of the
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MTSAT data is hardly discernible. The frequencies of
the upper clouds within the Baiu frontal zone, where
Ty 1s less than —30°C, reduce to approximately 3% by
introducing the cloud ice sedimentation. The simulated
distribution of the cloud—top height in B-FL shows
slightly better agreement with the MTSAT-IR obser-
vation than the distribution of B-NF.

c. Scase

The characteristic snow clouds over the Sea of Japan,
such as the Japan Sea Polar air mass Convergence
Zone (JPCZ) defined by Asai (1988) and the longitu-
dinal mode (L— mode) bands, are represented both in
S—FL and S—-NF at 10 hours (22Z 31 December) when
the maximum precipitation intensity was obtained in
S—FL case (Fig. 8). The L-mode snow clouds over
the mid and southern parts of the Sea of Japan are
reproduced; however, those over its northern part are
insufficiently simulated. 73, of the L-mode clouds is
approximately —20°C in S—FL and S-NF. The cloud—
top height over the JPCZ is approximately —33°C in
both experiments. These results are in accordance with
the MTSAT-IR observation. In S—NF, the cloud—top
height below —40°C is present near the Sea of Japan
coastline of northern Japan (Fig. &8c). In contrast, the
cloud-top height below —40°C does not appear in the
observation and S—FL.

The area of rainfall region in both experiments is
narrow compared with that of the observation. In partic-
ular, the distribution of rainfall in the experiments is
narrow over land. The rainfall amount at Tsuruga (open
circle in Fig. 8), which is located under the JPCZ, is 4.0
mm h™! in the observation, 3.7 mm h™! in S—FL, and
3.6 mm h™" in S-NF at 10 hours. The rainfall amount at
Takada (open square in Fig. 8), which is located under
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the L-mode cloud, is 3.0 mm h™' in the observation,
3.5 mm h'! in S-FL, and 3.5 mm h! in S-NF at 10
hours. Thus, the rainfall amount under the JPCZ and
L-mode cloud is well represented in S—FL and S—NF.

Figure 9 shows the cumulative probability densities
of Ty, obtained by the MTSAT observation, S—FL, and
S—NF over the Sea of Japan at 10 hours. The frequen-
cies of the deep convective clouds, where is Tp; is less
than —22°C, are 7.7% in S—FL and 11.1% in S—NF. The
S—FL estimate is in good agreement with the observa-
tion. On the other hand, the frequencies of the shallow
convective clouds, where Tp;, is higher than —20°C, in
S—FL and S-NF are smaller than that in the observa-
tion. The cloud top temperatures of the shallow convec-
tive clouds over the Sea of Japan are mainly —20°C +
3°C (Murakami et al. 1994b). This result supports the
improvement in the cloud—top height due to the intro-
duction of cloud ice sedimentation.

3.2.  Precipitation amount and intensity

Table 2 shows the accumulated precipitation amount
in the convective and stratiform precipitation areas
averaged in the analysis domains for each sensitivity
experiment. The sedimentation of cloud ice impacts the
accumulated precipitation amount in T and B cases. In
the convective area (referred as “con.” in Table.2), the
accumulated precipitation amount from 5 to 21 hours
in T-FL is larger than that in T-NF. In B case, the accu-
mulated precipitation amount in B-FL is larger than
that in B-NF. In the stratiform area (referred as “str.”
in Table.2), the accumulated precipitation amount from
5 to 15 hours in T-FL and B—FL is larger than that in
T-NF and B-NF, respectively. In S case, the difference
between the accumulated precipitation amount of S—FL
and S-NF in the convective area is very small, while
that in S—FL in the stratiform area is smaller than that
in S-NF. The precipitation systems of Baiu front and
snow clouds decayed after 15 hours in B case and 10
hours in S case. The accumulated precipitation amount
in the stratiform area in the FL case is smaller than that
in the NF case when the precipitation systems are in
the decaying stages.

Table 3 shows the average precipitation intensities in
the analysis domains at the time of maximum precipi-
tation intensity in the FL case in each sensitivity exper-
iment. The mean precipitation intensities are for 20, 9,
and 10 hours for T, B, and S cases, respectively. In T
case, the mean precipitation intensity in T-FL is 2.65%
larger in the convective area and 0.98% smaller in the
stratiform area than that in T-NF. In B case, the mean
precipitation intensity in the convective area in B-FL is
4.38% larger than that in B-NF. The mean precipitation
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intensity in the stratiform area in B-FL is 11.8% larger
than that in B-NF. In S case, the difference between
the mean precipitation intensities of S—FL and S—NF is
very small. However, the mean precipitation intensity
in the convective area in S-FL over the JPCZ is 1.46%
larger than that in S—NF. Thus, the impact of cloud ice
sedimentation is negligible for snow clouds over the
Sea of Japan. Moreover, this result suggests that the
cloud ice sedimentation intensifies the precipitation,
especially in strong convective systems.

4. Mechanism of precipitation intensification

To investigate the mechanism by which cloud ice
sedimentation intensifies the precipitation, the vertical
distributions of the water substances and the growth
processes among the water substances in the convec-

tive area were analyzed for T case. In this section, we
calculate the difference between the area—averaged
mixing ratios of the water substances for each layer:

Aqx = g(T-FL) — q(T-NF) (10)

The vertical profiles of the differences in the water
substances in the convective area at 20 hours are shown
in Fig. 10. 4q; is negative (positive) above (below) a
height of 10.6 km (Fig. 10a), which indicates that ¢;
in T-FL is smaller (larger) than that in T-NF above
(below) a height of 10.6 km. These results correspond
to the lower peak of ¢; shown in Fig. 5. The decrease
in ¢; in the upper troposphere in T-FL is attributed to
the sedimentation of cloud ice. Ag; is negative (posi-
tive) above (below) an approximate height of 8 km
(Fig. 10b). 4q, is negative (positive) above (below) an
approximate height of 6 km. These results show that
the peaks of g, and g, are lowered in T-FL. Ag, and 4q,
above the 0°C level of 5.4 km in T-FL are larger than
those in T-NF. ¢, and g, in T-FL concentrate in the
thinner layer above the 0°C level than those in T-NF.
Agq, below the 0°C level in T-FL is also larger than that
in T-NF. These results suggest that the solid precipi-
tation concentrated in the thin layer near the 0°C level
melts to rain effectively. The influence of the solid
precipitation on rainfall intensity is in accordance with
Nomura et al. (2002). The positive 4q; below a height
of 10.6 km, Aq, below a height of 8 km, Ag, around the
0°C level, and 4q, below the 0°C level can be attributed
to the concentration of cloud ice below a height of 10.6
km by cloud ice sedimentation. These results indicate
that cloud ice sedimentation contributes to the increase
in rainfall amount at the surface.
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main.
Integrated time (h)
5-10 10-15 15— total
T case con. FL 20.0 20.3 21.4 61.7
NF 19.7 20.1 21.0 60.8
str. FL 5.5 6.3 5.9 17.7
NF 53 5.7 5.9 16.9
B case con. FL 53.2 48.7 26.3 128.2
NF 54.9 452 21.9 122.0
Str. FL 18.4 20.8 5.2 44 .4
NF 17.8 19.1 7.3 442
S case con. FL 9.6 39 13.5
NF 9.6 3.9 13.5
str. FL 4.7 1.8 6.5
NF 5.1 2.1 7.2
JPCZ con. FL 16.9 8.9 25.8
NF 16.8 8.9 25.7
str. FL 7.0 4.1 11.1
NF 8.0 4.0 12.0

799

Table 3. Precipitation rate (mm h™') averaged in the anal-
ysis domain at 20 hours in T case, 9 hours in B case, 10
hours in S case.

FL NF

T case con. 11.6 11.3
str. 0.46 0.47

B case con. 16.7 16.0
str. 1.99 1.78

S case con. 2.90 2.91
Str. 0.62 0.62

JPCZ con. 5.55 5.47
Str. 0.93 0.90

To understand the intensification of precipitation,
we focus on the growth processes of precipitation; the
collection of cloud water by rain water (CLcg), sSnow
(CL¢s), and graupel (CL¢¢); and the conversion from
cloud ice to snow (CNjs) and from snow to graupel
(CNsg) (Fig. 1). The peaks of CL¢s, CL¢g, and CNsg
are located above the 0°C level at 20 hours (Figs. 11a,
b) because large ¢, is present around this level (Fig.
5). CNjs has two peaks located at heights of 6.8 km
and 9.5 km. The lower peak of CNg is present above
the peak of CL¢s, CNsg, and CL¢cg. The melting rate
of graupel (MLgp) is larger than that of snow (MLgg)

(Fig. 11c). Graupel contributes to precipitation inten-
sity more than snow in the convective area. The larger
ML gr indicates an increased contribution to the rainfall
amount below the 0°C level.

We use 4 to denote the difference in the area—aver-
aged rates of microphysical processes calculated by the
subtraction of T-NF from T—FL at each layer. ACNs is
positive (negative) below (above) a height of 9.3 km
(Fig. 11e). ¢;1s an important factor in determining CNs.
Agq; is positive around this height (Fig. 10a). ACNjg is
positive below this level probably because of cloud ice
sedimentation. ACLcg, ACL g, and ACNsg are notably
positive around and below the 0°C level (Figs. 11d,
e). In contrast, ACLcg and ACNsg are negative above
a height of 6.2 km. This result indicates that around
the 0°C level, large g, would be efficiently formed in
the thin layer by CNgg and the riming process (CL¢q).
The riming process is the most effective process for
intensifying precipitation (Nomura and Tsuboki 2012).
Positive 4q, around the 0°C level (Fig. 10b) causes
positive AMLgg (Fig. 11f). Positive Ag, below the
0°C level is caused by MLgg and CLc (Figs. 11d, 1).
This can be attributed to the concentration of cloud ice
below a height of 10.6 km due to sedimentation and the
effective conversion from cloud ice to solid precipita-
tion particles. Therefore, the rainfall amount increases
below the 0°C level.

The shape of the vertical profile of the area-averaged
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mixing ratio of water substances in the stratiform area
is very similar to that in the convective area; however,
e, 4, and g in the stratiform area are one—third smaller
than those in the convective area (not shown). The
peak of Aq; above the 0°C level in the stratiform area
is larger than that in the convective area, although the
peaks of the other water substances in the stratiform
area are smaller than those in the convective area (Figs.
10, 12). 4g; and Ag; are positive below a height of 11
km in the stratiform area. Ag,, and 4q, in the stratiform
area are one-third smaller than those in the convective
area. The peaks of ACNj5, ACL¢s, and AMLgy in the
stratiform area are larger than those in the convective
area, although the peaks of other cloud microphysical
processes in the stratiform area are smaller than those
in the convective area (Figs. 11, 13). In the stratiform
area, the sedimentation of cloud ice could contribute
to the production of snow. Moreover, the snow contri-
bution in this area is larger than that in the convective
area relative to the intensification of precipitation.

5. Discussion

By introducing the simplified cloud ice fall velocity
of 0.1 m s7!, the horizontal distribution and frequency
of T}y in three FL cases showed an improvement over
those in the NF cases. In B and S cases, although
the cloud-top height above the strong rainfall region
improved, that of frequency of low-level clouds in FL
and NF was smaller than that in the MTSAT observa-
tions because the square of cloud area in both experi-
ments was narrow in comparison with that in the obser-
vations. On the other hand, both these estimates were
clearly improved in T case. Comparing the fall velocity
of cloud ice with the averaged updraft velocity in the
stratiform area, the averaged updraft velocity is below
0.1 m s along most of the height range (Fig. 14). In
the convective area, the averaged updraft velocity is
smaller than 0.1 m s™! above an approximately height
of 9.0 km. However, the frequency of upper—level
clouds (Tjp is less than —60°C) in T-FL was signifi-
cantly larger than that of the GMS observation (Fig.
4). The frequency of mid—level clouds (7}, is between
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—45°C and —10°C) in T-FL was smaller than that of
the GMS observation. This suggests that the amount
of cloud ice above a height of —60°C did not decrease
sufficiently for lower fall velocity to become effective.

The precipitation intensity and distribution in B and
S case were insufficiently represented in comparison
with the radar observation. The rainfall region was
adequately represented in the simulation apart from
that observed at rainfall region X in Fig. 6a. In B—

FL, only a narrow rainfall region (Y in Fig. 6b) was
represented. This result suggests that the cloud ice fall
velocity of 0.1 m s is small for the realistic rainfall
intensity and distribution. Actually, the introduced fall
velocity of cloud ice is smaller than that suggested
in previous studies (e.g., Heymsfield et al. 2007b;
Ferrier et al. 1995). For a realistic reproduction of the
cloud-top height, rainfall intensity, and rainfall distri-
bution, it is necessary to investigate a suitable sedi-
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Fig. 14. Vertical profile of averaged updraft in T
case. Black lines indicate T-FL in the convective
area (solid) and the stratiform area (dashed).
Gray lines indicate T-NF in the convective area
(solid) and the stratiform area (dashed).

mentation process of cloud ice on the basis of its PSDs.

By introducing the sedimentation of cloud ice, the
area-averaged precipitation amounts increased in the
convective area in T and B. The area-averaged precip-
itation intensified by several percent at 20 hours in T
case, at 9 hours in B case, and at 10 hours over JPCZ in
S case. However, in S case, the change in precipitation
intensity was slight. Over the Sea of Japan, snow clouds
are formed by shallow convection; however, the JPCZ
is formed by deep convective clouds. Thus, the sedi-
mentation of cloud ice has a large effect on intensifying
the precipitation in deep convective clouds. In the FL
cases, the increase in precipitation amounts and precip-
itation rates should be caused by the sedimentation of
cloud ice. A large amount of cloud ice is consumed by
the growth of solid precipitation particles. In B case
and JPCZ in S case, the vertical profile of the growth
process of precipitation was similar to that in T case
(not shown). The intensification of precipitation in B
case and JPCZ in S case probably occurred owing to
the same mechanism as for T case.

Cloud ice accumulates by sedimentation in the upper
troposphere, e.g., below a height of 9.3 km in T-FL.

M. NOMURA, et al. 803

The averaged updraft velocity is lower than 0.1 m s7!

above an approximately height of 9.0 km (Fig. 14) and
Ag; is positive around this level (Fig. 10). Cloud ice
transported by updraft or having fallen from the upper-
level would concentrate around this level. This concen-
tration of cloud ice would convert to snow by CNps.
When the height at which cloud ice is concentration
is lowered, snow is produced in the lower height. In
the convective area, cloud water would be continu-
ously provided from the lower troposphere by updraft.
Large production of cloud water in the convective area
contributes to CNsg, which depends on CL¢s. More-
over, large amount of cloud water contributes to CLc¢g
(riming process) in the convective area. As a result,
a large amount of graupel is produced and grown in
the convective area in the FL case. The precipitation
amount in the convective area in the FL case effec-
tively increases because the collision of cloud water
by graupel occurs more effectively than that by snow.
The fall velocity is one of the factors that determine the
collision rate. Introducing the sedimentation of cloud
ice, the growth from cloud ice to precipitation particles
occurs effectively in the thinner layer.

The sedimentation of cloud ice should contribute
to the production of snow in the stratiform area in T
case (Fig. 13). However, CNy in the stratiform area is
not effective because of the lack of riming process; the
presence of cloud water is necessary for this process.
As shown in Tables 2 and 3, the intensification of
precipitation is not significant in the stratiform area. In
S case, precipitation amount decreased when the sedi-
mentation of cloud ice was introduced. The amount
of snow transported from the convective area should
decrease in the FL case because snow in the clouds
formed by the shallow convection grows effectively
and falls on the surface in the convective area. This
should be attributed to the fact that snow is formed in
this area. The slow fall velocity of snow should not
impact the increase in rainfall amount at the surface.

6. Summary

This study showed that cloud ice sedimentation has
an impact on cloud-top height and rainfall amount
for typical precipitation systems in East Asia, including
a typhoon, snow clouds over the Sea of Japan, and the
Baiu front using the cloud-resolving model. The fall
velocity of cloud ice was assumed to be 0.1 m s™!. The
cloud-top height with the sedimentation of cloud ice
was clearly lower than that without the sedimentation
of cloud ice. The sedimentation of cloud ice improved
the horizontal distribution and the frequency of the
cloud-top height.
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The sedimentation of cloud ice in the model was
effective on the intensifying precipitation by several
percent in the deep convective systems, which included
T and B cases, and JPCZ in S case. The sedimentation
process of cloud ice had an insignificant impact on the
precipitation of the snow clouds over the Sea of Japan.
This result suggests that the sedimentation of cloud
ice mostly impacted on active convective clouds. The
cloud ice was concentrated below a height of 10 km by
the sedimentation process and converted to snow and
graupel by the microphysical growth processes. Solid
precipitation was concentrated around the 0°C level.
Therefore, the growth processes of the solid precipita-
tion, particularly graupel in the convective area, effec-
tively contributed to precipitation intensification below
the 0°C level.
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Appendix
List of cloud microphysical processes.

Notation Description Unit
AGN; decrease in number concentration of cloud ice by aggregation kg kg st
AGNg decrease in number concentration of snow by aggregation kg kg ’] 57!
CLcq collection of cloud water by graupel kg kg s
CLcr collection of cloud water by rain kg kg st
CLcs collection of cloud water by snow kg kg™ 57!
CLig collection of cloud ice by graupel kg kg st
CLr collection of cloud ice by rain kg kg's!
CLs collection of cloud ice by snow kg kg ’] 57!
CLgy collection of rain by cloud ice kg kg ’1 s
CLgs collection of rain by snow kg kg st
CLgrg collection of rain by graupel kg kgt st
CLsg collection of snow by graupel kg kg’1 -1
CLsgr collection of snow by rain kg kg's!
CLNg; collection of cloud ice number concentration by rain kg kg ’] s
CLNgs collection of snow number concentration by rain kg kg ’1 s
CNcr autoconversion from cloud water to rain kg kg st
CN'S autoconversion from cloud ice to snow kg kg st
CNsg autoconversion from snow to graupel kg kg st
CNNgg autoconversion from snow to graupel for number concentration kg kg's!
Fall.g, fallout of graupel kg kg s7!
Fall.g; fallout of cloud ice kg kg ’1 57!
Fall.g, fallout of rain kg kg 57!
Fall.g, fallout of snow kg kg st
Fall.(Ng/p) fallout of graupel number concentration s!
Fall.(N/p) fallout of cloud ice number concentration s
Fall.(N,/p) fallout of snow number concentration s

FRrg freezing from rain to graupel kg kg s7!
FRNyg freezing from rain to graupel for number concentration kg kg 57!
ML;c melting from cloud ice to cloud water kg kg st
MLgr melting from graupel to rain kg kg’1 -1
MLgg melting from snow to rain kg kg's!
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Notation Description Unit
NUAy; deposition/sorption nucleation to form cloud ice kg kg 57!
NUC¢ contant freezing of cloud water to form cloud ice kg kg ' s7!
NUF¢; condensation freezing of cloud water to form cloud ice kg kg s
NUH¢; spontaneous-freezing of cloud water to form cloud ice kg kg st
PGg growth of graupel with collisional collection kg kg s7!
SHgr water shedding from graupel to form rain kg kg st
SHggr water shedding from snow to form rain kg kg's!
SPar secondary nucleation of cloud ice by growth of graupel kg kg s7!
SPg; secondary nucleation of cloud ice by growth of snow kg kg s
SPNG secondary nucleation of cloud ice by growth of graupel for number concentration kg kg st
SPNg; secondary nucleation of cloud ice by growth of snow for number concentration kg kg s!
VDyc vapor deposition/evaporation of cloud water kg kg st
VDvg depositional growth of graupel kg kg's!
VDy; depositional growth of cloud ice kg kg s7!
VDyr evaporation of rain kg kg s
VDvys depositional growth of snow kg kg st
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