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ABSTRACT

Cloud micro-physical structures in & precipitation system associated with the Meiyu front are observed
using the balloon-borne Precipitation Particle Image Sensor at Baoshan observatory station, Shanghai
during June and July 1999. The vertical distributions of various cloud particle size, number density, and
mass density arc retrieved from the observations. Analyses of observations show that ice-phase particles
(ice crystals, graupel, snowflakes, and frozen drops) often exist in the cloud of torrential rain associated
with the Meiyu front, Among the various particles, ice crystals and graupel are the most numcrous, but.
graupel and snow have the highest mass density. lce-phase particles coexist with liquid water droplets
near the 0°C level. The graupel is similarly distributed with height as the ice crystals. Raindrops below
the 0°C level are mainly from melted grauple, snowflakes and frozen drops. They may further grow larger
by coalescence with smaller ones as they fall from the cloud base. Numecrical simulstions using the non-
hydrostatic meso-scale model MM5 with the Reisner graupel explicit moisture scheme confirm the main
observational results. Rain water at the lower level is mainly generated from the melting of snow and
graupel falling from the upper level where snow and graupel are generated and grown from collection with
cloud and rain water. Thus the mixed-phase cloud process, in which ice phase coexists and interacts with
liquid phase (cloud and rain drops), plays the most important role in the formation and development of
heavy convective rainfall in the Meiyu frontal system.
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L. Introduction

A rainband often exists along the middle and lower
reaches of the Yanglze River in June and July, which
prodnces steady moderate to heavy rainfall called
Meiyu rain. The Meiyu rainband is located at the
north edge of the subtropical high, produced by the
confluence between polar continental air mass from
the north and warm monsoon air mass from the south
to the west of 130°LE, and the colder polar oceanic
air mass from the north and tropical air mass from
the south to the east of 130°E. Since Meiyu main-
tains a long period and produces heavy, even torren-
tial rainfall, many studies have been done on the struc-
tures and evolution, and mechanisms for its formation.
These studies, hoviever, are mostly concerned with
synoptic climatology and thermodynamies including
coexistence of the high-level jet and low-level jet; inter-
action between synoptic scale and sub-synoptic scale
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phenomena; transfer of energy; instabilities; and di-
agnostic analysis of potential voriicity and radiation
cooling, cte.(e.g., Yu and Lu, 1988; Chen, 1989; Xue
et ai., 1996; Li et al, 2001). Recently some obser-
vations from field experiments and numerical simula-
tions explored the structure and evolution of physical
paramcters, e.g. rainfall, wind field, heat transition,
and potential vorticily, etc., associated with the Meiyu
front, {e.g., Xu et al.,, 2000; Cheng et al., 2001; Zhat
and Gao, 1996).

Rainfall is produced through cloud physical pro-
cesses which are associated with certain favorable dy-
namic and thermodynamic conditions. The cloud
physical processes also feedback and affect the ther-
modynaic process through latent heat release associ-
ated with the phase transfer among the hydrometeors,
and the dynamic process through dragging of falling
particles. Therefore, study of the cloud physical pro-
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cesses and their internction with dynamic and ther-
modynamic processes is an important part in under-
standing the mechanism for formation and evolution
of mesoscale heavy rain. There are probably two ways
to study the cloud physical processes in a heavy rain-
fall system. One is observation and analysis either
through rescarch aircraft flying directly in the cloud
and sampling the microphysical parameters or remote
sensing using radar and satellite. The other is numer-
ical model simulations. 'The problem and limitation of
afrcraflt observation is that the aivcraft can hardly fly
into strong developing convective cloud, which how-
ever, may be the most important part for produc-
ing heavy rainfall, and in gencral the aircralt only
fly through cloud on several levels but do not get the
continuous vertical distribution of the cloud physical
structure. Obviously remote sensing observations us-
ing radar and satellite are an indirect way and can-
not. get information in detail. Some numerical studies
have shown the interaction between cloud physical pro-
ecesses and synoptic systems (e.g. Reisner et al_, 1998).
However, fow observational data on the cloud physical
structure are available for verifying the simulations,

The heaviest rainfall of the Meiyu front in the last
recent 100 years happened in June and July 1999 in the
middle and lower reaches of the Yangtze River. The
total rainfall in Jurne reached 300--500 mn, even reach-
ing up to 570~870 min at the eastern parl in the South
of Yangtzc River, an amount which was 2-3 times the
normal yearly rainfall. Monthly rainfall at Shanghai,
Anging, Suzhou, and Hangzhou, ete. in June reached
their highesi records since the founding of P. R. China
in 1949. The rainfall at Longhua observational sta-
tion of Shanghai was 726 mm in June, which was the
highest record at the station since the meteorslogi-
cal record began in 1873, The period from 22 June
to 1 July was the heavicst and longest-lasting rainfall
period in the month. For studying the cloud physical
processes in the Meiyu frontal system, a balloon-borne
video-sonnding system, Precipitation Particle Image
Sensor (Takahashi et al., 1095), was used to divectly
observe the cloud wmicro-physical structures vertically
from the base to the top of the cloud during this period
at Baoshan observational station of Shanghai. The ob-
servations include cloud particle phase, size, concen-
tration, and electric charging. A WSR-88D Doppler
radar at Shanghai was operated to support recording
the location and intensity of the heavy rain and its evo-
Iution. A total of 11 video soundings were launched
into six heavy rainfall clusters. Also, for compari-
son with the observations, a numerical simulation was
done using the non-hydrostatic mesoscale model MMS5,
This paper will present the main results from both ob-
servation and simulation.
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2. Observation of cloud micro-physical struc-
tures using the videosonde system

2.1 PPIS

The Precipitation Particle Image Senser (PPIS) is
a balloon-borne videcsonde from which images of pre-
cipitation particles are recorded by a camera (Taka-
hashi et al.,, 1995). An infra-red light is set in the
videosonde such that its beam is 15 mm above and
paralie! to the line of the camera. Interrupiion of the
infra-red beam by a precipitation particle larger than
0.5 mm in diameter triggers a flash lamp just above
ihe camera lens. The flash lamp has a pulse dura-
tion of 1/22000 s and can be triggered up to twice per
second. Image signals are converted to a frequency
between 10 Hz and 1 MHz and sent to the ground by
a 1680-MHz carrier wave. In addition to the particle
images, the PPIS also records the electric charge on
the particles and the ambient temperaturc, humidity,
and pressure. The data are transmitied to the ground
station where they are displayed on & TV screen and
recorded on a video tape for review and analysis. Par-
ticles {ice crystals, graupel, snowflakes, raindrops, and
frozen drops) are distinguished from each other by dif-
ferences in shape, transparency, and air bubbles.

2.2 Observations

During the period of 24 30 Junc 1999, three cold
air masses passed over and affected China from the
northwest Lo the southeast. Led by the positive vortic-
ity advection ahead of the trough, three Southwest vor-
texes moved casiward and developed into the Jianghui
eyclones. Associated with the eastward moving of the
southwest vortex, the low lovel jet was strengthened,
supplying abundant moisture for precipitation. East-
ward moving cloud clusters associated with the low
vortex along the Meiyu front were seen on the GMS in-
frared satellite cloud picture. Ilence heavy rainfall was
produced in Shanghai area. The daily rainfall amounts
at Baoshan station {rom 24 to 30 June were 65.8 muni,
32.1 mm, 42.5 mm, 23.7 mm, 31.9 mm, 1.7 inm, and
151.7 mm, respectively. A total of 14 videosondes were
launched during this period.

On 24 June, two videosondes, UP11 and MIX10,
were launched at G700 and (0930 BT (Beijing time, here
and Following ) when the rain intensity was 7.1 mm
h=! and 55 mm h™! (Fig. 1a). On 26 June, two
videosondes, UP9 and MIX5, were launched at 0440
and 1611 when the rain intensity was 3.3 mm h™! and
3.2 mm h~! (Fig. 1b). The balloons catrying the
sonde system did not drift oo far away since the wind
was not strong. The following will give the results of
these four sondes.
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Fig. 1. Rainfall intensity and videusonde launching. (a) 24 Junc 1999; (b) 26 June 1999.

J60
1IT'-1'| _
4 ! l18-20E | IFINAY s 0 oR R ]
i . [ R I
| m.w 2R 2| e

et TR

. '\"?If-‘:'. ) ,l'I . - “HE
) LY )

| 0 i5
180 L} Harhan

Fig. 2. WSR-88 radar reflectivity. (a) PPl at 0700 BT 24 June 1999. (b) RHI from point A (azimuth
301° and 31 nmi) to B (339° and 28 nmi). Baoshan was located at 10 nmi.

221 UP1t azimuth and 31 nautical muiles from the radar) to point

Videosonde UPL1 was launched at 0700 BT 24 B (339° azimuth and 28 nautical miles from the radar)
June. The radar PPI echo showed strong convective ~ Showed the echio top was 10 km high over Baoshan
cells embedded in a wide rain band (Fig. 2a). The (Fig. 2b). GMS satellite infrared clond cover at 0730
intensity of the echo was 48 dBz at observation site showed convective cloud was well developed and the
Baoshan, which is located at 320° azimuth and 28  cloud top reached to 11.94 km where the temperature
nautical miles from WSRB8D radar al Shanghai. The Wwas -45.5°C over Baoshan. The rain intensity was
vertical cross section along the line from point A (301° 7.1-7.5 mm h~! during 0700 0900 (Fig. la).
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Fig. 3. UP11 observation. (a) Size -- height distribution. (b) Number density — height distribution.
(c) Mass density — height distribution.
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Fig. 3. (Continued)

UP1l discovered a total of 1475 particles among
which most were small ice crystals with diameters less
than } mm. Graupel, with diameters of 0.5-2.5 mm,
were vertically distributed from 4.5 km in height to
the cloud top. Some frozen drops existed near the 0°C
level. Below the 0°C level, there were still some larger
un-melted graupel and snowflakes. The largest grau-
pel, with a diameter of 2.5 mm, was observed at the
3°C level, which was the remenant of a larger particle
falling from above and melting (Fig. 3a).

The number density distributions for various par-
ticles were calculated for every 500 m height inter-
val. The sample volume was estimated by subtract-
ing the volume while the flash was recharging {0.6 s),
V =S5(H -06WN), where § = 0.02 x 0.029 m? is the
horizontal cross section of the camera view, H=500 m
is the height interval for calculation, W is the sonde
lifting velocity, and N is the total number of Aashes
during the 500 m height interval. The number den-
sity distribution (Fig. 3b) shows ice crystals, with an
average mmmber of 300-400 m 3, were the most plen-
tiful, concentrating from 6 ki to 10 km in height with
a maximum of 610 m™ at 7 kin (near the —10°C
level). The graupel distribution was similar to, but

fewer than, that of ice crystals, with a maximum of
250 m~3, Snowflakes had the smallest number density
of only tens per cubic meter. Frozen drops were dis-
tributed from 4 km to 6 ki with a peak value of 81
m? at 5 km (near the 0°C level). Some super-cooled
raindrops coexisted with the ice-phase particles above
the 0°C level from 5 km to 6 km.

The mass density was calculated supposing the
density of raindrops was 1 g em ™2, frozen drops 0.9
g em™?, graupel 0.3 g cm ™3, ice crystals and snow 0.1
g cm™* (Takahashi et al. 1995). Among the various
particles in the cloud, graupel had the highest mass
density. Comparing with the number density distribu-
tion, the mass density of the graupel was increasing
with decreasing height, reaching its maximum of 25.6
mg m™? at 4.8 km (~ 2°C). Snowflakes were the next
highest mass density, with a maximum of 8.8 mg m—?
at the —10°C level. Ice crystals had the smallest mass
density, less than 1 mg m™3 in average. In the same
way as for graupel, the mass density distribution of
ice crystals was different from its number density dis-
tribution, but nearly equally distributed with height.
Frozen drops were mostly concentrated near the 0 °C
level with a maximum of 8.1 g m~3 (Fig. 3c}.
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Fig. 4. Same as Fig. 3 but for MIX 10.
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2.2.2 MIX10 al —40°C. The maximum of frozen drops was 45 ™3

Following UP11, MIX10 was launched at 0930
when the rain intensity decrcased to 5.5 mm h=! (Fig.
la). This videosonde system (and MIX3, to be dis-
cussed later) included both infrared and micro scan-
ning so the form of particles can be seen more clearly.
The sonde discovered 446 particles with the maximum
diameter of 3 mun. Similar to UPLL, ice erystals were
the mosi plentiful and were observed in wide height
levels, from 6 km up to 13 km. Their diameters wore
mostly in the range 0.1 0.4 mm and the maximum was
| mm observed at 8 km (—16°C). Frozen drops, with a
maximuin diameter of 0.5 mm. appeared at the 5.3-6
km level where temperature was 0°C— -53°C. Graupel
was also widely spread, from the 0°C level up to the
cloud top, but mostly concentrated near 6 km and 10
km. Most graupel diameters were 0.5-0.9 mm; the
largest one (1.7 mm) was observed at the —4°C level.
Snowllakes, with diameters of 1 mm to 3 mm, were
separately distributed at several levels (Fig. 1a).

The distribution of particle number density for
MIX 10 (Fig. 4b) shows ice crystals had the highest
number density with a the maximum of 60 m=3 at
-8°C, and 50 m~% at —30°C and —45°C. Graupel had
a similar distribution but with a maximum of 44 m 3
at —5°C. The peak value of snowflakes was 15.6 m ™3

at =2°C.

The mass density distribution is shown in Fig. 4e.
Comparing Fig. 4¢ carefully with Fig. 4b, we can see
that the higher value of mass density for ice crystals
was located at a lower level than that of the higher
number density, for exanple, .12 mg m 3 at 8.5 km
corresponding to 50 m™ at 10.5 km, 0.23 mg ™7 at
8 ki corresponding to 50 m ® at 10 ki, and 0.12 mg
m~? &t § km corresponding to 60 ™ at 7 km, re-
spectively. The mass densily of graupel was one order
larger than ice crystals, but increasing with decreas-
ing heiht and reaching their peak value of 3.45 mg
m ™3 near the 0°C level. Snowflakes also had a larger
mass density but scparately distributed in height with
a maximum of 1.2 mg m™? at —9°C. The mass den-
sity of raindrops under the cloud base was somewhat
increasing with decreasing height.

223 Urg

UP9 was launched at 0440 26 June when the cloud
top from satellite data was measured at 11.8 km at
a temperature of —44.6°C. The radar echo intensity
at Baoshan was 35 dBZ. A total of 518 particles were
observed. Ice crystals with diameters of 0.2 1 mm and
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integrated at 33 h valid for 1700 BT 26 June.

graupel with diameters of 0.4 1.6 mum spread from 5.5-
10.5 km; frozen drops with diameters of 0.3-1.5 mm
mainly existed from 5.1-6.4 km where the temperature
was 0°C- --6°C. Above the 0°C level, from 5 km to 6
km, there were some super-cooled raindrops (Fig. 5a).

The number density of graupel was the largest in
this case, with peak value 109 m~2 at 7.75 km. Ice
crystals had similar height distribution as graupel but
with maximum value 72 m~2, Snowflakes were con-
centrated at 5.75-8.25 km with a maximum of 15 m 2

e
v
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at 7.25 km {Fig. 5b).

The higher mass density of graupel was between
6.75 km and 8.25 km, with a maximum of 15 mg m™23
al 6.75 km. Ice crystal mass density was onc order
lower than graupel, with maximumn of 2 mg m~. The
mass density distributions with height for both ice
crystals and graupel were similar to their respective
number density distribution in this case. The maxi-
muin mass density of frozen drops was 21.6 mg m™3
at 6.25 km. Super-cooled raindrops mass density was
10 mg m~2 above the 0°C level at 5.3 km (Fig. 5¢).

2.2.4 MIX5

The cloud top had decreased to 10.5 km where tem-
perature was —33.4°C, but radar reflectivity remained
at 35 dBZ over Baoshan at 1611 BT 26 June when
MIX5 was launched (Fig. 6a).

A total of 397 particles were observed by this sonde.
Ice crystals had the highest nwmber density, with a
maximum of 86 m™? at the —12°C level. At the same
level, grauple density was 66 m=>. Most ice crystals
and graupel were concentrated between 5.5 kin and 9
km in height. There were some snowflakes observed at
5.5 km and 11 km. The maximum diameter of thc ob-
served snowflakes was 3 mm. Super-cooled raindrops
werce observed between the levels of 0- -5°C, with max-
imum number density of 30 m~* (Figs. 7a, b).

The mass density of grauple with a2 maximum of
12.5 mg m™ at the —2°C level, was one order larger
than that of ice crystals (1.11 mg m ™). The mass den-
sity distributious for both ice crystals and graupel were
different than their respective number density distri-
butions, increasing with decreasing height below their
peak number values at —10°C. Snowflakes reached a
maximum mass density of 36.6 mg m™3 at 5.25 km,
near the 0°C level. Frozen drops also existed near the
0°C level with mass density of 0.4 g m™? (Fig. 7e).

2.3 Further observational analysis

The satellite cloud pictures and radar echo dis-
plays show that well-developed convective cloud clus-
ters were embedded In a wide Meiyn frontal cloud
band. Therefore the Meiyu frontal cloud band was a
mixed band: convective cloud embedded in stratiform
cloud. Our videosondes mainty observed the overhead
conveetive cloud.

Among the four sondes, rain was strongest during
the first. Accordingly, UP11 discovered more particles,
in both liquid and ice phases, than the other three son-
des. The maximum number of ice crystals was often
observed near the —10°C level. We may expect that
a larger supersaturation for the ice phase, so favorable
for the formation and deposition growth of ice crys-
tals, occurred there. The distribution of mass density
for ice crystals in three of the four sondes (UP9 ex-
cepted) was different from that of its number density:
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remaining steady or even increasing with decreasing
height below its maximum number level. Trom ihis
we may summerize expect that when ice crystals grew
larger from deposition, they fell down and collected
super-cooled cloud droplets aud grew quickly. Obser-
vations from all four sondes show that the distribution
patterns of both number and mass density for graupel
were similar as those for ice crystals. So the formation
of graupel must, be related to ice erystals. The ice crys-
tals could collect super-cooled cloud droplets and grow
larger to become white opaque graupels. Also, the
fact that the mass density of graupel mostly increased
with decreasing height shows that graupcl furthered its
growth by collection with cloud and rain drops when it
fell. The super-cooled raindrops existing near the 0°C
level supported the further growth of the granpel via
collision. The number density of graupel was generally
less than. but mass densily one order larger than the
ice cryslals, Therefore graupel and its collection with
super-cooled drops played the most important role in
the formation of rainfall. The numbers of snowflakes
were fewer than the others, butl the mass density was
as large as that of graupel. So snowflakes were also
important for the formation of rainfall. Near the 0°C
level, there were quite large numbers of frozen drops.
Now frozen drops are not easily broken when they col-
lide with other droplets, so they could become larger
and transform into large raindrops as they fall into the
warm région and melt.

Below the 0°C level, liquid raindrops had a larger
size and mass density. They were mainly from fallen
and melted granpel, snowflakes, and frozen drops. In
fact, some un-melted graupel was observed below the
0°C level. The mass density of raindrops somewhat
increased with decreasing height which implies that
larger raindrops might further grow from their coales-
cence with smaller raindrops when they fall.

From these analyses we may conclude:

{1} The ice-phase particles (ice crystals, graupel,
and snowflakes) often existed in the cloud of
torrential rain associated with the Meiyu front
{although 4 sondes were presented in this pa-
per, there was only one case among 11 sondes in
which no ice-phase particle was observed). lce
crystals and graupel had the highest number
density but granpel and snow had the highest
mass density. Near the 0°C [evel, ice-phase par-
ticles (graupel, snowflakes, and also some frozen
drops) coexisted with liquid water drops.

{2) The distribution of graupel was similar to that
of ice crystals, so the collection of icc crystals
with super-cooled droplets could be one of the
main f{actors for graupel forimation.

(3) The ice-phase particles grcw larger by the
collection with supcr-cooled cloud and rain
droplets.
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(1) Raindrops below the 0°C level were mainly
generated from melted grauple, snowflakes and
frozen drops. They may have further grown by
coalescence with smaller drops as they fell from
the clond base.

3. Mesoscale numerical simulation
3.1 Model deseription

The non-hydrostatic model MM5 described by
Grell et al. (1994) was uscd for numerical simulation.
Three nested-level domains were set. ‘'he onter coarse
domain included 61 x 61 grid points with horizon-
tal resclution of 45 km; the same grid points for the
middle domain bui with 15 km grid size; the inner
fine-mesh domain included 73 % 73 grid points with 5
km horizontal resolutionn. These covered the rainfall
area wear Shanghal for this case. The model atmo-
sphere was divided into 25 layers from the surface to
50 hPa for all three domains. The version we used
includes a high-resolution planetary boundary layer;
Reisner granpel explicit moisture scheme for grid re-
solved precipitation physics in all three domains; and
Anthes-Kue, Grell, and none for cuinulus convective
parameterization schemes for grid non-resolved pre-
cipitation physics in the coarse, middle, and fine do-
mains, respectively. The model was initiated using
the USA NCEP grid data as a “first guess” field, sup-
plemented by China National Meteorological Center
operational surface and rawinsonde data., The time-
dependent inflow-outflow conditions were used for the
lateral boundary. The model simulation was started
al 0800 BT 25 June and ended at 2000 BT 26 June
1999. Real terrain data with resolutions of 30 min., 1¢
min, and 5 min. were used for the three domains, re-
spectively. Simulations wore shown by using the 5 D
visual system to see the distribution and evolution of
various hydrometeors.

3.2 Comparison between simulations and abser-
vations

For testing the simulations, the prognostic contour
charts and wind fields on low , mid-, and high-levels;
vertical cross sections of equivalent potential temper-
ature. radar reflectivity, clond top height and temper-
ature; total 12 h, 24 h, and 36 h rainfall, and rainfall
variation in 6 h intervals from observations and simu-
lations were cumpared.

3.2.1 Prognostic contour chart, wind field, and equiva-
lent potentiol termnperature

The model well simulated the subtropical high and
its weslward movement on the 500 hPa isobaric sur-
face, high level jet at 200 hPa, and the surface low
near the Meiyu front along the Yangize river, The
southwesi jel at the low level (850 hPa) was well sim-
ulated over the 24 hours but had a bias towards the
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north of about 2 4° of latitude. Both the analysis and
simulation of the vertical cross section of equivalent
potential temperature through the Meiyu front show
a dense belt, and its south edge near 30°N was the
position of the surface Meiyu front (figures omitted).

3.2.2 Radar reflectivity

Radar reflectivity from the simulation was cal-
culated from dBZ=dBZ,+dBZ; where dBZ. and
dBZ; represents the contribution from rain- and ice-
phase drops, respectively.  According to Herzegh
and Hobbs {(1980), dBZ,=42.2+16.8loghf;, and
dBZ;=41.4+16.5log(M; + M, + M), where M, =
107 pqe, M; = 10%pg; , M = 10%pg,, and M, = 10%g,.
The variables ¢r, ¢i. ¢, and ¢, arc mixing ratio of rain
water, ice crystals, snow, and grauples, respectively,
andp is the density of dry air.

The simutated reflectivity of 40 dBZ at 600 hPa
{~ 4.5 km) al 33 h integration (valid for 1700 BT 26
June) was consistent with the observed 35 dBZ at 4.5
km height over Baoshan at 1600 BT 26 June (Fig. 6).
Alse both chservation and simulation show the radar
echo top was at 10 ki of height.

3.2.3 Cloud top temperature and satellite brightness
temperature

The simulated cloud top was estimated by ge+¢p +
% +gs +qg = 0.01 g kg~! (Liv and Zhang, 1997). The
temperalure of the cloud top was commpared with the
satellite brighiness temperature TBB, Figure 8 shows
the TBB distribulion of satellitec observation at 0800
BT 26 June and model 24 h simulation valid for the
same time. It shows that they are generally similar:
convective cloud clusters were embedded in a south-
west to northeast distribuled cloud band, and the temn-
perature of the cloud top was as low as — — 50°C iu
Hangzhou area (near 30°N, 115°E). The evolution of
the simulated cloud top temperature distribulion was
also similar with that of the TBB obscrvations.

3.24 Rainfall

Figurc 9 shows the 36 h accurnulaied rainfall from
observation and simulation. ‘T’he major part of the
rainband was simulated very well except the west edge
of the band. A false rainfall maximum appeared at
31N, 115°E in the simulation pattern, which was
caused by the grid non-resolved cumulus convective
rain treated by cumulus parameterization. This was
verified by Fig. 10 which shows total 36 h rainfall of
grid resolved rainfall from the Reisner explicit schcme
and grid non-resolved rainfall from the cwmnulus pa-
rameterization schee, respectively. We could see the
patiern of rainfall treated by the explicit scheme (Figs.
10a) fit the observation well, and the unmatched part
Lo the west of the rainband was caused by the cumulus
parameterization (Fig, 10b).
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The above comparison shows that the model sim-
ulations well represented the observations, and the
cloud physical processes treated by the Reisner scheme
reasonably represented those in the cloud for this case.
Thus, we can use the model-retrieved data to analyze
the cloud physical processes and their evolution.

3.3 Cloud physical process simulation

In the Reisner graupel explicit scheme, mixing ra-
tios of cloud water, rain water, ice, snow, and graupel
are prognostic variables. The equations for the mixing
ratios of water vapor ¢,, cloud water g, rain water g,
cloud icc ¢;, snow gs, and graupel gg are the following.

T == ADV(' ) + DIV('6) + D(as) 4 2" (Proy ~ Pusp  Prseo = P = Poen ~ Prnd),
W% = — ADV(p'q.) + DIV(p"a0) + Dige)
ot

+ P~ Poonr — Pracw + Peend — Pitze — Pispl = Pasacw — Prsaow — Pyaew — Prinew — Fyiaew + P,
Pk~ — ADV('q) + DIVEp'a) - Pae

+ 8 (Praow + Pocar = Prowp ~ Pter = Prace = Passcr = Ppanee = Pese + Panit + Pamt),
L = ADV(p'a) + DIV("g) + Dia)

+P"(Piasn + Pitzc + Pispl + Pldep + Piinew — Pieng — Praci = Paaci = Piens — Pinte)
=~ ADV(3*0) + DIV(°a) — P

+ 9" (Padep + Fions + Pasacw — Pacog + Paaci + Pasace = Pa.racs — Pomit) s
G%tqg = — ADV{p*gg) + DIV(p"qg) ~ Pgpro + 1" (Pgdep + Picng

+ Pg‘sncw + Pgacw + Pgacr + Piacr + Praci + Pg.sacr + pg.racs + ngzr + Picng + Pg.iacw - gm]t) .
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Here p* is the difference between the surface pressure
and the pressure at the top, I represents diffusion due
to sub-grid scale turbulence. The ADV and DIV terms
represent three-dimensional advection and divergence.
The Pyyex terms on the right-hand side of the equa-
tions are the various source and sink terms for the
generation of hydrometeors {Reisner et al., 1998).

3.3.1 Distribution and evolution of mizing retios of
cloud water, rain waler, cloud ice, snow and
groupel

(1) Cloud water

Observations from satellite and radar have shown
that the Meiyu frontal precipitation band was often
embedded by meso-/3 and meso-v scale cloud clusters
which caused heavy rainfall on the surface {e.g., Xu
ct al., 2000). Our simulations show cloud water was
distributed into a stratiform cloud band in which con-
vective eloud clusters were embedded (Fig. 11a}. The

S0N

VOL. 20

cloud eclusters had a horizontal scale of 10°-10" km,
their top reached up to 8 km, and the mixing ratio
of the cloud water was 0.2-0.5 g kg~!. Since the 0°C
level was at 5.5 km height, the cloud water above 5.5
km was in a super-cooled state. Each cloud cluster
experienced its life cycle of developing, maturing, and
dissipating in several to twenty hours. Two or more
cloud clusters might combine together into a larger one
and remain longer.

(2) Ice water

Ice water was also distributed into a southwest to
northeast band (Fig. 14b). Its mixing ratio was 1075
1073 g kg1, two to four orders less than that of cloud
water. Tt was concentrated at thc upper part of the
cloud between 8 16 kin.

(3) Snow

Snow was distributed from 4 kmto 12 kmin height,
with amaximum value of 1.4 g kg ~! near lhe 0°C level
(Fig. 1ic).

458 b \7
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36N

30N

25N 1" ) ; (? .
N / C TERE Y
u/\kﬁ . & 1-60 _.038} 10

1108 ) 120E 130 140E

20N

Fig. 8. (a} TBB from GMS satellite observation at 0800 BT 26 June 1999. (b) TBB from tuodel simulation

24 h integration and valid for 0800 26 June 1999,
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Fig. 9. Accumulated rainfall from observations (a} and simulations (b} at 36 h (in mm).
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Fig. 10. Model-simulated accumulated rainfall contributed from grid resolved rain (a) and grid non-

resolved rain (b) at 36 h.

{4) Graupel

Graupel was distributed from 4 km Lo 10 km in
height with a maximum value of 2.2 2.4 g kg™! near
the 0°C level (Fig. 11d).

(5) Rain water

Rain water was mostly distributed in the warm
part of the cloud with a maximum of 1-2.0 g kg™,
Comparing Fig, lle with Figs. 1lc and 11d we can
see its distribution and evolution corresponded well to
that of the ice-phases (include snow and graupel), i.e.
the rain water maximum, and also for surface rainfall
shown in Fig. 111, was located just under the ice-phase
maximum, and was developing and dissipating with
the ice-phase simnultaneously.

3.3.2 Comparison with videosonde observations

The videosonde observations UP% and MIX5 on 26
June 1999 correspord to 21 h and 33 h integration of
the simulation. For comparing with the observations,
ass density of cloud water, cloud ice, snow. graupel,
and rain waler were caleulated from M, = pg,, where
gy 18 the mixing ratio of the hydrometeors and p is dry
alr density. Vertical cross sections of mass density of
ice, snow, graupel, and rain through Baoshan (located

at 31.5°N, 121.5°) are shown in Fig. 12. In the cross
section, Baoshan is between 40 and 41 at the z-axis.

In Fig. 12 integration at 21 h (valid for 0500 BT
26 June) shows that ice water was spread from 8-16
kmn with a maximum of 5 mg m~3 at 11 km; snow
from 4-11 km with a maximum of 250 mg m™> at &
km; graupel from 4-7 km with a maximum of 4 mg
m~? at 5 km: and rain water was below 5.5 km with
a maximum of 100 mg m~3 at 3.5 km (Figs. 12a, b,
¢, d). Obscrvations by UP9 between (44(-0540 BT
26 Junc show ice crystals spread from 6-10 km with a
maximum of 2 mg m~% at 8 kin; snow flakes from §5-8
km with a maximum of 10 mg m™* at 8 km: graupcl
from 5-10 km with a maximum of 10 mg m™" at 7 km;
aud raindrops below 6 km with a maximum of 200 mg
m~* at 2 km (Fig. §ic), Comparing the two groups of
data, we can see that they show distributions at sim-
ilar height levels with the same orders of maximum
except for cloud ice. The PPIS observed that most ice
crystals were at lower levels than given by the simu-
lations. The PPIS observation mighl, miss small ice
crystals al upper levels where no particles larger than
0.5 mm in diameter might exist, and hence could not
trigger the flash of light.

Table 1 Comparison between model simulations and video sounding observations of mass density for various

water species

21 h urs 33 h MIX5
(0500 26 June) {0440-0540 26 June) (1700 26 June) (1611-1700 26th June)
fce water 8-16km 5 mgm™3 6-10 km 2 mg m~3 816 km 4 mg m3 5 13km 1 mgm?
11 km 8 km 11-12 km G km
Snow 4-1lkin 250 mgm 3 [58km 10mgm ™ |412km 240 mgwm 3|5 12km 36 mg m™3
5 km 8 km 5.5 km 5 km
Graupel 4-Tkm 4 mgm ¢ 5-10km 10mgm™ |4-Tkm SBmgm ? 5-13km 12mgm
H km 7 km 5 km 6 kin
Rain water | < 5.5km 100mgm~3 | <6km 200mgm3 | <355km 130 mgm™3 | <55km 100 mg m—*
B 3.5 km 2 km 3 km 4 km
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Fig. 11. Simulation at 6 h integration of (a} cloud water on isobaric surface 550 hPa, (b) cloud ice on 300
hPa, {c} snow on 500 hPa, (d) graupel on 500 hPa, (e) rain water on 850 hPa, (f) surface accumulated

rainfall in 3 hours. Labeled in g kg
for surface rainfall.

Comparing model integration at 33 h (Figs. 12e,
f, g, h) with videosonde MIX5 observations (Fig. 7c)
shows similar results. Table 1 lists these comparisons.

3.3.3 Sources and sinks

The major sources and sinks for the generation of
cloud water, cloud ice, snow, graupel and rain water
are considered to see the major contributing factors.

for cloud water, cloud ice, snow, graupel, and rain water, and in mm

Here only those simulated at 21 h integration and valid
for 0500 26 June when rain intensity was increasing
and PPIS UP9 was launching are given below as an
example.

The major source for cloud ice generation was rim-
ing growth (Piiacw}, with a maximum of 2 x 1077 ¢
kg='s~! at 400 hPa, The ice multiplication {Fgp)
was the next main factor for its generation, with a



NO. 1

WANG PENGYUN AND YANG JING

93

700 -
80O}~ -
900

1=21he grovpel mass gensity {¥)

100F
2000 ¢
300
400y,
sool .
700 - . . .

800 A b e s

900{ - -

1=21he rotwater mass densily (v}

]00 [+ SR
200) d

300 .. i
400{" .. .
500
ol
700
800}~ -~ --
900] -

10 20 30 40 50

Fig. 12, Vertical cross section of mass density of ice, snow, graupel, and rain water labeled in g m~

60 10 20 30

3

along 121.5°E from 21 h and 33 h integration of model simulation valid for 0500 BT 26 and 1700 26 June,
respectively. In figures, the numbers on horizontal lines represent height in km.

maximum of 3 x 10710 g kg~ 's~! near 500 hPa. The
contribution from freezing of cloud droplets was less
than the others, with a maximum of 1.6 x 10-11 ¢
kg=1s~1.

For snow, the deposition (Pigep), with a maximum
of 1.0 x 107* g kg~'s™!, played an important role in
the upper part of the clond. When snow particles grew
and fell to the lower part of the cloud (below 500 hPa),

the collection of rain water by snow (P gacr) became
the major factor, (maximum 5.5 x 10~ g kg=s~1).
Simulations show that ice collection with snow { Py
and ice conversion into snow (Pis) were not impor-
tant; both of them were less than 2x 1077 g kg~ 's~?.
Therefore the existence of super-cooled cloud and rain
water was important for the growth of snowflakes.
Table 2 lists the main sources and sinks for the
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major water hydrometeors.

YOL. 20

Table 2 Main sources and sinks for generation of ice, snow, graupel, and rain water simulation at 21 h valid for

0500 BT 26 June

Category of water species | Main sources and sinks (numbers in the brackets are the maximum with units of g kg 's 1)
Cloud ice Prinew(2 % 107 T), Pyni{3 x 10710, B (1.6 x 1071
Snow Py sace{B5 % 1071, Pogep(l % 1079}, Popgi (€ 2% 1077}, P (< 2% 10 7)
Graupel Pyracs(6 % 1077), Pgsacr(5.5 X 1074}, Pgacr(22 X 1074), Pgacw (7 x 10" ®),
Pasncw(3.3 x 1075), By jacw (1.1 x 1079)
Rain water Paran (8 % 1073), Perpg (9 X 107 8), Praew (5 % 1077}, Pegar{6 x 10710)

For graupel, conversion from collection of rain by
snow Py racs), Or vice versa, from collection of snow
by rain (Pyeacr), Played the most important role.
The maximum of Py ener was 6 x 1074 and of Py racs
5.5 % 107* near the 5 km level (0°C level). There-
fore, the formation of snow and co-existence with rain
water were favorable for the formation and growth
of graupel. Graupel could grow further by collection
with ctoud water (Pyacw) and rain water (Fgace), whose
maximums were 2.2 x 1074 g kg~ s~ and 7 x 108
g keg~is1, respectively. Other generation terms for
the formalion of graupel were snow accretion of cloud
water (Pgsacy); With a maximum of 3.3 x 1075 ¢
kg~'s~', and collection of cloud water by ice (Pyipew),
maximmn of 1.1 x 107% g kg~ 's~!. Snow aceretion
of clond water and collection of cloud water by ice
then converted into graupel (Py sacw. Pginew ) WoTe also
important for the formation and growth of graupel,
33x 10 $gkg st and L1 x107% g kgls !, re
spectively. Freezing of vain water into graupel (F,g,.)
and collection of ice by rain (Prae) were small and not
immportant.

For rain water, the source terms include generation
due to the collection of cloud water by rain {Frey ),
conversion of cloud water into rain (Pegy, ), and melting
of snow (Pymie) and graupel (Pgpn ). Simulations show
the melting of snow (P, 8 x 107° ¢ kg~ s and
graupe! (Pemis, 9 % 107% g kg™"'s™1) were the most
important factors for rain waler generation at the low
level, and the other two factors (Pracw, 5 X 1079 g
kg~ 's ! and Pecar, 6 x 10710 g kg~ 1571} were 3-1 or-
ders of magnitude less than them.

Running the model with a “warm cloud scheme”,
in which the similar mechanism for the gencration of
cloud water and rain as that in the Reisiter scheme is
used but the ice phase excluded, shows that the accu-
mulated 12, 24, and 36 h rainfall was only 60% of that
with the Reisner scheme. This verifics, in another way,
that the ice phase and its interaction with the liquid
phase in cloud, Le. the mixed-phase cloud physical
process, is the major important process for the forma-

tion and development of heavy rainfall associated with
the Meiyu front.

4, Conclusion

In analyzing this heavy rainfall event, it was found
that the synoptic scale Meiyn frontal cloud and rain-
band was generally embedded with meso-scale convec-
tive cloud and rain clusters which mainly contributed
to heavy rainfall on the surface.

Videosonde obscrvations and analyses for the con-
vective clond and rain clusters show that ice-phase
particles (ice erystals, graupel, snowflakes, and frozen
drops) mostly existed in the cloud. Among these par-
ticles, ice crystals and graupel were the most numer-
ous but graupel and snow had the highest mass den-
sity. Near the 0°C level, ice-phase particles coexisted
with liquid waler droplets. ‘The fact that the distribu-
tion with height of graupel was similar to that of ice
crystals implies that the collection of ice crystals with
super-cooted cloud and rain droplets could be one of
main factors for graupel {urmation and growth. Raio-
drops below the 0 °C level were mainly produced by
falling from above and melted grauple, snowHakes, and
frozen drops.

Numerical simulations using the non-hydrostatic
meso-scale model MM5S with the Reisner explicit
scheme mainly verified the results from observations
except. for the cloud ice distribution with height. The
ice crystals were distributed lower in the observations
than in the model simulations, which may be caused by
the deficicncies of PPIS observation for small particles.
The analyses of sources and sinks for various hydrom-
eteors from simulation show that rain water below the
cloud base, and so for surface rainfall, were maiuly
from snow and graupel melting. The growth of snow
and graupel in the cloud was mainly from collection
with cloud and rain water near 0°C. Hence the distri-
hution and evolulion of rain water on the low level, and
s0 for surface rainfall, corresponded well with those of
snow and graupel on the upper level.
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Fig. 13. Simulated ice-phasc water (ice, snow, and graupel) on 400 hPa level (a, b}, rain water on 850
hPz (c, d), and surface accumulated rainfali in 3 hours (e, f) at 12 h and 24 h integration.

Thus, the mixed-phase cloud process, in which ice
phase (ice, snow, graupel) coexisted with liquid phase
(cloud water and rain), played the most important role
in the formation and development of heavy convective
rainfall in the Meiyu frontal system. This finding was
similar to the one in the case of the South China heavy
rainfall discussed by Wang et al. (2002).
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