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1. INTRODUCTION

The number concentration of cloud droplets,
which influences significantly the radiative properties
and precipitation efficiency of clouds, depends on
cloud condensation nuclei (CCN) spectrum and the
maximum value of supersaturation which the air
mass has experienced. This maximum value can not
be estimated by values on the grid points with an in-
terval larger than ten meters. In addition, the supersa-
turation is affected not only by the updraft velocity but
also by the number of activated nuclei. Therefore it is
desired to calculate the condensation growth of CCN
in the Lagrangian framework accurately in order to
find out if each nucleus can be activated.

2. CLOUD-MICROPHYSICAL MODEL

To accurately estimate the number concentra-
tion of cloud droplets and the effect of CCN on the mi-
crostructure of clouds, the hybrid microphysical cloud
model was developed. Our microphysical cloud mod-
el estimates the maximum values of supersaturation
and the number concentration of cloud droplets by us-
ing the parcel model with Lagrangian framework. And
our model estimates condensation, coalescence, sedi-
mentation and advection of cloud droplets and rain-
drops by using bin model on the grid points with Eurel-
ian framework. These two schemes are shown in
Table 1.

2.1 Lagrangian framework

In our hybrid microphysical cloud model, each
grid point has a parcel model to estimate the activa-
tion of nuclei. In the case that the relative humidity of
the grid point reaches 100% for the first time, or the
case that relative humidity of the grid point is larger
than 100% and cloud water on the windward side of
the point does not exist, air parcel including CCN and
vapor starts to rise from the windward side of the
point. In each parcel, the condensation growth of
CCN is estimated in Lagrangian framework using the
microphysical model described in Takeda and Kuba
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(1982). When droplets condensed on CCN grow
enough to be distinguished from embryo, which can
not become cloud droplets, the cloud droplets size
distribution, the mixing ratio of vapor and potential
temperature in the parcel are given to the grid points.

2.2 Eulerian framework

The cloud droplet size distribution on the grid
point is formulated using bins of fixed radii, and their
growth by condensation and coalescence is calcula-
ted in the Eulerian framework with special attention to
prevent numerical diffusion of cloud droplet size dis-
tribution. Condensational growth is estimated by us-
ing modified Bott’s (1989) method, and coalescence
is estimated by using Bott's (1998) method. Sedimen-
tation and advection of droplets are estimated in the
Eulerian framework among grid points.

3. CLOUD-DYNAMICAL MODEL

To compare the development of rain in a shal-
low cloud using this hybrid microphysical cloud model
with that using another model or that given by obser-
vation, our model is installed in the dynamical cloud
model provided by Szumowski et al. (1998). This dy-
namical cloud model was designed to test the warm
rain microphysical model in the Case1 of the fifth
WMO Cloud Modeling Workshop (2000, Aug, 7-11,
Colorado). The dynamical cloud model prescribes an
evolving flow (0 - 50 min) and performs 2D advection
of the temperature and water variables (domain: 9 km
x 3 km, dx and dz: 50 m, dt: 3 s ). Figure 1 shows the
wind field at 25 min, which corresponds to the peak
stage of the updraft.

4. RESULTS

To study the effect of CCN on the precipitation
efficiency of clouds, the seven size distributions of
CCN are prepared as shown in Table 2 and Fig. 2.
A1 is based on the observation of the supersaturation
spectrum of CCN shown in Szumowski et al. (1998),
and is transformed to the size distribution with as-
sumption that the constituent of CCN is NaCl.

Figure 3 shows the simulated accumulated rain-
fall at the surface for the cases of A1, B1 and C1.
Only Aitken particle CCN (r < 0.1 um) number concen-
trations are different among these three cases (the ra-
tiois 1:5:10). In case A1 (Fig. 3a), precipitation
starts at 31 min at the place about 1 km from the center



of the domain. At this time, the updraft at the center is
so strong, that raindrops can not fall against the up-
draft. But raindrops start to fall when the updraft be-
comes weaker at the center. The accumulated rainfall
for 50 minutes exceeds 6 mm at the center of the do-
main. In case B1 (Fig. 3b), precipitation starts at 36
min at the place about 2.5 km from the center of the
domain. The accumulated rainfall for 50 minutes
dose not exceed 2 mm. In case C1 (Fig. 3c), precipita-
tion starts at 43 min at the place about 4 km from the
center of the domain. The maximum accumulated
rainfall for 50 minutes is smaller than 1 mm.

It is found that the increase in the number con-
centration of Aitken particle CCN reduces the amount
of rainfall, delays the rain initiation and modify the
place of precipitation. It means that the increase in
the number concentration of Aitken particle CCN redu-
ces significantly not only the efficiency of generation
of rainwater but also falling velocity of raindrops.

Figure 4 shows the size distribution of droplets
at the three altitudes of the center of domain for ca-
ses A1 and C1. At the time of 20 min, the cloud drop-
let size distribution in case A1, which has lower num-
ber concentration and larger mean radius, grows by
coalescence with altitude more significantly than in
case C1. At the altitude of 2.225 km at 40 min, more
raindrops are produced in case A1 than in case C1.
At the altitude of 0.825 km at 40 min, more and larger
raindrops exist in case A1 than in case C1, which are
produced by coalescence during falling. In case C1,
the growth of raindrops takes longer time than in
case A1, so that raindrops move to the edges of the
domain along the flow. The shapes of size distribu-
tions in Fig. 4 are somewhat bumpy, so that the num-
ber of bins for size distribution and grid size in do-
main should be tuned and the scheme of activation of
droplets should be examined in this model.

The comparison among the results of cases A1,
A2 and A3, or cases C1, C2 and C3, demonstrates
the role of large (0.1 <r<1um) orgiant (r=1wnm)
CCN for the precipitation. However, there is very little
difference among the results of cases A1, A2 and A3,
or cases C1, C2 and C3 (not shown here). Therefore,
it is found that in the case of a shallow cumulus cloud
with the maximum updraft velocity of about 10 m s™,
only Aitken particle CCN determines the properties of
precipitation,

Kessler's parameterization is also applied to this
simulation for comparison. In this parameterization,
the production rate of rainwater R is expressed as
fO”OWS, R = A(QC— QCO) + BQCQrO'WS
Q. and Q, are the mixing ratio of cloud water and rain-
water, respectively. The three coefficients (A, O..,, B)
are tuned to harmonize the results from Kessler’s par-
ameterization with the results from our hybrid micro-
physical cloud model. Figure 5 shows the accumulated
rainfall for 50 minutes. Three coefficients are shown

in Table 3. The coefficients in case K1 are commomly
used in many studies. However, the accumulated rain-
fall in case K1 is much larger than that in Fig. 3. The
accumulated rainfall in case K4 with very small A is
similar to that in case A1 in Fig. 3. The time evolution
of accumulated rainfall in case K4 is shown in Fig. 6.
It shows that the precipitation area in case K4 is
smaller than that in case A1 (Fig. 3a). It means that
drops fall in a wide area according to their terminal ve-
locity in case A1 but they fall at the large mean termi-
nal velocity in a small area in case K4. It can be said
that these coefficients can tune the amount of rainfall,
but can not express the variety of the fall velocity of
raindrops sufficiently. In addition, no combination of
the three coefficients can produce the rainfall pattern
like Figs. 3b and 3c.

5. CONCLUSIONS

The numerical experiments using our hybrid mi-
crophysical cloud model, reveal that the number con-
centration of Aitken particle CCN is the important fac-
tor to decide the precipitation efficiency of clouds.
The increase in the number concentration of Aitken
particle CCN reduces the amount of rainfall, delays
the rain initiation and modify the place of precipita-
tion.

It is found that in the case of a shallow cumulus
cloud with the maximum updraft velocity of about 10
m s™, large and giant particle CCN do not play an im-
portant role in the precipitation, only Aitken particle
CCN determines the properties of precipitation.

Modification of three coefficients in Kessler’s pa-
rameterization can not produce the equivalent results
with that from our hybrid microphysical cloud model.
The difference in CCN size distribution makes the
larger difference in the terminal velocity of raindrops
than that assumed in Kessler's parameterization. To
express this difference, raindrops (r = 40 wm) should
be partitioned into several bins even in the bulk model.

6. REFERECES

Bott, A., 1989: A positive definite advection scheme
obtained by nonlinear renormalization of the ad-
vective fluxes. Mon. Wea. Rev., 117, 1006-1015.

Bott, A., 1998: A flux method for the numerical solu-
tion of the stochastic collection equation.
J.Atmos.Sci., 55, 2284-2293.

Szumowski, M. J., W. W. Grabowski and H. T. Ochs
111, 1998: Simple two-dimensional kinematic fra-
mework designed to test warm rain micro-physi-
cal models. Atmos. Res., 45, 299-326.

Takeda, T. and N. Kuba, 1982: Numerical Study of
the effect of CCN on the size distribution of cloud
droplets. Part I. Cloud droplets in the stage of
condensation growth. J.Meteor.Soc.Japan, 60, 4,
978-993.



ze ¢01X0'2 ¢01X10°0 12}
cc ¢-0IX02 ¢-01XS2°0 ex
cc ¢-01X0'¢ ¢-01X00"H oA
ze ¢-01XG0 ¢-01X00' M
q [,.66] ©°0 v aseD

uonezisjeweled S 9|SSay| JO SjUsIdIe0) 'S o|qel
"LO PUB €Y 2V ‘LY SOSEd
ul NOO J0 suonnauisip 821 g ainbiy
0001} s 0] €0
(w) snipey I ot (o] 20
0oL ol ' KO 100 1000 F F ot HO
T T T T I I S R3]
I 1v1-0F
1 Lo o 0001 L ! eV
[ 1o 3 ' o ' 2v
o0k £
[ 1,00 2 ! ! ' %
- 1 90} M % ¥100°0 > 9S % v¥0'0 > 9S> 11000 0S > % v¥0°0 ase)
[ 1 +0} 5 (4>wm ) web (wr | >1>10)ebugl (wn "0 >1) usyy
o
- 1200 & LV 01 NDD JO UOIBJUSduO0D Jaquinu JO olley ‘g a|qel
- 160+ §
5 400 =2
L = wor
SG0 $G00 v
poylew (8661) siiog peIapISU0d J0u 80U80S8|20)
poyew (686 )sHog palipow (2861) BQNY pUB BPAYEL  UONESUSPUOD
‘yeipdn ayy jJo
obeys sead oy 0} SPUOASII0D YOIYM ‘Ui GZ 1B PIaly PUIN | @inbig paispIsuoo jou (2861) BANY pUE BPOYEL uoneAloY
Ssu o) (wy) X "ulg yoes Ul papnjoul "SSB|0 Yora Ul papn|oul
6 8 A 9 S % e 2 L 0 S18|doJp JO UONBIIUSOUOD JaquinN ND9 uo Bujwoj sje|doip jo snipey
_ _ _ _ _ _ _ _ 0 €)) u ©) 4 Son[eA a|qeLeA
e e e e e ]
(| J et e e e e e e e o] — —
e e SN T e R (ST T=1) "uiq yoea ur papnjoul  (00Z"-'1=1) '$SeJO Yora Ul papnjoul
A VW IV kit § bz sjo|doJp Jo snipeJ aAieluesaldey NDD JO UONBIUS2UO0D JaquiNN
oooooooooooooox/w h\\44444444444444A E U [
TR, ERRRREREEREEEERN - w7 M=l u  senfenpexig
P S T S S = I
e e ) SN -]
/ \ ueus|ng uelbueibe }IOMBWERI
o R pub eyl uo 192Jed oy uj
€

‘lopow pnojo [eaisAydouoiw Jo Sewsyos om] ‘| o|qel



H) @seo ulng ¢ ‘B4 se swes 9 ainbi4

6 8 L 9 € 4 A 0
; ; ; : X f 0
>
8
Lz 5
c
=
(0]
o
Ly 5
=)
3
uwoy —— S
ulwsy ----- L9 —
— 3
uwog 3
Ui Gg - uoneniu| urey  yy
8
YM pue
) ‘2Y ‘1) S8Seod Ul 90BuNS Je sanuiw 0g
Jo} ||ejures payesBajul pajenwis G ainbi4
6 4 A 0
N ! 0
>
[+]
| m m
3
c
oL 2
o
Y]
L G| W
g
Loz 3
3
Ge

“(4) unt G28°0

‘(8) wnf G281 “(P) W G222 JO Sepnile By} e LD 8SeD Ul pue (o) Wy 5280 (q) Wy 5/8'L
‘(e) W G22'2 JO Sepnife By} Je |y 8SeDd Ul s}|dolp Jo suolnquisIp 8zIs pareinwis  { ainbi4

(wnl) snipey (wni) snipey
0000} 000} 00} ol 1 0000} 000} 00}
, T yoam
[ uwop ----- [ uwoy ----- ]
| ulwQog — | uwQgg — p
L WY G280 1O | W4 Ge80 LY 9 |
B B
[ wwop ----- [ uwwopy ----- ]
| uwoz —— | uwoz — |
L unG/8'L 1O L UM G/8'L LY q ]
[ uwoy ----- [ uwop ----- ]
L uwozg — L uwoz — i
L W Sece 1O L WY Sece LY e

Ol

o0l
O—‘OF

001

201

20}

o0l

o0k

o0k

20}

20}

o0l

IP/NP

(y-wo)

(-wo) Jp/NP

(3-wo) Jp/NP

1D ©seo 0 ‘Lg esed :q
‘LY ©sed B "90BUNS e |[ejulel parelBaul
paje|nwis Jo suonnjoAe awil € ainbi4

(W) x
9 § v € ¢ b0

=== 0
¢
14
UGy ===-- 9
8
0
¢
v
-9
8
-0
¢
4
9

ulwg : uoleqiujurey |y e
8

(ww) [rejurey paleinwnody (ww) |rejurey paleinwnody

(ww) |leyurey payeNWINody



