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Abstract. The effect of hygroscopic seeding on warm rain which large soluble particles prevent the activation of smaller
clouds was examined using a hybrid cloud microphysicalparticles and the “raindrop embryo effect” in which giant
model combining a Lagrangian Cloud Condensation Nucleisoluble particles can immediately become raindrop embryos.
(CCN) activation model, a semi-Lagrangian droplet growth In some cases, one of the effects works, and in other cases,
model, and an Eulerian spatial model for advection and sedboth effects work, depending on the updraft velocity and the
imentation of droplets. This hybrid cloud microphysical amount and size of seeding particles.

model accurately estimated the effects of CCN on cloud mi-
crostructure and suggested the following conclusions for a

moderate continental air mass (an air mass with a large numy  |niroduction

ber of background CCN). (1) Seeding can hasten the onset

of surface rainfall and increase the accumulated amount oHygroscopic seeding to promote water droplet coalescence
surface rainfall if the amount and radius of seeding particlesby introducing appropriately sized salt particles, sprayed wa-
are appropriate. (2) The optimal radius of monodisperse parter droplets, or saline solution into clouds has long been
ticles to increase rainfall becomes larger with the increase&known and used (Bowen, 1952; Biswas and Dennis, 1971;
in the total mass of seeding particles. (3) Seeding with saliCotton, 1982; Murty et al., 2000). In classic hygroscopic
micro-powder can hasten the onset of surface rainfall andseeding approaches, large hygroscopic particles at least
increase the accumulated amount of surface rainfall if the10 um in diameter are used to provide raindrop embryos.
amount of seeding particles is sufficient. (4) Seeding by aThis method requires that a huge amount of seeding material
hygroscopic flare decreases rainfall in the case of large upbe dispersed by aircraft. Drawbacks of this method include
draft velocity (shallow convective cloud) and increases rain-its inconvenience for practical use, low cost-effectiveness,
fall slightly in the case of small updraft velocity (stratiform and possible adverse effects of salt on the environment.
cloud). (5) Seeding with hygroscopic flares including ultra-  Hygroscopic seeding with flares, which produces salt par-
giant particles>5 um) hastens the onset of surface rainfall ticles 0.3 to 10 um in diameter, has been used to augment
but may not significantly increase the accumulated surfacerecipitation from summertime convective clouds in South
rainfall amount. (6) Hygroscopic seeding increases surfaceifrica and Mexico, with promising results indicated by
rainfall by two kinds of effects: the “competition effect” by radar-estimated rainfall (Mather et al., 1997; WMO, 2000).
The flare method has been widely used in a number of
countries and regions because of its convenience for field
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inconclusive due to the lack of understanding of the physicallarge soluble particles prevent activation of smaller or less
processes leading to increases in radar-estimated rainfall. soluble particles). However, estimation of surface rainfall
To investigate the effects of hygroscopic seeding on cloudusing the parcel model appears to be difficult.
and precipitation, many studies have applied numerical mod- The competition effect was emphasized by Ghan et
els. Reisin et al. (1996) simulated hygroscopic seeding ofal. (1998) and O'Dowd et al. (1999) and discussed in Fein-
an axisymmetric convective cloud and showed that seedingjold and Siebert (2009). Appropriate number concentra-
had a dramatic effect on rainfall. They determined the cloudtions of seeding particles compete with the background CCN
droplet number by Cloud Condensation Nuclei (CCN) acti- for available excess water vapor and consequently lower the
vation spectra and distributed the droplets over size bins acmaximum supersaturation, decrease the number concentra-
cording to a gamma or exponential function. However, bytions of activated cloud droplets, and increase the droplet
this method, the effect of hygroscopic seeding on the initialsizes, which enhances collision-coalescence among cloud
size distribution of cloud droplets could not be shown clearly. droplets and accelerates the formation of raindrop embryos.
Tzivion et al. (1994) applied an axisymmetric convec- It is important to study what condition gives the embryo ef-
tive cloud model with detailed treatment of warm cloud mi- fect, the competition effect, or both of them for estimation of
crophysics to estimate the effect of hygroscopic seedingthe effect of hygroscopic seeding.
which was represented by added water droplets. Yin et The purpose of the present study was to quantitatively
al. (2000) conducted numerical experiments to evaluate thevaluate the effect of hygroscopic seeding on surface rain-
role of hygroscopic flare seeding using a two-dimensional (2-fall from shallow warm rain clouds using a hybrid cloud mi-
D) slab-symmetric non-hydrostatic cloud model with a de- crophysical model that incorporates a Lagrangian CCN acti-
tailed microphysical scheme. They found that seeding withvation model, a semi-Lagrangian droplet growth model, and
the full particle spectrum from flares could increase the rain-an Eulerian spatial model for advection and sedimentation of
fallamount in continental clouds having CCN concentrationsdroplets (Kuba and Fujiyoshi, 2006). This model can sim-
more than~500 cn3 (active at 1% supersaturation). Teller ulate the CCN activation process precisely so that the effect
and Levin (2006) also carried out numerical experimentsof a slight change in the initial cloud droplet size distribution
using the Tel-Aviv University two-dimensional numerical due to hygroscopic seeding can be evaluated in detail. The
cloud model with detailed treatment of cloud microphysics. model can also accurately calculate the consequent droplet
Their results showed that giant CCN enhanced the total pregrowth through condensation and collision-coalescence as
cipitation on the ground in polluted clouds. However, in well as advection, size sorting, and sedimentation of drops
the models of Tzivion et al. (1994), Yin et al. (2000), and in clouds, producing a reliable estimate of the seeding ef-
Teller and Levin (2006), grid sizes ranged from 28D0m  fect on surface precipitation. Because a kinematic flow field
in the vertical direction, which is not small enough to esti- js assumed in this simple model, dynamical feedbacks as-
mate the maximum supersaturation that significantly affectssociated with microphysical changes due to varying CCN
CCN activation. To precisely estimate the activation of CCN, cannot be simulated. These effects will be studied by in-
an Eulerian spatial framework with a very small grid size or stalling our hybrid cloud microphysical model into a non-
a Lagrangian particle framework as a parcel model is neede@lydrostatic cloud model in future research. The simulations
(Kuba and Fujiyoshi, 2006). were performed for shallow convective and stratiform clouds
Cooper etal. (1997) and Caro et al. (2002) investigated thevith moderate continental background CCN. Seeding parti-
effect of flare hygroscopic seeding using a parcel model withcles used in the present simulations had monodisperse, single
a precise microphysical model. Their calculations suggestedog-normal (salt micro-powder) and double log-normal (hy-
that rain formation via the collision-coalescence process camgyroscopic flare) size distributions.
be accelerated significantly by adding hygroscopic particles.
Segal et al. (2004, 2007) investigated the effect of hygro-
scopic seeding on warm rain using a 2000-bin cloud spectrap Model description
parcel model. Their simulations showed that use of com-
mercial hygroscopic flares increased raindrop production inThe hybrid microphysical cloud model was developed to ac-
cloud parcels in which the natural warm rain process was incurately estimate the number concentration and size distri-
efficient. They also found that the optimum seeding particlebution of cloud droplets and the effect of CCN on cloud mi-
radius that provided the maximum raindrop production undercrostructures (Kuba and Fujiyoshi, 2006). The activation of
a given mass of seeding reagent varied from 1.5 to 2.5 unCCN and initial condensational growth are computed in a
and slightly depended on the total reagent mass as well akagrangian particle framework using a parcel model. The
the dynamic properties of cloud parcels. In addition, theysolute effect of CCN is taken into account even after the ac-
found that the main effect of large soluble aerosols, whichtivation. Because the maximum supersaturation experienced
are activated at supersaturatie®®.004% and belong to the by an air parcel is estimated accurately, the number of cloud
coarse aerosol mode, was to form raindrop embryos, revealdroplets that can be activated is also estimated accurately.
ing the embryo effect, not the competition effect (whereby This method precludes numerical diffusion of the droplet size
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distribution. A time step of 0.05s is adopted for the par- collision-breakup are calculated separately. In the calcula-
cel model to calculate CCN activation and the consequention of breakup, all collisions are treated as stochastic coa-
condensational growth of droplets. This hybrid cloud micro- lescence. This is obviously a contradictory treatment, as con-
physical model also uses a two-moment bin method basetinuous and stochastic schemes are used in the calculation of
on that of Chen and Lamb (1994) in a 2-D grid model to esti- collision-coalescence. In the calculation of breakup, using
mate condensation and coalescence with a semi-Lagrangiaonly a stochastic scheme seems to cause some underestima-
framework and to estimate sedimentation and advection withtion of the efficiency of breakup following multi-coalescence
an Eulerian spatial framework. The cloud droplet size dis-in one time step. However, the probability of breakup follow-
tribution estimated by the parcel model is used as the ini-ing the collision between a large drop and numerous small
tial cloud droplet size distribution for the two-moment bin droplets is very small. Hence the method in this study can
method. This method for giving the initial cloud droplet provide quite accurate results.
size distribution seems to be preferable to previously used
methods in which activated droplets were added to the first
bin (Morrison and Grabowski, 2007; Grabowski and Wang,3 Numerical experiments
2009) or distributed to bins assuming some size distribution
shapes (Tzivion et al., 1994; Reisin et al., 1996). Details ofThe kinematic framework of this study is based on that used
the model have been reported by Kuba and Fujiyoshi (2006)by Szumowski et al. (1998) to test the warm rain microphys-
The present study made the following improvements toical model. The kinematic cloud model prescribes an evolv-
the hybrid microphysical cloud model of Kuba and Fu- ing flow and performs 2-D advection of temperature and wa-
jiyoshi (2006). To properly estimate multi-coalescence inter variables (domain: 9 k3 km, dx and dz: 50 m, dt: 3s).
one time step, two schemes are used. One is a generdlhe flow pattern shows low-level convergence, upper-level
stochastic coalescence scheme for rare lucky coalescence bdivergence, and a narrow updraft located in the center of the
tween droplets, and the other is a continuous coalescencgdomain. The magnitude, vertical structure, width, and tilt of
scheme for frequent coalescence of a large drop and nuthe flow through the central updraft are all prescribed using
merous small droplets (numerous small droplets are evenlgimple analytical functions. This kinematic framework with
shared by large drops) following the method reported in thea microphysical scheme predicts temporal and spatial evo-
doctoral dissertation of Jen-Ping Chen (1992). We distin-lution of water vapor, hydrometeors, and potential tempera-
guish rare lucky coalescence and frequent coalescence usirigre explicitly by using the prescribed flow field and initial
the predicted frequency of collision in one time step. If the and boundary conditions of water vapor content and poten-
predicted frequency of collision between one particle in thetial temperature. The advection scheme is a modified version
i-th bin and smaller particles in theth, (k+1)-th, ..., and  of that of Smolarkiewicz (1984). The bulk microphysical
i-th bins in one time step is 1 or less, a general stochastischeme incorporated in Szumowski’s original model is re-
coalescence scheme is used to calculate the growth of partplaced with our hybrid microphysical model (Kuba and Fu-
cles in thei-th bin by coalescence with particles in the  jiyoshi, 2006). This simple model cannot estimate the effect
th, (k+1)-th, ..., andi-th bins. If the predicted frequency of rainfall-induced drag on dynamics. The effect of change in
of collision of one particle in the-th bin and smaller par- drag caused by differences in CCN will be studied in future
ticles in the first, second, ..., arieth bins in one time step work. However, the model can estimate the effects of CCN
is larger than 1, a continuous coalescence scheme is useth the cloud microstructure and raindrop formation. There-
to calculate the growth of particles in theth bin by coa- fore, this model is suitable for estimating the effect of hy-
lescence with particles in the first, second, ..., andl)-th groscopic seeding on warm rain formation. This model takes
bins (see Appendix for details). If only the general stochas-the effect of updraft velocity into account, but it cannot take
tic coalescence scheme is used, a very short time step sudhe effect of geographic location into account. These effects
as 0.01s is needed to avoid underestimation of coalescena@nnot be neglected and will be studied by installing our hy-
growth caused by the underestimation of multiple coales-brid cloud microphysical model into a non-hydrostatic cloud
cences. This method using both continuous and stochastimodel in the future.
schemes with a time step of 3.0s leads to the same results Figure 1 shows the initial state of potential temperature
as the method using only the stochastic scheme with a timand the mixing ratio of water vapor. Figure 2 presents the
step of 0.01s, as shown in the Appendix (Fig. A1l). How- time evolution of updraft velocity near the cloud center for
ever, in this study, a 0.5s time step is adopted for the binthe shallow convective cloud case (a) and for the stratiform
method considering other conditions. We use 73 bins to ex<loud case (b). Seeding is assumed to be carried out from an
press a range of radii (from 1 um to 4 mm) for activated cloudairplane under the cloud base in this study. Other methods (at
droplets and raindrops. In addition, we adopt the coalescencthe cloud top or in the cloud) will be considered in a future
efficiency proposed by Seifert et al. (2005) and a breakupstudy. Our preliminary numerical experiments using the hy-
scheme based on that of Feingold et al. (1988) to estimate thierid microphysical cloud model suggested that later timing of
collision-breakup of raindrops. Collision-coalescence andseeding leads to a smaller effect on precipitation. Therefore,
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the hygroscopic seeding is assumed to begin Smin after b

cloud initiation. Seeding durations are 10 min for the shal- Q
low convective cloud case and 95 min for the stratiform cloud @ 0.8
case. These durations result in the same seeded volumes i g
the clouds or the same total amounts of seeding particles—
for the two cloud types. Figure 3 shows the wind field at
the time of peak updraft velocity for the shallow convective
cloud case (a) and the stratiform cloud case (b). S04
Kuba and Takeda (1983), Cooper et al. (1997), Feingold % cloud risés
et al. (1999), and Saleeby and Cotton (2004) showed thatg
giant CCN have the greatest effect on the precipitation ef- S‘ 0.2
ficiency of warm rain clouds in cases with numerous small

0.6

elocity

seeding

S

background CCN. When low concentrations of small CCN . e

are present, adding giant CCN results in a slight decrease ir 60 920 120 150 160
rainfall, suggesting that almost all rainwater is produced by

condensation onto small CCN. On the other hand, when high Time (min.)

concentrations of small CCN are present, adding giant CCN

leads to a modest increase in rainfall amount, suggesting thatig. 2. Time evolution of updraft velocity near the center of the
rainwater is produced mainly from condensation onto giantcloud for the shallow convective cloud ca@ and for the strati-
CCN and small cloud droplets caught by large droplets con{form cloud casgb).

densed on giant CCN (Kuba and Fujiyoshi, 2006). Prelim-

inary numerical experiments using our hybrid microphysi- .
cal cloud model (not shown here) also suggested that hygroWe use 181 classes to express a range of radii (from 0.009 to

scopic seeding cannot increase warm rain when the numbet MM) for background CCN. Figure 5 shows cloud water in
concentration of background CCN is low (the size distribu- & non-seeded case for convective cloud at 15min (10 min

tion of maritime background CCN used in preliminary nu- after cloud initiation) and stratiform cloud at 80 min (30 min

merical experiments is shown by the purple line in Fig. 4). &fter cloud initiation).
Therefore, it is assumed that CCN for the non-seeded casg : . . . .

. : : .1 Hygroscopic seeding with monodisperse particles
(reference case) consist of high concentrations of small par-

ticles like a continental case or polluted case. To clearly esti1, astimate the most efficient radius and amount of seeding
mate the role pf seeding particles, the number concentratioBartideS’ monodisperse NaCl particles are used as seeding
of large CCN is assumed to be very small (e.g., the numbey,, ticies. Number concentrations of seeding particles under
concentrations are 2.6 cmi-® for CCN larger than 1um e cloud base for 20 cases, including five different radii and

. . _3 .
in radius and 5.0e7 cm* for CCN larger than Sum in ra- ¢4, giferent total masses of seeding particles, are shown in
dius). The chemical composition of these CCN is assumegrgpe 1.

to be NaCl. The CCN size distribution for the non-seeded
case (background CCN) is shown by the red line in Fig. 4.
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Fig. 3. The wind field at the time of peak updraft velocity for the 011 3
shallow convective cloud caga) at 15 min and for the stratiform
case(b) at 90 min). L
0.01+ e
Table 1. Number concentrations (c‘n'?f) of seeding particles un- 000]——t . .0 N
der the cloud base in 20 cases including five different radii and ' 0.01 0.1 1 10 100
four different total amounts of seeding particles. The reference total . . .
amount of seeding particles (ratio =1) is 2:880~%gm3. Radius (um)

_ _ _ Fig. 4. Size distributions of the background CCN (red line), salt
Ratio of total amount of seeding particles  mjcro-powder (green line), and hygroscopic flare particles (blue

Radius of seeding particles 0.1 0.5 1 10 line). Total number concentration of background CENQ.01 um)
0.25um 200 1000 2000 20000 is 1OQO cm . Those of seeding r|c?|)>]art|cles show:r; by size gllstrlbu
0.50 m 25 125 250 2500 tions in green and blue are QQC and 970 cm, r_es_pectlvely.
1.00 pm 3.125 15.63 31.25 3125 Maritime background CCN, which was used in preliminary numer-
2.50um 0.2 1.0 2.0 20 ical experiments, is also shown in this figure. The total number con-
5.00 pm 0.025 0.125 0.25 2.5 centration of maritime background CCNX0.01 um) is 140 cms.
3.1.1 Convective cloud case Figure 7 shows temporal change in accumulated surface

rainfall averaged over the domain. The black solid line
This section presents results of seeding the shallow conin each panel indicates accumulated rainfall for the non-
vective cloud (Figs. 2a and 3a) with monodisperse parti-seeded case. For the seeded cases, seeding particles have
cles. Figure 6a shows the cloud droplet size distributionsradii of 0.25um (red line), 0.5 um (green line), 1 um (blue
at 100 m above the base of the cloud center (updraft velocitfine), 2.5 um (purple line), or 5um (orange line). Four to-
is approximately 4 nist) at 11.5min (90 s after the start of tal amounts of seeding particles are examined, with ratios
seeding) for the non-seeded case and seeded cases with tb0.1 (a), 0.5(b), 1.0(c), and 10(d). Table 1 presents the
reference total mass of seeding particles (“ratio”=1 in Ta-number concentrations of seeding particles under the cloud
ble 1). The radii of seeding particles in each seeding cas®ase. For reference, a black broken line in each panel shows
are 0.25, 0.5, 1.0, 2.5, or 5.0um. Droplets condensed omccumulated surface rainfall from a non-seeded maritime
seeding particles stand out for each seeded case. The resuttoud (the size distribution of the maritime background CCN
also show that seeding with small particles (0.25 and 0.5 ums shown by the purple line in Fig. 4). A larger amount of
in radius) decreases the mode radius of cloud droplets conseeding particles 0.25 um in radius leads to less surface rain-
densed on background CCN. On the other hand, seeding witfall. Seeding with particles 0.5 um in radius increases sur-
large particles (1.0, 2.5, or 5.0 pm) does not significantly af-face rainfall if a sufficient amount of seeding particles is used
fect the mode radius of cloud droplets condensed on back250 cn13, Fig. 7c), but decreases the rainfall if the seeding
ground CCN. amount is too large (2500 cm, Fig. 7d). A large amount

of large seeding particles hastens the onset of surface rainfall

and increases rainfall amount. With appropriate hygroscopic
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seeding, the amount of surface rainfall from a moderate con-
tinental cloud can become similar to that from a non-seeded 454

maritime cloud. Table 2 shows the ratios of seeded-case tc 0 10 20 30 40 50 60
non-seeded-case accumulated rainfall averaged over the dc Radius (um)

main at 60 min. Ratios representing decrease are given in

blue, and those indicating increase are shown in red. Ratio&ig- 6. Cloud droplet size distributions at 100 m above the base of
of seeded-case to non-seeded-case (665 nioud droplet  the cloud center for the shallow convective cloud case (updraft ve-
number concentrations at 50 m above the base of the cloutPcity is about 4ms™) at 11.5min(a), and for the stratiform cloud

center at 11.5 min are also shown in parentheses in Table fase (updraft velocity is about 0.3 M at 68.5 min(b). The black
i

These results indicate that seeding can increase rainfall ne depicts the droplet size distribution for the non-seeded case. For
9 seeded cases, monodisperse salt particles with five different radii are

the _Si_ze and amount of seeding particles are appropriatg Qeeded under the cloud base: 0.25 pum (red line), 0.5 um (green line),
sufficiently decrease the cloud droplet number concentrationy um (blue line), 2.5 um (pink line), and 5.0 um (light blue line).

(cases enclosed by green lines in Table 2). This effect is thgor seeding particles of each size, the total mass is the same as the
competition effect, by which fewer large (here, radii of 0.5 reference total mass (“ratio” =1 in Table 1).
to 2.5 um) soluble particles prevent the activation of numer-
ous smaller particles. Sufficient numbers of giant particles
that can immediately become raindrop embryos (here, largeélo not contradict their results. The condition (background
than 2.5 um) also increase rainfall (cases enclosed by the of£CN, added giant CCN, and updraft velocity) and results of
ange line in Table 2). This is the raindrop embryo effect. Inthe seeded case with the largest amount of 2.5-um particles
the seeded case with the largest amount of 2.5- um particlesn Table 2 is similar to CN1 case in Table 3 in their paper.
the rainfall amount increases because of both the competiComparison of two cases shows that the decrease in cloud
tion effect and the raindrop embryo effect. 0.25-um particlesdroplet number by seeding in our study is larger than their
have neither the competition effect nor the embryo effect be-study and the increase in accumulated rainfall averaged over
cause they are not big enough to become raindrop embry#he domain by seeding in our study is smaller than the in-
and to compete with the background CCN for excess wategrease in max. accumulated rain by adding giant CCN in
vapor effectively. The optimal radius (written in boldface in their study.
Table 2) to increase rainfall becomes larger with the increase
in the total mass of seeding particles.

Yin et al. (2000b) investigated the effect of giant CCN
on precipitation in convective clouds by numerical study.
Because their study included ice-phase, microphysical pro-
cesses are more complex than our study. However our results
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Table 2. Ratios of seeded-case to non-seeded-case accumulated surface rainfall averaged over the domain at 60 min. Seeding of shallo
convective cloud is carried out with monodisperse salt particles of different sizes and total masses. Ratios in blue and red indicate a significant
decrease and increase, respectively. Ratios of seeded-case to non-seeded casTe?Q&ﬁﬁxmdroplet number concentrations at 50 m above

the base of the cloud center at 11.5 min are shown in parentheses.

Ratio of total amount of seeding particles

Radius of seeding particles 0.1 0.5 1 10
0.25 um 1.0 (1.09) 0.7 (1.66) 0.2 (3.13) 0.1(25.2)
0.50 um 1.0 (0.97) 1.0 (0.87) l 1.2 (0.56) 0.2 (3.38)
1.00 pm 1.0 (0.99) 1.0 (0.94) 1.1 (0.88) 1.3(0.37)

2.50 um 1.0 (1.00) 1.0 (0.98) 1.1 (0.97) 1.5 (0.37)
5.00 um 1.0 (1.00) 1.0 (0.99) 1.1 (0.99) 1.3 (0.85)
g 1.2 1.2
z — non-seeded __a| Rath of total. mass of ‘—_______12_
s | T = seeding particles: 0.5 _———
5§ 10— 025um -~ 1.0 -
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Fig. 7. Temporal change of accumulated surface rainfall averaged over the domain for the shallow convective cloud case. In each panel,
the black solid line indicates accumulated surface rainfall for the non-seeded case. For seeded cases, monodisperse salt particles with fiv
different radii are seeded under the cloud base: 0.25um (red line), 0.5um (green line), 1 um (blue line), 2.5um (purple line), and 5 pm
(orange line). Ratios of the total amounts of seeding particles to the reference @k 0.8(b), 1.0(c), and 10(d). Number concentrations

of seeding particles are shown in Table 1. For reference, accumulated surface rainfall from a non-seeded maritime cloud is also shown in
each panel by a black broken line.
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Table 3. Ratios of seeded-case to non-seeded-case accumulated surface rainfall averaged over the domain at 160 min. Seeding of stratiforr
cloud is carried out with monodisperse salt particles of different sizes and total masses. Ratios in blue and red indicate a significant decrease
and increase, respectively. Ratios of seeded-case to non-seeded case‘(%)S(‘]oud droplet number concentrations at 100 m above the

base of the cloud center at 62 min are shown in parentheses.

Ratio of total amount of seeding particles

Radius of seeding particles 0.1 0.5 1 10
0.25 um 1.0 (1.16) 0.7 (1.95) 0.4 (6.08) 0.2 (42.3)
0.50 um 1.1 (0.80) 1.1 (0.94) 1.0 (1.13) 0.5(3.28)
1.00 pm 1.0 (0.84) .2 (0.69) 1.2 (0.72) 1.0 (1.17)

2.50 um 1.0 (0.93) 1(0.72) 1.2 (0.55)

5.00 pm 1.0 (0.97) .1(0.79) 1.1 (0.63)

E 12 1.2

£ a Ratio of total mass of b Ratio of total mass of
E 10 seeding particles: 0.1 | 1.0 seeding particles: 0.5
° — non-seeded - P
£ 08 —— 025um ] 0s

3 0.5 um

(o))

€ o6/ — Tum . 0.6
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Fig. 8. Same as Fig. 7 except for stratiform cloud.

3.1.2 Stratiform cloud case cloud base because of the small updraft velocity. Therefore
large droplets, produced by condensational growth of large
seeding particles (here, 1.0, 2.5, and 5.0 um in radius) and

This section examines the seeding of stratiform cloudgyhsequent coalescence can be seen. Figure 8 shows that a
(Figs. 2b and 3b) with monodisperse hygroscopic particlesarger amount of 0.25-um radius seeding particles leads to a

Figure 6b shows the cloud droplet size distribution at 100 Mgaiier amount of rainfall. For reference, the accumulated

above the base of the cloud center, as in Fig. 6a; however, i@ face rainfall from a non-seeded maritime cloud is also
this case the air parcel takes longer to reach 100 m from the
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Table 4.Ratios of seeded-case to non-seeded case accumulated sur-

face rainfall averaged over the domain at 60 min. Seeding of shal- 10e+8 Non-seeded
low convective cloud is conducted with salt micro-powder of dif- 10e+6 | - 9cm® i
ferent concentrations. A ratio indicating increase is colored red. __ 45 cm-3
Ratios of seeded-case to non-seeded-case (668)actoud droplet "E 10e+4 90 cm3 _
number concentrations at 50 m above the base of the cloud center ¢ & 180 cm-3
11.5min are shown in parentheses. o 10e+2 1
©
Z 10e+0 1
Number concentration of 9.0 45 90 180
seeding particles (i) 10e-2 - 1
Total mass of seeding 207°  1x107%  2x1074  4x1074
particles (gnv3) 10e-4 ‘
Ratio of accumulated 1.0(0.99) 1.0(0.95) 1.0(0.88).2(0.56) 0 5 10 15 20 25 30
rainfall to non-seeding case Radius (um)
10e+8 ‘ ' ‘
Non-seeded
10e+6 | . om”
. . . — cm®
shown in each panel by a black broken line. Table 3 gives ¢ 90 o3

. 10e+4
the ratios of seeded-case to non-seeded-case accumulateg ©

rainfall averaged over the domain at 160 min. Ratios of the ; 10e+2 |
cloud droplet number concentration at 100 m above the base®
of the cloud center at 62 min for the seeded case to that for theZ 10e+0 |
non-seeded case (180 th) are also shown in parentheses in
Table 3. The results shown in Fig. 8 and Table 3 are similar ~ 10e-2}
to those in Fig. 7 and Table 2. However, we can see that the
cpmpetition gﬁect of giant CCN (here, from 1 to 5um iq ra- 10e'40 10 20 30 40 50 60
dius) occurs in more cases (cases enclosed by green lines i Radius (um)

Table 3) than in Table 2 because low updraft velocities allow

the low number concentrations of activated droplets to growrig. 9. Cloud droplet size distributions at 100 m above the base
larger and deplete more excess water vapor, leading to an ewf the cloud center for the shallow convective cloud case (updraft
hanced competition effect and simultaneously, the raindropvelocity is about 4ms®) at 11.5min(a) and for the stratiform
embryo effect to some extent. Note that a decrease in theloud case (updraft velocity is about 0.3 13 at 68.5 min(b). The
cloud dr0p|et number concentration does not a|WayS lead tdﬂaCk line indicates the droplet size distribution for the non-seeded
a remarkable increase in accumulated surface rainfall. Iffase. For seeded cases, different total number concentrations of
the cloud with low updraft velocity, the number concentra- St m'cro'Enger are seeded Egnder the cloud base::gc(med

tions of cloud droplets are small enough (cloud droplet sizeé'ne)} 45cn (green line), 90 cm (blue line), or 180 cm™ (pur-

are large enough) to produce raindrops effectively even for e line).

the non-seeded case. Therefore, the difference in accumu-

lated surface rainfall amount between seeded and non-seed@#.1  Shallow convective cloud case

cases is less than expected from the ratio of cloud droplet o ] ) ]
number concentrations. 0.25-um particles have neither th&or this simulation, we seed a shallow convective cloud with

competition effect nor the embryo effect even in stratiform e salt micro-powder. Figure 9a shows the cloud droplet
cloud case as well as in convective cloud case (Sect. 3.1.1).5iZ€ distributions at 100m above the base of the cloud cen-

ter (updraft velocity is about 4m$) at 11.5min (90s af-
3.2 Hygroscopic seeding with salt micro-powder ter the start of seeding) for the non-seeded case (black line)
and seeded cases. For the seeded cases, number concentra-
We now investigate seeding with salt micro-powder (Osh-tions of salt micro-powder under the cloud base are 9tm
iomicron, produced by Ako Kasei, Co., Ako, Japan). These(red line), 45cm? (green line), 90cm® (blue line), and
seeding particles are made of NaCl, and their size distribu180 cn13 (purple line). The cloud droplets condensed on
tion is approximated by a log-normal distribution. The size the salt micro-powder range from approximately 5 to 12 um
distribution of salt micro-powder in this study is assumed toin radius, and a larger amount of seeding particles decreases
be log-normal with a mode radius of 0.5 um and total con-the mode radius and number of droplets condensed on back-
centration of 90 cm®, as shown by the green line in Fig. 4. ground CCN.
However, salt micro-powder with a mode radius as small as
0.4 um can be manufactured.

180 cm2
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Table 5.Ratios of seeded-case to non-seeded-case accumulated sur-

E 1.2 face rainfall averaged over the domain at 160 min. Seeding of strat-
= Non-seeded case a iform c!oud is carried out with salt micro-powder of different con-
g 10 3 _ centrations. Ratios of seeded-case to non-seeded-case (I8pcm
s - 9cm™"; Number concentration cloud droplet number concentrations at 100 m above the base of the
2 gg gmg cloud center at 62 min are shown in parentheses.
£ 08 .
3 180 cm3
S
© 0.6 Number concentration of 9.0 45 90 180
% seeding particles (cr®)
= Total mass of seeding 2107°  1x107%  2x1074  4x1074
£ 0.4 particles (g n73)
% Ratio of accumulated 1.0(0.85) 1.1(0.84) 1.1(0.76) 1.1(0.81)
% 0.2 rainfall to non-seeding case
S
S
3 0
2 25 30 35 40 45 50 55 60

Time (min.) .
£ 3.2.2 Stratiform cloud case
£ 1.2
§ Non-seeded case b Seeding the stratiform cloud with salt micro-powder is car-
s 10T 9cm'§ ; Number concentration ried out from under the cloud base. Figure 9b shows the
2 gg iﬂa cloud droplet size distributions at 100 m above the base of
£ 08 180 om-3 the cloud center (updraft velocity is approximately 0.3 s
§ at 68.5min (13.5min after the start of seeding) for the
S 06 non-seeded case and seeded cases. The radii of cloud
3 droplets condensed on salt micro-powder range from about
£ 04 8 to 22 um. Table 5 lists accumulated rainfall averaged over
S the domain at 160 min. Figure 10b and Table 5 show that
B o2 seeding with micro-powder can hasten the onset of surface
2 rainfall and increase the accumulated amount of surface rain-
% 0 fall from stratiform cloud, but its effect is smaller than that
2 90 100 10 120 130 140 150 160 in the shallow convective cloud case (Fig. 10a and Table 4).

Time (min.) Seeding with salt micro-powder can decrease the number
_ _ _ concentrations of cloud droplets to some extent. However, in
Fig. 10. Tempqral change in accumulate_d surface rainfall averagedne stratiform cloud with low updraft velocity, cloud droplet
over the domain for the shallow convective cloud c@@nd strat- 1, mper concentrations are small enough (cloud droplet sizes
iform cloud casdb). The black line indicates accumulated surface a]re sufficiently large) to produce raindrops effectively even

rainfall for the non-seeded case. For seeded cases, different tOt?orthe non-seeded case. Therefore. the differences in the ac-

number concentrations of salt micro-powder are seeded under the .

cloud base: 9 cm3 (red line), 45 cnv3 (green line), 90 cm3 (blue cumulated surface rainfall amount between seeded and non-

line), or 180 cnt3 (purple line). seeded cases are less remarkable than for the shallow con-
vective cloud in which the non-seeded case did not efficiently
produce raindrops.

Figure 10a shows temporal change in accumulated rain-

fall averaged over the domain, and Table 4 gives the ratios 08.3 Hygroscopic seeding by a flare

accumulated rainfall averaged over the domain at 60 min for

the seeded case to that for the non-seeded case. Figure 1f@|d and numerical experiments have examined several

and Table 4 show that seeding with salt micro-powder haskinds of flares. The blue line in Fig. 4 shows the size dis-

tens the onset of surface rainfall and increases accumulategibution of seeding particles composed of Captoduced

rainfall due to the Competition effect if there is a sufficient from a burning flare based on |ab0ratory measurements for

number of seeding particles. The results shown in Table 4 arghe “|ICE 70% flare” produced by Ice Crystal Engineering

similar to those for seeding particles with a radius of 0.5 um(R. T. Bruintjes, personal communication, 2006). The size

in Table 2. distribution without particles larger than 5pm in radius is
also examined to estimate the effect of hygroscopic seed-
ing particles with large radius but low number concentration.
This size distribution has a total number concentration of hy-
groscopic particles of 970cm. Here, we examine three
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Fig. 11. Cloud droplet size distributions at 100 m above the base of the cloud center for the shallow convective cloud case (updraft velocity is
about4ms1) at 11.5 min(a) and(b) and for the stratiform cloud case (updraft velocity is about 0.3Hhat 68.5 min(c) and(d). Numerical
simulations are performed with flare particles with radii up to 5um (a) and (c) or up to 25 um (b) and (d). The black line indicates the size
distribution for the non-seeded case. For seeded cases, different total number concentrations of flare particles are seeded under the cloL
base: 194 cm? (red line), 485 crir3 (green line), and 970 ci® (blue line).

number concentrations of particles seeded under the cloufig. 12a and Table 6 indicate that seeding with flare particles

base (194 cmd, 485cnt3, and 970 cm?®). up to 5um in radius increases cloud droplet number concen-
trations and decreases surface rainfall. The numerous small
3.3.1 Shallow convective cloud case particles produced from a burning flare suppress the con-

densational growth of cloud droplets, decrease the collision-
The shallow convective cloud is seeded with flare particlescoalescence efficiency of cloud droplets, and consequently
with radii up to 5pum or up to 25um. Figure 11a and b decrease surface rainfall. The effect of small seeding par-
show the cloud droplet size distributions at 100 m above thdicles’ increasing the number of activated cloud droplets is
base of the cloud center (updraft velocity is approximatelydominant over the competition effect of large seeding parti-
4ms1) at 11.5min (90s after the start of seeding) for the cles’ (larger than 0.5 um in radius, in convective cloud cases)
non-seeded and seeded cases. The black line indicates tisgppressing the activation of smaller CCN.
droplet size distribution for the non-seeded case. For seeded Figure 12b and Table 7 show that seeding with flare parti-
cases, hygroscopic flare particles with number concentracles up to 25 um in radius also increases cloud droplet num-
tions of 194cm?® (red line), 485cm?® (green line), and  ber concentrations but hastens the onset of surface rainfall
970 cnt (blue line) are seeded under the cloud base. Theand increases the accumulated amount of surface rainfall
cloud droplets condensed on the seeding particles range fromue to the raindrop embryo effect of giant and ultra-giant
approximately 5 to 18 um (Fig. 11a) or 5 to 46 um (Fig. 11b) CCN (larger than 5 um in radius, in convective cloud cases)
in radius. Furthermore, with larger amounts of seeding par-at 40 min. However, it slightly decreases the accumulated
ticles, the mode radius of droplets decreases, and the cloudmount of surface rainfall at 60 min. This indicates that dur-
droplet number increases. ing the early stage of rain formation, raindrop embryos orig-

Figure 12 shows the temporal change of accumulated raininating from CCN larger than 5 um in radius efficiently col-

fall averaged over the domain. Tables 6 and 7 give ratiodect cloud droplets and promote raindrop formation. How-
of seeded-case to non-seeded-case accumulated rainfall agver, during the late stage of rain formation, when most of
eraged over the domain at 40 and 60 min. The results irthe raindrop embryos originating from CCN larger than 5 um
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Table 6.Ratios of seeded-case to non-seeded-case accumulated sur-_
face rainfall averaged over the domain at 40 and 60 min. Seedingg

of shallow convective cloud is carried out with flare particles (up = 1.2
to 5um in radius). A ratio indicating a decrease is colored blue. g a Flare (r <5 um)
Ratios of seeded-case to non-seeded-case (668)actoud droplet S 10
number concentrations at 50 m above the base of the cloud center ¢ @ ' Non-seeded case
11.5min are shown in parentheses. p= - 3. i
-_; 0.8 12451 gms ; Number concentration
Number concentration of 194 485 970 ué’ 970 cm™3
Seeding particles (crv) § 0.6 =
Total mass of seeding 4005 1.2x1074  2.4x1074 %
particles (g n3) Y
Ratio of accumulated rainfall to 0.8 0.5 0.3 g
non-seeding case at 40 min. % 0.2
Ratio of accumulated rainfallto 1.0 (1.14) 0.9 (1.34)0.8(1.67) E
non-seeding case at 60 min. E 0
E 25 30 35 40 45 50 55 60

Time (min.)
Table 7.Ratios of seeded-case to non-seeded-case accumulated su—~
face rainfall averaged over the domain at 40 and 60 min. Seeding g

of shallow convective cloud is carried out with flare particles (up £ 12
to 25um in radius). A ratio indicating an increase is colored red. g b Flare (r <25 pum)
Ratios of seeded-case to non-seeded-case (668)artoud droplet S 10
number concentrations at 50 m above the base of the cloud center eé’ Non-seeded case
11.5min are shown in parentheses. £ o8| T 1940om3; Number concentration
E 485 cm3
Number concentration of 194 485 970 © 970 cm3
Seeding particles (cﬁf”) % 0.6
Total mass of seeding 9d05 24x1074 4.7x1074 = 2
particles (g nt3) < 0.4
14
Ratio of accumulated rainfall to 1.7 2.1 2.1 5
non-seeding case at 40 min. % 0.2
Ratio of accumulated rainfallto 1.0 (1.14) 0.9(1.33) 0.9(1.66) E
non-seeding case at 60 min. 3 0
&: 25 30 35 40 45 50 55 60

Time (min.)

have grown into raindrops and fallen out of the cloud as pre_Fig. 12. Temporal change of accumulated surface rainfall averaged

cipitation, numerous cloud droplets with smaller sizes are leftover the domain. Shallow convective cloud is seeded with flare par-
in the cloud without efficiently producing raindrops. ticles up to 5 pnga) or up to 25 pn(b) in radius. The black line indi-
cates the accumulated surface rainfall for the non-seeded case. For

seeded cases, different total number concentrations of flare particles
are seeded under the cloud base: 1942rred line), 485 crm3
green line), or 970 cmS (blue line).

3.3.2 Stratiform cloud case

Next, seeding of a stratiform cloud with flare particles up to (
5um or up to 25 um in radius is simulated. Figure 11c and d
show the cloud droplet size distributions at 100 m above the
base of the cloud center (updraft velocity is approximatelythe domain at 120 and 160 min. Figure 13 and Tables 8 and 9
0.3ms 1) at 68.5min (13.5min after the start of seeding) show that seeding with flare particles up to 5 pm or 25 pm in-
for the non-seeded and seeded cases. As illustrated in thesgeases the cloud droplet number, hastens the onset of surface
figures, cloud droplets condensed on seeding particles rang&infall, and increases accumulated surface rainfall for the
from 8 to 35 um (Fig. 11c) or from 8 to 65 um (Fig. 11d) inra- first 120 min, as in the convective cloud cases (Fig. 12 and
dius, and larger amounts of seeding patrticles lead to smalleFables 6 and 7). However, unlike the convective cloud cases,
mode radii of droplets and increased cloud droplet numbersit does not decrease the accumulated amount of rainfall at
Figure 13 shows the seeding effect on accumulated suri60 min.

face rainfall for hygroscopic flare particles upto 5pum (a) and Table 8 and Fig. 13a show that appropriate concentra-
25um (b) in radius. Tables 8 and 9 present ratios of seededions of large and giant CCN (smaller than 5um) produce
case to non-seeded-case accumulated rainfall averaged oviarge cloud droplets, but not numerous small droplets, and
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Table 8.Ratios of seeded-case to non-seeded-case accumulated sur-_
face rainfall averaged over the domain at 120 and 160 min. Seeding £

. - . . . £
of stratiform cloud is carried out with flare particles (up to 5um = 1.2
in radius). A ratio indicating an increase is colored red. Ratios of g a Flare (r <5 um)
seeded-case to non-seeded-case (18F¢mloud droplet number S 10
concentrations at 100 m above the base of the cloud center at 62 mir @ ’ Non-seeded case
are shown in parentheses. et -
P £ 0.8 194 cm3 ; Number concentration
e 485 cm3
Number concentration of 194 485 970 g 970 cm™3
Seeding particles (cr) g 06
©
Total mass of seeding 4005 1.2x1074  2.4x1074 E
particles (g nm3) E o4
Ratio of accumulated rainfall to 1.3 1.2 11 :
non-seeding case at 120 min. g 0.2
Ratio of accumulated rainfallto 1.0 (0.99) 1.0(0.98) 1.0(1.37) E
non-seeding case at 160 min. 3
2 90 100 110 120 130 140 150 160

Time (min.)
Table 9.Ratios of seeded-case to non-seeded-case accumulated SUE
face rainfall averaged over the domain at 120 and 160 min. SeedingE 1.2

of stratiform cloud is carried out with flare particles (up to 25 um £
; ; i indicati ; ; ; £ b Flare (r <25 um)
in radius). A ratio indicating an increase is colored red. Ratios of § H
seeded-case to non-seeded-case (18GF¢mloud droplet number E 1.0 Non-sesded tass
concentrations at 100 m above the base of the cloud center at 62 mirﬁ
are shown in parenthesesl _; 0.8 194 cm'3 ; Number concentratlo/’
o 485 cm™ =
g 970 cm®
Number concentration of 194 485 970 § 0.6
Seeding particles (crv) &
©
Total mass of seeding 940° 24x107% 4.7x10°4 € 04
particles (g rTT3) 5
Ratio of accumulated rainfall to 13 1.4 1.4 E 0.2
non-seeding case at 120 min. =
Ratio of accumulated rainfallto 1.0 (0.97) 1.1(0.94) 1.0(1.26) S 0
non-seeding case at 160 min. g 90 100 110 120 130 140 150 160

Time (min.)

o ] . Fig. 13. Same as Fig. 12 except for stratiform cloud.
enhance the collision-calescence process, resulting in not
only a slightly early onset of rainfall but also a slight in- Conclusi
crease in accumulated surface rainfall even at 160 min. How# Conclusions
ever, high concentrations of large and giant CCN increase thel_hiS study examined the effects of hygroscopic seeding on
number concentrations of cloud droplets and decrease their : . " ) :

. . s Shallow warm rain clouds using a hybrid cloud microphysical

sizes, suppressing the collision-coalescence process and raif- el combining Lagrangian, semi-Lagrangian, and Eule-
drop formation. .rian frameworks. The hybrid cloud microphysical model can

On the other hand, as seen in Table 9 and Fig. 13b, gi- . .
. : accurately estimate the effect of CCN on cloud microstruc-
ant and ultra-giant CCN (up to 25um) produce raindrop ; . .
ture. The simulation results suggest the following conclu-

embryos, hastening the onset of rainfall and slightly in- . ) . .

4 : sions regarding moderate continental air masses.
creasing the accumulated amount of surface rainfall even
at 160min. The enhancement of raindrop formation due to 1. Seeding can hasten the onset of surface rainfall and in-
higher concentrations of raindrop embryos is dominantover  crease the accumulated amount of surface rainfall if the
the suppression of raindrop formation due to numerous small  yadjus and amount of seeding particles are appropriate.
droplets.

2. The optimal radius to increase rainfall becomes larger
with the increase in total amount of seeding particles.

3. Seeding with salt micro-powder can hasten the onset of
surface rainfall and increase the accumulated amount
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Fig. 14. Radar reflectivity in shallow convective cloud at 20 min
for the non-seeded cage) and for seeded cases with salt micro-
powder of different total number concentrations: 90¢htb) and
180 cnt 3 (c).

N. Kuba and M. Murakami: Effect of hygroscopic seeding on warm rain clouds

wo

— 4 \_‘
A\ \

-

ad-6f | "\ S
_ \Wieropcw

s

der 180 cm3

0 3 6
X (km)

9

through the warm-rain process. They used parcel models
to simulate the seeding effect of a hygroscopic flare’s pro-
ducing a wide range of particle sizes including giant and
ultra-giant CCN. They derived their conclusions from cloud
droplet size distributions in parcels. Our results also show
that seeding with flare particles can affect the cloud droplet
size distribution and can hasten the onset of surface rainfall.
However, our results derived from the two-dimensional cloud
model indicate that accumulated surface rainfall does not in-
crease considerably by hygroscopic flare seeding because of
the large number of small particles produced from the burn-
ing flare. Generally speaking, parcel models cannot properly
express early sedimentation of raindrops and the collection
of cloud droplets by raindrops. This issue may explain why
our results and those of previous numerical studies using par-
cel models differ regarding the effectiveness of hygroscopic
flare seeding for augmenting accumulated surface precipita-
tion.

Bowen (1950) and Feingold et al. (1996) emphasized the
importance of in-cloud dwell time (in-cloud residence time)
for drizzle production. Their studies suggest that optimal ra-
dius to increase rainfall depends on updraft velocity because
larger droplet in weaker updraft leads to smaller residence
time. Comparison between Tables 2 and 3 cannot show clear
influence of residence time because these tables show only
accumulated and averaged surface rainfall. Detail analysis

. Seeding with a hygroscopic flare decreases rainfall in

. Two effects of hygroscopic seeding increase surface

(grid to grid, time to time) is needed to mention the impor-
tance of in-cloud dwell time.

Radar-estimated rainfall is often used to assess the effect
of hygroscopic seeding in field experiments (e.g., Mather et
al., 1997). Figures 14 to 17 show radar reflectivity in shallow
of surface rainfall if the amount of seeding particles is convective cloud at 20 and 30 min. These figures indicate
sufficient (about 4e4gm-3) and the updraft velocity  that seeding with micro-powder and flare particles increases
is large (shallow convective cloud). radar reflectivity. However, in our numerical results, hygro-
scopic flare seeding decreases rainfall in the case of shallow
the case of large updraft velocity (shallow convective convective cloud. T.herefore, an ?ncrease i.n radar reflectivity
cloud) and slightly increases rainfall in the case of small d0€S not necessarily mean an increase in the accumulated

updraft velocity (stratiform cloud). surface rainfall amount.
Our results suggest, as do others (Kuba and Takeda, 1983;

. Seeding with flare particles including ultra-giant parti- Cooper et al., 1997; Feingold et al., 1999; Saleeby and

cles ¢>5 pm) hastens the onset of surface rainfall. Cotton, 2004), that the effects of hygroscopic seeding can
vary with the background CCN number concentrations (not
shown in this paper) and updraft velocity at the cloud base
(or cloud types) as well as the sizes and amounts of seeding
particles, and the “raindrop embryo effect” of giant and particles and the timing of seedmg (not shown in this pa-
; . ) ; per). Therefore, more observational data must be collected
ultra-giant soluble particles that can immediately be- :
. on background CCN number concentrations and cloud-base
come raindrop embryos. In some cases, one of the ef- .
. updraft velocities.
fects works, and in other cases, both effects work, de- . . .
In this study, the chemical composition of the back-

g?ggg:ﬁnc;nsgiilér:gaﬁ velocity and the amount and SIZeground CCN is assumed to be NaCl. We also performed

The

rainfall: the “competition effect”, whereby large solu-
ble particles prevent the activation of numerous smaller

experiments with CCN composed of (NWHSO;.

Our results from hygroscopic flare seeding (4 and 5) do notnumerical results showed that the hygroscopicity weakens
contradict the results of Cooper et al. (1997) and Caro ewhen the chemical composition of CCN is changed from
al. (2002). Their results showed that the addition of hygro-NaCl to (NH;)2SO4, which decreases the number concen-
scopic particles can significantly accelerate rain formationtration of activated droplets and consequently increases the
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Fig. 15. Same as Fig. 14 except at 30 min.
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Fig. 16. Radar reflectivity in shallow convective cloud at 20 min

for the non-seeded caga) and seeded cases with flare particles
(970 cnt3) up to 5 um(b) and up to 25 ungc).

accumulated surface precipitation. Hygroscopic flare seed-

ing leads to a less positive effect in the early stage and a more T o - e
negative effect in the late stage. However, our conclusions = :
would not change qualitatively even if we assumed sulfate K 2
as the background CCN. Natural variability in atmospheric 2
aerosol size distributions (aerosol sizes and number concen- Z
trations) has a larger effect than the difference in chemical a Nop-seeded
composition, as shown by Takeda and Kuba (1982). In the 0
future, we would like to evaluate the seeding effect by nu- ~ L -
merical simulations using aerosol size distributions (or CCN § S0,
activation spectra) observed in the target area. ) 2
In this paper, our hybrid cloud microphysical model was 2
used in a kinematic flow field that did not allow dynami- % ' b
cal feedbacks associated with entrainment, subcloud evap- Flare up to 5 ym
oration, and cold pools, which impact the potential response g
of clouds to varying CCN. These effects will be studied by T [ —
installing our hybrid cloud microphysical model in a non- =
hydrostatic cloud model in the future. 9 2
=]
% 1
Appendix A & Flare up to 25 um
° 0 3 6 9

Mathematical method for estimating the coalescence
process

X (km)

In the situations where one cloud droplet collects more tharf19- 17- Same as Fig. 16 except at 30 min.

one droplet at a single time step, it is difficult to evalu-
ate the evolution of the droplet size distribution through the

www.atmos-chem-phys.net/10/3335/2010/
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coalescence scheme. This means @b P (i, j) dropletsin

r0esal a ';t'té%l minutes  dt = 3.00 sec. 1 the j-th b_in [j;lw(k—l)] are evenly shared by drop!ets in
| dt = 1.00 sec. thei-th bin. Figure Al presents the cloud droplet size dis-
T i o ] tribution at the initial stage and at 50 min, during which time
J 10640\ o ' 1 cloud droplets are assumed to grow by only coalescence. The
x I A results in Fig. Ala are from numerical simulation using only
% 10e-4. ] the general stochastic coalescence scheme in which multiple

coalescence in one time step is neglected. Each line shows
i i size distributions obtained from numerical simulations with
10e-8- 8 time steps of 3s (green line), 1 s (blue line), 0.5 s (pink line),
L ] and 0.01s (light blue line). We can see that the larger time

10e-12 ‘ , ‘ ‘ ‘ ) ) steps lead to larger underestimations of coalescence growth.

0 200 400 600 800 1000 1200 1400 Figure Alb shows the results of numerical simulation using
Radius of cloud droplets (um) the special scheme applied in this study including the general
b " inttial ‘ ' o] stochastic coalescence scheme and continuous coalescence
10e+4] at 50 minutes  dt = 3.00 sec. ] scheme. Underestimation of coalescence growth is negligi-
_ { dt=1.00 sec. bly small, even if the 3-s time step is used.
5 H dt = 0.50 sec. 4
§ ALY dt=0.01 sec. ] ) S
S 10e+0 AcknowledgementsThe authors sincerely thank Ryohei Misumi
x L - i of the National Research Institute for Earth Science and Disaster
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and Technology, Japan, under the Special Coordination Funds for
I ] Promoting Science and Technology.
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