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ABSTRACT

The effects of an ice phase on the wet deposition of aerosol particles was studied by means of the authors’
2D cloud dynamics model with spectral microphysics applied to the Cooperative Convective Precipitation Ex-
periment in Miles City, Montana, on 19 July 1981. The cloud macrostructure as well as the cloud microstructure
simulated by the model was found to agree well with observations. Although no on-site observations were
available with respect to the chemical composition of the cloud and rain water, the values predicted by the model
compared well with typical nearby measurements. The following conclusions can be derived from the model
computations: (1) In confirmation of the authors’ previous findings, derived from a parcel model, it was found
that inside mixed ice—water clouds the aerosol mass becomes redistributed in such a way that the main aerosol
mass is always associated with the main water or ice mass. (2) Since riming was the dominant growth mechanism
of the hydrometeors in the cloud considered, the main aerosol mass—originally associated with the cloud drops
via nucleation scavenging—became part of the graupel by riming. (3) In confirmation of earlier results for
“‘warm’’ clouds, the scavenging efficiency of the cloud was found to be given within a few percent by the
precipitation efficiency of the cloud system. (4) By purposely inhibiting ice nucleation but otherwise keeping
all dynamic, thermodynamic, and microphysical input parameters the same, it could be shown that the changes
in the microphysical structure of the cloud, which significantly altered both the time rainfall began and the
rainfall duration, also significantly altered the wet deposition of chemical species. A careful consideration of the

ice phase in cloud chemical modeling is therefore required.

1. Introduction

In a number of previous studies (Flossmann et al.
1985, 1987; Flossmann and Pruppacher 1988; Floss-
mann 1991, 1993, 1994) we have developed a cloud
dynamics model with detailed spectral microphysics.
The model allows us to compute the evolution of the
dynamical, microphysical, and chemical characteristics
of a convective cloud. In some earlier pilot studies
(Flossmann et al. 1985, 1987) we used a simple air
parcel model as the dynamic framework. More re-
cently, we have used a dynamic framework consisting
of a 2D slab symmetric model, which we adapted from
Clark (1977, 1979), Hall (1980), Clark and Gall
(1982), Clark and Farley (1984). Thus far, the work
has dealt with warm clouds; that is, the ice phase was
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not considered, with the exception of one pilot study
(Alheit et al. 1990) that investigated the effect of the
ice phase on the scavenging of aerosol particles by us-
ing an air parcel model. The latter study suggested that
the scavenging of aerosol particles is significantly af-
fected by the presence of an ice phase.

We, therefore, included in the present study the ice
phase in our 2D model. In particular, we attempted to
investigate the significance of an ice phase on micro-
physics and scavenging properties of a cloud by pur-
posely inhibiting the appearance of an ice phase in the
model. In order to compare our computations with ob-
servations, we chose as input for our model the tem-
perature and humidity sounding that was obtained dur-
ing the Cooperative Convective Precipitation Experi-
ment (CCOPE) on 19 July 1981 in Miles City,
Montana. The atmospheric conditions on that day were
quite favorable for the development of cumulus con-
vection, which due to relatively weak shear led to rather
small individual storms with limited precipitation. The
meteorological and cloud microphysical conditions on
that day were well documented by Dye et al. (1986)
and by a WMO (1988) report. Other authors (e.g., Tay-
lor 1989a,b; Murakami 1990; Helsdon and Farley
1987) have simulated the same case. Although their
models have a 2D or 3D dynamics, they only contain
a bulk parameterization for the microphysics.
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FIG. 1. Ternperature (solid line) and dewpoint (dashed line) profile
on 19 July 1981 over Miles City, Montana, as used as model input
(lower part was modified, see text).
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Detailed size distributions of aerosol particles (AP)
and their chemical composition were available for the
geographic site but unfortunately not for the specific
date (Hobbs et al. 1985) and could be used as input in
our model. Also, no chemical analysis of cloud and rain
water was available for that day and location, so that
for our scavenging module no quantitative comparison
between theory and observation was possible.

In the following sections we give a brief description
of the model and its initialization. Subsequently, the
results of the simulation are presented and compared
both with the observations and with the results of other
models that studied the same case. Finally, we present
the results for a model run during which the ice phase
was intentionally inhibited. The results of this run were
used to study the effects of an ice phase on the dynam-
ics, the microphysics, and the scavenging properties of
a cloud. The paper concludes by computing the total
material involved in the various scavenging processes
and the pertinent scavenging efficiencies.

2. The present model

The dynamic framework of our 2D model has been
already discussed in detail by Flossmann and Prup-
pacher (1988) and Flossmann (1991), while the details
of the spectral microphysics used in the present model
have been discussed in Flossmann et al. (1985) and
Alheit et al. (1990). In order to avoid redundancy and
considering the rather lengthy description needed for
all the microphysical mechanisms included in the
model, we shall only highlight a few important points
here. For the complete information we refer the reader
to the above-mentioned publications.
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As in Flossmann and Pruppacher (1988), the present
model computes the time rates of change of the number
density distribution function of aerosol particles in air

. fara(map); the mass density distribution function of the

aerosol particle mass gap,(ma4p) in air; the number den-
sity distribution function of drops f;(m); and the mass
density distribution function of the aerosol mass in the
cloud drops gaps(m), where m,p is the mass of an-aero-
sol particle and m is the mass of a drop.

Following Alheit et al. (1990) and Alheit (1991),
the present model also computes the time rates of
change of the number and mass density distribution
functions of the ice crystals f; (a;), g; (a; ), respectively;
the mass density distribution functions of the aerosol
mass captured by the ice crystals g4p;(a;); and the cor-
responding values for the graupel f,(a,), g,(a,) and
8arg(a,), where a; is the radius of the assumed plate--
like ice crystals and a, the radius of the graupel.

However, not all microphysical variables involved
in describing the growth of the cloud and precipitation
particles can be predicted by our model. In this sense,
our model is partly diagnostic and requires some as-
sumptions. Thus, in the present model, which also con-
siders the melting of the graupel and ice crystals, the
ice crystals are assumed to melt instantaneously to
drops once the air temperature had risen above 0°C.
During melting the aerosol material scavenged by the
ice crystals is assumed to remain captured and thus
adds to the AP mass inside the drops. The melting rate
of the graupel is computed according to the method
proposed by Rasmussen and Heymsfield (1987a,b).
Also for these particles it is assumed that the aerosol
material scavenged by the graupel remains inside the
graupel during melting and inside the drops once the
graupel have completely melted. In addition, rimed ice
crystals are assumed to become graupel if the axis ratio
calculated from their radius and thickness exceeds 0.25
or if a drop larger than 180 pm in diameter freezes by
contact nucleation with ice crystals. In addition, grau-
pel are generated by heterogeneous drop freezing fol-
lowing the relation of Bigg (see Chapter 9 in Prup-
pacher and Klett 1978), wherein the constants assume
the values determined experimentally by Barklie and
Gokhale (1959) for drops of rainwater. The values for
the collision efficiencies of supercooled water drops
and ice crystals recently computed by Wang and Ji
(1992) were used. The efficiencies for the collision of
drops with graupel and the efficiencies with which
aerosol particles are captured by drops, graupel, and
ice crystals are those used by Alheit et al. (1990).

3. Initial conditions

The present model was initialized by a sounding
taken at 1440 mountain daylight time (MDT) on 19
July 1981 over Miles City. Considering the analysis of
aircraft data by Helsdon and Farley (1987), we decided
to reduce the moisture in the below-cloud region (Fig.
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1). The general weather condition on 19 July was char-
acterized by a weak high pressure system, allowing the
development of small isolated convective cells. The
particular cloud studied from airplanes by Dye et al.
(1986) formed shortly after 1600 MDT. Our 2D model
domain was oriented into the main wind direction
(300°). In the lower 1.5 km the wind came mainly from
ENE and aloft from WNW. The wind speeds were set
to 50% of their original values in order to prevent the
model cloud from leaving the model domain too rap-
idly.

The aerosol particle spectrum observed by Hobbs et
al. (1985) for the same geographic location was fitted
by superimposing three lognormal distributions:

dN4p,
—22 = £ pa(lnry)
nry

3

= ZfAPa,i(lnrN) = Z

i=}

[log(rn/R:)]1?
xexp( - LR )

n;

(27)"? logo; In10

where ry is the dry aerosol particle radius. The resulting
parameters of these distributions are given in Table 1.
Comparisons between the observed and fitted number
and volume distribution are made in Fig. 2. The com-
position of the aerosol particles was assumed to be that
observed for the High Plains (Hobbs et al. 1985) and
to consist of 22% (NH,),SO, and 78% water insoluble
silicate, whose specific gravity was assumed to be 2
g cm™>. The silicate portion of the aerosol particle was
assumed to be the ice-initiating compound. We further
assumed that the aerosol particles were homogeneously
distributed within the lowest 2 km of the atmosphere.
Above 2 km the concentration was assumed to decrease
according to

Jara(lnry, 2> 2 km)
=f;4Pa(1nrN, Z= 2 km).exp"'(Z"Zg)/H’ (2)

where z is the height above ground in the model, z, = 2
km, and scale height H = 2 km.

The present model covered a domain of 15 km in the
vertical and 30 km in the horizontal. The grid spacings
were Az = 250 m and Ax = 600 m, and the time step
was At = 5 s before cloud formation and 2 s afterward.

The dynamic model of Clark and collaborators,
which we used for our model study, was driven by a
sensible and latent heat flux from the surface following
the formulations by Clark and Gall (1982) and the pa-
rameterized version of the calculations of Smolarkie-
wicz and Clark (1985), as described in Flossmann and
Pruppacher (1988). As in their studies, we assumed
that the fluxes were proportional to the incoming solar
flux. The average surface sensible heat flux was as-
sumed to be 35% of the incoming solar flux and the
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TaBLE 1. Parameters for the aerosol particle distribution assumed,
as given in Eq (1); n; = total number of aerosol particles per cm™,
R; = geometric mean aerosol particle radius in wm, o; = standard

deviation in mode.

Mode i n; R; log o;
1 40 000 0.006 0.300
2 3980 0.030 0.300
3 0.3 1.000 0.396

latent heat flux to be 0.5% of the incoming solar flux.
These fluxes were considered to consist of a back-
ground heat flux and a perturbation fraction with a
Gaussian spatial distribution. It was assumed that
99.9% of the total energy went into Gaussian pertur-
bation of sensible heat flux, while 0.1% of the total
energy went into the Gaussian perturbation of the latent
heat flux. We further set the half-widths of both Gaus-
sian perturbations to be 7200 m. The maximum of heat-
ing was located at xo = 12.9 km during the first 45 min
of modeling time. The heat and moisture sources were
assumed to have their maximum value at the ground
and to decrease exponentially with height, so that at
150 m their strength was 1/e of their surface values.

In order to model the dynamic features of the cloud,
xo was shifted after 45 min of modeling time from x,
= 12.9 km to x, = 15 km, while the sensible heat flux
at the same time was increased from 35% to 60% of
the incoming solar flux. This was done to account for
the observed conditions for cloud formation (based on
a motion picture obtained from J. Dye) that favored the
formation of small cumuli yet allowed the formation of
isolated, precipitating clouds over restricted portions of
the terrain. At model time ¢ = 75 min the heating source
was then reduced to the background heat flux. This was
done to account for the shading of the cloud, which at
that time had an age of 20 min. The rate and duration
of heating were chosen to represent a cloud that formed
over dry ground and was advected with the mean wind
to a hot surface where it intensified.

The computations were carried out on a CRAY Y-
MP/232 at the (Deutsche Forschungsanstalt fiir Luft-
und Raumfahrt), Oberpfaffenhofen, Germany. One
model run (130-min simulation time) took 12 h of
computer time.

4. Results and discussion
a. General development of the model cloud

Our calculations were started at 1505 MDT. The sur-
face sensible and latent heat flux caused the air to rise,
so that at 1600 MDT (cloud lifetime ¢, = 0 min) a
cloud had formed with a base near 3.5 km ASL. (Note
that in all the forthcoming diagrams and tables the al-
titude, ASL, is given by z + 0.8 km, where z is the
model height above ground and 0.8 km the elevation
of Miles City above sea level.)
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FIG. 2. Aerosol number (left) and volume distribution (right) for High Plains as observed by
Hobbs et al. (1985) (curves 1a,b) and as used in the model resulting from Eq. (1) (curve 2).

During the first 20 min of its lifetime the model cloud
experienced a moderate growth rate with maximum
vertical velocities varying between 7 and 10 m s™' at
5.3 km ASL, while the cloud top rose from 4.3 to 7.3
km ASL.

A vigorous growth phase of the model cloud began
at about 1621 MDT (7, = 21 min) and lasted until
about 1633 MDT followed by a rapid weakening of the
updraft (Fig. 3a). The overall maximum vertical ve-
locity of 16.5 m s ™' occurred at 6.8 km ASL at 1625
MDT. By the end of this growth phase the cloud top
reached its highest level of 11 km ASL, and subse-
quently, the upper growth region shifted toward the
downshear side of the cloud forming a small anvil dom-
inated by ice crystals.

During the period of moderate growth (up to 1621
MDT) the cloud consisted mainly of liquid hydrome-
teors, although the cloud-top temperature was about
—20°C. With onset of the rapid growth phase, the ice-
forming processes (heterogeneous drop freezing and
subsequently riming of ice particles) initiated a de-
crease in the liquid water content (‘‘dry out’’) (Fig.
3a). The maximum liquid water content of 6.61 g kg ™
in the entire model domain was found at 6-6.6 km ASL
at 1623 MDT (Fig. 3a). A second maximum at 1639
MDT resulted from a small secondary cloud at ~5 km
ASL that had originally formed around X = 13 km (the
place same where the primary cloud originated) at
1625 MDT (¢, = 25 min) and was advected with the
wind. As with the main cloud, this secondary cloud
underwent liquid dry out within a few minutes, since

falling graupel from above eroded away its liquid

~ portions by riming. This can be seen in the increase

of the graupel mass content at that time (Fig. 3b).
Liquid dry out of the visible cloud in the model
started at 1629 MDT and was completed around 1645
MDT. At 1621 MDT (just before the rapid growth
phase), the drop concentration in the model cloud
had reached 572 cm™? at a level of 6.2 km ASL. The
maximum number concentration of drops with radii
less than 30 um was found to be 762 cm™ in the
secondary cloud at 1633 MDT at 4.2 km ASL, but
the average maximum value was about 500-
600 cm™? decreasing to lower values toward the end
of the simulation.

Until the beginning of the rapid growth phase, no
graupel were predicted by the model. The first graupel
appeared in the simulation at 5.8 km ASL at 1623 MDT
with a maximum concentration of 0.01 L™'. The over-
all maximum graupel concentration of 120 L™' was
found at 8.2-8.6 km ASL at 1629 MDT, while the
maximal graupel mixing ratio of 8.89 g kg~ was lo-
cated at 6.8—8 km ASL (Fig. 3b), indicating the pres-
ence of larger and heavier graupel in lower levels. A
second maximum at 1641 MDT occurred when graupel
from aloft fell into the secondary cloud and removed
the liquid portlons via riming.

Moderate rain, resulting mostly from completely
melted graupel, began to reach the ground around 1645
MDT and lasted till about 1710 MDT. A negligible
portion of this precipitation consisted of partly melted

graupel.
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b. Comparison of model results with observations

Tables 2a,b summarize the model cloud character-
istics mentioned in the previous section and compare
them with observations of Dye et al. (1986) involving
measurements that have been made between 5.2 km
and 6.0 km ASL by the research aircraft ‘‘King Air”’
and by a sailplane that made a spiral ascent from 3.9
km ASL (cloud base) to 7.2 km ASL in the main up-
draft region of the cloud. These measurements were
carried out between 1617 and 1651 MDT.

From Table 2a, we note that most of the dynamic
features of the observed cloud have been well repro-
duced by the model cloud with the exception, perhaps,
of the cloud base and the beginning of the liquid dry
out. Thus, our model cloud formed its base at 3.5 km
ASL, which is slightly lower than the observed base at
3.9 km ASL. This is a result of the fact that the bound-
ary layer was drier than indicated by the rawinsonde
values that we used, a feature noted by Helsdon and
Farley (1987). It demonstrates the requirement to have
in situ measurements of the vertical structure of ther-
modynamic parameters.

During the first 20 min of cloud lifetime, the cloud-
top height rose with a mean rise rate of 3 m s~ up to
7.3 km ASL, which agrees with the cloud top given by
Dye et al. (1986). The King Air flying at a level of 6
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TABLE 2a. Comparison of model results with the observations of
Dye et al. (1986)—general cloud appearance; altitudes are given in

km ASL, times in MDT.

Feature Model Observartion
Cloud base (km) 3.5 39
Height of cloud top at 1615 MDT 6
(km) 6.0-6.5
at 1625 MDT 10.5
10.2~10.6
Mean cloud diameter 6 km 6 km
Updraft width 2 km 2 km
Start of vigorous 1621 MDT 1623 MDT
growth phase
Vertical velocity at 1620 MDT 4 3-5ms™'at6km
(ms™) m s~ at 6 km
16.5 at 6.8 km 15 at 6.5-7 km
and 1625 MDT and 1627 MDT
Mean rise rate of 5-6 5-7

cloud top (m s™")
Beginning of updraft
decay
Liquid dry out (start)
Finished
Max rainfall rate

1627-1629 MDT

1629 MDT
1645-1650 MDT
1655-1710 MDT

1632-1634 MDT

1632 MDT
1645 MDT
1655-1700 MDT

km ASL measured at that time a vertical velocity of 3—

5ms™!

ity simulated by the model.

, which compares well with the 4 m s ! veloc-

TABLE 2b. Comparison of model results with the observations of
Dye et al. (1986)—distribution of hydrometeors; altitudes are given
in km ASL, times in MDT.

Feature

Model

Observation

Liquid water content
at 6 km (g/m®)

Drop number
concentration
(em™)

First graupel

Concentration of ice
particles (17")

1.78 at 1621 MDT

2.3 at 1625 MDT

0.24 at 1629 MDT

0.04 at 1643 MDT

572 at 1621 MDT,
6.3 km

662 at 4.2 km,
1633 MDT

at 5.8 km

0.01 liter™

1623 MDT

0.55 at 6.4 km

1620 MDT, ice
crystals

1 at 6 km

1625 MDT

70 at 7 km

1625 MDT

mainly < 1 mm

79 at 7.7 km

10 at 6 km

1641 MDT,

mainly < 1 mm

20 at 7-7.8 km

7-10 at 6 km,

1649 MDT,
mainly < 1 mm

1-1.75

22

2.2 at 1627 MDT
0.04 at 1643 MDT
600 at 6 km

600 at 4—4.5 kin

at 5.8 km

0.24 liter™!

1626 MDT

0.6 at 6 km
1620-1623 MDT

Sat6km .
1625-1626 MDT
no observation

30 at 5.3 km
1640-1641 MDT
mainly < 1 mm

45-64 at 6 km,
1647-1651 MDT
mainly < 1 mm
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At that time, the model cloud still consisted mainly
of liquid hydrometeors. In its upper part, however, the
air was subsaturated with respect to water but super-
saturated with respect to ice. As observed, some ice
particles (crystals), resulting from frozen drops, al-
ready existed with a maximum value of 0.55 L' at 6.4
km ASL (the King Air found a few tenths per liter at
6 km ASL during its first three passes between 1617
and 1623 MDT) (Table 2b).

At 1621 MDT, the maximum drop number con-
centration had reached 572 cm™ at 6.3 km ASL. At
that time, the King Air observed 600 cm™ at 6 km
ASL and no millimeter-sized ice particles. The liquid
water content of the cloud at 6 km ASL had reached
a value of about 2.7 g kg ™' (=1.78 g m™?), slightly
larger than the values of 1-1.75 g m™> measured by
the King Air between 1620 and 1623 MDT (passes
2 and 3).

When the model cloud reached the —-20°C to —25°C
level, an explosive growth with maximum velocities
up to 16.5 m s~! (at 6.8 km and 1625 MDT) began.
This phase started at 1621 MDT and lasted till about
1633 MDT. The sailplane that ascended in the main
updraft of the cloud reported maximum vertical ve-
locities up to 15 ms™! in the region of 6.5-7 km
ASL between 1627 and 1629 MDT. Since the aircraft
had to avoid the regions of high reflectivity, the ver-
tical velocities probably had been higher than those
observed. There was good agreement with observa-
tions both for the liquid cloud dimensions (6-8 km)
and the mean width of the updraft core (2 km di-
ameter).

With a mean rise rate of 5—6 m s™', the model
cloud top reached its highest altitude of 11 km ASL
within 10 min. At 1629 MDT (¢,, = 29 min) the max-
imum liquid water content of the primary cloud had
already significantly decreased to about 0.4 g kg™
(~0.26 g m~?) between 6 and 7 km ASL due to the
rapid growth of graupel via riming. This decrease in
the liquid water content was accompanied by an in-
crease of the mixing ratio for graupel (Figs. 3a,b).
The rapid weakening of the updraft and the liquid dry
out of the actual observed cloud was estimated to be-
gin between 1632 and 1634 MDT. This was simulated
to occur several minutes earlier, between 1627 and
1629 MDT. The droplet size spectrum near the loca-
tion of the maximum liquid water content of the main
simulated cloud at 1629 MDT (Figs. 4a—c) was of
continental type with one maximum near 10 ym and
a second near 8 um. Notice that the main aerosol mass

1

is associated with the main water mass. The drops '

larger than 20 um appeared in negligible concentra-
tion. This is in good agreement with the sailplane ob-
servations that found largest drops of 35 pm in di-
ameter at 6-7 km- ASL in concentrations of 0.1—
1 cm™2. The sailplane ascending from 6 to 7 km ASL
between 1627 and 1629 MDT observed liquid water
contents as high as 2.5 g m™, and even the King
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Air—at 5.4 km ASL—still observed 1.8 g m™ (Ta-
ble 2b).

The ice particle concentrations observed by the air-
craft between 1625 and 1630 MDT ranged between 2
and 5 L ™" at alevel near 6 km ASL. At the same level,
the modeled number concentration of ice particles was
1 L™, increasing to 70 L~' at 7 km ASL. Unfortu-
nately, no measurements were made at 7 km ASL. On
the other hand, at later times our model predicted too
low ice particle concentrations at 6 km and below.
Thus, after 1641 MDT the observed total concentra-
tion of ice particles reached 30 L™!' at 5.3 km ASL
and increased at 6 km ASL from a few L ™! up to 64
L~! at 1648 MDT. However, at 1641 MDT our model
produced a maximum value of 79 ice particles L ™" at
7.7 km ASL but only about 10 L' at 6 km ASL. This
was still the case at 1649 MDT, when our model pro-
duced a maximum value of 20 ice particles L™" be-
tween 7 and 7.8 km ASL and again only 7-10 ice
particles L' at 6 km ASL. We conclude that our
model produced too low concentrations of ice parti-
cles along the penetration passes of the aircrafts after
the onset of the rapid growth phase. Concentrations as
high as measured by the aircrafts were only present
in higher levels. The obvious reason for this fact is
that we chose to produce ice particles in our model
only by a simple drop-freezing mechanism. It is clear
from many field observations that additional ice par-
ticles are formed by contact nucleation, by sorption of
vapor on aerosol particles, and by ice multiplication
mechanisms. All these were not considered in the
present model, but some will be considered in future
models.

Ice particles of millimeter size were observed for the
first time by the King Air at 5.8 km ASL and 1626
MDT reaching a concentration of 0.24 per liter by 1630
MDT. As expected from our underprediction of the to-
tal ice particle concentration, our model predicted only
0.06 L' for graupel of size larger than 1 mm (Table
2b). Maximum graupel sizes of 4—7 mm diameter were
observed both by the King Air and the sailplane around
5—-6 km ASL between 1630 and 1651 MDT, in good
agreement with the graupel sizes of 4—8 mm in diam-
eter predicted by our model at 1641 MDT and 5 km
ASL (Figs. 5a,b). From Fig. Sc, we note that the main
aerosol mass follows the main graupel mass, a corre-
lation mentioned earlier for the liquid phase. Liquid dry
out in our model was completed around 1645-1650
MDT. This is in accordance with the observed negli-
gible water content by about 1645 MDT (Table 2b).
Rain falling from the model cloud began to reach the
ground around 1645 MDT and lasted till about 1710
MDT. This is a few minutes later than observed and
must be explained, perhaps by an overestimate of the
effects of evaporation and an overestimate of the up-
draft that prevented the rain from reaching the ground.
(This is illustrated in Fig. 7a in terms of the precipi-
tation rate.)
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c. Comparison of present model with other models

The results of the CCOPE field experiment were -

used by Helsdon and Farley (1987) to test a 2-dimen-
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sional Storm Electrification Model (SEM) and by Mu-
rakami (1990) to verify his 3-dimensional cloud
model.
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FiG. 5. For X = 18 km, Z = 4925 m ASL, and for 1641 MDT (z,,
= 41 min). (a) Number density distribution function of graupel f(a,),
N, = total number of graupel. (b) Graupel mass density distribution
function g,(a,), w, = total mass of graupel. (c) Aerosol mass density
distribution function within graupel gpy(a,), wap, = total AP mass
within graupel. The density distribution functions are displayed per
logarithmic radius interval.
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The SEM by Helsdon and Farley (1987) is a deep
convective, slab-symmetric and 2-dimensional time-
dependent model that was ultimately developed to sim-
ulate and explain the electrical evolution of a cloud.
Liquid and ice hydrometeors are divided by bulk water
parameterization into five classes (cloud water, cloud
ice, rain, snow, and graupel/hail) with exponential size
distributions hypothesized for the three precipitating
classes. The primary cloud microphysical processes
were simulated by the transformation of cloud water to
rain via a Kessler parameterization and cloud water to
snow via an approximation of the Bergeron—Findeisen
process. Graupel and hail were formed by the aggre-
gation of snow crystals, the capture of snow crystals,
by rain water, or by heterogeneous drop freezing. The
growth of hail took place in the dry and wet growth
regimes. Convection was initiated by use of random
perturbations in temperature and water vapor and a
warm bubble. :

In simulating the CCOPE case, a time correspond-
ance was established based on the beginning of the
rapid-growth phase. The model achieved good agree-
ment in reproducing the cloud size, the cloud-top rise
rate, the rapid-growth phase, the updraft structure, the
first appearance of graupel, the cloud decay, and the
location of hydrometeors with respect to updraft and
downdraft structures. However, the SEM did not ac-
curately model the cloud base height, which was lower
than observed. The maximum vertical velocity of 26
m s ! found in the model could not be verified by air-
craft observations since the aircraft had to avoid the
regions of high reflectivity. The maximum cloud water
mixing ratio appeared 2 min before the updraft maxi-
mum and exceeded the values observed. Simulated pre-
cipitation reached the ground at 1635 MDT, that is,
earlier than observed. Of course, as expected from the
microphysical parameterization of the model, the SEM
could not predict any microphysical details such as the
evolution of the drop spectrum, nor the size and con-
centration of the ice particles.

The three-dimensional, anelastic cloud model of Mu-
rakami (1990) also uses bulk water parameterized mi-
crophysics. Prognostic parameters are the number con-
centrations of ice and snow particles and the mixing
ratios of 'six water species (water vapor, cloud water,
cloud ice, rain, snow, and graupel/hail). The ice phase
was initiated by deposition nucleation and by hetero-
geneous and homogeneous drop freezing. Conversion
of cloud ice to snow was allowed to proceed by growth
by diffusion and aggregation of ice crystals. Graupel
was initiated through riming of snow crystals growing
in the dry as well as in the wet growth mode. Convec-
tion was initiated by a warm, moist air bubble with
excess temperature and moisture. Helsdon and Farley
(1987) and Murakami (1990) established as time cor-
respondence the beginning of the rapid-growth phase.
His model simulated quite well the cloud-top height,
the cloud size, the arrival time of precipitation at the
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cloud base, the first radar echo, the location of hydro-
meteors relative to updraft and downdraft structure, the
number concentration of precipitating ice particles, the
updraft velocity, and the cloud water content along the
flight levels. On the other hand, the use of the original
sounding as input led to a cloud base that was 1 km
lower than observed. Also, the cloud-top ascent rate
was higher than observed. Since aerosol scavenging is
a strong function not only of the size of the aerosol
particles but also of the size of the cloud particles, bulk
water parameterization does not allow an accurate de-
scription of the wet deposition of air pollutants.

d. Scavenging behavior of the model cloud

The relatively good agreement between the simu-
lated cloud microstructure and the observed micro-
structure motivated us to use our model to study two
additional problems. 1) By including in our model the
mechanisms that are responsible for aerosol particle
scavenging, we determined the rate at which the scav-
enged aerosol mass was deposited on the ground and
computed the concentration of the dissolved aerosol
mass in the rain on the ground. 2) By purposely inhib-
iting ice nucleation, we attempted to study the effect of
the presence of an ice phase on the microphysical and
chemical evolution of the considered cloud.

As expected, the main dynamic features of the cloud
evolving without ice were not significantly different
from those of the cloud that evolved with ice. Again,
the cloud formed at 1600 MDT with its base at 3.3 km
ASL. After a moderate development, a rapid-growth
phase started, and the overall maximum vertical veloc-
ity of 18.5 ms™! at 6.8 km ASL was reached 2 min
earlier than for the cloud with ice (compare Fig. 6 with
Fig. 3a). This higher vertical velocity was accompa-
nied by a higher maximum liquid water content of 7.18
g kg™' that subsequently decreased to values lower
than in the case with ice. The rapid decrease is due to
the coalescence process forming precipitation-sized
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drops. The cloud developed a similar width, but due to
the higher vertical velocity the cloud top reached its
highest level of 11 km ASL several minutes earlier than
the case with ice. During the precipitation process the
cloud base rose to 6 km ASL, and the average area
covered by precipitation on the ground was smaller
than in the case with ice.

Significant differences between the two model
clouds showed up with respect to the onset of precip-
itation, the duration of precipitation, the deposition rate
of the scavenged aerosol material, and the concentra-
tion of the scavenged aerosol material in the rain on
the ground. These differences are illustrated in Figs.
7a~—c in which the rain rate, the sulfur deposition rate,
and the concentration of sulfate in the rainwater are
plotted as a function of cloud time. We note for each
model run that the rain rate and the deposition rate are
in phase as expected, while the concentration of sulfate
is a minimum at the time the rain rate is a maximum.
This feature is often observed (Kins 1982) and is easily
explained in terms of lower salt concentration in large
drops, which are associated with the maximum precip-
itation rate. We also note from Figs. 7a,b that precipi-
tation and deposition set in much earlier in the cloud
without the presence of an ice phase than in the mixed
ice—water cloud. This, of course, is a result of the col-
lisional growth process, which in the all-water cloud is
the only precipitation forming process. Growth by rim-
ing, on the other hand, has to await the presence of ice
particles that by vapor diffusion must first grow to a
critical size before riming may start (see p. 496 in Prup-
pacher and Klett 1978). Also, Fig. 7a shows that the
precipitation event lasts longer and produces lower pre-
cipitation rates for the mixed ice—water cloud. This
appears to be due to a less efficient conversion of cloud
water to rainwater via riming than via coalescence of
drops and a less pronounced evaporation in the large
regions of liquid dry out.

In order to improve our understanding of the fate of
scavenged aerosol material we calculated the total pro-
cessed material involved in the different mechanisms
active for the specific cloud simulated. Since our model
is only two-dimensional, such calculations would apply
only to a ‘“‘cloud slice.”” Nevertheless, to be able to
estimate at least the order of magnitude of the pro-
cessed material we approximated the three-dimensional
cloud by a ‘‘cloud’” of cylindrical volume of diameter
6 km, given by rotating the slice 180°.

In Table 3, we have listed the resulting values for
the cumulative mass of water vapor converted to cloud
water, of rainwater deposited on the ground, of aerosol
mass taken up by nucleation scavenging, of aerosol
mass taken up by drops, ice crystals and graupel by
impaction scavenging, and the total aerosol mass de-
posited by rain on the ground. These values are cal-
culated for 127-min model time (72-min cloud life-
time) in the case of the mixed-phase cloud and for 104-
min model time (49-min cloud lifetime) for the cloud
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without ice. It should be noted here that a linear rela-
tionship between the numbers listed in Table 3 cannot
be established since, except for the rainwater, the aero-
sol mass deposited by rain on the ground and the aero-
sol particle masses that are left in the different hydro-
meteors at the end of the simulation, the masses are
subject to “‘recycling.”” We notice from Table 3a that
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due to the shorter lifetime of the all-water cloud and
the higher saturation mixing ratio of water vapor with
respect to ice, less vapor is converted to cloud water
than in the water—ice cloud. This is also the cause for
the smaller amount of aerosol taken up by nucleation
scavenging in the all-water cloud [see Table 3c]. From
Table 3b we note that the total mass of rain deposited
on the ground is higher for the all-water cloud than for
the ice—water cloud. This is due to the higher efficiency
with which cloud water is converted to rainwater in the
all-water cloud under otherwise similar conditions.
This may be a result of the fact that in the all-water
cloud more cloud particles have the opportunity to
grow to precipitation size by coalescence than in a
cloud where precipitation involves only graupel. From
Table 3d, we notice that the amount of aerosol taken
up by impaction scavenging involving drops is less for
the ice—water cloud than for the all-water cloud simply
because liquid dry out in the ice—water cloud prevented
impaction scavenging on the drops later during the
cloud cycle and gave ample opportunity to impaction
of aerosol particles on the falling graupel. This effect

TABLE 3. Cumulative processed material for the present cloud of
6-km average width (cloud volume equivalent to a cloud of
cylindrical shape).

5 Withice  Without ice
Cumulative processed material at the (kg) after (kg) after
end of simulation 127 min 104 min

(a) Mass of vapor converted to cloud
water

(b) Mass of rainwater deposited on
the ground

(c) Aerosol mass taken up by
nucleation scavenging

(d) Aerosol mass taken up by
impaction scavenging through
drops

(e) Acrosol mass taken up by
impaction scavenging through ice
crystals 10 —

(f) Aerosol mass taken up by
impaction scavenging through
graupel ;

(g) Aerosol mass deposited by rain
on the ground

(h) Aerosol mass released into air
due to total evaporation of
graupel

(i) Aerosol redistributed to the liquid
phase by complete melting of
graupel

(k) Aerosol mass released into the air
due to evaporation of drops

(1) Total aerosol mass taken up by
graupel due to riming

(m) Aerosol mass remaining in drops,

ice crystals, and graupel

(n) Aerosol mass redistributed via

drop freezing 193

231 x 108 1.86 x 10®
243 x 107 4.12 x 107

11100 10 626

704 1099

4571 —_

2816 1807

2238 —_

3025 —
10 461 9048
1168 —

1279 375
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TABLE 4. Precipitation and scavenging efficiencies computed from
Egs. (3)—(5) for the case where the ice phase in the model is (a)
included and (b) excluded.

CCOFPE (a) CCOPE (b)

Efficiency with ice without ice
E, 10.7% 22.5%
E, 67.7% 90.6%
E, 17.2% 15.4%

is the cause for the larger mass of aerosol taken up by
impaction scavenging involving graupel (Table 3f).

At first sight it is puzzling that the amount of aerosol
redistributed to the ice phase via impaction scavenging
(Table 3f) and riming (Table 31) is larger than the total
AP mass deposited by rain on the ground (Table 3g).
It was established by observation and our model that
precipitation in the ice—water cloud was due to the
graupel only. One would therefore expect that a com-
parable amount of aerosol material would be deposited
on the ground if all graupel had melted. However, only
2816 kg (Table 3g) were deposited on the ground by
melted graupel. Our computations show that at the final
phase of the cloud cycle under investigation about 2238
kg of aerosol material were released into the air due to
evaporation of graupel (Table 3h), 3025 kg of aerosol
material were redistributed by complete melting of
graupel into the liquid present as rainwater ( Table 3i),
about 10 461 kg of aerosol material were released into
the air by evaporation of drops (Table 3k) and about
1279 kg of aerosol mass remained still in small drops
and ice particles (Table 3m) in the cloud by the time
the cloud modeling was stopped. Considering these
values and the fact that the aerosol particles are subject
to multiple processes that all add to the cumulative
masses, we consider that the aerosol mass deposited on
the ground by melted graupel is reasonable.

Following Flossmann (1991) we define the follow-
ing three efficiencies that describe the various conver-
sion mechanisms:

E cumulative rain mass on ground
1= .
cumulative water mass ’
converted from the vapor

(3)

cumulative AP mass
scavenged by nucleation
E2 = N ’
cumulative AP mass scavenged
by nucleation and impaction

C))

cumulative AP mass
_ deposited by the rain
" cumulative AP mass scavenged )
by nucleation and impaction

(5)

Efficiency values are shown in Table 4, based on
numbers presented in Table 3. We notice that for the
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cloud under study, the precipitation efficiency E, was
quite low and lower for the case with ice than without
ice. The higher efficiency for the case without ice is
due to the higher deposition of rainwater on the ground;
this formation of rainwater was due to a very efficient
collision—coalescence process.

The values for E, show that nucleation scavenging
is the dominant scavenging mechanism for deep con-
vective clouds, in agreement with our earlier conclu-
sions (Flossmann et al. 1985; Flossmann and Prup-
pacher 1988; Flossmann 1991). Since the dimensions
of the clouds were quite similar in both cases, the nu-
cleation rates were similar too, but the additional im-
paction scavenging by graupel leads to a smaller value
of E, in the case with ice than in the case without ice.
Probably, impaction scavenging of graupel has been
overestimated by our model. Because of the lack of
data available for the collision efficiencies for the AP—
graupel interaction, we used the same efficiencies as
for AP—drop collision process, thus handling the sur-
face of the graupel as a liquid layer.

We further note that, in fair agreement with our ear-
lier conclusions (Flossmann and Pruppacher 1988), E;
is within a few percent given by E,, though this rela-
tionship was expected to be closer based on the cloud
studies of Flossmann and Pruppacher (1988) and
Flossmann (1991), who considered warm marine
clouds with tops reaching 3—~4 km above sea level and
a vertical extension of 2—3 km. The clouds in the pres-
ent study had vertical dimensions of approximately 6—
7 km and reached levels of 11 km ASL. The differences
imply that the efficiency of aerosol material deposition
on the ground is not only controlled by the efficiency
with which vapor is converted to rainwater but also by
the distribution of the nucleated and scavenged aerosol
material onto the different hydrometeors.

5. Summary and conclusions

The present study has used a two-dimensional cloud
dynamics model in which we have included detailed
microphysics for the water as well as for the ice phase.
The model was tested for an observationally well doc-
umented cloud and precipitation event that occurred on
19 July 1981 near Miles City, during the CCOPE field
experiment. Despite that observations were not always
available at the exact model times nor at the exact
model levels, our comparison between the predictions
of our model and the observations allowed the follow-
ing conclusions:

1) Very satisfactory agreement between model pre-
diction and observations was obtained for the cloud-
top height, the mean cloud diameter, the updraft width,
the start of the vigorous-growth phase, the vertical ve-
locities, the mean rise rate of the cloud top, the begin-
ning and the end of the liquid dry out, and the maxi-
mum rainfall rate. The cloud base height was somewhat
underestimated.
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2) The model was able to predict the evolution of
the cloud drop spectrum and the ice particle spectrum
as a function of time. Model predictions were at least
qualitatively in agreement with observations given the
very limited possibilities for comparison (see Table
2b). The most significant discrepancy between model
prediction and observation pertains to the appearance
of ice particles whose concentration is highly under-
estimated by the model at low cloud levels. We suggest
that this result is a consequence of not considering ice
multiplication processes.

3) Comparison of our cloud model with bulk param-
eterized models shows that the parameterized models
correctly describe most of the overall features of the
Montana clouds but miss details of the cloud micro-
structure that can only be obtained if the time evolution
of the size distribution of the cloud and precipitation
particles is followed. Since the scavenging of aerosol
particles as well as of gases is a strong function of the
size of the evolving cloud and precipitation particles,
parameterized models are prone to miss significant de-
tails of the cloud chemical features.

4) The presence of an ice phase in a cloud signif-
icantly affects both the cloud microstructure as well
as the precipitation chemistry. Significant errors will
be introduced in describing the time evolution of a -
cloud and its precipitation chemistry if the cloud that
does contain an ice phase is modeled by assuming
only liquid phase microphysics and the associated
chemistry.
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