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Abstract

There is some evidence that the initiation of warm rain is suppressed in clouds over regions with vegetation fires. Thus,
the ice phase becomes important as another possibility to initiate precipitation. Numerical simulations were performed to
investigate heterogeneous drop freezing for a biomass-burning situation. An air parcel model with a sectional two-
dimensional description of the cloud microphysics was employed with parameterizations for immersion and contact
freezing which consider the different ice nucleating efficiencies of various ice nuclei. Three scenarios were simulated
resulting to mixed-phase or completely glaciated clouds. According to the high insoluble fraction of the biomass-burning
particles drop freezing via immersion and contact modes was very efficient. The preferential freezing of large drops
followed by riming (i.e. the deposition of liquid drops on ice particles) and the evaporation of the liquid drops
(Bergeron—Findeisen process) caused a further decrease of the liquid drops’ effective radius in higher altitudes. In turn ice
particle sizes increased so that they could serve as germs for graupel or hailstone formation. The effects of ice initiation on
the vertical cloud dynamics were fairly significant leading to a development of the cloud to much higher altitudes than in a
warm cloud without ice formation.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Biomass burning is one of the main sources of
atmospheric aerosol particles (Levine, 1991). The fire
induced convection transfers soils from the ground as
well as burned and unburned vegetation fragments
into the atmosphere. Field measurements indicate
that particles from biomass burning consist of
biogenic, pyrogenic, and soil dust components with
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a high insoluble fraction between 80% and 95%
(Artaxo et al., 1998; Feingold et al., 2001, Guyon
et al., 2003). The number size distributions of these
particles show large amounts of small particles
(Helsper et al., 1980; Reid et al., 1998). Such particle
distributions ingested in clouds lead to the formation
of a large number of small drops. Thus, biomass
burning can cause the suppression of warm rain as
the formation of precipitation from these small drops
by collision and coalescence is hardly possible
(Rosenfeld, 1999; Andreae et al., 2004). However,
another way to form precipitation is the ice phase.
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In a temperature range between 0 and —35°C
primary ice in clouds is mostly formed by hetero-
geneous freezing, i.e. by particles containing an
insoluble residue or consisting completely of in-
soluble material. Owing to their composition these
ice nuclei initiate freezing at significantly different
temperatures, leading to the formation of mixed
phase clouds. An important way to form ice
particles heterogeneously in the atmosphere is the
freezing of super-cooled drops in immersion and
contact modes (Pruppacher and Klett, 1997). For
heterogeneous initiation of the ice phase the
preconditions are fairly good in biomass burning
clouds: The very high insoluble fraction of biomass
burning particles potentially enhances ice formation
(Diehl et al., 2006), and it contains particles which
are known as efficient ice nuclei, i.e. black carbon,
minerals, and biological particles (Artaxo et al.,
1998; Guyon et al., 2003). On the other hand, both
immersion and contact freezing show a preferential
freezing of large drops (Diehl and Wurzler, 2004;
Diehl et al., 2006). Thus, important questions are if
under biomass burning conditions freezing of super-
cooled drops occurs, if it is sufficient to affect the
vertical cloud dynamics, and if precipitation-sized
ice particles could form. In the present simulations,
drop formation in clouds under biomass burning
conditions was compared to activation of various
aerosol particle number size distributions in clouds
under cleaner conditions. Ice formation in the
biomass burning clouds was simulated considering
the portioning of the particles and their ice
nucleating efficiency. A sectional cloud model with
a detailed two-dimensional description of warm and
cold microphysics was employed (Simmel and
Wurzler, 2006; Diehl et al., 2006).

2. Model description

For the present simulations an adiabatic air
parcel model with entrainment (Flossmann et al.,
1985; Pruppacher and Klett, 1997) was employed.
An air parcel model describes a rising bubble of air
whose radius increases with height. Dry air is mixed
with moist air into the parcel through entrainment.
The advantage of an air parcel model is that all
changes in the microphysical evolution of the cloud
can be attributed to microphysical processes. On the
other hand, this can only be achieved for a tradeoff
in cloud dynamics including some well-known
weaknesses in the treatment of precipitation sized
cloud particles which stay inside the parcel. How-

ever, for the present case of biomass burning cloud
drops typically remain rather small. Therefore, the
more important limiting factor is the rather simple
cloud dynamics.

The employed model includes warm and cold
cloud microphysics and the interactions between
aerosol particles and hydrometeors (Simmel and
Wurzler, 2006; Diehl et al., 2006). The aerosol
particles are internally mixed with variable insoluble
and soluble fractions. The sectional description of
cloud microphysics includes a number of warm
microphysical processes such as growth and shrink-
ing of aerosol particles by water vapor diffusion,
impaction scavenging, drop nucleation, growth,
evaporation, collision and coalescence. A state-of-
the-art iterative condensation scheme is implemen-
ted. The entrainment of aerosol particles, drops, ice
particles, temperature, and humidity is embedded
(Simmel et al., 2005). The cold microphysics
includes the freezing of drops in immersion and
contact modes as primary freezing processes (Diehl
and Wurzler, 2004; Diehl et al.,, 2006). Both
descriptions for immersion and contact freezing
consider the ice nucleation efficiency of different
particle types. Condensation freezing is included
implicitly in immersion freezing as drops which are
nucleated during the ascent of the air parcel by
entrained aerosol particles could freeze immediately
by immersion freezing. Deposition freezing, i.e. ice
nucleation directly from the vapour phase, and
homogeneous freezing of super-cooled drops are
both neglected in the present model simulations
because heterogeneous freezing via immersion,
condensation, and contact modes are the dominant
freezing processes for the present situation of
biomass burning with a large amount of potential
ice nuclei. Deposition freezing takes place at lower
temperatures than the other heterogeneous freezing
processes, homogeneous freezing at significantly
lower temperatures than all heterogeneous freezing
processes (Schaller and Fukuta, 1979; Koop et al.,
1999).

In the immersion mode, the freezing rate for pure
water drops of same sizes containing insoluble
particles is given by
—% = NuaBi V4 exp(—aT)(;—?, (1)
where Ny is the number of frozen drops, N, the
number of unfrozen drops, Vy the drop volume in
cm?’, T the temperature in °C, a and By, ; constants
with @ = 1°C~!. The constant By; in cm > stands
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for the ice nucleating efficiency in the immersion
mode of an insoluble particle per unit volume of
liquid. The freezing rate is coupled with an
approach for the freezing point depression. For
details see Dichl and Wurzler (2004). In the contact
mode, the number of drops freezing at a tempera-
ture 7 when colliding with an insoluble particle is
given by

Ni = —=No(apT + bp), @)

where T is the temperature in °C, g, and b, are
constants. The constant a, . is in °c!, bj. dimen-
sionless. The freezing equation is coupled with an
approach for collisions between super-cooled drops
and dry aerosol particles. For details see Diehl et al.
(2006). Drops frozen via contact and immersion (and
implicitly via condensation) modes grow further by
the deposition of water vapor and by the collision
with super-cooled liquid drops (Diehl et al., 2006).
The two-dimensional size distribution used for the
microphysics is divided into 90 categories for the
particulate mass and into 66 categories for the water
mass, both starting with 0.002 pm in diameter, with a
mass doubling in every category for the water mass
and a mass doubling in every other category for the
particulate mass. This combination is recommended
in Simmel and Wurzler (2006).

3. Initial conditions and scenarios

The present model simulations were initialized
with conditions typical for biomass burning situa-
tions. Two initial aerosol particle size distributions
were selected: the young biomass burning distribu-
tion of Helsper et al. (1980) and the haze distribu-
tion of Reid et al. (1998). The distribution of
Helsper et al. (1980) is a bimodal distribution, the

Table 1
Parameters of initial aerosol particle number size distributions

one of Reid et al. (1998) is a type of aged biomass
burning aerosol, i.e. the particle sizes are shifted
towards larger sizes and the numbers are reduced.
The parameters of the particle distributions are
given in Table 1. Biomass burning conditions were
simulated by using the distribution of Helsper et al.
(1980) for the parcel and the distribution of Reid
et al. (1998) for the environment, young biomass
burning conditions were simulated by using the
distribution of Helsper et al. (1980) for both, the
parcel and the environment (see Table 2). The
particle concentrations of the environment were
assumed to be constant with height. This is reason-
able for the biomass burning cases where the aerosol
particles are small and, therefore, do not experience
a significant decrease in number with height (Khain
et al., 2000). The model simulations for the clean
cases may overestimate the number of entrained
aerosol particles and, thus, the number of newly
activated droplets. The vertical profiles of tempera-
ture and humidity used in the present simulations
(see Fig. 1) were calculated with the regional model
REMO for an area in Indonesia with biomass
burning (Langmann, 2004, pers. comm.). The initial
size of the air parcel was 4 km in diameter, a typical
updraft size induced by vegetation fires, the
temperature difference between the air parcel and
the environment was set to 2 K. The soluble fraction
¢ of the particles was set 20%, i.e. ¢ = 0.2 (Guyon
et al., 2003), the soluble fraction of the aerosol
particles consisted of ammonium sulfate. The
insoluble fraction was assumed to contain a fraction
of active ice nuclei. The estimations of these
fractions are based on the measurements of Artaxo
et al. (1998) and Guyon et al. (2003) who
determined the source apportionment of aerosol
particles during the dry season in the Amazonas

Particle type

Parameters

Young biomass burning (Helsper et al., 1980)

Haze (Reid et al., 1998)
Rural background (Jaenicke, 1988)

Marine with continental influence (Hoppel and Frick, 1990; Hoppel et al., 1990)

N, =9000cm™3, d; = 0.015um, o, = 1.5
N, = 1000ecm ™, d» = 0.06 um, 6, = 1.8
N=06000cm™> d=0.1pm, ¢ =1.65

Ni = 6650cm ™, dy = 0.004pm, oy = 1.7
N, =147cm ™3, d» = 0.013 pm, 6, = 3.6
N3 =1990cm >, dy = 0.022 pm, o3 = 1.84.
Ny =100cm ™2, d; = 0.0135um, oy = 1.8
N, =120ecm ™3, dr = 0.052 um, 6, = 1.3
Ni=12ecm™2, d; = 0.06 um, o3 = 2.8.

N; is the particle number, d; the diameter, and o; the standard deviation of the respective mode i.
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Table 2
Description of all case studies
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AP parcel AP environment € IN
Warm cases
Young biomass burning Young biomass burning Young biomass burning 0.2 No
Biomass burning Young biomass burning Haze 0.2 No
Rural background Rural background Rural background 0.5 No
Marine with continental influence Marine with continental influence Marine with continental influence 0.5 No
Cold cases
Biomass burning Young biomass burning Haze 0.2 Biological
Scenario 1 d>0.4pum
Biomass burning Young biomass burning Haze 0.2 Mineral
Scenario 2
Biomass burning Young biomass burning Haze 0.2 Soot
Scenario 3 d<0.2pm

Initial aerosol particle (AP) distributions for the air parcel and the environment, soluble fraction € of the aerosol particles, and sort of ice

nuclei (IN) are listed.
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Fig. 1. Vertical profiles of dew point and temperature for a

biomass burning situation as used as model input (B. Langmann,
personal communication, 2004).

area. They found mainly three components with
average fractions of approximately 60% for pyro-
genic particles, 15% for soil dust, and 25% for
natural biogenic organics. Around half of the
pyrogenic fraction consists of carbon (total carbon
TC); perhaps the tenth part of TC is black carbon,
i.e., soot. Natural biogenic organics come from two
main sources: primary biological particles and gas-

to-particle conversion from biogenic volatile organ-
ic compounds (VOCs); it can be roughly estimated
that less than half of the biogenic compound
consists of primary biological particles as pollen,
leaf litter, bacteria, lichen, fungi (all estimations
based on Guyon et al., 2003). It was taken into
account that Guyon et al. (2003) and Artaxo et al.
(1998) gave values in mass percent while for the
model simulations number percent were needed:
black carbon particles are in the fine mode,
biological particles in the coarse mode; therefore,
the mass percent were doubled in case of black
carbon but halved in case of the biological particles.
From these estimations the following number
fractions were deduced: 10% for soot particles,
5% for biological particles, and 15% for mineral
particles. Soot, biological particles, and mineral
dust were allowed to act as ice nuclei in immersion
and contact modes according to their specific ice
nucleating efficiencies as given in Diehl and Wurzler
(2004) and Diehl et al. (2006). Pollen and kaolinite,
respectively, were selected as representatives for
biological and mineral particles. The following
constants in Egs. (1) and (2) were used: for pollen
Bji=1.01x10"2cm™>, a,,.=0.0864°C™", b, .=
0.5629; for kaolinite B;;=6.15x10"%cm >,
ape=0.1007°C™", b,.=0.6935; for soot B;=
291 x 10 em ™ (according to Diehl et al., 2006).
For contact freezing of soot particles in the fine
mode a new parameterization was used based on the
experimental results of Gorbunov et al. (2001); the
constant values were a; .= 0.010°C~! and by.=
0.977. Some restrictions were made regarding the
particle sizes. According to Guyon et al. (2003)
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mineral dust particles were found in the coarse and
fine mode while black carbon was found in the fine
mode only. Biological particles such as bacteria,
spores, pollen and plant fragments generally show
sizes larger than 0.4pm in diameter (Matthias-
Maser, 1998). Therefore, it was assumed that soot
ice nuclei had to be smaller than 0.2 pm, biological
ice nuclei larger than 0.4um in diameter while
mineral ice nuclei were allowed in the whole size
range. The following scenarios were simulated:
scenario 1 including 5% biological ice nuclei,
scenario 2 including 15% mineral ice nuclei,
scenario 3 including 10% soot ice nuclei, and warm
cases without drop freezing.

For comparisons model simulations of warm
cases were undertaken with two more dry aerosol
particle size distributions: a rural background

young biomass burning
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distribution (Jaenicke, 1988) and a marine distribu-
tion with continental influence (Hoppel and Frick,
1990; Hoppel et al., 1990). The parameters of these
distributions are given in Table 1. In these two cases
the soluble fraction of the aerosol particles was set
to a mean value of ¢ = 0.5; see also Table 2.

4. Results and discussion

4.1. Liquid drop distributions and effective radii
(warm cases)

Fig. 2 shows the evolution of the cloud drop
diameter distribution with altitude in 1000, 2000, and
4000m above ground level (with temperatures still
above 0°C) for different aerosol particle size
distributions. It is obvious that for all cases the

biomass burning
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Fig. 2. Liquid water content in gm~>pum ™' as function of drop diameter in pm for different altitudes and aerosol particle number size

distributions.
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cloud drop diameter distributions broadened with
height, i.e. the drop size increased by condensation
and entrained aerosol particles were activated to
further drops. However, for the biomass burning
cases the cloud drop diameter distributions stayed
rather narrow while they developed to wide distribu-
tions in case of background conditions and especially
in case of marine conditions. Note here that in the
nonbiomass burning cases where precipitation-sized
drops formed the sizes of these were overestimated.
As they cannot fall out from the air parcel the
precipitation-sized drops grew further by collision
and coalescence. The calculated distributions could
be compared with results from Andreae et al. (2004)
who made satellite observations over regions with
vegetation fires in so-called smoky and pyro clouds,
over the “green” and the “‘blue” ocean. One notices a
very good agreement indicating that the present
model simulations for young biomass burning
conditions could represent a pyro situation, for
biomass burning conditions a smoky cloud, for
background conditions the green ocean, and for
marine conditions the blue ocean rather well. The
narrow drop distributions for the biomass burning
situations indicate the suppression of warm rain.
The parameter which is mentioned in discussions
about suppression of warm rain is the effective
radius of the liquid drops. Rosenfeld and Gutman
(1994) showed that the formation of rain drops by
colliding cloud drops is greatly reduced when the
effective drop radius is smaller than a threshold of
14 um. According to satellite observations convec-
tive clouds forming in regions with vegetation fires
show significantly reduced drop sizes as compared
to regions without fires. These reductions of cloud
drop sizes lead to the suppression of warm
precipitation in lower altitudes (Rosenfeld, 1999).
The variation of the effective radius with tempera-
ture and altitude for the warm case, i.e. without ice
formation, is given in Fig. 3 for smoky conditions,
ie. for young biomass burning and biomass
burning, and for pure conditions, i.e. background
and marine. Very similar as it was observed by
Rosenfeld (1999) in the present model simulations
the effective radius of the liquid drops stayed below
the threshold of 14um for smoky conditions but
exceeded the 14 um threshold for clean conditions.

4.2. Ice formation

According to Rosenfeld (1999) and Andreac et al.
(2004), clouds over regions with vegetation fires

smoky conditions
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Fig. 3. Variation of the effective radius with temperature and
altitude for the warm case with different aerosol particle
distributions. Solid line: young biomass burning, dotted line:
biomass burning, dashed line: rural background, dashed-dotted
line: marine with continental influence. Thin vertical line: 14 um
threshold.

have to exceed the freezing level to start precipitat-
ing, i.e. to increase the effective radius of the cloud
particles to more than 14 um. However, the onset of
freezing will lead again to a reduction of the
effective radius of the remaining liquid drops
because of the preferential freezing of large drops
(Pruppacher and Klett, 1997). It was shown in Diehl
et al. (2006) that contact freezing could be very
efficient for cases with a high insoluble fraction of
the aerosol particles which is the case for a biomass
burning situation. Contact freezing starts at rather
similar temperatures for all ice nuclei while in the
immersion mode the onset of freezing strongly
differs in dependence of the ice nuclei type. Low-
ering the temperature leads to the freezing of more
and smaller drops via immersion freezing while in
the contact mode the collision efficiency between
super-cooled drops and the ice nuclei is the ruling
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factor, i.e. lowering the temperature further does
not necessarily lead to an increasing number of ice
particles but rather to the growth of the ice particles
at the expense of liquid drops. With this knowledge
the results of the present model simulations are
interpreted.

For the three scenarios the vertical profiles of
super-saturations respective to liquid water (solid
lines) and of super-saturations respective to ice
(dashed lines) are given in Fig. 4, left panel; the right
panel shows the vertical velocities of the air parcel.
These parameters of cloud dynamics and humidity
compare to observations in convective clouds (see,
e.g., Mason, 1971; Ludlam, 1980; Pruppacher and
Klett, 1997). Figs. 5 shows results from the present
model simulations including the ice phase compared
to the warm case. The total numbers of liquid (solid
lines) and frozen drops (dotted lines) for the
different scenarios are given in Fig. 5. In the warm
case, the air parcel, i.e. the cloud, reached a
temperature of —30°C only. Due to the release of
latent heat the lifetime of the cloud could be
enhanced by efficient freezing depending on the
simulated scenarios. This was not the case for
scenario 3, i.e. with soot particles as ice nuclei,
where a rather low number of ice particles formed.
The profile of the vertical velocity in Fig. 4, right
panel, reflects this fact: it shows one maximum only,
ie. 15ms™" at Skm height, which is associated to
condensation and droplet formation. Freezing
was first induced by contact freezing followed by a
small second increase due to immersion freezing
when the temperature lowered (see Fig. 5), however,
the release of latent heat was too little to affect

an enhanced updraft of the cloud (see Fig. 4,
right panel).

Freezing via mineral particles as ice nuclei
(scenario 2) enhances the number of frozen drops
by an order of magnitude. Freezing was first
induced by contact freezing followed by a second
increase due to immersion freezing when the
temperature lowered (see Fig. 5). The amount of
ice formed was large enough so that the release of
latent heat led to a longer lifetime of the cloud and
to an increased vertical updraft of the cloud so that
temperatures down to —40 °C were reached. This is
indicated also in Fig. 4, right panel: After the first
maximum at Skm height the vertical velocity
increased again at 9.5km height reaching a second
small maximum of 4.5ms ™" at 10.5km height which
is due to enhanced drop freezing via immersion
freezing (see also discussion below).

The number of frozen drops was dramatically
enhanced during scenario 1 where biological parti-
cles acted as ice nuclei leading to an even more
increased vertical updraft of the cloud so that
temperatures down to —55°C were reached. Con-
tact freezing was mostly suppressed because of the
large particle sizes but immersion freezing affected
the significant increase of frozen drops. The profile
of the vertical velocity reached a second maximum
of 10ms™' at 10.5km height due to efficient
immersion freezing of drops. However, in real
clouds ice particle numbers of more than 10 per cm®
are found only under exceptional conditions (e.g., in
convective cells of tropical clouds, see Heymsfield
et al., 2005). Generally, for convective complexes
of clouds ice particle concentrations up to
10"'em™ are found; see Pruppacher and Klett
(1997), Figs. 2-42 and 2-43. Thus, the simulation of
scenarios 2 and 3 led to more realistic ice particle
concentrations than scenario 1.

The liquid drop numbers formed during the
ascent of the air parcel reached around 2000 per
cm® which is in excellent agreement with measure-
ments of Andreae et al. (2004) for smoky condi-
tions. With rising numbers of ice particles the
number of liquid drops strongly decreased indicat-
ing that the cloud was completely glaciated in
scenarios 1 and 2. As shown in Fig. 4, the super-
saturation with respect to water dropped below 0 at
8.5km height (i.e. at —23 °C, see Fig. 1) for scenario
1 and at 10.5km height (i.e. at —35°C, see Fig. 1)
for scenario 2. As can be seen from Fig. 5, no liquid
drops were available in these altitudes. The fact that
the ice particle numbers did not reach the liquid
drop numbers even for complete glaciation of the
cloud indicates that the frozen drops grew by
deposition of water vapor at the expense of liquid
drops (Bergeron—Findeisen process) or by riming,
i.e. the deposition of liquid drops on the ice
particles. From Fig. 4, left panel, one notices that
the super-saturation respective to ice was signifi-
cantly higher than the super-saturation respective to
liquid water as long as liquid drops were available.
This difference is strong evidence that the Berger-
on-Findeisen process took place. If frozen drops
grow by the deposition of water vapor only the
particle mass inside them will stay constant.
However, this was not the case in the present
simulations: the particle mass inside the frozen
drops increased during the whole ascent of the air
parcel (results not shown here). Thus, it can be
concluded that both growth processes took place
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Fig. 4. Left panel: vertical profiles of super-saturations respective to liquid water (solid line) and of super-saturations respective to ice
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simultaneously leading to the complete glaciation of
the cloud in scenarios 1 and 2. This is proven in
Fig. 6 where the liquid and the ice water content for
the same cases as in Fig. 5 are given. For scenarios 1
and 2 the ice water content reaches the liquid water
content which in turn decreases indicating that the
cloud is completely glaciated. This was not the case
for scenario 3. The relatively small decrease of
quantities with temperature, i.e. with altitude, in
Figs. 5 and 6 resulted from the entrainment where
particle numbers did not decrease with height.

For all three scenarios, Fig. 7 shows the change of
the effective radius of liquid and frozen drops with
temperature and altitude; ice particle size distribu-
tions at various temperatures are given in Fig. 8.
For scenario 3 where soot particles were allowed as
ice nuclei the frozen drop effective radius increased
significantly at temperatures below —20 °C indicat-
ing the growth of frozen drops by the deposition of
water vapor and by riming. Since the ice particle
number was very small these few particles could
grow fast almost without competition. However, the
liquid drop effective radius was not affected by
freezing and reached nearly 11 um at —30°C and
9.5km as in the warm case (see Fig. 3). From Fig. §
one notices that the ice particle size distribution
quickly developed from a narrow distribution at
—15°C to a broad one at —25°C.
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Fig. 6. Liquid and ice water content in gm~> as function of
temperature for the warm case and different scenarios including
the ice phase.
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with temperature and altitude. Upper panel: solid line is for warm
case and scenario 3. Thin vertical line: 14 pm threshold.

For scenario 2 where mineral particles acted as ice
nuclei the larger ice amount affected an updraft of
the cloud to higher altitudes around 11km with
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Fig. 8. Number of ice particles per m®um as function of drop
diameter in pm for different temperatures and three scenarios.

temperatures down to —40°C. At temperatures
below around —27°C the liquid drop effective
radius continuously decreased because of the pre-
ferential freezing of large drops, riming (i.e., ice
particles collide more efficiently with larger drops
than with smaller ones), and the evaporation of
liquid drops due to the Bergeron—Findeisen process.
The frozen drop effective radius significantly
increased at temperatures lower than —15°C,
reached a maximum at —30°C and decreased
afterwards. The latter decrease is caused by the
onset of immersion freezing at a temperature of
approximately —27°C (see Fig. 5): the lower the
temperature the smaller drops freeze (Diehl and
Wurzler, 2004). Looking at the ice particle size
distribution in Fig. 8 these conclusions are vali-
dated. The narrow ice particle size distribution at
—5°C slowly developed to a broad one at lower
temperatures. There were larger as well as smaller
ice particles present than in scenario 3. The larger
ice particles formed during the longer updraft of the
cloud, the smaller ice particle formed by more
efficient immersion freezing. Between —25 and
—35°C a second maximum at around 100um
developed by immersion freezing.

For scenario 1 with biological particles as ice
nuclei the cloud reached an altitude of approxi-
mately 13km with temperatures around —55°C.
The liquid drop effective radius decreased dramati-
cally at a temperature around —25 °C. On the other
hand, the frozen drop effective radius increased
rather slowly with a clear enhancement around
—25°C; afterwards, however, it stayed rather small.
This is affected by immersion freezing leading to the
freezing of more and smaller drops with lower
temperatures (Diehl et al., 2006) which is visible in
Fig. 8, too. The ice particle size distribution
developed towards smaller sizes during the tem-
perature decrease to —25 °C. At lower temperatures,
where no more liquid drops were available (see Figs.
5 and 6) smaller ice particles vanished but larger
ones did not form. One can conclude from Fig. 4
that at these lower temperatures small ice particles
evaporated because the super-saturation respective
to ice decreased. So the ice particle size distribution
stayed narrow even for low temperatures with a
maximum at definitely smaller sizes as for scenarios
2 and 3. Thus, for scenario 1 larger ice particles
which could serve as germs for graupel and
hailstone formations were not found which is in
contrast to the observations of Andreac et al. (2004)
who observed graupel and hailstones in biomass
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burning regions. This is due to the overestimation of
ice particle number and the so-induced competition
effect among the frozen drops which limits the
depositional growth. Note here that typically the
formation of large hailstones needs several vertical
cycles through the cloud; however, this cannot be
provided by a parcel model due to dynamic
limitations.

5. Conclusions

The present model simulations describe well the
situation in clouds over a region with biomass
burning. In comparison to background or marine
conditions the liquid drop effective radius stayed
below the critical value of 14um for biomass
burning cases indicating the suppression of warm
rain as observed by Rosenfeld (1999). The simulated
development of the cloud size spectrum with
altitude behaved similar to that observed by
Andreae et al. (2004) for different situations. In
spite of the small drop sizes heterogeneous drop
freezing via immersion and contact modes is very
efficient due to the high insoluble fraction of the
biomass burning particles. The results of three
scenarios with different active ice nuclei indicated
that scenario 1 with biological particles as ice nuclei
overestimates the ice particle number concentration.
Andreae et al. (2004) observed the formation of
graupel and hailstones in biomass burning clouds
but in scenario 1 the ice particles did not grow to
larger sizes due to the overestimation of their
number. Thus, this scenario has to be assumed as
unrealistic. It is possible that the biological particles
loose their efficient freezing ability by biomass
burning. As it has been shown by Hazra et al.
(2004) the proteins responsible for efficient ice
nucleation of bacteria and leaf litter are destroyed
at high temperatures; this might be the case for
other biological particles, too. Scenario 3 where
soot particles are allowed to act as ice nuclei
probably also gives rather unrealistic results as the
amount of ice is too low to affect the vertical cloud
dynamics. Thus, it cannot be assumed that soot
particles are the only active ice nuclei in biomass
burning situations but mineral dust particles have to
be included, too. This is proven by scenario 2 with
mineral particles as active ice nuclei which seems to
represent a realistic case: the vertical dynamics of
the cloud is significantly affected, and the ice
particles grow to larger sizes which may serve as
germs for graupel or hailstone formation while the

liquid drop effective radius decreases at higher
altitudes because of the preferential freezing of large
drops.
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